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The thylakoid membranes of photosynthetic organisms, which are the sites of oxygenic photosynthesis, are
composed of monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldia-
cylglycerol (SQDG), and phosphatidylglycerol (PG). The identification of many genes involved in the
biosynthesis of each lipid class over the past decade has allowed the generation and isolation of mutants of
various photosynthetic organisms incapable of synthesizing specific lipids. Numerous studies using such
mutants have revealed that deficiency of these lipids primarily affects the structure and function of
photosystem II (PSII) but not of photosystem I (PSI). Recent X-ray crystallographic analyses of PSII and PSI
complexes from Thermosynechococcus elongatus revealed the presence of 25 and 4 lipidmolecules per PSII and
PSI monomer, respectively, indicating the enrichment of lipids in PSII. Therefore, lipid molecules bound to PSII
may play special roles in the assembly and functional regulation of the PSII complex. This review summarizes
our present understanding of the biochemical and physiological roles of lipids in photosynthesis, with a
special focus on PSII. This article is part of a Special Issue entitled: Photosystem II.
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1. Introduction

In cyanobacteria, algae, and higher plants, the thylakoid mem-
brane is the site of the photochemical and electron transport reactions
of oxygenic photosynthesis, which are performed by two protein–
cofactor complexes of photosystem II (PSII) and photosystem I (PSI),
cytochrome (Cyt) b6 f complex, and ATP synthase [1,2]. In general,
lipids of the thylakoid membrane provide the matrix for the
photosynthetic complexes to avoid free diffusion of ions and are a
prerequisite for the generation of the electrochemical potential
difference across the membrane that is required to drive ATP
synthase. Recent X-ray crystallographic analyses of the photosyn-
thetic complexes have identified integral lipids that bind specifically
to the complexes, suggesting that lipids are important not only for
formation of the lipid bilayer but also for the structure and function of
photosynthetic complexes (for a recent review, see Kern et al. [3]).
Fig. 1 shows the composition of lipids in thylakoid membranes from
the cyanobacteria Synechocystis sp. PCC 6803 and Thermosynechococcus
vulcanus, and the higher plant Spinacia oleracea (spinach). The lipid
composition of thylakoid membranes is highly conserved among
oxygenic photosynthetic organisms and is composed of uncharged
lipids including monogalactosyldiacylglycerol (MGDG) and digalacto-
syldiacylglycerol (DGDG), as well as anionic lipids including sulfoqui-
novosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG) [4]. The
majority of lipids in thylakoid membranes are glycolipids, i.e., MGDG,
DGDG, and SQDG [5,6], in contrast to other biological membranes in
which phospholipids are the major lipid components. Fig. 2 shows the
structure of lipids that constitute thylakoid membranes. Each lipid has
two acyl groups esterified at the sn−1 and sn−2 positions of the
glycerol moiety and a polar head group at the sn−3 position, which
characterizes each individual class of lipid (Fig. 2). MGDG has a head
group of 1 β-galactose linked to the diacylglycerol. DGDG has a head
group of digalactose with the second galactose bound to the first
galactose of MGDG by an α1-6 glycosidic linkage. SQDG contains 6-
deoxy-6-sulfo-α1-glucose as the head group, and PG has sn-glycerol 1-
phosphate. The latter twoare categorized as acidic lipidsbecause of their
negative charge at neutral pH.

Each lipid in a different class is expected to have a specific role in
photosynthesis, dependingon thenature of its headgroup. Considerable
amounts of MGDG and DGDG are thought to exist as “bulk lipids” and
mainly function as structural lipids [7], although DGDG has also been
recognized as important for the proper structure and function of PSII
mainly on the donor side [8,9]. PG is the onlymajor phospholipid found
in thylakoid membranes [10–12]. It is likely that PG mediates
indispensable interactions with the components of photosynthetic

https://core.ac.uk/display/82282108?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.bbabio.2011.04.008
mailto:hwada@bio.c.u-tokyo.ac.jp
http://dx.doi.org/10.1016/j.bbabio.2011.04.008
http://www.sciencedirect.com/science/journal/00052728


0

20

40

60 Synechocystis sp. PCC 6803

MGDG DGDG SQDG PG Others

Li
pi

d 
co

nt
en

t (
m

ol
%

)

Thermosynechococcus vulcanus

Spinacia oleracea

Fig. 1. Composition of lipids in thylakoid membranes from the cyanobacteria
Synechocystis sp. PCC 6803 and Thermosynechococcus vulcanus, and the higher plant
Spinacia oleracea. The original data of lipid analysis of thylakoid membranes are from
Sakurai et al. [48] (Synechocystis and T. vulcanus) and Dorne et al. [11] (Spinacia
oleracea), respectively.

Fig. 2. Structure of lipids in thylakoid membranes, i.e., monogalactosyldiacylglycerol
(MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG),
and phosphatidylglycerol (PG). Fatty acids are esterified to the sn−1 and sn−2
positions of the glycerol backbone in each lipid. This figure shows the typical fatty acids
bound to each class of lipid in Synechocystis sp. PCC 6803.

195N. Mizusawa, H. Wada / Biochimica et Biophysica Acta 1817 (2012) 194–208
complexes in thylakoid membranes, and plays a specific role in
photosynthesis (for review see [13–15]). Another anionic lipid, SQDG,
also appears to have an important function in photosynthesis, although
the importance of this lipid differs among species (for review see
[16,17]). PG and SQDGare considered to be at least partially functionally
redundant, which may be related to maintenance of anionic charge on
the surface of the thylakoid membrane [18].

The roles of different classes of lipid have been studied by
biochemical and molecular genetic approaches. One of the most useful
biochemical approaches is to analyze the effects of removal of a specific
lipid class by treatment with lipases on photosynthesis. Analyses of
thylakoidmembranes or PSII preparations treatedwith phospholipases,
which are specific to phospholipids (i.e., PG in thylakoid membranes),
have indicated that PG plays important roles in photosynthesis [13,15].
Decomposition of PG from thylakoid membranes by treatment with
phospholipase A2 [19] or phospholipase C [20] strongly inhibits the
photosynthetic electron transport in PSII without any significant effect
on photosynthetic electron transport in PSI. In addition to these
enzymatic approaches, an immunochemical study using an antibody
against PG showed that PG interacts specifically with the D1
polypeptide, one of the subunits of the PSII reaction center [21]. Leng
et al. [22] compared the effects of phospholipase A2 and lipase on the
structure and function of PSII from T. vulcanus. Phospholipase A2

treatment decreased PG content by 59%, leading to a decrease in oxygen
evolution by 40%. On the other hand, treatment with lipase specifically
decreased MGDG content by 52% and decreased oxygen evolution by
only 16%. These observations indicate that PG plays a more important
role in PSII than MGDG. However, based on the results of these
experimentswith phospholipase A2 and lipase, it is impossible to clarify
the roles of lipid molecules in PSII that are buried inside the complex
because of their inaccessibility to the enzymes.

The roles of different classes of lipid in photosynthetic organisms
have also been studied bymolecular genetic approaches (for review, see
[13–17,23]). The recent identification of genes for enzymes that are
required for the biosynthesis of lipids in cyanobacteria and higher
plants, as well as the subsequent generation of mutants defective in the
biosynthesis of lipids, has provided powerful molecular tools for
detailing the functions of lipids in photosynthetic organisms. Such
studies with various mutants have revealed that in many cases
reduction or depletion of specific lipids by knocking out or inactivating
genes involved in lipid synthesis causes defects and/or changes in the
properties of PSII but does not affect those in PSI. Based on these studies,
it has become apparent that each lipid class plays an important function
in photosynthesis, especially in PSII.
Recent X-ray crystallographic analysis of PSII and PSI complexes
from Thermosynechococcus elongatus revealed the presence of 25 and
4 lipidmolecules per PSII and PSI monomer, respectively. The lipid-to-
transmembrane α-helix (TMH) ratios are 0.7 and 0.1 for PSII and PSI,
respectively [24]. These structural data suggest the enrichment of
lipids in PSII among the supra-complexes involved in photosynthesis
and special functions of lipids in PSII. These findings are consistent
with data obtained by biochemical and mutational analyses. Lipid
molecules can also be found in the light-harvesting complex II (LHCII)
attached to the PSII core complex [25].

In this review, we summarize our present understanding of the
crucial role played by lipids in photosynthesis, focusing on PSII.

2. Biosynthesis of lipids

Fig. 3 shows the biosynthetic pathway of lipids in cyanobacteria. In
higher plants, lipids are synthesized in three subcellular compartments,
i.e., the plastid, endoplasmic reticulum, and mitochondrion. The
biosynthetic pathway of lipids present in the thylakoid membranes of
chloroplasts in higher plants is essentially the same as that in



Fig. 3. Biosynthetic pathway of thylakoid lipids in cyanobacteria. ACP, acyl-carrier
protein; CMP, cytidine 5′-monophosphate; CTP, cytidine 5′-triphosphate; UDP-Gal,
UDP-galactose; UDP-Glc, UDP-glucose; UDP-Sq, UDP-sulfoquinovose.
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cyanobacteria. Phosphatidic acid (PA) is the common intermediate in
the synthesis of all classes of lipids. The glycerol backbone for the
synthesis of PA is provided by glycerol 3-phosphate (G3P). G3P is
acylated first at the sn−1 position by G3P acyltransferase (GPAT) to
generate lysophosphatidic acid (LPA) and then at the sn−2 position by
LPA acyltransferase to generate PA. In Synechocystis sp. PCC 6803, the
genes for LPA acyltransferase (sll1752 and sll1848) [26,27] have been
identified. After the synthesis of PA, thebiosynthetic pathwayof lipids in
cyanobacteria divides into branches [12,28], as is also the case in
chloroplasts [6,29]. PA is dephosphorylated by PA phosphatase to yield
diacylglycerol (DG) for the synthesis of glycolipids (i.e., MGDG, DGDG,
and SQDG) on one branch, whereas PA is converted to cytidine 5′-
diphosphate-DG (CDP-DG) by CDP-DG synthase for the synthesis of PG
on the other branch.

The DG produced by PA phosphatase is utilized as the substrate for
the synthesis of monoglucosyldiacylglycerol (MGlcDG) and SQDG in
cyanobacteria. MGlcDG is produced by the catalytic reaction of MGlcDG
synthase via the transfer of glucose from uridine 5′-diphosphate-1α-
glucose (UDP-glucose) to the sn−3 position of DG. Recently, sll1377 in
Synechocystis sp. PCC 6803 and its homolog, all3944, inAnabaena sp. PCC
7120 were identified as the genes encoding MGlcDG synthase [30].
MGDG may be synthesized by the epimerization of the glucose moiety
to galactose in MGlcDG, although the gene responsible for this
epimerization reaction remains to be identified. In plant chloroplasts,
the biosynthetic pathway of MGDG differs in the assembly of the head
group. In chloroplasts, MGDG is synthesized by the direct transfer of
galactose from UDP-galactose to DG in a reaction catalyzed by MGDG
synthase. There are three genes encodingMGDGsynthase inArabidopsis
thaliana (MGD1, MGD2, and MGD3). MGD1 predominantly regulates
MGDG synthesis in photosynthetic tissues, while MGD2 and MGD3 are
mainly expressed in non-photosynthetic tissues [31].

DGDG is synthesized by DGDG synthase via the transfer of galactose
toMGDG. The genes encoding DGDG synthase (DGD1, DGD2) were first
identified inArabidopsis.DGD1 is predominantly expressed in all tissues,
while the level of DGD2 expression is extremely low under normal
conditions [32,33]. As there are no homologs of DGD1 and DGD2 in
cyanobacteria [34], identification of the corresponding gene in
cyanobacteria is difficult. The gene encoding DGDG synthase, designat-
ed dgdA (slr1508), was recently identified in Synechocystis using
comparative genomic analysis [9,35]. Among eukaryotic photosynthetic
organisms, a homolog of the dgdA gene has been found only in
Cyanidioschyzon merolae.

SQDG is synthesized from DG by a two-step reaction. First, UDP-6-
sulfo-6-deoxy-1α-glucose (UDP-sulfoquinovose), which is the donor of
sulfoquinovose for the synthesis of SQDG, is synthesized from UDP-
glucose and sulfite by UDP-sulfoquinovose synthase. Then, SQDG is
synthesized by the transfer of sulfoquinovose fromUDP-sulfoquinovose
to DG by SQDG synthase. The gene for UDP-sulfoquinovose synthase is
named sqdB in cyanobacteria and SQD1 in plants, and the gene for SQDG
synthase is named sqdX in cyanobacteria and SQD2 in plants [36,37].
Thesegenes are conservedamongcyanobacteria,Arabidopsis,C.merolae,
and the diatom Thalassiosira pseudonana, which is presumed to be a
secondary symbiont of red algae [38,39]. Thus, it seems that the system
for the synthesis of SQDG in cyanobacteria, unlike those for the synthesis
of MGDG and DGDG, has been conserved through the evolution of
cyanobacteria into chloroplasts.

For synthesis of PG, the PA synthesized by the two-step acylation is
converted to CDP-diacylglycerol (CDP-DG) by CDP-DG synthase, which
transfers the cytidine 5′-monophosphate (CMP)moiety fromCTP to PA.
The resultant CDP-DG reacts with glycerol 3-phosphate to produce PG
phosphate (PGP) and CMP in a reaction catalyzed by PGP synthase. The
last step in this pathway is the release of the phosphate group from PGP
byPGPphosphatase to generate PG. In Synechocystis sp. PCC6803, genes
specifically involved in the biosynthesis of PG, the cdsA gene (slr1369)
for CDP-DG synthase [40], and the pgsA gene (sll1522) for PGP synthase
[41] have been identified. In Arabidopsis, the genes for PGP synthase,
PGP1 and PGP2, which exhibit substantial similarity to cyanobacterial
PGP synthases, have been identified. PGP1 encodes a preprotein that is
targeted to plastids and mitochondria, whereas PGP2 encodes a
microsomal enzyme [42,43].

3. Compositions and localization of lipids in photosynthetic
protein–cofactor complexes

The thylakoid membranes contain several protein–cofactor com-
plexes, i.e., the PSI complex, the PSII complex, the Cyt b6f complex, and
ATP synthase [1,2]. With the exception of ATP synthase, the lipid
molecules in these complexes have been analyzed by X-ray crystallog-
raphy [3,24,44–47] and those extracted from purified PSI and PSII
complexes have also been analyzed by thin layer chromatography and
gas chromatography [48,49]. Table 1 shows the lipid molecules that
have been identified by X-ray crystallography and by analysis of the
extracted lipids from such complexes.

PSI is involved in the reduction of NADP+ to produce NADPH, the
reducing power of which is used to drive the Calvin–Benson cycle
(carbon fixation), and is composed of approximately 15 protein
subunits and many cofactors, such as chlorophylls (Chls) and lipids
[44]. Jordan et al. [44] analyzed the structure of the PSI complex from
T. elongatus by X-ray crystallography at 2.5 Å resolution, and they
identified one molecule of MGDG and three molecules of PG per
monomer of the complex. One of the three PGmolecules and theMGDG
molecule were located symmetrically relative to one another in the
complex. These two lipidmoleculesmay be specifically important in the
formation of the photochemical reaction center of the PSI complex. A
second PG molecule was located in the vicinity of the monomer–
monomer interface in the trimeric structure of the PSI complex,
suggesting that this PG molecule may participate in the trimerization
of the complex. This was supported by the observation that monomers
of the PSI complex accumulated in a pgsA mutant of Synechocystis sp.
PCC6803 after strict PG deprivation [50]. A third PGmoleculewas found
between the PsaB and PsaX subunits, suggesting that it may contribute
to the binding of PsaX to the PSI complex. Recently, we generated
Synechocystis sp. PCC 6803 strains expressing a His-tagged PsaF or PsaJ
subunit of PSI for rapid and simple purification of the PSI complex using
Ni-affinity column chromatography [49]. Analysis of lipids extracted
from the purified trimer complex of His-tagged Synechocystis PSI by
thin-layer chromatography and gas chromatography identified 6 lipid
molecules per PSI monomer (Table 1). Although the number of lipids
was close to that found in the crystal structure of the PSI of T. elongatus,
the lipid composition of that of Synechocystiswas different from that of
T. elongatus; that is, two MGDG, one DGDG, one SQDG, and two PG per
monomer were identified in the PSI complex of Synechocystis. These
findings suggest that the lipid composition of PSI depends on the
cyanobacteria species, and that DGDG and SQDG molecules found in



Table 1
Lipid molecules identified in protein–cofactor complexes from thylakoid membranes
by X-ray crystallographic analysis and by biochemical analysis of lipids extracted from
the complexes. The number of lipid molecules per monomer is shown for each protein
complex.

Protein
complex

Organism Number of
lipid molecules

Reference

X-ray crystallography
PSII Thermosynechococcus elongatus MGDG 6 Loll et al. [47]

DGDG 4
SQDG 3
PG 1

PSII MGDG 11 Guskov et al. [24]
DGDG 7
SQDG 5
PG 2

PSI MGDG 1 Jordan et al. [44]
PG 3

LHCII Spinacia oleracea DGDG 1 Liu et al. [25]
PG 1

Cyt b6 f Mastigocladus laminosus PC 2 Kurisu et al. [45]
Cyt b6 f Chlamydomonas reinhardtii MGDG(?) 2 Stroebel et al. [46]

SQDG 1

Lipid analysis
PSII Synechocystis sp. PCC 6803 MGDG 6 Sakurai et al. [48]

DGDG 3
SQDG 5
PG 6

PSI MGDG 2 Kubota et al. [49]
DGDG 1
SQDG 1
PG 2

PSII Thermosynechococcus vulcanus MGDG 8 Sakurai et al. [48]
DGDG 6
SQDG 6
PG 8
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Synechocystis but not in T. elongatus might be replaced by other lipid
molecules such as PG in T. elongatus.

PSII is involved in the oxidation of water molecules and reduction
of plastoquinone molecules, and is composed of approximately 20
protein subunits in addition to many cofactors, such as pigments,
metals, and lipids [3,51–54]. The spatial arrangement of protein
subunits and cofactors in PSII has been clarified by X-ray crystallo-
graphic analysis [24,47,55–57]. In the most recently determined
crystal structure of PSII dimer at 2.9 Å resolution, 25 lipid molecules
(11 MGDG, 7 DGDG, 5 SQDG, and 2 PG) per monomer were assigned
in the PSII complex from T. elongatus (Table 1) [24]. Compared to the
PSI complex, the PSII complex contained a relatively large number of
lipid molecules. Of the 25 lipid molecules, 7 were located at the
monomer–monomer interface, 3 were at the periphery of PSII, 7
formed clusters with 2 or 4 lipids in the lipid belt around D1–D2, and
the remaining 8 lipids were arranged as a bilayer island forming the
plastoquinone–plastoquinone exchange cavity ([24]; Fig. 4). The 15
integral lipids located in the vicinity of the photochemical reaction
center may provide some structural flexibility within the reaction
center. The PSII complex is inactivated by light and the inactivated PSII
complex is repaired via a multi-step process [58–61]. The removal of
the degraded D1 protein from the damaged complex and insertion of
the newly synthesized D1 into the damaged PSII complex are critical
to the repair process, and a flexible environment around the reaction
center, created by abundant lipid molecules, may facilitate this
replacement of the D1 protein.

Recently, Broser et al. [62] reported the first crystallization and
structural analysis of the monomeric form of the PSII complex from
T. elongatus at 3.6 Å that has oxygen evolution activity comparable to
that of the dimeric form. Using information about lipid positions in the
PSII dimer [24], they assigned 22 lipid molecules per monomer and
discussed the role of lipids in dimer formation. The positions of the lipid
head group surrounding the reaction center were essentially the same
as those of their counterparts in the dimer: three small clusters (2–3
lipids) around the reaction center and one bilayer island forming the
plastoquinone–plastoquinoneexchange cavity consistingof seven lipids
missing one MGDG (MGDG18) found in the dimeric PSII. The three
lipids located at the periphery of PSII dimer were also found in the
monomer. Significant differences were found in the monomer–
monomer surface area. One molecule of MGDG (MGDG14) found in
the dimer was replaced by DGDG or n-dodecyl-β-D-maltoside (DM) in
the monomer. Two DM were additionally located at new positions in
close proximity toDGDG23 [62]. It is likely that these lipid anddetergent
molecules specifically bound to the monomer but not in the monomer
derived from the dimeric complex would interfere with dimer
formation. Interestingly, one of the two expected binding niches for
SQDG (SQDG12) at themonomer–monomer interface in the dimer [24]
wasunoccupied in themonomeric complex. These observations suggest
a direct role of SQDG rather than PG in dimer formation of PSII [63].

The content of lipids bound to PSII, determined by X-ray crystallo-
graphic analysis [24], and the lipid analysis by gas chromatography [48]
were similar, as shown in Table 1. However, the content of PG was
considerably different. Only two PG molecules were identified in the
crystal structure of PSII. However, our analysis of extracted lipids from
the purified PSII complexes indicated that the PSII complexes from
T. vulcanus and Synechocystis sp. PCC 6803 contain 8 and 6 PGmolecules
per monomer, respectively, and PG was the most abundant lipid ([48];
Table1). These results suggest thatmorePGmolecules arepresent in the
complex than were identified by the crystallographic technique [48].
However, it is also possible that the difference in lipid content may be
caused by the different procedures used for solubilization and
purification during isolation of PSII and/or the different organisms used.

Liu et al. [25] analyzed the crystal structure of LHCII bound to the PSII
core complex in higher plants and found that one PG and one DGDG
molecule were bound to each monomer of the complex. They
demonstrated that the complex formed a trimer, which in turn
aggregated to form an icosahedral sphere consisting of 20 LHCII trimers.
The DGDG molecules were located at the contact surfaces between
adjacent trimers, suggesting that theymay be required formaintenance
of the icosahedral structure. The PG molecules were buried at the
interfacesbetween themonomers and thereforemaybe required for the
trimerization ofmonomers. The requirement for PG in the trimerization
of monomers was supported by the finding that treatment of the
complex with phospholipase resulted in the dissociation of trimers into
monomers [64]. It has also been suggested that PGmoleculesmay play a
direct structural role in the binding of one of the antenna Chls.

Kurisu et al. [45] crystallized the Cyt b6f complex from Mastigo-
cladus laminosus and found two phosphatidylcholine molecules per
monomer of the complex after exogenous phosphatidylcholine had
been added during purification and crystallization of the complex.
Stroebel et al. [46] crystallized the Cyt b6f complex from Chlamydo-
monas reinhardtii and found one SQDG molecule and two other lipid
molecules (probably MGDG) but no PG.

4. Roles of lipids in photosystem II

4.1. MGDG

Arabidopsis contains three MGDG synthases, and MGD1 predomi-
nantly contributes to the activity of MGDG synthase in photosynthetic
tissues as described in Section 2. The role of MGDG in photosynthesis
was studied using an Arabidopsis mgd1-1mutant in which a T-DNA tag
was inserted into the promoter region of MGD1 and the content of
MGDGwas reduced to 42% compared to thewild-type [65]. Themutant
had a yellow-green phenotype that correlated with a 50% deficiency in
total Chl per plant and the impaired development of thylakoid
membranes. In the dark-grown cotyledons, however, the etioplasts in
the mutant were essentially the same as those in the wild-type,
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Fig. 4. Lipids in the PSII complex from Thermosynechococcus elongatus. (A) Location of lipids in the homodimer viewed from the cytoplasm. Membrane-embedded proteins are shown
in gray, and lipids are represented in color (MGDG yellow, DGDG red, PG orange, SQDG green, DM blue). The blue and yellow ellipses indicate the monomer–monomer interface and
the region forming a lipid bilayer structure enlarged in panel B, respectively. (B) View along themembrane plane of the eight lipids in the lipid cluster (indicated by the yellow ellipse
in panel A) forming a bilayer structure in the PQ/PQH2 exchange cavity. Color codes are the same as in (A). The negatively charged PG3, PG22, and SQDG4, and neutral MGDG18, are
on the cytoplasmic (top) side, and the neutral MGDG19, DGDG5, DGDG6, and MGDG7 are on the luminal (bottom) side. (C) Lipids close to QB (violet). The negatively charged lipids
PG3 (orange), PG22 (orange), and SQDG4 (green), the neutral lipid MGDG18 (yellow), non-heme Fe2+ (blue sphere), and part of D1 (yellow) and D2 (orange) subunits forming the
QB binding site are shown. The conserved D1-Asn266 forms a hydrogen bond with glycerol of PG22. (D) Schematic representation of the locations of lipids and transmembrane α-
helices (TMH) in PSII. One monomer and part of the other monomer of the dimeric complex viewed from the cytoplasmic side are shown as in (A). Areas indicated by light green are
regions occupied with Chl a molecules bound to CP43 and CP47. Lipids and detergent molecules located on the luminal and cytoplasmic sides are drawn with head groups pointing
“downwards” or “upwards,” respectively. The PQ/PQH2 exchange cavity is indicated by dotted lines. TMHs of the main subunits are highlighted in yellow (D1), orange (D2), red
(CP47), magenta (CP43), and gray (low molecular mass subunits). The five TMHs of D1 and D2, and the six TMHs of CP43 and CP47 are labeled a–e and a–f, respectively, and the
TMHs of the small subunits are labeled by capital letters in black (one monomer) and blue (the other monomer). Only Ycf12 is labeled “y.” Panels A–C are drawn based on the dimer
structure at 2.9 Å resolution (PDB accession codes 3BZ1 and 3BZ2) [24]. Panel D is adapted from Guskov et al. [24].
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suggesting the importance of MGDG in photosynthesis. Aronsson et al.
[66] studied the photosynthetic properties of the mgd1-1 mutant. The
PSII activity (FV/FM) was almost the same in the wild-type and mgd1-1
mutant, indicating that a reduction in MGDG content of approximately
40%has no impact onPSII activity. It is likely that the remainingMGDG is
sufficient to maintain the structure and function of PSII. Leng et al. [22]
examined the effects of lipase on the structure and function of PSII using
the PSII dimer complex from T. vulcanus. They found that lipase
treatment specifically degraded MGDG from 10.0 molecules/PSII
monomer to 4.8 molecules/PSII monomer (a decrease of 52%) without
changing the content of other classes of lipid, but it decreased oxygen
evolution by only 16%. The content ofMGDG in this PSII preparation (10
molecules/PSII monomer) before lipase treatmentwas almost the same
as that identified in the crystal structure (11 molecules/PSII monomer)
of PSII from T. elongatus [24]. These observations indicated that five
molecules of MGDG per PSII monomer digested by lipase do not
participate in the important function of PSII. The remaining five
molecules of MGDG, which are resistant to lipase treatment and are
inherently associatedwith PSII,mayplay important roles inmaintaining
the structure and function of PSII.
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Interestingly, the mgd1-1 mutant contained less zeaxanthin and
more violaxanthin than the wild-type and became more susceptible to
photoinhibition of PSII with the impaired capacity for thermal
dissipation of excess light (qE), indicating impairment of the xantho-
phyll cycle, i.e., the conversion from violaxanthin to zeaxanthin in the
mutant. In the mutant, the conductivity of thylakoid membranes was
increased at high light intensities because of a change in the membrane
properties by the reduction of MGDG, and the thylakoid lumen became
less acidic than that in the wild-type. Thus, the reduction of qE in the
mutant was ascribed to the impairment of pH-dependent activation of
the violaxanthin de-epoxidase. In vitro studies have indicated that
MGDG also supports violaxanthin de-epoxidase activity by efficiently
solubilizing the xanthophyll pigments diadinoxanthin and violaxanthin
[67,68]. The hexagonal structure-forming lipids MGDG and phosphati-
dylethanolamine are able to solubilize these xanthophyll pigments at
lower concentrations than the bilayer-forming lipids DGDG and
phosphatidylcholine. Kobayashi et al. [69] studied the effects of a lack
of MGDG on photosynthesis and chloroplast development using a
complete knockoutmutant ofMGD1 (mgd1-2) inArabidopsis. Themgd1-2
mutant seeds germinated as small albinos only in the presence of
sucrose. The seedlings lacked MGDG and DGDG, and did not develop
thylakoid membranes, leading to complete impairment of photosyn-
thetic activity and photoautotrophic growth. They lacked the major PSII
proteins, such as D1, D2, and the light-harvesting complex II (LHCII).
These results clearly indicate that MGDG and DGDG are essential for the
development of thylakoid membranes and the stable accumulation of
Chls and PSII proteins. However, it is difficult to evaluate the specific role
of MGDG in PSII from studies with the mgd1-2 mutant because, in the
mutant, formation of thylakoid membranes itself is impaired due to the
substantial losses of bulk lipids for the thylakoid membranes and, in
addition to MGDG, DGDG is also absent. For this purpose, it would be
necessary to make and analyze mutants in which the accumulation level
of MGDG is varied but the level of DGDG is unaffected [66]. Disruption
mutants of genes for enzymes involved in MGDG biosynthesis in
cyanobacteria have not yet been isolated.

4.2. DGDG

4.2.1. Higher plants
In Arabidopsis, two genes (DGD1 andDGD2) are specifically involved

in the biosynthesis of DGDG. The role of DGDG in photosynthesis in
higher plants has been investigated in vivo using three Arabidopsis
mutants, i.e., dgd1, dgd2, and dgd1 dgd2. The dgd1 mutant, which has a
point mutation in the DGD1 gene, hadmarkedly less DGDG content (1%
of total lipids compared to 15% in thewild-type) and a dwarf phenotype,
pale green leaves, and alternation of chloroplast structure [70]. Steady-
state Chl fluorescence measurements revealed a decreased quantum
yield of photosynthesis in the mutant [70]. Kelly et al. [33] isolated a
T-DNA insertional mutant (dgd2) of the DGD2 gene and generated the
double mutant, dgd1 dgd2. The dgd2 mutant contained similar levels of
DGDG to thewild-type and showed normal growth. The doublemutant
containedonly traceamounts of DGDGand showedmore severe growth
retardation than the dgd1 mutant, with a strongly impaired capability
for photoautotrophic growth. These results suggest that DGDG is
important for growth, the development of chloroplasts, and optimal
photosynthesis in Arabidopsis, and that the residual amount of DGDG in
dgd1 is functionally essential for photosynthesis. Further detailed
analyses of the effects of DGDG depletion were performed using the
dgd1 and dgd1 dgd2 mutants [8,71,72]. The results of these studies
indicated that DGDG deficiency mainly affects the structure and
function of PSII, primarily on the donor side. In the dgd1 mutant, the
PSII/PSI ratio was reduced to 60%, and the levels of LHCII relative to PSII
core proteins (D1 and α-subunit of Cyt b559) and inner antenna
complexes (Lhcb4 and Lhcb5) were increased compared to those in the
wild-type, but oxygen evolution activity in the mutant was almost the
same as that in thewild-type [71]. Analyses of the DGDG-deficient dgd1
anddgd1dgd2mutantswith a laserflashfluorometer [8,72] revealed the
following results: (1) significant changes in the Chl fluorescence
parameter F(t)/F0 occurred due to the deficiency of DGDG; (2) in the
mutants dgd1 and dgd1 dgd2, the probability of the dissipative
recombination reaction between P680+ and QA

− increased by factors
of about two and four, respectively; (3) the acceptor side reactionswere
only slightly affected; (4) excitation with saturated actinic laser flashes
gave rise to elevated carotenoid triplet formation in dgd1 and dgd1 dgd2
mutants; and (5) the relationship between DGDG content and
functional effect(s) on PSII was nonlinear. These PSII properties in the
DGDG-deficient mutants probably reflect the defects on the donor side
of PSII. For example, in the DGDG-deficient mutants, charge recombi-
nation reactions between P680+ and QA

− occur more efficiently than
those in thewild-typeas a result of slower electrondonation to PSII from
water. It is also suggested that the total DGDG pool is highly
heterogeneous in its functional relevance for PSII—only a small fraction
of DGDG is essential for a fully active PSII complex. This small amount of
DGDG is most likely specifically bound and predominantly affects the
reaction properties of the PSII donor side.

4.2.2. Cyanobacteria
The recent identification of the gene encoding DGDG synthase in

Synechocystis sp. PCC 6803 (slr1508, a ycf82 homolog) has allowed the
generation of disruption mutants of dgdA in this organism [9,35]. As
the dgdA mutant contains no detectable amount of DGDG, it is a
powerful tool for elucidating the role of DGDG in photosynthesis. We
investigated the effects of lack of DGDG on photosynthetic properties
in detail using the dgdA mutant cells, the thylakoid membranes, and
PSII preparations isolated from the dgdA mutant [9,73,74].

In the dgdAmutant, concomitantwith a lack of DGDG, the content of
MGDGwas elevated with respect to that in thewild-type cells, whereas
the contents of SQDGand PGwere unaffected. These results suggest that
DGDG molecules are substituted with MGDG in the mutant cells.
Despite a lack of DGDG, the dgdA mutant showed normal photoauto-
trophic growth under low light conditions at 30 °C and net photosyn-
thetic activity fromH2O to CO2was comparable to that of thewild-type,
indicating that DGDG is not essential for photosynthesis in Synechocys-
tis. However, we found that growth retardation occurred in the mutant
cells on exposure to environmental stresses or nutrient ion-depleted
conditions. The growth of dgdA mutant cells was hindered under high
light intensity [73] or high temperature (38 °C) [74] conditions and
suppressed under CaCl2-limited conditions [73]. As the growth
properties were recovered by supplementation of the growth medium
with DGDG, it is evident that DGDG plays an important role in growth
under these conditions. Further analyses revealed markedly increased
heat and NH2OH susceptibility of oxygen-evolving activity in the
mutant cells in vivo compared to the wild-type controls [9,74]. These
photosynthetic properties were similar to those of mutants lacking the
extrinsic proteins of PSII. In mutants deficient in the extrinsic proteins,
such as PsbO, PsbV, and PsbU, the manganese cluster is not protected
properly and oxygen-evolving activity is easily inactivated by heat
[75–79] orNH2OH treatment [80,81]. In themutant cells lacking PsbOor
PsbV, manganese ions in themanganese cluster are reduced under dark
conditions and released from PSII, causing the inactivation of oxygen
evolution, whereas the activity is sustained during dark incubation in
mutant cells lacking PsbU [82,83]. Thus, a dark-induced decrease in
oxygen-evolving activity is a useful marker for monitoring the
dissociation of extrinsic proteins from PSII in vivo. The dgdA mutant
retained its oxygen-evolving activity during dark incubation similar to
the wild-type and PsbU-lacking mutant, suggesting that PsbO and PsbV
binding are unaffected in the dgdAmutant cells but PsbU is dissociated
from PSII in vivo. Analyses of the PSII complex purified from the dgdA
mutant cells, inwhich aHis-tagwas attached to the C-terminus of CP47,
indicated that the mutant PSII had extremely low O2 evolution activity
and that the extrinsic proteins PsbO, PsbU, and PsbV were substantially
dissociated from the PSII complex, suggesting that PsbO and PsbV are
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dissociated from the unstable PsbU-lacking PSII complex during the
purification procedure [9]. This is consistent with the report that
dissociation of PsbO and PsbV occurred during purification of PSII byNi-
affinity chromatography from the PsbU-lacking mutant [84]. These
results demonstrate thatDGDGplays important roles in PSII through the
binding of extrinsic proteins required for stabilization of the oxygen-
evolving complex. Awai et al. [35] also observed the dispensability of
DGDG in photosynthesis using an independently generated dgdA
mutant. Interestingly, they observed growth retardation of the mutant
under phosphate-limited conditions but themechanismwas unknown.

Experiments of photoinhibition in vivo revealed that the dgdA
mutant showed increased sensitivity to photoinhibition especially at an
elevated growth temperature of 38 °C [73,74]. Interestingly, in the dgdA
mutant, photodamage aswell as repair processes of photosynthesiswas
affected and the repair process was more severely affected than the
photodamage process, suggesting that DGDG plays important roles in
the repair cycle of photosynthesis. A recentmodel for themechanism of
photoinhibition [60,85] suggested that photodamage proceeds in two
steps. The first photoinhibitory event is the release of manganese ions
from the manganese cluster, leading to the inactivation of oxygen
evolution. The second event is the overaccumulation of positive charge
on P680+ due to the lack of electron donors, which causes irreversible
damage to the D1 protein at the reaction center of PSII. In the case of the
dgdA mutant, the manganese cluster exists in a highly unstable state
especially at higher temperatures because of the dissociation of PsbU,
and thus the release of manganese ions occurs more easily than in the
wild-type leading to irreversible photodamage of P680. It is also known
that the photodamageproceedswith high efficiency in the PsbU-lacking
mutant [84]. The acceleration of photodamage on the donor side of PSII
through this putativemechanismmay lead to enhancedphotoinhibition
in the dgdAmutant under high-temperature stress. Awai et al. [35] also
showed that the rate of photosynthetic oxygen evolution is reduced in
the dgdAmutant compared to the wild-type only when measurements
are performed under high light conditions. In contrast to the dgdA
mutant inwhich both photodamage and repair processeswere affected,
only photodamage was affected in the PsbU-lacking mutant [84].
Therefore, it is likely that there aremultiple sites inside PSII affected by a
lack of DGDG other than the binding of PsbU protein.

Damaged PSII is repaired via a multistep process involving
monomerization of dimers, dissociation of CP43 from monomers,
degradation of the D1 protein, synthesis of the precursor to the D1
protein, reassembly including reintegration of CP43, processing of the
precursor D1 to mature D1 and the formation of a manganese cluster,
and dimerization of the monomers [58–61]. Nowaczyk et al. [86]
isolated monomeric PSII core complexes from T. elongatus, either
containing or lacking the Psb27 protein. Biochemical characterization
of these preparations indicated that an active PSII monomer without
Psb27 (referred to as PSII monomer/−Psb27) had a normal donor side
composition with PsbO, PsbU, and PsbV. The other PSII monomer with
Psb27 (PSII monomers/+Psb27) had no oxygen evolution activity and
lacked themanganese cluster, PsbO, PsbU, andPsbV. Theyproposed that
PSII monomer/+Psb27 is an intermediate state prior to incorporation
of the manganese cluster to the oxygen-evolving complex, leading to
the formation of PSII monomer/−Psb27. Interestingly, our biochemical
analysis of PSII purified from the dgdAmutant by ultracentrifugation of
the crude PSII on a glycerol density gradient showed greater
accumulation of inactive PSII monomer with Psb27 and Psb28 than
that of active PSII dimer [9], suggesting the inhibition of dimer
construction from the inactive monomer via the active monomer in
the dgdA mutant. In addition, our preliminary Blue-Native PAGE (BN-
PAGE) analysis of PSII purified from dgdA mutant cells detected
significant accumulation of the putative intermediate of PSII assembly,
the CP43-lackingmonomer, indicating interruption of the association of
CP43 with the monomer during the repair process due to the lack of
DGDG (N. Mizusawa, S. Sakata, I. Sakurai, H. Kubota, N. Sato, H. Wada,
unpublished results).
Recently, the X-ray crystallographic structure of the dimeric form
of PSII from T. elongatus has been improved compared to previous
structures [47], and the authors identified seven DGDG molecules per
monomer [24]. Notably, the polar head groups of all DGDG molecules
face the luminal side. Four of the DGDG molecules (DGDG1, DGDG2,
DGDG5, and DGDG6) are located between D1 and CP43 subunits; one
molecule (DGDG23) is located close to D1, PsbI subunits, and the CP47
subunit of another monomer; another molecule (DGDG25) is located
between the D2 subunit, α-subunit of Cyt b559, and PsbY; and the
other molecule (DGDG8) is located between D2 and CP47 subunits
(Fig. 4D). However, no direct interactions among these DGDG
molecules and the extrinsic proteins or the manganese cluster are
apparent in the crystal structure [24]. As all DGDG molecules in the
wild-type PSII may be replaced with MGDG in the dgdA mutant [9], it
is likely that the absence of one galactose moiety from each DGDG
molecule affects interactions among the PSII proteins, especially
between CP43 and D1, and causes a conformational change on the
luminal side of PSII that leads to dissociation of the extrinsic proteins
and interruption of the smooth insertion of CP43 into the premature
PSII intermediate. Hölzl et al. [87] reported that the growth defect in
the dgd1 mutant of Arabidopsis could be complemented by the
production of glucosylgalactosyldiacylglycerol; however, this lipid did
not compensate for the function of PSII. Their findings indicate an
important role of the second galactose moiety of DGDG molecules in
the function of PSII.

4.3. SQDG

4.3.1. Green algae
The roles of SQDG in oxygenic photosynthesis have been investi-

gated using various SQDG-deficient mutants of cyanobacteria, green
algae, and higher plants. Sato and coworkers comprehensively
characterized the photosynthetic properties of SQDG-deficient mutants
of the green alga C. reinhardtii (for review see [16]). They isolated a
mutant of Chlamydomonas, designated hf-2, from a population of UV-
induced mutants showing high-Chl fluorescence yields [88]. The hf-2
cells contained extremely curled thylakoidmembranes [88] and showed
slightly reduced growth with a decrease in PSII activity by 30–40% but
no effect on PSI activity [89]. The lowered PSII activity in the hf-2 cells
could be recovered by supplementation of the growth medium with
SQDG [90], indicating the importance of SQDG in the PSII of
Chlamydomonas. Further detailed analyses have indicated that SQDG
deficiency affects both acceptor and donor sides of PSII. The PSII activity
and growth inhf-2 cells exhibit higher sensitivity to an inhibitor, 3-(3, 4-
dichlorophenyl)-1,1-dimethylurea (DCMU), for electron transport from
QA to QB, suggesting some modification around the QB binding site,
although the sensitivity toward another inhibitor that also inhibits
electron transport from QA to QB, atrazine, remains unaffected [90,91].
Assays of photoreduction of 2,6-dichlorophenol indophenol in the
presence or absence of diphenylcarbazide and flash-induced decay of
Chl fluorescence in the hf-2 thylakoid membranes revealed that the
lowered activity in the mutant was derived from a decrease in the
efficiency of electron donation fromwater to YZ

+, i.e., redox-active Tyr161
of the D1 protein, not from the efficiency of the electron transport from
QA to QB [92]. The PSII activity in the hf-2mutant was more sensitive to
treatment with hydroxylamine [92] or high temperature [91], suggest-
ing instability for binding of the manganese cluster and extrinsic
proteins to PSII. These phenomena resemble those observed in the
DGDG-deficient mutants (see Section 4.2.2) but the locations of DGDG
and SQDG within PSII in T. elongatus are different ([24]; Fig. 4D). In
contrast to DGDG, the polar head groups are all located on the luminal
side, whereas the head groups of all SQDQ molecules (five per
monomer) face the cytoplasmic side, far from the donor side of PSII.
Notably, one SQDG molecule (SQDG4) is located close to the PQ-PQH2

exchange cavity and forms a “cork”with MGDG18 and PG22 to seal the
cavity (Fig. 4C). Therefore, it is likely that the change in affinity of DCMU
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to the QB site is caused by the conformational change of the QB binding
site induced by the lack of SQDG4. The defects in the donor side of PSII
are probably indirect effects because the locations of SQDG identifiedare
far from the water-oxidizing complex. Taking into consideration that
the water-oxidizing complex containing the manganese cluster and YZ,
andQB binding sites are both locatedon theD1protein, it is possible that
the conformational change in the D1 protein around the QB site due to
the lack of SQDG in PSII of hf-2would be transmitted to the donor side to
decrease the electron donation from water to YZ

+. However, we cannot
exclude the possibilities that depletion of SQDG molecules other than
SQDG4 affects the donor side of PSII, such as binding properties for
extrinsic proteins in an indirect manner, and/or that SQDG directly
affects the donor side if Chlamydomonas PSII has binding sites for SGDG
close to the water-oxidizing complex. Similar but more severe
dysfunctions of both donor and acceptor sides of PSII have been
reported for the PG-depleted mutant (see Section 4.4.1).

4.3.2. Anoxygenic photosynthetic bacteria and cyanobacteria
The importance of SQDG in cyanobacteria is species-dependent,

and the proportion of SQDG varies considerably between different
species. Prochlorococcus cells contain SQDG at levels up to 60% of the
total lipids, while Gloeobacter completely lacks SQDG [93]. SQDG-
deficient mutants of Synechocystis sp. PCC 6803 [94] and Synecho-
coccus sp. PCC 7942 [95] were generated through disruption of the
sqdB gene for UDP-sulfoquinovose synthase. The Synechocystismutant
designated SD1 required supplementation with SQDG for photoauto-
trophic growth. The content of SQDG in the SD1 cells decreased when
the cells grown in the presence of SQDG were transferred to medium
without SQDG. The role of SQDG in photosynthesis could be
investigated by observing phenomena that occur after transfer of
the cells to medium without SQDG. Similar to the observations in
Chlamydomonas hf-2 mutant, SQDG deprivation in SD1 cells had little
effect on the construction of PSI and PSII complexes, but brought
about more severe damage to PSII. The activity was as low as 37% of
the level before SQDG deprivation, and the cells showed increased
sensitivity not only to DCMU but also to atrazine. In contrast, PSII
activity and growth were not severely affected by disruption of the
sqdB gene in Synechococcus sp. PCC 7942, which was done indepen-
dently by two different groups [94,95]. There was little alternation in
the PSII activity or its sensitivity to DCMU and atrazine in this mutant
[94]. No requirement of SQDG for photosynthesis was also found for
an anoxygenic photosynthetic bacterium, Rhodobacter sphaeroides.
The Rhodobacter SQDG-deficient mutant made by disrupting the sqdB
gene showed no detrimental phenotypes with respect to growth rate
and function of the electron transport system including the reaction
center complexes that are structurally related to the D1/D2 complex
[96].

4.3.3. Higher plants
SQDG is not essential for photosynthesis in higher plants, as shown

by studies with Arabidopsis mutants, sqd1 and sqd2. In sqd1, SQDG was
decreased by 30% compared to that of the wild-type by downregulation
of SQD1 through antisense expression [97]. The 30% reduction of SQDG
in sqd1 had no influence on photosynthetic properties [97]. Yu et al. [37]
isolated a null mutant of SQD2 (sqd2) carrying a T-DNA insertion in the
SQD2 gene. As this mutant completely lacks SQDG, it is a good tool to
study the role of SQDG in photosynthesis of higher plants. Under
optimal growth conditions, however, the growth rate and pigment
contentwere not altered in themutant. Chl fluorescencemeasurements
showed that the maximum quantum yields for PSII photochemistry
(FV/FM) were very similar to those of the wild-type. The effective
quantum yield of photochemical energy conversion in PSII (ΦPSII)
was only slightly reduced in the mutant grown under optimal
conditions. These results clearly indicate that SQDG is not important
for the function of photosynthesis in Arabidopsis. However, SQDG
plays an important role in higher plants under phosphate-limited
conditions because the sqd2 mutant showed reduced growth under
such conditions. As a common phenomenon in photosynthetic
organisms, the relative amount of total anionic thylakoid lipids is
maintained by reciprocally adjusting SQDG and PG contents accord-
ing to the availability of phosphate. Under phosphate-limited
conditions, SQD1 and SQD2 expression are upregulated and SQDG
content is increased [37,97]. Under conditions of phosphate starvation,
PG content is decreased in the wild-type but remains constant in the
sqd2 mutant, leading to earlier phosphate starvation in the mutant
compared to the wild-type [37]. Based on these observations, it was
suggested that one of the functions of SQDG is to substitute for PG under
phosphate-limited conditions to maintain the proper balance of anionic
charge in the thylakoid membrane [37,98]. However, it remains unclear
if PGburied inside PSII is actually substituted for SQDGunderphosphate-
limited conditions. In addition, it is difficult to evaluate the specific
role of SQDG for photosynthesis under phosphate-limited conditions
as phosphate limitation has pleiotropic effects on plant growth and
metabolic reactions other than photosynthesis. In the SD1 mutant of
Synechocystis, the PG content showed a complementary increase.
However, the increased PG in SD1 could not recover its decreased PSII
activity [94]. In contrast to the effect of SQDG deficiency, PG deficiency
in Synechocystis caused suppression of oxygen evolution by addition of
artificial p-benzoquinones [41,99]. Therefore, SQDG and PG play distinct
roles in the maintenance of PSII properties, at least in Synechocystis.

4.4. PG

4.4.1. Cyanobacteria
In cyanobacteria, the role of PG in photosynthesis has been

investigated in great detail using mutants of Synechocystis sp. PCC
6803 that are defective in the biosynthesis of PG. Among the genes for
the three enzymes that are specifically involved in thebiosynthesis of PG
in Synechocystis (see Section 2), the cdsA gene for CDP-DG synthase [40]
and the pgsA gene for PGP synthase [41] have been identified. The gene
for PGP phosphatase has not yet been identified. Sato et al. [40]
inactivated the cdsA gene for CDP-DG synthase and Hagio et al. [41]
inactivated thepgsAgene for PGP synthase in Synechocystis sp. PCC6803.
The generated mutants were incapable of synthesizing PG and required
an exogenous supply of PG for growth under photoautotrophic
conditions. Other phospholipids, such as phosphatidylcholine and
phosphatidylethanolamine, failed to support the growth of the mutant
cells [41]. Synechocystis sp. PCC 6803 can grow under light-activated
heterotrophic growth conditions in which cultures are incubated in the
dark except that they are illuminated once a day for 5 min [100]. The
growth of the cells under light-activated heterotrophic growth
conditions is dependent on glucose in the growth medium, but not on
photosynthesis. The pgsA mutant could grow under the light-activated
heterotrophic growth conditions in the presence but not in the absence
of PG. These findings indicate that Synechocystis sp. PCC 6803 cells are
able to take up PG from the growthmedium and PG is indispensable for
their growth, even for photosynthesis-independent growth.

We used the above-mentioned mutants to investigate the role of
PG in photosynthesis [40,41,50,99,101–103]. The content of PG in the
mutant cells decreased when cells grown in the presence of PG were
transferred to medium without PG. The role of PG in photosynthesis
could be investigated by observing phenomena that occur after
transfer of the cells to the medium without PG. The photosynthetic
activity of the pgsA and cdsA mutants decreased markedly with a
concomitant decrease of PG content in thylakoid membranes after PG
deprivation within 3 days and the decreased activity was fully
recovered to the original level following re-addition of PG to the
growth medium. The decrease of photosynthetic activity induced by
PG deprivation was attributed to the decrease of PSII activity, but not
to the decrease in PSI activity, suggesting that PG plays an important
role in PSII [40,41]. A decrease in PSI activity was observed only after a
longer period of PG deprivation (more than 2 weeks) [50]. We further
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checked each step of the electron transport in PSII of the pgsA mutant
to clarify the functional site of PG [99]. Measurements of fluorescent
yield of Chl indicated that accumulation of the reduced form of
plastoquinone QA (QA

−) occurred in the pgsA mutant cells after PG
deprivation. Thermoluminescence measurements also suggested the
accumulation of S2QA

− following PG deprivation. These results indicate
that electron transport from QA to QB was inhibited after deprivation
of PG [99], and are consistent with the observation that QB-mediated
transport of electrons was inhibited upon digestion of PG by
treatment of PSII complex with phospholipase A2 [22,48]. Recently,
Laczkó-Dobos et al. [104] generated a newmutant of Synechocystis sp.
PCC 6803 by disrupting the cdsA gene for CDP-DG synthase in the PAL
mutant, which has no phycobilisomes. The mutant is not able to
synthesize PG and has no phycobilisomes. The results obtained with
this mutant were similar to those obtained with the pgsA mutant. In
an immunological study with antibodies directed against PG, Kruse
and Schmid [21] showed that PG is specifically associated with the D1
protein. These findings suggested that PG may play an indispensable
role in maintaining the structure of the QB binding site of the D1
protein. We further characterized the pgsA mutant and found that PG
depletion induces dysfunction not only on the electron acceptor side
of PSII, i.e., inhibition of electron transport from QA to QB, but also on
the donor side [103]. To understand the reason why the donor side of
PSII was impaired in the mutant, we purified PSII complex from the
pgsA mutant cells. Analyses of the purified PSII complexes indicated
that PSII from PG-depleted pgsA mutant cells sustained only ~50% of
the oxygen-evolving activity compared to PSII from wild-type cells.
We also observed dissociation of the extrinsic proteins PsbO, PsbV,
and PsbU in PSII of the PG-depleted mutant cells. This dissociation of
extrinsic proteins induced release of manganese ions from PSII,
leading to a decrease in oxygen-evolving activity. The released PsbO
re-bound to PSII when PG was added back to the PG-depleted mutant
cells, even when de novo protein synthesis was inhibited. It is likely
that the dissociation of extrinsic proteins observed in the purified PSII
from the mutant cells occurs even in vivo because oxygen evolution
activity of the PG-depleted pgsAmutant cells decreased following heat
treatment as observed in ΔpsbO, ΔpsbV, and ΔpsbU mutant cells. This
property of the pgsA mutant resembles that of the dgdA mutant in
which PsbU protein appears to be dissociated from PSII in vivo, but
different in that the psgA mutant but not the dgdA mutant is
susceptible to dark inactivation of oxygen evolution. As the inactiva-
tion of oxygen evolution under darkness is a measure of the
dissociation of PsbO and/or PsbV (see Section 4.2.2), it is suggested
that PSII of the PG-depleted mutant cells cannot functionally bind
extrinsic proteins, possibly PsbO and/or PsbV, and that re-binding of
extrinsic proteins is PG-dependent. A recent biochemical study using
phospholipase A2-treated thylakoids of A. thaliana also confirmed the
results of our mutational analysis. They observed that, in addition to
the inhibition of electron transfer from QA to QB, the phospholipase A2

treatment affected the electron transfer from the manganese cluster
to Yz+ [105]. Interestingly, in their phospholipase A2-treated
thylakoids, charge separation of the PSII reaction center was also
affected. However, it is questionable whether this phenomenon was
solely caused by the decomposition of PG because the authors did not
measure the changes in lipid content by phospholipase A2 treatment.

In the PG-depleted pgsA mutant cells, we previously observed
accumulation of the PSII monomer and suggested that PG is involved in
the dimerization of PSII [101]. However, the requirement of PG for the
binding of extrinsic proteins to the PSII core complex suggested that the
accumulation of monomers may result from dissociation of extrinsic
proteins and that PG is not directly involved in the dimerization of PSII.
Our preliminary data obtained with mutant cells of extrinsic proteins
showed that dimer formation was severely impaired in the ΔpsbO
mutant cells and partially impaired in theΔpsbV andΔpsbUmutant cells
[103], suggesting that monomerization of the PSII complex in the pgsA
mutant cellswas indirectly inducedbydissociation of extrinsic proteins.
This conclusion is consistent with the X-ray crystal structure of the PSII
complex from T. elongatus, suggesting the absence of PG in the interface
between monomers ([24]; Fig. 4A and D).

Basedon thefindings obtainedwith thepgsAmutant,we expectedPG
molecules to be located close to the QB binding site and at the interface
between the extrinsic proteins and the PSII core. Our biochemical
analysis of lipids extracted fromPSII complexes of thewild-type andpgsA
mutant cells indicated that approximately 6 PGmolecules permonomer
are bound to the PSII of the wild-type cells, whereas 3 PGmolecules per
monomer are bound to the PSII of PG-depleted mutant cells [48]. The 3
PG molecules lost from the PSII of the mutant cells may be located near
the QB binding site and at the interface between the extrinsic proteins
and the PSII core. However, X-ray crystallographic analysis of the PSII
complex from T. elongatus revealed that only 2 PG molecules per
monomer are present in PSII [24]. The identified PG molecules are
localized in the plastoquinone–plastoquinol cavity, their head groups
face the cytoplasm, and 1 of the PG molecules (PG22) is close to the QB

site (Fig. 4C and D) with a distance of about 8 Å between the PQ head
group and the glycerol moiety of PG. These data are consistent with our
observation that deprivation of PG affects the structural integrity of the
QB site, but it seems unlikely that the identified PG molecules would be
able to influence the binding of extrinsic proteins to the PSII core.
Nevertheless, it is possible that several molecules of PG remain to be
identified within the crystal structure and that they play roles in PSII.

In bacteria, PG is used as a substrate for lipid modification of
lipoproteins, which are an abundant class of peripheral proteins
anchored to membranes. Lipoproteins are synthesized as precursors
and processed as follows. First, the diacylglyceryl moiety is trans-
ferred by prolipoprotein diacylglyceryl transferase from PG to the
sulfhydryl group of a specific cysteine residue in the N-terminal
region of precursors [106,107]. The modified precursors are processed
to remove the signal sequence by signal peptidase II at the N-terminus
of the cysteine residue that is modified with diacylglycerol [108].
Thus, the diacylglycerol-modified cysteine residue becomes the N-
terminus of the mature protein. Finally, after cleavage of the signal
peptide, the amino group of the N-terminal cysteine is acylated by
apolipoprotein N-acyltransferase [109]. Since the first identification of
lipoproteins in Escherichia coli, many lipoproteins have been identi-
fied in almost all bacteria and they have been shown to play important
roles in many processes, such as uptake of nutrients and protein
secretion [110,111]. It is likely that cyanobacteria also have many
lipoproteins that play important roles in these organisms.

Bacterial lipoproteins possess a conserved signal sequence called
the lipoprotein signal peptide [112,113]. To identify putative lipo-
proteins in cyanobacteria, we searched the genome database of
Synechocystis sp. PCC 6803 using a hidden Markov model algorithm,
LipoP (www.cbs.dtu.dk/services/LipoP/) [113], which is most com-
monly used for searching bacterial lipoproteins. We found about 40
putative lipoproteins in Synechocystis sp. PCC 6803 (Ujihara T, Katayama
K, Sakurai I,MizusawaNandWadaH, unpublished results). Intriguingly,
half of the putative lipoproteins were substrate binding proteins of ABC
transporters and three of them were PsbP, PsbQ, and Psb27, which are
extrinsic proteins located in luminal side of PSII. Recently, we examined
whether PsbQ and Psb27 of Synechocystis are real lipoproteins modified
with lipid and found that the sulfhydryl and amino groups of PsbQ are
modifiedwith adiacylglycerol and apalmitic acid, respectively,whereas
the sulfhydryl group of Psb27 is modified with diacylglycerol but the
amino group is largely unmodified and only partially modified with
palmitic acid (UjiharaT,KatayamaK, Sakurai I,MizusawaNandWadaH,
unpublished results). Nowaczyk et al. [86] also analyzed Psb27 of
T. elongatus and found that it is modified with diacylglycerol and
palmitic acid. The different extent of modification of amino groups of
Psb27 in T. elongatus and Synechocystis suggests that lipid modification
of Psb27 is different between these species. In Synechocystis, PsbP, PsbQ,
and Psb27 are not essential for growth, but are necessary for regulation
of PSII activity [114–117].

http://www.cbs.dtu.dk/services/LipoP/
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4.4.2. Green algae and higher plants
Inhigher plants, the role of PG inphotosynthesiswas initially studied

by treating thylakoid membranes with phospholipases that specifically
degrade PG. Jordan et al. [19] showed that elimination of approximately
70% of the original PG from thylakoid membranes isolated from Pisum
sativum (pea), by treatment with phospholipase A2, almost completely
blocked the photosynthetic transport of electrons in PSII without any
significant effect on the transport of electrons in PSI. Similarly, Droppa
et al. [20] showed that treatmentof thylakoidmembranes frompeawith
phospholipase C, which degraded approximately half of the original PG,
almost completely eliminated the photosynthetic transport of electrons
in PSII. These findings were consistent with those obtained with the
pgsAmutant of Synechocystis sp. PCC6803 [41,99].Moreover, Kruse et al.
[63] found that PSII complexes prepared from spinach were converted
from dimers to monomers by treatment with phospholipase A2 and
monomers were reversibly converted to dimers by the addition of PG.
Based on these findings, they suggested that PG is required for dimer
formation of PSII. However, we have recently performed similar
experiments with PSII dimers prepared from T. vulcanus and found
that phospholipase treatment did not induce monomerization of PSII,
but inhibited electron transport from QA to QB as found in the pgsA
mutant cells [22]. The PSII dimer from T. vulcanus is very stable and
extrinsic proteins are not dissociated from the PSII core during
phospholipase treatment [22], whereas the PSII dimer from spinach is
unstable and extrinsic proteins are released from the PSII core during
incubation with phospholipase [63]. Thus, it is likely that PG is not
directly involved in dimerization of PSII. The conversion of dimers to
monomers observed in spinach PSII would be caused by dissociation of
extrinsic proteins from the PSII following digestion of PG required for
binding of extrinsic proteins during incubationwith phospholipase. The
digestion of PG could prevent the binding of extrinsic proteins that
stabilize the dimer and induce monomer accumulation.

In addition to the biochemical approach, the role of PG in
photosynthesis has also been studied bymolecular genetic approaches.
Dubertret et al. [118] isolated mutants of C. reinhardtii that were
incapable of synthesizing molecular species of PG binding Δ3-trans-
hexadecenoic acid because of a defect in the desaturation atΔ3 position
of palmitic acid esterified to sn−2 position of PG.With themutants they
found that molecular species of PG bindingΔ3-trans-hexadecenoic acid
can be essential for assembly of the trimeric form of LHCII [118,119].
However, this finding is inconsistent with the observation that LHCII
trimer was formed in a mutant of A. thaliana despite the absence of the
molecular species of PG binding Δ3-trans-hexadecenoic acid [120];
hence, it is not clearwhether themolecular species of PG are involved in
trimer formation of LHCII. Nevertheless, it seems that the PG molecule
itself is required for LHCII trimer formation.Hobeet al. [121,122] studied
the interaction of PG with LHCII apoprotein, and reported that the
negative charge onPG interactswith theN-terminal region, positions 16
to 21 from theN-terminus, of the LHCII apoprotein and this region plays
a crucial role in the trimerization of the LHCII. Furthermore,Maanni et al.
[123] suggested that the formation of a trimeric LHCII complex may be
important for grana stacking in thylakoid membranes.

Mutants of A. thalianawith a defect in the biosynthesis of PG were
also isolated and used to investigate the function of PG. Xu et al. [124]
isolated a mutant that had a defect in the gene encoding PGP synthase
(PGP1), which is located in plastids and mitochondria. The level of PG
in leaves of mutant plants was approximately 25% lower than that of
wild-type plants. Moreover, mutant plants had pale green leaves and
a slightly reduced capacity for photosynthesis than wild-type plants,
suggesting that PG may play an important role in the development of
chloroplasts and the photosynthetic machinery. Hagio et al. [125] and
Babiychuk et al. [43] isolated null pgp1 mutants of A. thaliana. The
growth of these mutants required the addition of sucrose to the
standard growth medium, and the mutant plants had pale yellow-
green leaves. In these mutant plants, the level of PG was only
approximately 10% of that in wild-type controls, and the development
of chloroplasts in the leaf cells of mutant plants was severely
impaired. These findings suggest that PG is indispensable for the
development of chloroplasts, in particular, for the development of
thylakoid membranes.

5. Involvement of lipids in assembly and repair of PSII

The roles of lipids in assembly and repair processes in PSII have
been studied mainly with cyanobacterial mutants of Synechocystis sp.
PCC 6803 and Synechococcus sp. PCC 7942, which are defective in the
synthesis of lipids. The dgdA mutant lacking DGDG [73,74], and pgsA
[101,103] or cdsA mutants depleted of PG [104,126], showed high-
light-induced growth retardation due to the suppression of repair
processes of PSII, which could be restored by reincorporation of
exogenously added respective lipid. Therefore, it was suggested that
DGDG and PG are involved in the assembly and repair cycles of PSII
(also see Section 4.2.2). The effects of MGDG and SQDG depletion on
PSII repair have yet to be studied.

PSII must be repaired at high rates under conditions of illumination
due to the vulnerability of D1 to high light exposure levels [58–61]. PSII
complexes are thought to exist in dimeric form when they are active in
oxygen evolution, although recently there has been some question
regarding whether PSII exists in a dimeric or monomeric form in vivo
[127]. The repair processes of damaged PSII proceed through many
complicated steps, including monomerization of the dimer, partial
disassembly of the complex including detachment of CP43 and extrinsic
proteins from the reaction center, degradation of D1 coupled with
insertion of newly synthesized precursor form of D1 to the complex,
reassociationof CP43andextrinsic proteins, processingof theC-terminal
extension of precursor form of D1, assembly of the manganese cluster,
and dimerization of PSII ([128]; Fig. 5). Our studies showed that, in the
PG- or DGDG-deficient mutant, the fraction containing the monomeric
form of PSII, isolated by ultracentrifugation of the crude PSII fraction on
glycerol density gradient, increases compared to that in wild-type
[9,101,103]. Interestingly, these fractions showed low oxygen-evolving
activities [9,103] and contained Psb27 and Psb28 proteins, which are
thought to be involved in the assembly of PSII [61,86,128], suggesting
that premature intermediates of PSII accumulate in these mutants.
Our preliminary BN-PAGE analysis indicated that, in these monomer
fractions, monomer as well as CP43-less monomer co-migrated
(N. Mizusawa, S. Sakata, I. Sakurai, H. Kubota, N. Sato, and H. Wada,
unpublished results). Laczkó-Dobos et al. [104] also showed that CP43-
less monomer accumulated in the thylakoid membranes of the PG-
deficient mutant, based on the results of pulse-chase experiments with
[35S]methionine and BN-PAGE. These results strongly suggest that the
putative assembly (repair) intermediate, i.e., CP43-lessmonomer,would
accumulate due to retardation of the forward assembly steps by a lack of
DGDGor PG. In the recentX-ray structure of dimeric PSII [24], fourDGDG
(DGDG1, DGDG2, DGDG5, DGDG6) and two PG (PG3 and PG22)
molecules were located at the interface between D1 and CP43 where
one SQDG (SQDG 4)molecule was also identified (Fig. 4). Therefore, it is
suggested that removal of DGDG or PG and/or replacement of these
lipids by others affect the reassociation of CP43 with CP43-less
monomer, leading to the accumulation of CP43-less monomer. Removal
of CP43 is proposed to facilitate the replacement of photodamaged D1.
However, depletion of PG did not affect the rates of D1 turnover under
illumination, suggesting that the removal of CP43 from the complex
could occur normally in the PG-deficient mutant [101].

Recently, Nanjo et al. [129] reported that enoyl-(acyl-carrier-
protein) reductase (FabI), a key component of the type-II fatty acid
synthase, is loosely associated with PSII complexes. The components of
type-II fatty acid synthase, including FabI, are localized in the stroma in
plastids of plants [130]. However, some reports have indicated that
components of type-II fatty acid synthase, such as acyl-carrier protein,
are partially associatedwith thylakoidmembranes [131]. Therefore, it is
possible that the synthesis of fatty acids may also occur near PSII



Fig. 5. A possible model for the involvement of lipids in the assembly and repair cycles of cyanobacterial PSII. Assembly (red arrows) and repair (blue arrows) processes of PSII
proceed viamultiple intermediate states as follows. In the de novo assembly process, the preD1/D2 reaction center complex containing Cyt b559 and Psb27 is formed, and then CP47 is
associated with the complex to yield CP43-less monomer (assembly step 1). After its formation, DGDG and PG are presumably incorporated into the CP43-less monomer (assembly
step 2), and thereby CP43 can be bound to the monomer with the aid of these lipid molecules (assembly step 3). After the binding of CP43, the C-terminal extension of precursor D1
(preD1) is processed, Psb27 is released from the complex, and the manganese cluster is formed (assembly step 4), followed by binding of extrinsic proteins such as PsbO, PsbU, and
PsbV (assembly step 5). Finally, the active monomer formed at assembly step 5 is dimerized to the active dimer (assembly step 6). In the repair process, the D1 protein in the active
dimer is photodamaged under strong illumination (repair step 1). In the photodamaged PSII, the extrinsic proteins and manganese ions are released from the luminal side (repair
step 2), leading to monomerization of the complex (repair step 3). CP43 is then dissociated from the monomer complex (repair step 4), rendering the efficient replacement of
damaged D1 with a newly synthesized preD1 (repair step 5). The damaged D1 is subjected to degradation, and Psb27 binds to the luminal side of the complex. After the formation of
CP43-less monomer, the repair processes proceed according to the same pathway as the assembly processes (assembly steps 2 to 6). In this figure, only DGDG and PG molecules
located between D1 and CP43 are shown for simplicity. Other lipid molecules are also incorporated into the complex at different steps in the assembly and repair processes.
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complexes, although the components of type-II fatty acid synthase other
than FabI have yet to be found. The authors of these studies tried to
inactivate the fabI gene (slr1051) in Synechocystis but failed to achieve
complete disruption of all the genomic copies of the fabI gene. The
incomplete disruption was probably due to the lethal effect of the
complete absence of the fabI gene. Despite partial inactivation of the fabI
gene, the mutant exhibited marked impairment in the tolerance and
acclimation of cells to high temperatures: photoautotrophic growth of
themutantwas severely inhibited at 40 °C.Moreover,mutant cellswere
unable to achievewild-type enhancement of the thermal stability of PSII
when the growth temperature was raised from 25 °C to 38 °C. It was
suggested that de novo synthesis of fatty acids as well as proteins is
required for enhancement of the thermal stability of PSII during the
acclimation of Synechocystis cells to high temperatures. Under high-
temperature conditions, D1protein turnover ratemust bemore rapid to
maintain PSII activity than under normal-temperature conditions
because the rates of damage to PSII are higher under high-temperature
conditions [74]. Therefore, incorporation of lipids synthesizedwith fatty
acids that are newly synthesized via FabI into PSII intermediate forms
may be required to sustain the high rate of D1 turnover under high-
temperature conditions.

Kanervo et al. [132] studied the role ofmembrane lipid unsaturation
in the repair of PSII under low-temperature conditions after photo-
inhibition in wild-type and mutant cells of Synechocystis sp. PCC 6803
with genetically inactivated desaturase genes. They showed that
posttranslational C-terminal processing of the precursor form of D1 is
an extremely sensitive reaction in the PSII repair cycle and is readily
affected by low temperature. Interestingly, the capabilities of D1protein
processing are specifically dependent on the extent of unsaturation of
thylakoid membrane lipids. The mechanism underlying the perturba-
tions due to changes in the degree of lipid unsaturation is still unclear.
The C-terminal processing of the precursor form of the D1 protein is an
essential reaction for manganese cluster formation and assembly of the
extrinsic proteins required for stabilization of the manganese cluster
[133–135]. Therefore, the inhibition of C-terminal processing of D1
results in failure of manganese cluster assembly, leading to the
suppression of oxygen evolution recovery under low-temperature
conditions. Effects of desaturation of PG on photoinhibition under
low-temperature conditions were studied using transgenic tobacco
plants containing increased amounts of disaturated PG [136]. Similar to
the desaturase-inactivated cyanobacterial mutants, the transgenic
plants were more chilling-sensitive than the wild-type and showed
the suppression of repair process from photoinhibition [136].

It has been suggested that lipids play an important role in the
dimerization of PSII because the monomer–monomer interface in the
dimeric PSII is dominated by the presence of lipids and very few
protein–protein interactions between the two monomers are observed
(mainly contributed by the small membrane-intrinsic subunit PsbM)
[24]. The monomer–monomer interface was filled with a total of 14
lipids, 7 fromeachmonomer, as follows: 4MGDGs (MGDG14,MGDG15,
MGDG17, MGDG20), 1 DGDG (DGDG23), and 2 SQDGs (SQDG12,
SQDG13) (Fig. 4D). In addition, therewere eightDMmolecules thatmay
replace galactolipids during purification, suggesting the presence of
additional lipids in this region when PSII is embedded in the thylakoid
membrane. Depletion of PG in a pgsA mutant of Synechocystis caused
monomerization of thedimeric structure of PSII. As noPGwas identified
in thedimeric interface, themonomerization observed in the PGmutant
is likely to be caused by secondary effects, i.e., dissociation of extrinsic
proteins of PSII, which occur upon depletion of PG as discussed in
Section 4.4.1. In DGDG-deficient dgdA mutant of Synechocystis, the
increase in the monomeric form of PSII was also observed. As the
dissociation of the extrinsic proteinsof PSII occurred in the dgdAmutant,
the monomerization of PSII observed in the mutant may be also a
secondary effect. However,we cannot exclude thepossibility thatDGDG
participates directly in the dimerization of PSII because one DGDG
molecule (DGDG23) was found in the monomer–monomer interface.
The four MGDG molecules and two SQDG molecules found in the
monomer–monomer interface may play important roles in dimer
formation and in the dissociation of the dimer during the repair process.
Notably, themonomeric formof PSII from T. elongatuswithhighoxygen-
evolving activity, whichwas recently analyzed by X-ray crystallography
[62], lacked SQDG12, one of the two SQDG molecules located in the
dimeric surface, suggesting the important function of SQDG12 in dimer
formation in T. elongatus. Further studies using a combination of SQDG-
deficient mutants and site-directed mutagenesis directed toward the
putative interaction sites between the polar head group of SQDG and
PSII subunits will uncover details of the roles of SQDG in dimer
formation.

6. Conclusions and future perspectives

Over the past decade, many of the genes encoding enzymes that
are required for the biosynthesis of lipids in cyanobacteria and higher
plants have been identified using powerful approaches, such as
comparative genomic analysis. This allowed us to make mutants
defective in the biosynthesis of lipids to detail the functions of lipids in
photosynthesis. Extensive studies with the mutants have revealed
that MGDG, DGDG, SQDG, and PG depletion or reduction causes
defects in PSII, and that these lipids each have important functions in
PSII. PG and SQDG are required for structural integrity of the QB

binding site of the D1 subunit. DGDG and PG are involved in the
binding of extrinsic proteins, which stabilize the manganese cluster in
PSII; the association of CP43 subunit with CP43-less monomer; and
the formation of the dimeric structure during assembly and repair
processes of PSII. Information on the role of MGDG in photosynthesis
is still limited because of the difficulty in making a mutant lacking
only MGDG.

Recent structural analyses of PSII from the thermophilic cyanobac-
teria T. elongatus and T. vulcanus have provided a great deal of
information regarding the structural and functional roles of lipids in
PSII. It has become evident that lipids are essential not only as themajor
components of the membrane matrix in which to embed the complex
but also as integral components of PSII to fulfill specific important roles
in assembly and repair processes. It appears that lipids are important
components in PSII for providing the specific interactions between the
PSII core and extrinsic proteins, but yield flexibility to avoid excessively
strong binding to allow efficient dissociation of extrinsic proteins from
the core complex during the assembly and repair processes of PSII. The
same functions of lipids are also required in monomer–monomer
interactions for dimer formation and dissociation into monomers that
proceed in the assembly and repair of PSII. However, studies on the roles
of lipids in PSII were performed with mutants lacking one of the
thylakoid lipids, i.e., whole modification of one of four lipid classes in
thylakoidmembranes. In future studies, itwill benecessary to clarify the
roles of individual lipid molecules bound to PSII by site-directed
mutagenesis directed toward substitution of the specific amino acid
residues involved in the binding of each lipid molecule. It will also be
necessary to perform structural studieswith Synechocystis sp. PCC 6803,
inwhich extensive information about variousmutants has already been
accumulated and the methods for gene manipulation have been well
established. In addition, this organismcangrowevenwithdefects in PSII
in the presence of glucose; thus, it is a suitable system for mutational
analysis of PSII. Elucidation of the X-ray crystal structure of PSII from
various photosynthetic organisms, including Synechocystis, will provide
valuable information for understanding the universality and diversity of
roles of individual lipidmolecules in the structure and functionof PSII by
comparing the conserved and nonconserved lipid binding sites among
different photosynthetic organisms.

The latest X-ray structure of PSII with 2.9 Å resolution [24] would
still not be enough to unambiguously locate all of the lipid molecules in
PSII. For example, in the case of cytochrome c oxidase, even a 1.8 Å
resolution was not enough to determine all of the lipid molecules, and
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other techniques had to be used in parallel to determine all of them
[137]. Itmight bepossible therefore that in the2.9 Å resolution structure
of PSII, some of the lipid molecules are assigned ambiguously and/or
incorrectly. The detailed structural analysis of PSII with higher
resolution is required to determine their localization conclusively.

Acknowledgments

The work performed in the authors' laboratory was supported by
Grants-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan.

References

[1] A. Melis, Dynamics of photosynthetic membrane composition and function,
Biochim. Biophys. Acta 1058 (1991) 87–106.

[2] R. Malkin, K. Niyogi, Photosynthesis, in: B.B. Buchanan, W. Gruissem, R.L. Jones
(Eds.), Biochemistry and Molecular Biology of Plants, American Society of Plant
Physiologists, Rockville, Maryland, 2000, pp. 568–628.

[3] J. Kern, A. Zouni, A. Guskov, N. Krauβ, Lipid in the structure of photosystem I,
photosystem II and the cytochrome b6f complex, in: H. Wada, N. Murata (Eds.),
Lipids in Photosynthesis: Essential and Regulatory Functions, Springer, Dor-
drecht, 2009, pp. 203–242.

[4] C. Somerville, J. Browse, J.G. Jaworski, J.B. Ohlrogge, Lipids, in: B.B. Buchanan, W.
Gruissem, R.L. Jones (Eds.), Biochemistry and Molecular Biology of Plants,
American Society of Plant Physiologists, Maryland, 2000, pp. 456–527.

[5] P.-A. Siegenthaler, Molecular organization of acyl lipids in photosynthetic
membranes of higher plants, in: P.-A. Siegenthaler, N. Murata (Eds.), Lipids in
Photosynthesis, Kluwer Academic Publishers, Dordrecht, 1998, pp. 119–144.

[6] M. Shimojima, H. Ohta, Y. Nakamura, Biosynthesis and function of chloroplast
lipids, in: H. Wada, N. Murata (Eds.), Lipids in Photosynthesis: Essential and
Regulatory Functions, Springer, Dordrecht, 2009, pp. 35–55.

[7] N. Murata, P.-A. Siegenthaler, Lipids in photosynthesis: an overview, in: P.-A.
Siegenthaler, N. Murata (Eds.), Lipids in Photosynthesis, Kluwer Academic
Publishers, Dordrecht, 1998, pp. 1–20.

[8] R. Steffen, A. Kelly, J. Huyer, P. Dörmann, G. Renger, Investigations on the reaction
pattern of photosystem II in leaves from Arabidopsis thaliana wild type plants
and mutants with genetically modified lipid content, Biochemistry 44 (2005)
3134–3142.

[9] I. Sakurai, N. Mizusawa, H. Wada, N. Sato, Digalactosyldiacylglycerol is required
for stabilization of the oxygen-evolving complex in photosystem II, Plant Physiol.
145 (2007) 1361–1370.

[10] M.A. Block, A.-J. Dorne, J. Joyard, R. Douce, Preparation and characterization of
membrane fractions enriched in outer and inner envelope membranes from
spinach chloroplasts: II. Biochemical characterization, J. Biol. Chem. 258 (1983)
13281–13286.

[11] A.J. Dorne, J. Joyard, R. Douce, Do thylakoids really contain phosphatidylcholine?
Proc. Natl Acad. Sci. U. S. A. 87 (1990) 71–74.

[12] H. Wada, N. Murata, Membrane lipids in cyanobacteria, in: P.-A. Siegenthaler, N.
Murata (Eds.), Lipids in Photosynthesis, Kluwer Academic Publishers, Dordrecht,
1998, pp. 65–81.

[13] H. Wada, N. Murata, The essential role of phosphatidylglycerol in photosynthe-
sis, Photosynth. Res. 92 (2007) 205–215.

[14] I. Domonkos, H. Laczkó-Dobos, Z. Gombos, Lipid-assisted protein–protein
interactions that support photosynthetic and other cellular activities, Prog.
Lipid Res. 47 (2008) 422–435.

[15] H. Wada, N. Mizusawa, The role of phosphatidylglycerol in photosynthesis, in: H.
Wada, N. Murata (Eds.), Lipids in Photosynthesis: Essential and Regulatory
Functions, Springer, Dordrecht, 2009, pp. 243–263.

[16] N. Sato, Roles of the acidic lipids sulfoquinovosyl diacylglycerol and phospha-
tidylglycerol in photosynthesis: their specificity and evolution, J. Plant Res. 117
(2004) 495–505.

[17] P. Dörmann, G. Hözl, The role of glycolipids in photosynthesis, in: H. Wada, N.
Murata (Eds.), Lipids in Photosynthesis: Essential and Regulatory Functions,
Springer, Dordrecht, 2009, pp. 265–282.

[18] E.L. Apostolova, I. Domonkos, A.G. Dobrikova, A. Sallai, B. Bogos, H. Wada, Z.
Gombos, S.G. Taneva, Effect of phosphatidylglycerol depletion on the surface
electric properties and the fluorescence emission of thylakoid membranes,
J. Photochem. Photobiol. B 91 (2008) 51–57.

[19] B.R. Jordan, W.-S. Chow, A.J. Baker, The role of phospholipids in the molecular
organisation of pea chloroplast membranes: effect of phospholipid depletion on
photosynthetic activities, Biochim. Biophys. Acta 725 (1983) 77–86.

[20] M. Droppa, G. Horváth, E. Hideg, T. Farkas, The role of phospholipids in regulating
photosynthetic electron transport activities: treatment of thylakoids with
phospholipase C, Photosynth. Res. 46 (1995) 287–293.

[21] Kruse, G.H. Schmid, The role of phosphatidylglycerol as a functional effector and
membrane anchor of the D1-core peptide from photosystem II-particles of the
cyanobacterium Oscillatoria chalybea, Z. Naturforsch. 50c (1995) 380–390.

[22] J. Leng, I. Sakurai, H. Wada, J.-R. Shen, Effects of phospholipase and lipase
treatments on photosystem II core dimmer from a thermophilic cyanobacterium,
Photosynth. Res. 98 (2008) 469–478.
[23] M. Frentzen, Phosphatidylglycerol and sulfoquinovosyldiacylglycerol: anionic
membrane lipids and phosphate regulation, Curr. Opin. Plant Biol. 7 (2004)
270–276.

[24] A. Guskov, J. Kern, A. Gabdulkhakov, M. Broser, A. Zouni, W. Saenger,
Cyanobacterial photosystem II at 2.9 Å resolution and the role of quinones,
lipids, channels and chloride, Nat. Struct. Mol. Biol. 16 (2009) 334–342.

[25] Z. Liu, H. Yan, K. Wang, T. Kuang, J. Zhang, L. Gui, X. An, W. Chang, Crystal
structure of spinach major light-harvesting complex at 2.72 Å resolution, Nature
428 (2004) 287–292.

[26] D. Weier, C. Müller, C. Gaspers, M. Frentzen, Characterization of acyltransferases
from Synechocystis sp. PCC6803, Biochem. Biophys. Res. Commun. 334 (2005)
1127–1134.

[27] K. Okazaki, N. Sato, N. Tsuji, M. Tsuzuki, I. Nishida, The significance of C16 fatty
acids at the sn−2 positions of glycerolipids in the photosynthetic growth of
Synechocystis sp. PCC6803, Plant Physiol. 141 (2006) 546–556.

[28] N. Sato, H. Wada, Lipid biosynthesis and its regulation in cyanobacteria, in: H.
Wada, N. Murata (Eds.), Lipids in Photosynthesis: Essential and Regulatory
Functions, Springer, Dordrecht, 2009, pp. 157–177.

[29] J. Browse, C. Somerville, Glycerolipid synthesis — biochemistry and regulation,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 42 (1991) 467–506.

[30] K. Awai, T. Kakimoto, C. Awai, T. Kaneko, Y. Nakamura, K. Takamiya, H. Wada, H.
Ohta, Comparative genomic analysis revealed a gene for monoglucosyldiacyl-
glycerol synthase, an enzyme for photosynthetic membrane lipid synthesis in
cyanobacteria, Plant Physiol. 141 (2006) 1120–1127.

[31] K. Awai, E. Maréchal, M. Block, D. Brun, T. Masuda, H. Shimada, K. Takamiya, H.
Ohta, J. Joyard, Two types of MGDG synthase genes, found widely in both 16:3
and 18:3 plants, differentially mediate galactolipid syntheses in photosynthetic
and nonphotosynthetic tissues in Arabidopsis thaliana, Proc. Natl Acad. Sci. U. S. A.
98 (2001) 10960–10965.

[32] P. Dörmann, I. Balbo, C. Benning, Arabidopsis galactolipid biosynthesis and lipid
trafficking mediated by DGD1, Science 284 (1999) 2181–2184.

[33] A. Kelly, J. Froehlich, P. Dörmann, Disruption of the two digalactosyldiacylgly-
cerol synthase genes DGD1 and DGD2 in Arabidopsis reveals the existence of an
additional enzyme of galactolipid synthesis, Plant Cell 15 (2003) 2694–2706.

[34] N. Sato, T. Moriyama, Genomic and biochemical analysis of lipid biosynthesis in
the unicellular rhodophyte Cyanidioschyzon merolae: lack of a plastidic
desaturation pathway results in the coupled pathway of galactolipid synthesis,
Eukaryot. Cell 6 (2007) 1006–1017.

[35] K. Awai, H. Watanabe, C. Benning, I. Nishida, Digalactosyldiacylglycerol is
required for better photosynthetic growth of Synechocystis sp. PCC6803 under
phosphate limitation, Plant Cell Physiol. 48 (2007) 1517–1523.

[36] S. Güler, B. Essigmann, C. Benning, A cyanobacterial gene, sqdX, required for
biosynthesis of the sulfolipid sulfoquinovosyldiacylglycerol, J. Bacteriol. 182
(2000) 543–545.

[37] B. Yu, C. Xu, C. Benning, Arabidopsis disrupted in SQD2 encoding sulfolipid
synthase is impaired in phosphate-limited growth, Proc. Natl Acad. Sci. U. S. A. 99
(2002) 5732–5737.

[38] E. Armbrust, J. Berges, C. Bowler, B. Green, D. Martinez, N. Putnam, S. Zhou, A.
Allen, K. Apt, M. Bechner, M. Brzezinski, B. Chaal, A. Chiovitti, A. Davis, M.
Demarest, J. Detter, T. Glavina, D. Goodstein, M. Hadi, U. Hellsten, M. Hildebrand,
B. Jenkins, J. Jurka, V. Kapitonov, N. Kröger, W. Lau, T. Lane, F. Larimer, J.
Lippmeier, S. Lucas, M. Medina, A. Montsant, M. Obornik, M. Parker, B. Palenik, G.
Pazour, P. Richardson, T. Rynearson, M. Saito, D. Schwartz, K. Thamatrakoln, K.
Valentin, A. Vardi, F. Wilkerson, D. Rokhsar, The genome of the diatom
Thalassiosira pseudonana: ecology, evolution, and metabolism, Science 306
(2004) 79–86.

[39] M. Matsuzaki, O. Misumi, T. Shin-I, S. Maruyama, M. Takahara, S.Y. Miyagishima,
T. Mori, K. Nishida, F. Yagisawa, K. Nishida, Y. Yoshida, Y. Nishimura, S. Nakao, T.
Kobayashi, Y. Momoyama, T. Higashiyama, A. Minoda, M. Sano, H. Nomoto, K.
Oishi, H. Hayashi, F. Ohta, S. Nishizaka, S. Haga, S. Miura, T. Morishita, Y. Kabeya,
K. Terasawa, Y. Suzuki, Y. Ishii, S. Asakawa, H. Takano, N. Ohta, H. Kuroiwa, K.
Tanaka, N. Shimizu, S. Sugano, N. Sato, H. Nozaki, N. Ogasawara, Y. Kohara, T.
Kuroiwa, Genome sequence of the ultrasmall unicellular red alga Cyanidioschy-
zon merolae 10D, Nature 428 (2004) 653–657.

[40] N. Sato, M. Hagio, H. Wada, M. Tsuzuki, Requirement of phosphatidylglycerol for
photosynthetic function in thylakoid membranes, Proc. Natl Acad. Sci. U. S. A. 97
(2000) 10655–10660.

[41] M. Hagio, Z. Gombos, Z. Várkonyi, K. Masamoto, N. Sato, M. Tsuzuki, H. Wada,
Direct evidence for requirement of phosphatidylglycerol in photosystem II of
photosynthesis, Plant Physiol. 124 (2000) 795–804.

[42] F. Müller, M. Frentzen, Phosphatidylglycerophosphate synthases from Arabi-
dopsis thaliana, FEBS Lett. 509 (2001) 298–302.

[43] E. Babiychuk, F. Müller, H. Eubel, H.-P. Braun, M. Frentzen, S. Kushnir, Arabidopsis
phosphatidylglycerophosphate synthase 1 is essential for chloroplast differen-
tiation, but is dispensable for mitochondrial function, Plant J. 33 (2003) 899–909.

[44] P. Jordan, P. Fromme, H.T. Witt, O. Klukas, W. Saenger, N. Krauß, Three-
dimensional structure of cyanobacterial photosystem I at 2.5 Å resolution,
Nature 411 (2001) 909–917.

[45] G. Kurisu, H. Zhang, J.L. Smith, W.A. Cramer, Structure of the cytochrome b6f
complex of oxygenic photosynthesis: tuning the cavity, Science 302 (2003)
1009–1014.

[46] D. Stroebel, Y. Choquest, J.L. Popot, D. Picot, An atypical haem in the cytochrome
b6f complex, Nature 426 (2003) 413–418.

[47] B. Loll, J. Kern, W. Seanger, A. Zouni, J. Biesiadka, Toward complete cofactor
arrangement in the 3.0 Å resolution structure of photosystem II, Nature 438
(2005) 1040–1044.



207N. Mizusawa, H. Wada / Biochimica et Biophysica Acta 1817 (2012) 194–208
[48] I. Sakurai, J.-R. Shen, J. Leng, S. Ohashi, M. Kobayashi, H. Wada, Lipids in oxygen-
evolving photosystem II complexes of cyanobacteria and higher plants,
J. Biochem. 140 (2006) 201–209.

[49] H. Kubota, I. Sakurai, K. Katayama, N. Mizusawa, S. Ohashi, M. Kobayashi, P.
Zhang, E.-M. Aro, H. Wada, Purification and characterization of photosystem I
complex from Synechocystis sp. PCC 6803 by expressing histidine-tagged
subunits, Biochim. Biophys. Acta 1797 (2010) 98–105.

[50] I. Domonkos, P. Malec, A. Sallai, L. Kovács, K. Itoh, G. Shen, B. Ughy, B. Bogos, I.
Sakurai, M. Kis, K. Strzalka, H. Wada, S. Itoh, T. Farkas, Z. Gombos,
Phosphatidylglycerol is essential for oligomerization of photosystem I reaction
center, Plant Physiol. 134 (2004) 1471–1478.

[51] N. Murata, M. Miyao, T. Omata, H. Matsunami, T. Kuwabara, Stoichiometry of
components in the photosynthetic oxygen evolution system of photosystem-II
particles prepared with Triton X-100 from spinach chloroplasts, Biochim.
Biophys. Acta 765 (1984) 363–369.

[52] O. Nanba, K. Satoh, Isolation of photosystem II reaction center consisting of D-1
and D-2 polypeptides and cytochrome b-559, Proc. Natl Acad. Sci. U. S. A. 84
(1987) 109–112.

[53] E.J. Boekema, B. Hankamer, D. Bald, J. Kruip, J. Nield, A.F. Boonstra, J. Barber, M.
Rögner, Supramolecular structure of the photosystem II complex from green
plants and cyanobacteria, Proc. Natl Acad. Sci. U. S. A. 92 (1995) 175–179.

[54] B. Hankamer, E. Morris, J. Nield, A. Carne, J. Barber, Subunit positioning and
transmembrane helix organisation in the core dimer of photosystem II, FEBS Lett.
504 (2001) 142–151.

[55] A. Zouni, H.-T. Witt, J. Kern, P. Fromme, N. Krauß, W. Saenger, P. Orth, Crystal
structure of photosystem II from Synechococcus elongatus at 3.8 Å resolution,
Nature 409 (2001) 739–743.

[56] N. Kamiya, J.-R. Shen, Crystal structure of oxygen-evolving photosystem II from
Thermosynechococcus vulcanus at 3.7-Å resolution, Proc. Natl Acad. Sci. U. S. A.
100 (2003) 98–103.

[57] K.N. Ferreira, T.M. Iverson, K. Maghlaoui, J. Barber, S. Iwata, Architecture of the
photosynthetic oxygen-evolving center, Science 303 (2004) 1831–1838.

[58] E.-M. Aro, I. Virgin, B. Andersson, Photoinhibition of photosystem II. Inactivation,
protein damage and turnover, Biochim. Biophys. Acta 1143 (1993) 113–134.

[59] B. Andersson, E.-M. Aro, Photodamage and D1 protein turnover in photosystem
II, in: E.-M. Aro, B. Andersson (Eds.), Regulation of Photosynthesis, Kluwer
Academic Publishers, Dordrecht, 2001, pp. 377–393.

[60] Y. Nishiyama, S.I. Allakhverdiev, N. Murata, A new paradigm for the action of
reactive oxygen species in the photoinhibition of photosystem II, Biochim.
Biophys. Acta 1757 (2006) 742–749.

[61] P.J. Nixon, F. Michoux, J. Yu, M. Boehm, J. Komenda, Recent advances in
understanding the assembly and repair of photosystem II, Ann. Bot. 106 (2010)
1–16.

[62] M. Broser, A. Gabdulkhakov, J. Kern, A. Guskov, F. Müh, W. Saenger, A. Zouni,
Crystal structure of monomeric photosystem II from Thermosynechococcus
elongatus at 3.6-Å resolution, J. Biol. Chem. 285 (2010) 26255–26262.

[63] O. Kruse, B. Hankamer, C. Konczak, C. Gerle, E. Morris, A. Radunz, G.H. Schmid, J.
Barber, Phosphatidylglycerol is involved in the dimerization of photosystem II,
J. Biol. Chem. 275 (2000) 6509–6514.

[64] S. Nußberger, K. Dörr, D.N. Wang, W. Kühlbrandt, Lipid–protein interactions in
crystals of plant light-harvesting complex, J. Mol. Biol. 234 (1993) 347–356.

[65] P. Jarvis, P. Dörmann, C. Peto, J. Lutes, C. Benning, J. Chory, Galactolipid deficiency
and abnormal chloroplast development in the Arabidopsis MGD synthase 1
mutant, Proc. Natl Acad. Sci. U. S. A. 97 (2000) 8175–8179.

[66] H. Aronsson, M. Schöttler, A. Kelly, C. Sundqvist, P. Dörmann, S. Karim, P. Jarvis,
Monogalactosyldiacylglycerol deficiency in Arabidopsis affects pigment compo-
sition in the prolamellar body and impairs thylakoid membrane energization
and photoprotection in leaves, Plant Physiol. 148 (2008) 580–592.

[67] R. Goss, M. Lohr, D. Latowski, J. Grzyb, A. Vieler, C. Wilhelm, K. Strzalka, Role of
hexagonal structure-forming lipids in diadinoxanthin and violaxanthin solubi-
lization and de-epoxidation, Biochemistry 44 (2005) 4028–4036.

[68] H.Y. Yamamoto, Functional roles of the major chloroplast lipids in the
violaxanthin cycle, Planta 224 (2006) 719–724.

[69] K. Kobayashi, M. Kondo, H. Fukuda, M. Nishimura, H. Ohta, Galactolipid synthesis
in chloroplast inner envelope is essential for proper thylakoid biogenesis,
photosynthesis, and embryogenesis, Proc. Natl Acad. Sci. U. S. A. 104 (2007)
17216–17221.

[70] P. Dörmann, S. Hoffmann-Benning, I. Balbo, C. Benning, Isolation and character-
ization of an Arabidopsis mutant deficient in the thylakoid lipid digalactosyl
diacylglycerol, Plant Cell 7 (1995) 1801–1810.

[71] H. Härtel, H. Lokstein, P. Dörmann, B. Grimm, C. Benning, Changes in the
composition of the photosynthetic apparatus in the galactolipid-deficient dgd1
mutant of Arabidopsis thaliana, Plant Physiol. 115 (1997) 1175–1184.

[72] F. Reifarth, G. Christen, A. Seeliger, P. Dörmann, C. Benning, G. Renger, Modification
of thewater oxidizing complex in leaves of the dgd1mutant of Arabidopsis thaliana
deficient in the galactolipid digalactosyldiacylglycerol, Biochemistry 36 (1997)
11769–11776.

[73] N. Mizusawa, I. Sakurai, N. Sato, H. Wada, Lack of digalactosyldiacylglycerol
increases the sensitivity of Synechocystis sp. PCC 6803 to high light stress, FEBS
Lett. 583 (2009) 718–722.

[74] N. Mizusawa, S. Sakata, I. Sakurai, H. Wada, Involvement of digalactosyldiacyl-
glycerol in cellular thermotolerance in Synechocystis sp. PCC 6803, Arch.
Microbiol. 191 (2009) 595–601.

[75] Y. Nishiyama, H. Hayashi, T. Watanabe, N. Murata, Photosynthetic oxygen
evolution is stabilized by cytochrome c550 against heat inactivation in
Synechococcus sp. PCC 7002, Plant Physiol. 105 (1994) 1313–1319.
[76] J.-R. Shen, W. Vermaas, Y. Inoue, The role of cytochrome c-550 as studied
through reverse genetics and mutant characterization in Synechocystis sp. PCC
6803, J. Biol. Chem. 270 (1995) 6901–6907.

[77] Y. Nishiyama, D.A. Los, H. Hayashi, N. Murata, Thermal protection of the oxygen-
evolving machinery by PsbU, an extrinsic protein of photosystem II, in
Synechococcus species PCC 7002, Plant Physiol. 115 (1997) 1473–1480.

[78] S.M. Clarke, J.J. Eaton-Rye, Mutation of Phe-363 in the photosystem II protein
CP47 impairs photoautotrophic growth, alters chloride requirement, and
prevents photosynthesis in the absence of either PSII-O or PSII-V in Synechocystis
sp. PCC 6803, Biochemistry 38 (1999) 2707–2715.

[79] A. Kimura, J.J. Eaton-Rye, E.H. Morita, Y. Nishiyama, H. Hayashi, Protection of the
oxygen-evolving machinery by the extrinsic proteins of photosystem II is
essential for development of cellular thermotolerance in Synechocystis sp. PCC
6803, Plant Cell Physiol. 43 (2002) 932–938.

[80] D. Ghanotakis, J. Topper, C. Yocum, Structural organization of the oxidizing side
of photosystem II—exogenous reductants reduce and destroy Mn-complex in
photosystem II membranes depleted of the 17 and 23 kDa, Biochim. Biophys.
Acta (1984) 524–531.

[81] J. Roose, Y. Kashino, H. Pakrasi, The PsbQ protein defines cyanobacterial
photosystem II complexes with highest activity and stability, Proc. Natl Acad.
Sci. U. S. A. 104 (2007) 2548–2553.

[82] R. Burnap, M. Qian, C. Pierce, The manganese stabilizing protein of photosystem
II modifies the in vivo deactivation and photoactivation kinetics of the H2O
oxidation complex in Synechocystis sp. PCC6803, Biochemistry 35 (1996)
874–882.

[83] J.-R. Shen, M. Qian, Y. Inoue, R.L. Burnap, Functional characterization of
Synechocystis sp. PCC 6803 ΔpsbU and ΔpsbV mutants reveals important roles
of cytochrome c-550 in cyanobacterial oxygen evolution, Biochemistry 37
(1998) 1551–1558.

[84] N. Inoue-Kashino, Y. Kashino, K. Satoh, I. Terashima, H. Pakrasi, PsbU provides a
stable architecture for the oxygen-evolving system in cyanobacterial photosys-
tem II, Biochemistry 44 (2005) 12214–12228.

[85] E. Tyystjärvi, Photoinhibition of photosystem II and photodamage of the oxygen
evolving manganese cluster, Coord. Chem. Rev. 252 (2008) 361–376.

[86] M.M. Nowaczyk, R. Hebeler, E. Schlodder, H.E. Meyer, B. Warscheid, M. Rögner,
Psb27, a cyanobacterial lipoprotein, is involved in the repair cycle of
photosystem II, Plant Cell 18 (2006) 3121–3131.

[87] G. Hölzl, S. Witt, A. Kelly, U. Zähringer, D. Warnecke, P. Dörmann, E. Heinz,
Functional differences between galactolipids and glucolipids revealed in photo-
synthesis of higher plants, Proc. Natl Acad. Sci. U. S. A. 103 (2006) 7512–7517.

[88] N. Sato, M. Tsuzuki, Y. Matsuda, T. Ehara, T. Osafune, A. Kawaguchi, Isolation and
characterization of mutants affected in lipid metabolism of Chlamydomonas
reinhardtii, Eur. J. Biochem. 230 (1995) 987–993.

[89] N. Sato, K. Sonoike, M. Tsuzuki, A. Kawaguchi, Impaired photosystem II in a
mutant of Chlamydomonas reinhardtii defective in sulfoquinovosyl diacylgly-
cerol, Eur. J. Biochem. 234 (1995) 16–23.

[90] A. Minoda, N. Sato, H. Nozaki, K. Okada, H. Takahashi, K. Sonoike, M. Tsuzuki, Role
of sulfoquinovosyldiacylglycerol for the maintenance of photosystem II in
Chlamydomonas reinhardtii, Eur. J. Biochem. 269 (2002) 2353–2358.

[91] N. Sato, M. Aoki, Y. Maru, K. Sonoike, A. Minoda, M. Tsuzuki, Involvement of
sulfoquinovosyl diacylglycerol in the structural integrity and heat-tolerance of
photosystem II, Planta 217 (2003) 245–251.

[92] A. Minoda, K. Sonoike, K. Okada, N. Sato, M. Tsuzuki, Decrease in the efficiency of
the electron donation to tyrosine Z of photosystem II in an SQDG-deficient
mutant of Chlamydomonas, FEBS Lett. 553 (2003) 109–112.

[93] B.A. van Mooy, G. Rocap, H.F. Fredricks, C.T. Evans, A.H. Devol, Sulfolipids
dramatically decrease phosphorus demand by picocyanobacteria in oligotrophic
marine environments, Proc. Natl Acad. Sci. U. S. A. 103 (2006) 8607–8612.

[94] M. Aoki, N. Sato, A. Meguro, M. Tsuzuki, Differing involvement of sulfoquinovosyl
diacylglycerol in photosystem II in two species of unicellular cyanobacteria,
Eur. J. Biochem. 271 (2004) 685–693.

[95] S. Güler, A. Seeliger, H. Härtel, G. Renger, C. Benning, A null mutant of
Synechococcus sp. PCC7942 deficient in the sulfolipid sulfoquinovosyl diacylgly-
cerol, J. Biol. Chem. 271 (1996) 7501–7507.

[96] C. Benning, J. Beatty, R. Prince, C. Somerville, The sulfolipid sulfoquinovosyldia-
cylglycerol is not required for photosynthetic electron transport in Rhodobacter
sphaeroides but enhances growth under phosphate limitation, Proc. Natl Acad.
Sci. U. S. A. 90 (1993) 1561–1565.

[97] B. Essigmann, S. Güler, R.A. Narang, D. Linke, C. Benning, Phosphate availability
affects the thylakoid lipid composition and the expression of SQD1, a gene
required for sulfolipid biosynthesis in Arabidopsis thaliana, Proc. Natl Acad. Sci.
U. S. A. 95 (1998) 1950–1955.

[98] B. Yu, C. Benning, Anionic lipids are required for chloroplast structure and
function in Arabidopsis, Plant J. 36 (2003) 762–770.

[99] Z. Gombos, Z. Várkonyi, M. Hagio, M. Iwaki, L. Kovács, K. Masamoto, S. Itoh, H.
Wada, Phosphatidylglycerol requirement for the function of electron acceptor
plastoquinone QB in the photosystem II reaction center, Biochemistry 41 (2002)
3796–3802.

[100] S.L. Anderson, L. McIntosh, Light-activated heterotrophic growth of the
cyanobacterium Synechocystis sp. strain PCC6803: a blue-light-requiring
process, J. Bacteriol. 173 (1991) 2761–2767.

[101] I. Sakurai, M. Hagio, Z. Gombos, T. Tyystjärvi, V. Paakkarinen, E.-M. Aro, H. Wada,
Requirement of phosphatidylglycerol for maintenance of photosynthetic
machinery, Plant Physiol. 133 (2003) 1376–1384.

[102] N. Sato, K. Suda, M. Tsuzuki, Responsibility of phosphatidylglycerol for
biogenesis of the PSI complex, Biochim. Biophys. Acta 1658 (2004) 235–243.



208 N. Mizusawa, H. Wada / Biochimica et Biophysica Acta 1817 (2012) 194–208
[103] I. Sakurai, N. Mizusawa, S. Ohashi, M. Kobayashi, H. Wada, Effects of the lack of
phosphatidylglycerol on the donor side of photosystem II, Plant Physiol. 144
(2007) 1336–1346.

[104] H. Laczkó-Dobos, B. Ughy, S.Z. Tóth, J. Komenda, O. Zsiros, I. Domonkos, Á.
Párducz, B. Bogos, M. Komura, S. Itoh, Z. Gombos, Role of phosphatidylglycerol in
the function and assembly of photosystem II reaction center, studied in a cdsA-
inactivated PAL mutant strain of Synechocystis sp. PCC6803 that lacks phycobili-
somes, Biochim. Biophys. Acta 1777 (2008) 1184–1194.

[105] E.H. Kim, R. Razeghifard, J.M. Anderson, W.S. Chow, Multiple sites of retardation
of electron transfer in photosystem II after hydrolysis of phosphatidylglycerol,
Photosynth. Res. 93 (2007) 149–158.

[106] K. Gan, S.D. Gupta, K. Sankaran, M.B. Schmid, H.C. Wu, Isolation and
characterization of a temperature sensitive mutant of Salmonella typhimurium
defective in prolipoprotein modification, J. Biol. Chem. 268 (1993)
16544–16550.

[107] K. Sankaran, H.C. Wu, Lipid modification of bacterial lipoprotein: transfer of
diacylglycerol moiety from phosphatidylglycerol, J. Biol. Chem. 269 (1994)
19701–19706.

[108] M. Tokunaga, H. Tokunaga, H.C. Wu, Post-translational modification and
processing of Escherichia coli prolipoprotein in vitro, Proc. Natl Acad. Sci. U. S. A.
79 (1982) 2255–2259.

[109] S.D. Gupta, K. Gan, M.B. Schmid, H.C. Wu, Characterization of a temperature
sensitive mutant of Salmonella typhimurium defective in apolipoprotein N-
acyltransferase, J. Biol. Chem. 268 (1993) 16551–16556.

[110] V. Braun, H.C. Wu, Lipoproteins, structure, function, biosynthesis and model for
protein export, New Compr. Biochem. 27 (1994) 52–61.

[111] I.C. Sutcliffe, R.R. Russell, Lipoproteins of gram-positive bacteria, J. Bacteriol. 177
(1995) 1123–1128.

[112] H.C. Wu, M. Tokunaga, Biogenesis of lipoproteins in bacteria, Curr. Top.
Microbiol. Immunol. 125 (1986) 127–157.

[113] A.S. Juncker, H. Willenbrock, G. von Heijne, S. Brunak, H. Nielsen, A. Krogh,
Prediction of lipoproteins signal peptides in gram-negative bacteria, Protein Sci.
12 (2003) 1652–1662.

[114] L.E. Thornton, H. Ohkawa, J.L. Roose, Y. Kashino, N. Keren, H.B. Pakrasi, Homologs
of plant PsbP and PsbQ proteins are necessary for regulation of photosystem II
activity in the cyanobacterium Synechocystis 6803, Plant Cell 16 (2004)
2164–2175.

[115] Y. Kashino, N. Inoue-Kashino, J.L. Roose, H.B. Pakrasi, Absence of the PsbQ protein
results in destabilization of the PsbV protein and decreased oxygen evolution
activity in cyanobacterial photosystem II, J. Biol. Chem. 281 (2006)
20831–20841.

[116] D. Sveshnikov, C. Funk, W.P. Schröder, The PsbP-like protein (sll1418) of
Synechocystis sp. PCC 6803 stabilizes the donor side of photosystem II,
Photosynth. Res. 93 (2007) 101–109.

[117] J.L. Roose, H.B. Pakrasi, The Psb27 protein facilitates manganese cluster assembly
in photosystem II, J. Biol. Chem. 283 (2008) 4044–4050.

[118] G. Dubertret, A. Mirshahi, M. Mirshahi, C. Gerard-Hirne, A. Trémolieres, Evidence
from in vivo manipulation of lipid composition in mutants that the Δ3-trans-
hexadecenoic acid-containing phosphatidylglycerol is involved in the biogenesis
of the light-harvesting chlorophyll a/b-protein complex of Chlamydomonas
reinhardtii, Eur. J. Biochem. 226 (1994) 473–482.

[119] G. Dubertret, C. Gerard-Hirne, A. Trémolières, Importance of trans-Δ3-hexade-
cenoic acid containing phosphatidylglycerol in the formation of the trimeric
light-harvesting complex in Chlamydomonas, Plant Physiol. Biochem. 40 (2000)
829–836.

[120] P. McCourt, J. Browse, J. Watson, C.J. Arntzen, C.R. Somerville, Analysis of
photosynthetic antenna function in a mutant of Arabidopsis thaliana (L.) lacking
trans-hexadecenoic acid, Plant Physiol. 78 (1985) 853–858.
[121] S. Hobe, S. Prytulla, W. Kühlbrandt, H. Paulsen, Trimerization and crystallization
of reconstituted light-harvesting chlorophyll a/b complex, EMBO J. 13 (1994)
3423–3429.

[122] S. Hobe, R. Förster, J. Klingler, H. Paulsen, N-proximal sequence motif in light-
harvesting chlorophyll a/b-bindingprotein is essential for the trimerizationof light-
harvesting chlorophyll a/b complex, Biochemistry 34 (1995) 10224–10228.

[123] A.E. Maanni, G. Dubertret, M.J. Delrieu, O. Roche, A. Trémolières, Mutants of
Chlamydomonas reinhardtii affected in phosphatidylglycerol metabolism and
thylakoid biogenesis, Plant Physiol. Biochem. 36 (1998) 609–619.

[124] C. Xu, H. Härtel, H. Wada, M. Hagio, B. Yu, C. Eakin, C. Benning, The pgp1 mutant
locus of Arabidopsis encodes a phosphatidylglycerophosphate synthase with
impaired activity, Plant Physiol. 129 (2002) 594–604.

[125] M. Hagio, I. Sakurai, S. Sato, T. Kato, S. Tabata, H. Wada, Phosphatidylglycerol is
essential for the development of thylakoid membranes in Arabidopsis thaliana,
Plant Cell Physiol. 43 (2002) 1456–1464.

[126] B. Bogos, B. Ughy, I. Domonkos, H. Laczkó-Dobos, J. Komenda, L. Abasova, K. Cser,
I. Vass, A. Sallai, H. Wada, Z. Gombos, Phosphatidylglycerol depletion affects
photosystem II activity in Synechococcus sp. PCC 7942 cells, Photosynth. Res. 103
(2010) 19–30.

[127] T. Takahashi, N. Inoue-Kashino, S. Ozawa, Y. Takahashi, Y. Kashino, K. Satoh,
Photosystem II complex in vivo is a monomer, J. Biol. Chem. 284 (2009)
15598–15606.

[128] M.M. Nowaczyk, J. Sander, N. Grasse, K.U. Cormann, D. Rexroth, G. Bernát, M.
Rögner, Dynamics of the cyanobacterial photosynthetic network: communica-
tion and modification of membrane protein complexes, Eur. J. Cell Biol. 89
(2010) 974–982.

[129] Y. Nanjo, N. Mizusawa, H.Wada, A.R. Slabas, H. Hayashi, Y. Nishiyama, Synthesis of
fatty acids de novo is required for photosynthetic acclimation of Synechocystis sp.
PCC 6803 to high temperature, Biochim. Biophys. Acta 1797 (2010) 1483–1490.

[130] C.O. Rock, J.E. Cronan, Escherichia coli as a model for the regulation of dissociable
(type II) fatty acid biosynthesis, Biochim. Biophys. Acta 1302 (1996) 1–16.

[131] A.R. Slabas, C.G. Smith, Immunogold localisation of acyl carrier protein in plants
and Escherichia coli: evidence for membrane association in plants, Planta 175
(1980) 145–152.

[132] E. Kanervo, Y. Tasaka, N. Murata, E.-M. Aro, Membrane lipid unsaturation
modulates processing of the photosystem II reaction-center protein D1 at low
temperatures, Plant Physiol. 114 (1997) 841–849.

[133] B.A. Diner, D.F. Ries, B.N. Cohen, J.G. Metz, COOH-terminal processing of
polypeptide D1 of the photosystem II reaction center of Scenedesmus obliquus
is necessary for the assembly of the oxygen-evolving complex, J. Biol. Chem. 263
(1988) 8972–8980.

[134] J.R. Bowyer, J.C. Packer, B.A. McCormack, J.P. Whitelegge, C. Robinson, M.A.
Taylor, Carboxyl-terminal processing of the D1 protein and photoactivation of
water-splitting in photosystem II. Partial purification and characterization of the
processing enzyme from Scenedesmus obliquus and Pisum sativum, J. Biol. Chem.
267 (1992) 5424–5433.

[135] P.J.Nixon, J.T. Trost, B.A.Diner, Roleof the carboxy terminusofpolypeptideD1 in the
assembly of a functional water-oxidizing manganese cluster in photosystem II of
the cyanobacterium Synechocystis sp. PCC 6803: assembly requires a free carboxyl
group at C-terminal position 344, Biochemistry 31 (1992) 10859–10871.

[136] B.Y.Moon, S.Higashi, Z.Gombos,N.Murata, Unsaturation of themembrane lipidsof
chloroplasts stabilizes the photosynthetic machinery against low-temperature
photoinhibition in transgenic tobacco plants, Proc. Natl Acad. Sci. U. S. A. 92 (1995)
6219–6223.

[137] K. Shinzawa-Itoh, H. Aoyama, K. Muramoto, H. Terada, T. Kurauchi, Y. Tadehara,
A. Yamasaki, T. Sugimura, S. Kurono, K. Tsujimoto, T. Mizushima, E. Yamashita, T.
Tsukihara, S. Yoshikawa, Structures and physiological roles of 13 integral lipids
of bovine heart cytochrome c oxidase, EMBO J. 26 (2007) 1713–1725.


	The role of lipids in photosystem II
	1. Introduction
	2. Biosynthesis of lipids
	3. Compositions and localization of lipids in photosynthetic protein–cofactor complexes
	4. Roles of lipids in photosystem II
	4.1. MGDG
	4.2. DGDG
	4.2.1. Higher plants
	4.2.2. Cyanobacteria

	4.3. SQDG
	4.3.1. Green algae
	4.3.2. Anoxygenic photosynthetic bacteria and cyanobacteria
	4.3.3. Higher plants

	4.4. PG
	4.4.1. Cyanobacteria
	4.4.2. Green algae and higher plants


	5. Involvement of lipids in assembly and repair of PSII
	6. Conclusions and future perspectives
	Acknowledgments
	References


