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Abstract Years of genetic, biochemical, and structural
work have provided a number of insights into the oxy-
gen evolving complex (OEC) of Photosystem II (PSII)
for a variety of photosynthetic organisms. However,
questions still remain about the functions and interac-
tions among the various subunits that make up the
OEC. After a brief introduction to the individual
subunits Psb27, PsbP, PsbQ, PsbR, PsbU, and PsbV, a
current picture of the OEC as a whole in cyanobacteria,
red algae, green algae, and higher plants will be pre-
sented. Additionally, the role that these proteins play in
the dynamic life cycle of PSII will be discussed.

Keywords Oxygen evolving complex - Photosystem 11 -
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Abbreviations

PSII  Photosystem II

OEC Oxygen evolving complex

EPR Electron paramagnetic resonance

Introduction

Photosystem II (PSII) is the multi-component enzyme
of cyanobacteria, algae, and plants that catalyzes the
light-driven oxidation of water to molecular oxygen.
This complex consists of more than 20 proteins
including both integral membrane and extrinsically
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associated proteins. In addition to its protein compo-
nents, PSII also has a large number of associated
cofactors including chlorophylls, pheophytins, plasto-
quinones, manganese atoms, non-heme iron, calcium,
chloride, and heme groups. Despite the large number
of components, PSII can be divided into two functional
domains (1) the electron transfer domain, comprising
the integral membrane helices and cofactors and (2)
the oxygen evolving complex (OEC), located on the
lumenal face of the complex including the extrinsic
proteins, the loop regions of several membrane pro-
teins and the catalytic inorganic manganese, calcium,
and chloride cluster.

The catalytic center of the OEC sequentially removes
four electrons from two water molecules to form
molecular oxygen. All of the crystal structures of
cyanobacterial PSII show that the ligands to this
catalytic center are provided by the intrinsic protein
components (Kamiya and Shen 2003; Ferreira et al.
2004; Loll et al. 2005a). While numerous studies have
shown that the extrinsic proteins are not necessary for
oxygen evolution activity in vitro, they are required to
enhance oxygen evolution and serve important roles in
vivo (reviewed in Seidler 1996).

The catalytic mechanism and architecture of PSII are
remarkably conserved among a wide variety of organ-
isms from unicellular cyanobacteria to multicellular
plants, but the most heterogeneity among the photo-
synthetic organisms is found in the extrinsic proteins of
the water oxidation machinery. As many as five
proteins associate in different combinations depending
on the type of organism. Only the PsbO protein (the
33 kDa or Manganese Stabilizing Protein) is ubiquitous
to all oxygenic photosynthetic organisms. The other
extrinsic proteins are PsbP (23, 24 kDa protein), PsbQ
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(16-18 kDa protein in plants, 20 kDa protein in red
algae), PsbR (10 kDa protein), PsbU (12 kDa protein),
PsbV (cytochrome cssp), and Psb27 (11 kDa protein).
For clarity the nomenclature used in this manuscript
refers to the proteins by their four-letter name and not
by their apparent molecular weight.

Table 1 shows the distribution of the different
extrinsic proteins among the different types of photo-
synthetic organisms (cyanobacteria, red algae, green
algae, and plants). The extrinsic proteins Psb28, which
is not located in the lumen, and SlI1390 will not be
discussed here because they have not been shown to be
involved in the OEC. Recent reviews have addressed
the evolutionary implications of sequence divergence
and extrinsic protein distributions among the different
organisms and so these will not be discussed in detail
here (Seidler 1996; De Las Rivas et al. 2004; De Las
Rivas and Roman 2005; Enami et al. 2005; Thornton
et al. 2005). However, these distributions highlight the
way different types of organisms utilize the different
combinations of extrinsic proteins to tune their PSII
complexes for optimal activity. It also stimulates
questions as to whether each protein performs the
same function or has modified or specialized functions
within the different types of organisms. However, the
genomic analysis does not provide information as to
whether all of the extrinsic proteins available to these
organisms are simultaneously bound to their PSII
complexes or whether only specific combinations of the
proteins are present. These outstanding questions are
all topics of intense research. Advances in structural
biology, genetics, and biochemistry in a number of
representative oxygenic photosynthetic model organ-
isms will continue to further our knowledge of how the
extrinsic proteins optimize PSII activity.

This review focuses on our current knowledge of the
functions of the PSII extrinsic proteins and how they
interact in the OECs of different oxygenic photosyn-
thetic organisms to optimize the water oxidation reac-
tion. Each protein will be discussed both individually
and collectively in the context of the different types of
PSII OECs—cyanobacterial, red algal, green algal, and
plant. Finally, the dynamic nature of PSII will be
discussed as some extrinsic proteins may directly
participate in the biogenesis and turnover of PSII.

Individual extrinsic lumenal subunits
PsbO

As shown in Table 1, the PsbO protein (33 kDa,
Manganese Stabilizing Protein) is a component of the
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PSII OEC in every type of oxygenic photosynthetic
organism. Biochemical and genetic studies have shown
that the PsbO protein is a key structural component of
many different types of OECs and functions to stabi-
lize the manganese cluster and modulate the Ca** and
CI” requirements for oxygen evolution (reviewed in
Bricker and Burnap 2005). The absence of the PsbO
protein has varying effects on PSII depending on the
organism. For example, plants and the green alga
Chlamydomonas reinhardtii (referred to hereafter as
Chlamydomonas) are not capable of photoautotrophic
growth without PsbO (Mayfield et al. 1987; Yi et al.
2005). In contrast, cyanobacterial PsbO mutants can
grow photoautotrophically, although at lower levels
relative to wild type (Philbrick et al. 1991). While other
papers in this issue will discuss PsbO in more detail,
here we mention key unresolved questions regarding
the PsbO protein in the context of the OEC.

In the current structural models of PSII, PsbO does
not provide any ligand to the manganese cluster
(Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al.
2005a), but there is debate as to whether PsbO directly
binds Ca”* (reviewed in Seidler 1996). While the
absence of the PsbO protein does not affect charac-
teristic electron paramagnetic resonance (EPR) signals
attributed to the Ca®" ion of the OEC (Seidler and
Rutherford 1996), recent analysis suggests that there
may be another low-affinity Ca®" binding site within
plant PsbO (Heredia and De Las Rivas 2003). Such
observations could not be repeated with purified or
recombinant cyanobacterial PsbO (Loll et al. 2005b),
but a closer look at the anomalous diffraction data
from cyanobacterial PsbO within PSII indicate a pos-
sible Ca®" binding site (Murray and Barber 2006).
Higher resolution PSII structures are necessary to fully
resolve this issue.

Another controversy associated with PsbO, involves
its stoichiometry within the PSII complex. Structural
analyses of cyanobacterial PSII indicate one PsbO per
PSII monomer (Kamiya and Shen 2003; Ferreira et al.
2004; Loll et al. 2005a), but reconstitution studies in
plants indicate the molar ratio of PsbO in PSII is 2 (Xu
and Bricker 1992; Popelkova et al. 2002b). These data
can be reconciled by the recent observation that plant
PsbO contains two sequence motifs at its N-terminus
which determine binding stoichiometry, while cyano-
bacterial PsbO has only one such sequence (Popelkova
et al. 2002a). However, structural studies of plant PSII
show there is not sufficient electron density to accom-
modate two copies of the PsbO protein (Nield et al.
2002; Nield and Barber 2006). It is possible that one
copy of the PsbO protein is lost upon sample prepa-
ration for structural analysis.



Photosynth Res

(/310°s1sdopiqere mmm//:d1Yy) 0oInosoy uoneuwuoju] sisdopigray Ay, pue (/dl-oe 0hyo31-n'sjo1q-orjorow/:d1y) 199[l01d owouan) avjoLous U0z yd2s0IPIUNL)
‘(Tuiy-awoy ¢aIy)/ca1[y)/310°3sd-13[-owouasd/:d1y pue Wiy owoOY I9L)/I9L1}/SoqoIotw 1jeip/310-3sd-13[-owouad;:dyy) ninsu] swouan) juiof O ‘(/oueko/d[ 10 esnzey mmm
//:d1Y) 9seqoueA)) :SMOJ[O] Sk OIE SISA[EUE SIY} J0J Pasn saseqelep Yy} 10§ suoneso] "(Zo0g Te 19 1qnyods ‘700g T 12 1onjed) vuvipy sisdopign.ay Jo uswin| proye[Ay} oy} Ul SULIOJOSI
possardxo 91eoIpul SYSLIAISY "93o[dWOodUl ST UOT)R)OUUR oY) NG ‘YoIeas JSVIq AQ powIguod dudsd oY) Jo 90uasaid oy sojedIpul so X "9[qe} 2y} Ul UMOYS Sk SWSIUeSIO JUAIdJJIP
oY) Ul paIsI] soudd Ay} AJnpuopt 0} pasn sem (900g Anf paurrojrod) sisA[eue yoIeds [SVId 10/puUe dWeU U vunivy sisdopiquay pue ‘mpioyuial souowoplunjy) ‘unaviyifia
WNIUSapoYdIL] ‘avjoau uozyd>soip1uvd) ‘€TE6 LIN SHULDUL SNID02040]Y204J ‘OTTSS SMULIDUU SNII02040]Y204d ‘B (IHIN SNULIDUL S122020.40]Y204d ‘0CTL DDd "ds vuavgouy ‘7018
HAM “ds snooosoydauds ‘1-qg sniwduoja snoooooydaudsouriay ] ‘089 DDJ ‘ds susdooyoauds ‘snaovjoia 121opqoaojy :aoIe d[qe) dY) UI papnour swsiuesIo ay) 10j soweu ajo[dwo)

«08LFS31IV sak DSLOMND  LELOLND ou ou sof 001410 SIZIMNAS FOLOID 06€T11S ou 06€T111S

urojord

zso11w 8260153 oISULIXd

09987341V sk D6S0AND  FO9OLNd  1LL094d 9Z60WNI sof ‘1080117 SOOIMNAS S6P0ID  6ELIAIS S6ETIIS  THOI4S e €1 -97qsd

urojoxd

$9EC03 NIV ISULIIXD

«009£03 11V sof DILIIND  09ZILWd  L0S004d  LOSOWNJ sof 9STIIw TLLIMNAS pOrip SHOIAIS ou ey 11 zqsd

0SSy

¥8CIIN secend  owoIyoolkd

ou ou D80TAND  LTPILN ou ou souas g 652011V LESOMNAS s8I sscons  LE€zns Aqsd

urojoxd

JISULI)Xd

ou ou D8PTIND  SLIOLN ou ou sof 9IZI4IY I6IZMNAS 601TIl p6ITIIS  £482118 edX ¢1 19sd

urojoid

JISULI) XD

0F06L311V sad ou ou ou ou ou ou ou ou ON ou eqy 0T :yqsd
«0PP103€1V
+081S0SHIV

«08T1Z341V urxjoxd

I6105TV JISULIXD

«0SIFIS1IV sof DECIOND ou ou ou sof ssenw SOSTMNAS £S0TI SE911IS ou ey 91 :0qsd
0SHITSSIY
«0ISSI3pIY
+0S9963€1V
«0£ESS3CIY
«0Lb6E3TIV
06,030V
S098Z30V

«060LL311V urxjoxd

«0SP9L3 1Y D89ELND OISULIIXD

«08990311V sof DO6INID  SLOILWA  L60I04d $60IWNJ sof 9L0€11Y LT60OMNAS SLOTAD SIFINS  OkpINS A €T :dqsd

urojoxd

Suiziiqess

«080S3€1V -osoueSueur

+0£599361V sof D06ZIND  00SILINd  LS§2001d STZOWNI saf $S8<IY SOSOMNAS pEOID LTHONIS 1696418 :0qsd

12hL
mpavyuIaL CIE6LIN  0CTISS  vAdIN 0Z1L 1-dd 20d
SQENRQN svuoud msgxms SNULIDW  SNUIIDIU SNUIDU SSNS&Q&QM O0d -ds 2018 HM -ds MSNE%:DNN mowo O0d -ds hSNbEQ.S Quod 11
sisdopigoayy  op&wwpyy uozLydssoipruvd) 'd d ‘d WNIUSIPOYILL] DUIDGDUY  SNII0I0YIIULS L Susooyoaudsg ‘D) WISAsOIoyq

SWISIUESIO JUSISRIP Ul surejoId oIsuLnxe ] WaisAsojoyd | d[qel

pringer

As



Photosynth Res

PsbP

The PsbP protein (23 or 24 kDa protein) was first
determined to be a component of PSII in plants (re-
viewed in Seidler 1996), but homologs have been
identified in the genomes across the entire spectrum of
photosynthetic organisms from cyanobacteria to plants
(Thornton et al. 2004; Table 1). In fact, psbP can even
be found in the primitive cyanobacterium Gloeobacter
violaceus (referred to hereafter as Gloeobacter), which
lacks thylakoids, suggesting an ancient role for this
protein in PSII. Genome analysis of Arabidopsis tha-
liana (referred to hereafter as Arabidopsis) yielded 10
copies of the psbP gene, and remarkably, eight of these
were found to be expressed proteins in the thylakoid
lumen (Table 1; Peltier et al. 2002; Schubert et al.
2002). Thus, plants must require a variety of PsbP
isoforms to fine tune photosynthetic activity. Although
psbP genes can be identified in all of the different
classes of oxyphototrophs, the majority of studies have
been conducted in plants, and less is known about PsbP
function in other organisms.

PsbP was first identified during release-reconstitution
experiments in higher plants (reviewed in Seidler 1996).
The PsbP and PsbQ proteins are removed by 1 M NaCl
treatment with a concomitant decrease in oxygen evo-
lution (Akerlund et al. 1982; Kuwabara and Murata
1983). Addition of Ca**and CI” to the assay medium
restores PSII activity without the addition of these pro-
teins (Ghanotakis et al. 1984a; Miyao and Murata 1985).
Specifically, PsbP was found to modulate the Ca®*
requirement for PSII activity and has been hypothesized
to act as a Ca®* concentrator and prevent release of Ca**
during turnover of PSII (Miyao and Murata 1984).
Another study has shown that the kinetics of Ca®*
binding are altered in addition to the affinity in the
absence of the PsbP and PsbQ proteins (Adelroth et al.
1995). However, PsbP has been implicated along with
PsbQ to also modulate the CI™ requirement. Clearly the
PsbP protein functions to modulate the ionic require-
ments for oxygen evolution, but it also plays a structural
role to protect the manganese cluster from attack by
exogenous reductants (Ghanotakis et al. 1984b).

The first genetic studies on the in vivo role of PsbP,
conducted in the green alga Chlamydomonas reaf-
firmed the correlations between PsbP, CI7, and activity
levels (de Vitry et al. 1989; Rova et al. 1994, 1996).
While the FUD39 mutant, which lacks the PsbP pro-
tein, accumulates wild type levels of PSII centers, high
concentrations of CI” were necessary to promote oxy-
gen evolution, and there were significant defects in the
light-driven assembly of the manganese cluster (termed
photoactivation). This inefficient photoactivation
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process and decreased CI™ affinity resulted in a
substantial amount of competing donor side damage.
Together, these data suggest a specific role for PsbP and
the CI” ion in the functional assembly of the manganese
cluster and stability of PSII.

Advances in RNAi technology have greatly facili-
tated genetic analysis in plants, especially in cases
where the gene of interest is present in multiple copies.
Thus, RNAI allowed for the in vivo characterization of
PsbP in Nicotiana tabacum (referred to hereafter as
Nicotiana) which contains four psbP genes (Ifuku et al.
2005). The PsbP knock-down plants exhibited a re-
duced variable fluorescence yield, lower oxygen evo-
lution, and decreased amounts of PsbQ, which has
been shown to require PsbP for binding to PSII in
plants. While the stability of the manganese cluster was
also affected, it was rapidly reassembled in the light in
contrast to the results seen in the Chlamydomonas
mutant. However, photoactivation efficiency under low
light in the transgenic plants was not extensively
characterized. Differential RNAi technology was used
to dissect the importance of the each of the different
PsbP isoforms in Nicotiana (Ishihara et al. 2005). This
study showed that all of the isoforms are required for
optimal activity, but generally PSII activity was corre-
lated with the total amount of PsbP protein. Together
these results indicate that the PsbP protein is essential
for normal in vivo PSII activity in plants because it is
critical for OEC stabilization. The precise roles of the
various PsbP isoforms remain unclear and they likely
confer subtle changes in PSII activity that may be
difficult to measure.

Recently, the PsbP protein was identified in PSII
preparations from the cyanobacterium Synechocystis
(Thornton et al. 2004). Sequence comparison revealed a
key difference between transport of the plant and
cyanobacterial PsbP proteins. The plant PsbP protein is
translocated to the thylakoid lumen via the twin
arginine translocation (TAT) pathway (Mould and
Robinson 1991; Robinson and Bolhuis 2004) while cy-
anobacterial PsbP is predicted to be cleaved by signal
peptidase II to yield an N-terminal lipid-modified cys-
teine [predicted by SignalP, (Bendtsen et al. 2004) and
LipoP, (Juncker et al. 2003)]. Currently, there is dis-
agreement about the abundance of the PsbP protein in
the thylakoid membranes of cyanobacteria. Thornton
et al. (2004) determined the amount of PsbP to be
approximately 3% of that of CP47 in the thylakoid
membranes using quantitative immunoblot compari-
sons of the proteins relative to antigen standards. Using
a different antibody, Ishikawa et al. (2005) determined
the amount of PsbP in the thylakoid membranes to be
equal to that of PsbO, but it is difficult to compare
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protein amounts from these two different antibodies
without antigen standards. However, Ishikawa et al.
(2005) do clearly show a lower amount of PsbP in
purified PSII complexes relative to PsbO indicating that
the protein is lost during the isolation procedure. Due
to its N-terminal lipid modification, it is likely that
membrane solubilization conditions will greatly influ-
ence the amount of PsbP detected in PSII complexes.

Mutational studies in cyanobacteria have yielded
somewhat conflicting results as to the function of PsbP.
Ishikawa et al. (2005) confirmed cyanobacterial PsbP is
indeed associated with PSII and that its translation is
highly dependent on the presence of PSII intrinsic
components, but they observed no detectable photo-
synthetic phenotype in a mutant lacking PsbP. In
contrast, other groups did observe photoautotrophic
growth defects and decreased oxygen evolution in
medium lacking either Ca®" or CI” for ApshP cells
(Thornton et al. 2004; Summerfield et al. 2005a). The
ApsbP phenotype was not as severe as the phenotype
of other cyanobacterial extrinsic protein mutants and
differences in sample preparation or assay conditions
could explain this phenotypic discrepancy. Summer-
field et al. (2005a) also examined double deletion
mutants of psbP in combination with each of the other
cyanobacterial extrinsic proteins. In most cases, addi-
tional inactivation of psbP did not result in any exac-
erbated phenotype. However, an increase in doubling
time was observed for the ApsbO:ApsbP mutant under
Cl-limiting conditions. These results highlight the
need for further analysis of PsbP in cyanobacteria to
determine whether its function is conserved from
cyanobacteria to plants.

The PsbP protein is not present in the current
crystallographic models of cyanobacterial PSII
(Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al.
2005a). Structural studies of plant PSII complexes do
not have the resolution to provide detailed information
on the structure of PsbP within the complex, but most
likely the position of PsbP is not analogous to any of
the other extrinsic subunits observed in the current
cyanobacterial models (Nield and Barber 2006). Many
studies indicate that the mode of association of PsbP
with PSII varies among different organisms. As de-
scribed above for cyanobacteria, PsbP is predicted to
contain an N-terminal lipid anchor, which confers some
hydrophobic characteristics (Thornton et al. 2004). In
plants, binding of the PsbP protein requires PsbO and
is hypothesized to be a largely electrostatic interaction
(reviewed in Seidler 1996). In contrast, PsbP from
green algae has been shown to bind independently of
the other extrinsic proteins (Suzuki et al. 2003). These
variations in the binding properties of PsbP highlight

structural adaptations for associating with distinct
combinations of proteins in the OECs of different
organisms. Refer to the sections for the organism-
specific OECs for further discussion.

Currently, a high resolution (1.6 A) crystal structure
of PsbP from Nicotiana is available (Ifuku et al. 2004).
The core of PsbP is an anti-parallel f-sheet with
o-helices on either side; however, electron densities of
the N-terminal 15 residues, and two loop regions were
not resolved. This result may indicate possible stabi-
lizing conformational changes in PsbP upon binding.
Because the N-terminus of PsbP is critical for ion
retention in PSII (Ifuku and Sato 2001, 2002), no
mechanism for its function could be proposed. Further
analysis of the protein as a part of the PSII complex
will be necessary to elucidate its role in ion retention.

Surprisingly, the structure of PsbP hints at a more
exotic role for PsbP in plant PSII. PsbP is very similar
to that of Moglp, a regulatory protein for a Ran
GTPase suggesting it may be a possible GTP/GDP-
sensitive regulator (Ifuku et al. 2004; De Las Rivas and
Roman 2005). While biochemical studies have not
previously demonstrated such a role for the PsbP
protein, recent studies have shown that GTP/GDP
metabolism in the chloroplast thylakoid lumen regu-
lates the turnover of PSII components (Spetea et al.
1999, 2000, 2004). Another study has also implicated
the PsbP protein in the assembly of PSII, suggesting it
plays a direct role in the light-induced assembly of the
manganese cluster (Bondarava et al. 2005). Refer to
the section on “PSII Biogenesis and Turnover” for
further discussion on possible roles for the extrinsic
proteins in this process.

PsbP clearly plays a structural role in the plant OEC
to sequester the Ca®" and CI” ions and protect the
manganese cluster from exogenous reducants, but the
exact position of PsbP within the complex and mech-
anism for this function remains unknown. The studies
described above demonstrate that PsbP is essential for
normal in vivo PSII activity. The presence of psbP
genes in a number of photosynthetic organisms
emphasizes the need for more functional analyses of
this protein in various organisms to determine whether
its function is conserved or whether it has specialized
functions in different organisms.

PsbQ

Genes for pshQ have been identified in a number of
different photosynthetic organisms (Thornton et al.
2004; Table 1). However, there are some notable
exceptions—Gloeobacter as well as the Prochlorococci
strains. Arabidopsis contains multiple copies of psbQ
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genes, four of which have been identified as expressed
proteins in the thylakoid lumen (Peltier et al. 2002;
Schubert et al. 2002). Because of the apparently ran-
dom distribution of psbQ genes, it has been hypothe-
sized that PsbQ is the protein most recently
incorporated into the OEC (De Las Rivas et al. 2004).

The first analyses of PsbQ were release—reconstitution
studies in spinach, which indicate that PsbQ plays a role
in modulating the Ca®* and CI™ requirements for opti-
mal oxygen evolution (Akerlund et al. 1982; Kuwabara
and Murata 1983; Ghanotakis et al. 1984a; Miyao and
Murata 1985). While PsbP was shown to contribute
mainly to the Ca®* requirement, recent results implicate
PsbQ in Ca®* retention as well (Ifuku and Sato 2002;
Barra et al. 2005). PsbQ in concert with PsbP functions
to lower the CI” requirement for optimal activity
(Akabori et al. 1984; Ghanotakis et al. 1984a; Miyao and
Murata 1985). Along with the PsbO and PsbP proteins,
PsbQ plays a structural role within the plant OEC
to protect the manganese cluster from inactivation by
reductants in the thylakoid lumen (Ghanotakis et al.
1984a).

Recently, genetic studies in plants have investigated
the role of the PsbQ protein in vivo. RNAi was used to
knock-down PsbQ in Nicotiana (Ifuku et al. 2005).
Although transgenic plants exhibited strong, stable
gene silencing, they did not display any observable
phenotype under the conditions assayed. Another
study utilizing RNAIi in Arabidopsis found that under
normal growth conditions, PsbQ mutant plants were
similar to wild type, akin to the results in Nicotiana, but
detailed analysis of their photosynthetic machinery
indicated the OEC was quite unstable (Yi et al. 2006).
Under low light, the mutant plants died after 3—
4 weeks, indicating that PsbQ is essential for growth
under these conditions. It is possible that in the ab-
sence of PsbQ the manganese cluster more readily
dissociates from PSII, but cannot be reassembled into
the complex efficiently enough to maintain the PSII
activity required for survival in low light.

The 20 kDa PSII extrinsic protein in red algae has
recently been renamed PsbQ’ because it has low but
significant homology to PsbQ from green algae (Ohta
et al. 2003). This protein was originally identified in
PSII preparations from Cyanidium caldarium and it is
released from these complexes along with PsbO, PsbU,
and PsbV upon treatment with 1 M CaCl, (Enami
et al. 1995, 1998). While PsbQ’ can bind PSII inde-
pendently, it alone does not enhance oxygen evolution.
These results suggest that PsbQ’ is not directly in-
volved in water oxidation in red algae. However, it is
important for the association of the PsbV and PsbU
proteins (Enami et al. 1998).
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PsbQ in cyanobacteria was first identified during
a proteomic analysis of PSII (Kashino et al. 2002).
Unlike the other cyanobacterial extrinsic proteins, it
was not removed by treatment with 1 M CaCl, or 1
M Tris-HCI, pH 8.0 (Kashino et al. 2002). Sequence
analysis provided an explanation for the hydropho-
bic nature of cyanobacterial PsbQ; it is predicted to
be cleaved by signal peptidase II to yield an N-
terminal lipid-modified cysteine [predicted by SignalP,
(Bendtsen et al. 2004) and LipoP, (Juncker et al.
2003)]. Indeed, a recent study has confirmed the
hydrophobic nature of PsbQ but also showed that it
is lumenally exposed (Kashino et al. 2006). This is
in contrast to the PsbQ homologs from plants and
algae, which are easily removed by treatments with
high salt.

Data suggests that PsbQ is a stoichiometric com-
ponent of PSII in cyanobacteria (Thornton et al.
2004). Inactivation of the psbQ gene in cyanobacteria
resulted in a mutant with photosynthetic defects un-
der Ca”*- and CI” -limiting conditions, which is con-
sistent with the biochemical studies of plant PsbQ
(Thornton et al. 2004; Summerfield et al. 2005b).
However, the phenotype observed for the ApsbQ
mutant was less severe relative to that of other cy-
anobacterial extrinsic protein mutants like ApsbV or
ApsbO (Thornton et al. 2004; Summerfield et al.
2005b). Double mutants where psbQ was inactivated
in combination with each of the other cyanobacterial
extrinsic proteins showed exacerbated photosynthetic
defects. In fact, the ApsbQ:ApsbV mutant could not
grow photoautotrophically in nutrient replete medium
and assembled low amounts of PSII centers (30%
relative to wild type). Interestingly, photoautotrophic
growth could be restored when cells were grown at
pH 10.0 (vs. pH 7.5), but the mechanism behind this
pH-sensitivity remains unknown (Summerfield et al.
2005b).

A more detailed analysis of the PSII complexes in
the ApsbQ mutant showed a partial loss of the PsbV
protein and destabilization of the manganese cluster
(Kashino et al. 2006). This finding is consistent with
previous results of the PsbQ’ protein from red algae
described above. While much of the cyanobacterial
ApsbQ phenotype could be explained by the loss of the
PsbV protein, the results from the ApsbQ:ApsbV dou-
ble mutant suggest a synergistic relationship between
the cyanobacterial PsbQ and PsbV proteins or perhaps
an additional role for PsbQ.

Currently, there is little structural information on
the PsbQ protein within the PSIT OEC. While it has
been found in the genomes of the cyanobacterial
strains used for PSII crystallization, it is not present
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in the current structural models, and there is no
unassigned electron density that could be attributed
to PsbQ (Kamiya and Shen 2003; Ferreira et al.
2004; Loll et al. 2005a). Therefore, it is possible that
the PsbQ protein is lost during the purification pro-
cedure for crystallography. Analysis of low resolution
plant PSII structural reconstructions in comparison to
the cyanobacterial models indicate that the position
of the PsbQ protein does not correspond to that of
any currently resolved cyanobacterial extrinsic pro-
teins (Nield and Barber 2006). Evidence for an
independent binding site for PsbQ supports the
hypothesis that PSII complexes in some organisms
contain PsbQ in addition to PsbO, PsbU, PsbV, and
even PsbP.

High-resolution crystal structures of isolated spinach
PsbQ are available and have shed new light on its
association with PSII (Calderone et al. 2003; Balsera
et al. 2005). PsbQ can be divided into two structural
domains: a C-terminal four-helix bundle with an
asymmetric charge distribution and a flexible N-ter-
minus. Structural features of the PsbQ N-terminal
region include two short f-strands surrounding a large
flexible loop region (residues 14-33) and a polyproline
type II motif (Balsera et al. 2005), which may obtain a
more rigid conformation upon binding PSII. Sequence
divergence in the N-terminal region may explain the
differences in binding characteristics of PsbQ among
the different organisms (Balsera et al. 2005). In con-
trast, the C-terminus region is more conserved and
includes a number of conserved positively-charged
residues which have been implicated as binding
determinants for PsbQ in plants (Gao et al. 2005;
Meades et al. 2005). Interestingly, the crystal structures
of PsbQ show two bound Zn®>* atoms, where the
coordinating residues of one atom are entirely con-
served in the plant PsbQ proteins (Calderone et al.
2003; Balsera et al. 2005). While Zn** was specifically
required for crystal growth, the biological significance
of this result has yet to be determined.

The cumulative data on PsbQ indicate it is a key
structural component of OECs from a number of
different organisms, but many questions remain
regarding its function and its mode of association with
PSII. High-resolution structures of PSII complexes
containing PsbQ are necessary to provide insights into
its role in the ionic requirement for oxygen evolution
and its location relative to the other protein compo-
nents of the OEC. Targeted mutagenesis of the
N-terminal structural elements of PsbQ together with
reconstitution analysis will unravel the differences in
binding requirements among various photosynthetic
organisms.

PsbR

PsbR, also known as the 10 kDa PSII polypeptide, is
present in plants and green algae and still remains
something of a mystery. Though it does contain a
lumenal targeting sequence like the other OEC com-
ponents, it is quite unusual in its primary structure.
PsbR contains much shorter transit sequence relative
to the other extrinsic proteins and lacks the N-terminal
hydrophobic loop thought to be necessary for cleavage
(Lautner et al. 1988; Webber et al. 1989). However,
PsbR does have a similar motif at the C-terminus. It
has been suggested that the shortened N-terminal
sequence acts to target PsbR into the chloroplast
where it is cleaved off in the stroma and that the
C-terminal region acts as a non-cleavable signal for
lumen import (Webber et al. 1989). The final protein
product is predicted to contain a C-terminal trans-
membrane span and a lumenally exposed 70 amino
acid N-terminus.

The function of PsbR remains unclear. Certainly
PsbR is necessary for the optimization of electron
transfer and water oxidation. PSII activity is impaired
with the loss of PsbR function, as shown by multiple
lines of evidence. Release—reconstitution experiments
have shown a concomitant decrease of oxygen evolu-
tion with the removal of PsbR, that can be partially
restored by the addition of CaCl, (Ljungberg et al.
1986). Analysis of PsbR mutants showed a similar de-
crease in oxygen evolution and the decrease in oxygen
evolution became more dramatic when the plants were
grown under low light (Stockhaus et al. 1990, Suorsa
et al. 2006). Together, these studies suggest that PsbR,
like many of the other extrinsic proteins, enhances
oxygen evolution, and may have a role in maintaining a
proper ion environment for PSII function. Additionally
loss of PsbR results in an increased PSII excitation
pressure and a higher PSI:PSII ratio, indicating
diminished electron transfer from the plastoquinone
pool (Suorsa et al. 2006).

Interestingly, the lack of PsbR results in a specific
post-transcriptional reduction in PsbQ and PsbP, with
nearly undetectable levels under low-light conditions,
perhaps suggesting the PsbR is important for PsbP
docking or that the presence of PsbR is required for
stable assembly of PsbP and PsbQ (Suorsa et al. 2006).
Also, the absence of PsbR, PsbP, and PsbQ in ApsbJ
mutant further suggests that these low molecular
weight proteins are interdependent for the proper
assembly of the PSII complex (Swiatek et al. 2003;
Suorsa et al. 2006).

Less is known about PsbR in green algae. PsbR in
Chlamydomonas contains a unique N-terminal
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region which is phosphorylated at Ser43 in State 2 or
light-induced thylakoids (Turkina et al. 2006). This is
the first evidence that PsbR undergoes phosphoryla-
tion in any photosynthetic organism. Several proteins
of the light-harvesting system, as well as D2, were
also be phosphorylated in these conditions in
Chlamydomonas. Interestingly phosphorylation of the
core proteins under light stress is important for PSII
repair in higher plants. In PsbR mutant plants, there is
a decrease in phosphorylation of LHCII, D1, D2, and
CP43 (Turkina et al. 2006). This suggests a possible
role for PsbR in PSII repair.

PsbR enhances oxygen evolution and might play a
role in PSII repair. Additionally, PsbR, PsbJ, PsbQ,
and PsbP may interact to form a stable PSII. However,
the nature of the interaction between PsbR and PSII
remains unknown. The stoichiometry is unclear in both
plants and green algae. Additionally, because the cur-
rent structures available for PSII lack the PsbR pro-
tein, they are not helpful in approximating its location.
Based on the presence of the leader sequence and
experimental Tris washes, PsbR is predicted to be in
the lumen (Ljungberg et al. 1984a; Harper et al. 1998).
Moreover, shown associations of PsbR with CP47,
PsbO, and PsbP support this localization (Ljungberg
et al. 1984b; Harper et al. 1998).

PsbU

PsbU is found in most cyanobacteria and red algae
(Table 1) and was formerly referred to as the 12 kDa
and 9 kDa polypeptide in these organisms, respectively
(Stewart et al. 1985). Cyanobacterial PsbU has a single
N-terminal loop that forms a cleavable transit sequence
while algal PsbU has a two-part transit sequence to
allow transport across the chloroplast envelope and into
the lumen (Shen et al. 1997; Ohta et al. 1999).

The function of PsbU is generally assigned as
enhancing the structural stability of PSII and shielding
the manganese cluster. Indeed, the removal of PsbU
affects the lumenal side, the core, and the stromal side of
PSII. The donor side of PSII is impaired in the absence of
PsbU as shown by decreases in photosynthetic efficiency
(Inoue-Kashino et al. 2005). Release-reconstitution
experiments originally identified PsbU by the reduction
in oxygen evolution associated with its removal (Shen
et al. 1997). This decrease in activity can be partially
restored by the addition of CI” and is unaltered by
additional Ca®* (Shen et al. 1997; Inoue-Kashino et al.
2005). This suggests that PsbU, along with PsbP and
PsbQ, modulates the CI” requirement. The higher light
intensity needed for PSII efficiency in ApsbU and
decreased maximal rate of photosynthesis support that
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there is a defect in forward electron flow in the absence
of PsbU (Balint et al. 2006). Additionally, Q4 reoxida-
tion and thermoluminescence studies show slowed
kinetics and temperature shifts for ApsbU only in the
presence of the herbicide DCMU (3-(3’,4’-dichlorphe-
nyl)-1,1-dimethylurea) indicating that recombination
between Q4 and the S,-state is also impaired (Shen et al.
1997; Inoue-Kashino et al. 2005; Balint et al. 2006).

Interestingly, even the stromal surface of the PSII
complex is affected by the loss of PsbU, as evidenced
by the increased uncoupling of the light-harvesting
machinery, the phycobilisome, and PSII (Veerman
et al. 2005). This indicates that the binding of PsbU
induces structural changes to PSII, perhaps promoting
the binding of the phycobilisome.

PsbU enhances the overall stability of PSII in sev-
eral ways. PsbU specifically stabilizes the ion environ-
ment for oxygen evolution as shown by decreased
growth of cyanobacterial and red algal PsbU mutants
in medium lacking Ca** and or CI” (Shen et al. 1997;
Ohta et al. 1999; Inoue-Kashino et al. 2005). Addi-
tionally, the loss of PsbU results in a PSII core more
susceptible to photodamage, resulting in rapid degra-
dation of D1 (Inoue-Kashino et al. 2005; Balint et al.
2006). Interestingly, the presence of PsbU also protects
PSII from dark inactivation (Shen et al. 1998; Veerman
et al. 2005). PsbU also contributes to the thermal sta-
bility of the OEC, as PsbU mutants in both thermo-
philic and mesophilic cyanobacteria do not have the
ability to acclimate to higher temperatures, and exog-
enously applied PsbU enhances thermostability
(Nishiyama et al. 1997, 1999). Lastly, Balint et al.
(2006) have also proposed that PsbU provides protec-
tion from reactive oxygen species, as PsbU mutants
have enhanced mechanisms to detoxify exogenously
applied H,O,.

PsbU mutants have altered electron flow in both the
forward and reverse directions. Additionally, PsbU
serves to stabilize PSII against heat, photodamage,
dark inactivation, reactive oxygen species, and in low
ionic solutions. However, the specific mechanisms for
these actions of PsbU remain unknown. In light of the
variety of effects PsbU has on cyanobacterial and red
algal PSII, it is unclear why plant and green algal PSII
no longer retain PsbU.

PsbV

PsbV, also referred to as cytochrome css, is found in
cyanobacteria and red algae (Table 1). Additionally,
its homology to other c-type cytochromes makes
it the only extrinsic protein with similarity to anoxy-
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genic and non-photosynthetic bacterial proteins
(Raymond and Blankenship 2004). Like the other
lumenal proteins, it contains a localization signal that
is similar to that of PsbO and PsbU in cyanobacteria
(Shen et al. 1995). Genome sequence of the red algae
Cyanidioschyzon merolae shows that psbV (as well as
psbO) are both nuclear-encoded but have rather
different targeting signals with only 15% identity
(Matsuzaki et al. 2004).

The function of PsbV, like that of PsbU, is regarded
as stabilizing PSII structure and electron transfer. In
cyanobacteria, PsbV can be removed by treatment with
high salt buffers, resulting in a decrease of oxygen
evolution (Shen and Inoue 1993).

The cyanobacterial PsbV mutant also has a severe
growth phenotype. Under normal conditions growth of
the PsbV mutant is severely retarded and the absence
of Ca** or CI” in the growth media eliminates the
capacity for growth, suggesting that PsbV aids in
maintaining the proper ion environment within the
OEC (Shen and Inoue 1993; Shen et al. 1995, 1998).
Suppressor screens using APsbV strains in the absence
of CI” have shown that disruption of the ion transporter
encoded in Synechocystis by slr0753 reestablishes
photoautotrophic growth (Kobayashi et al. 2006).

The PsbV mutant specifically has defects in the
catalytic cycle of water oxidation (Shen et al. 1998;
Kimura et al. 2002). Loss of PsbV results in a
decrease in oxygen evolution rates (Kimura et al.
2002). Additionally, thermoluminescence studies
show that the PsbV mutant has either a lower effi-
ciency of s-state transition or fewer reaction centers
capable of s-state transition (Shen et al. 1995). Also,
the overall stability of PSII is reduced in the PsbV
mutant, as the PsbV mutant has fewer assembled
PSII centers (Shen et al. 1995). Dark treatment re-
duces photosynthetic capacity dramatically in the
PsbV mutant, suggesting increased dark inactivation
(Shen et al. 1998). Like PsbU, PsbV has also been
shown to enhance thermostability (Nishiyama et al.
1994). Thus, PsbV functions in several capacities to
protect and stabilize the OEC and the manganese
cluster.

The discovery of a second expressed copy of PsbV
(~44% identity) in several cyanobacteria raises
additional questions as to the function of PsbV. PsbV2,
like PsbV, exhibits the spectral properties of a six-
coordinate, low-spin c-type cytochrome (Kerfeld et al.
2003). PsbV2 can functionally rescue a ApsbV mutant
in Synechocystis with the exception of reduced growth
in the absence of Ca** or CI” (Katoh et al. 2001). The
role of this second PsbV, found only in a small subset
of cyanobacteria, remains unclear.

The PsbV protein is also associated with PSII com-
plexes in red algae, where it also plays a role in the
ionic requirement for oxygen evolution (Enami et al.
1998). Less is known about the protein architecture of
the red algal OEC, but studies suggest the binding
properties of algal PsbV differ from that of cyanobac-
teria (Enami et al. 1998, 2003). Refer to the “Red
Algal OEC” section for further details.

In addition to its typical roles as a protein compo-
nent of the OEC, PsbV is a particularly interesting
cytochrome. It is a water-soluble c-type monoheme
cytochrome, with a very low-reduction potential
(240 mV) (Pettigrew and Moore 1987; Krogmann and
Smith 1990). The general structure of the heme envi-
ronment does not account for this difference, as EPR
and resonance Raman spectroscopy showed that the
heme has a bishistidine ligation that is similar to other
c-type cytochromes (Vrettos et al. 2001). Three factors
may partially explain the low potential. One of these is
solvent exposure of the heme, which generally reduces
the potential of cytochromes (Tezcan et al. 1998). In-
deed, Roncel et al. (2003) have shown that PsbV bound
to PSII has a higher potential (-80 mV), in agreement
with studies by Vrettos et al. (2001). Additionally, the
presence of ionizable residues may affect the reduction
potential. This ionizable group must be in the vicinity
of the heme and has been proposed to be either a
tyrosine or asparigine residue (Roncel et al. 2003; Is-
hikita and Knapp 2005). Lastly, the bishistidine heme
ligation typically has a lower potential than the other
two possible ligands, lysine or methionine. Alteration
of PsbV the histidine ligands resulted in a small in-
crease in potential without affecting PSII activity
(Kirilovsky et al. 2004; Li et al. 2004; Andrews et al.
2005). Interestingly, the mutation of His-92 to methi-
onine does cause some destabilization of the PSII
complex, as evidenced by easier detachment of PsbV, a
heightened dark inactivation response, and a decrease
in functional PSII centers (Kirilovsky et al. 2004; Li
et al. 2004). Taken together these factors begin to ex-
plain, but cannot fully account for the low-reduction
potential of PsbV. Furthermore, its exact function is
unclear as mutations that increase the reduction po-
tential of PsbV do not exhibit PSII defects (Kirilovsky
et al. 2004; Andrews et al. 2005).

In light of the fact that the heme of PsbV does not
play a role in PSII electron transfer and given that
plant and green algal OECs do not contain any cyto-
chrome equivalents, it has been hypothesized that
PsbV plays another, as-yet uncharacterized role in cy-
anobacteria and red algae. It has been proposed that
PsbV may be involved in anaerobic removal of elec-
trons from carbohydrate reserves or fermentation for
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increased survival during long dark and anaerobic
conditions (Krogmann and Smith 1990; Krogmann
1991). This is supported by experimental evidence
from Shen and Inoue (1993) that PsbV, in the presence
of dithionite, can accept electrons from ferredoxin II. It
has also been proposed that PsbV may accept electrons
from ferredoxin during NADPH oxidation and in
cyclic phosphorylation.

PsbV plays an important role in the OEC and per-
haps has an additional uncharacterized function. Loss
of PsbV results in decreased oxygen evolution and in
decreased stability of PSII. It has been theorized that
PsbV has another role in cyanobacteria and red algae.
The discovery of PsbV2, which only partially comple-
ments the loss of PsbV, has raised questions as to the
necessity of more than one PsbV protein. Additionally,
the unusually low potential of PsbV, especially in light
of the fact that plants and green algae do not require an
extrinsic cytochrome at all, raises questions as to the
function of the cytochrome. It is possible that PsbV is
also an electron acceptor to remove excess electrons
under conditions where photosynthesis is not maximal.

Psb27

The Psb27 subunit was first identified as part of a
purified PSII preparation from Synechocystis 6803
(Ikeuchi et al. 1995). This 11 kDa protein was first
named PsbZ; however, according to a new nomen-
clature was changed to Psb27 (Kashino et al. 2002).
A distinctly different smaller protein is now referred
to as PsbZ (Swiatek et al. 2001; Inoue-Kashino et al.
2005). Homologs of psb27 are present in all oxy-
genic photosynthetic organisms except Gloeobacter,
which lacks a separate thylakoid membrane system
(Table 1).

This small basic (pI = 9) protein is predicted by to
be targeted to the thylakoid lumen in Synechocystis
6803 and cleaved by signal peptidase II to yield an
N-terminal lipid modification [predicted by SignalP
(Bendtsen et al. 2004) and LipoP (Juncker et al. 2003)].
Indeed, Psb27 was not removed by washes that typi-
cally deplete cyanobacterial PSII of its extrinsic
subunits (Kashino et al. 2002). One of the two
Arabidopsis Psb27 homologs (At1g03600) was found in
a proteomic analysis of the thylakoid lumen (Peltier
et al. 2002; Schubert et al. 2002). In those studies,
Psb27 was predicted to be targeted to the thylakoid
lumen via the TAT pathway suggesting a possible dif-
ference in its interaction with PSII in higher plants.
Chen et al. (2006) reported that the other Arabidopsis
homologue (At1g05835) is expressed at low levels.
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However, sequence analysis revealed this copy is
predicted to be chloroplast-localized but it lacks
the lumenal transit peptide for transport across the
thylakoid membrane (Chen et al. 2006).

Psb27 is not present in the recent PSII crystal
structures (Kamiya and Shen 2003; Ferreira et al. 2004;
Loll et al. 2005a). The Psb27 protein is hypothesized to
function in the PSII biogenesis because it was found to
accumulate on mutant PSII complexes arrested early in
the PSII assembly pathway (Roose and Pakrasi 2004).
Indeed, a recent study of a psb27 loss of function
mutant in Arabidopsis showed that while Psb27 is not
essential for PSII activity, it is involved in PSII recov-
ery after photoinhibition (Chen et al. 2006). Refer to
the ““PSII Biogenesis and Turnover’ section for further
discussion on Psb27.

OEC systems in different organisms
Cyanobacterial OEC

The cyanobacterial OEC contains 5 lumenal proteins:
PsbO, PsbU, PsbV, PsbP, and PsbQ. In regards to
PsbO, PsbV, and PsbU, it represents the best under-
stood OEC, due to numerous release-reconstitution
experiments and crystal structures (Zouni et al. 2001;
Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al.
2005a). PsbP and PsbQ remain more ambiguous as
they are not present in the crystal structures and there
are fewer reconstitution experiments due to their rel-
atively recent discovery in cyanobacteria. Figure 1A
represents a cartoon model of the cyanobacterial OEC,
which incorporates the known components as well as
PsbP and PsbQ.

The binding order of PsbO, PsbU, and PsbV has
been well established. It has long been known that
PsbO can rebind to extrinsic protein-depleted PSII
in the absence of any other proteins. PsbV can also
bind independently, but is stabilized by the pres-
ence of PsbO and PsbU (Shen and Inoue 1993).
PsbU cannot rebind at all in the absence of either
PsbO or PsbV (Shen and Inoue 1993), but can bind
with the addition of PsbV (Shen et al. 1997; Eaton-
Rye et al. 2003). Thus, it is thought that PsbO
binds first, followed by PsbV, and that PsbU binds
third.

Recent crystal structures have provided specific
information on the interactions among PsbO, PsbU, and
PsbV. PsbO is a f-barrel consisting of 8 anti-parallel
p-strands with a loop between strands 5 and 6 that is
involved with binding PsbO to PSII (De Las Rivas and
Barber 2004; Ferreira et al. 2004). PsbO is positioned
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over the CP47 side of the reaction center (Zouni et al.
2001). This is in agreement with experiments showing
that deletions in the E loops of CP47 combined with the
deletion of PsbO abolished photoautotrophic growth
(Morgan et al. 1998; Clarke and Eaton-Rye 1999), and
site directed mutagenesis studies that show a binding
domain for PsbO at CP47 Arg384 and Arg385 (Putnam-
Evans and Bricker 1992; Putnam-Evans et al. 1996; Qian
et al. 1997). Additionally, PsbO stabilizes the AB loop
and C-terminus of D1 (the location of many of the
manganese cluster ligands), and interacts with the large
E loop of CP47 (Ferreira et al. 2004; Nield and Barber
2006).

PsbV is mainly alpha helical with a two-stranded
beta sheet near the N-terminus (Kerfeld et al. 2003).
PsbV is located over the CP43 side of the reaction

A CP47 D2 D1 CP43

(o] CP47 D2 D1 CcP43

Fig. 1 Models for the OECs in different organisms. Based on the
current structural, biochemical and genetic data discussed in the
manuscript, the structures of the OECs in cyanobacteria (A), red
algae (B), green algae (C), and plants (D) are modeled in
cartoon form. The intrinsic components D1, D2, CP43 and CP47
are labeled and the large lumenal portions of CP43 and CP47 are
shown as solid loops. The manganese cluster is also represented
by small dots on the lumenal side of the D1 protein. The extrinsic
proteins are labeled as O (PsbO), P (PsbP), Q (PsbQ), R (PsbR),
U (PsbU), and V (PsbV). The cyanobacterial OEC (A) shows
the presence of five extrinsic proteins, but PsbP may not be a

center with extensive contacts with the E loop of CP43
(Zouni et al. 2001; Kamiya and Shen 2003; Ferreira
et al. 2004; Loll et al. 2005a). Deletions in the E loop of
CP43 result in a loss of photoautotrophic growth and
PSII activity, suggesting that CP43 stabilizes the OEC
(Kuhn and Vermaas 1993). The specific mutation
R305S in CP43 prevents strong association of PsbV
with PSII, although the amount of PsbV is unaffected
on a cellular basis (Bricker et al. 2002).

PsbU is composed of five or more short a-helices,
with no homology to other structures in the database
(Kamiya and Shen 2003). The crystal structures place
PsbU between PsbO and PsbV with a majority of its
contacts to these two proteins (Kamiya and Shen 2003;
Ferreira et al. 2004; Loll et al. 2005a). While there is a
significant amount of distance between PsbU and the

B CP47 D2 D1 CP43

D

stoichiometric component of these complexes. In the green algal
(C) and plant (D) OEC models, the PsbR protein is positioned
behind the PsbP and PsbQ proteins such that it is closer to the
intrinsic PsbJ protein beyond the CP43 and D2 proteins (see
text). These models are designed to aid the reader in concep-
tualizing the relative locations of the indicated subunits among
the different organisms, but by no means replace the more
detailed structural analyses discussed in the manuscript. Refer to
the text for more detailed discussions about the individual
proteins or organismal OECs
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membrane, it interacts with PsbV, PsbO, CP47 and
CP43 (Eaton-Rye 2005). Combinatorial mutants of the
CP47 E loop and ApsbU affect PSII stability, not
growth, whereas the combination of the CP47 E loop
deletions and ApsbV abolish photoautotrophic growth.
In light of crystal structure data, the latter OEC mutant
must be severely destabilized due to reduced binding
of PsbU and loss of PsbV (Morgan et al. 1998; Clarke
and Eaton-Rye 1999).

PsbP and PsbQ proteins have recently been iden-
tified as cyanobacterial PSII components (Kashino
et al. 2002; Thornton et al. 2004). Their binding
properties are significantly different from that of PsbP
and PsbQ in other systems, in that, they are not easily
removed by salt-washing treatments (Kashino et al.
2002). Cyanobacterial PsbP and PsbQ are predicted to
contain an N-terminal lipid-modified cysteine (see
above discussion of PsbP and PsbQ). While the precise
lipid moiety has not been identified, a recent study
demonstrated that cyanobacterial PsbQ has hydro-
phobic characteristics, but is still highly exposed on the
lumenal face of the thylakoid membrane (Kashino
et al. 2002).

The PsbQ protein is hypothesized to be a stoi-
chiometric component of PSII complexes in cyano-
bacteria, but there is some debate over the
stoichiometry of PsbP (Thornton et al. 2004; Ishika-
wa et al. 2005). One recent study indicates that the
absence of PsbQ destabilizes PsbV, suggesting a
location near PsbV (Enami et al. 1998; Kashino et al.
2006). Less is known about the possible location of
PsbP. With the prediction of the N-terminal lipid
anchor and no other constraints from reconstitution
or genetic studies, the cyanobacterial PsbP protein
could bind anywhere on the lumenal side of the
complex in cyanobacteria.

Despite the wealth of experimental information
available for the cyanobacterial OEC, there are still
many unanswered questions. It remains unclear what
the role of the PsbV cytochrome is, especially since
none if the extrinsic proteins in the plant OEC are
cytochromes. Resolving the locations and stoichiom-
etries of PsbP and PsbQ in cyanobacterial PSII will
be a topic of intense future research. And although
this portrayal of the cyanobacterial OEC was based
on that of Synechocystis and Thermosynechococcus,
there are other cyanobacterial species that contain
variations on this theme. Most interesting are
Gloeobacter and certain Prochlorococci strains such
as MED4 and SS120. The genome sequences of these
species do not contain psbU or psbV, raising inter-
esting questions as to the structures and efficacy of
these unusual PSIIs.
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Red algal OEC

Red algae have an OEC comprised of PsbO, PsbU,
PsbV, and PsbQ’. Currently there are only low-resolution
electron microscopy models and a handful of release—
reconstitution studies to aid in defining the OEC struc-
ture in red algae. Figure 1B illustrates the model of red
algal OEC.

Electron microscopy and single particle analysis of
the Porphyridium cruentum revealed that the location
of PsbO, PsbV, and PsbU in red algae is similar to that
observed in the structures of cyanobacteria (Kamiya
and Shen 2003; Bumba et al. 2004; Ferreira et al. 2004;
Loll et al. 2005a). PsbQ’ was not seen in this structure
and its location relative to the other subunits could not
be determined (Bumba et al. 2004). While the protein
content of cyanobacterial and red algal OECs are
similar, there are likely differences between these types
OECs because of the differences in their extrinsic
protein binding patterns. As in cyanobacteria, PsbO
can bind to PSII independently (Enami et al. 1998).
PsbQ’ can also partially bind independently, but with
no restorative effect on oxygen evolution (Enami et al.
1998). In contrast to cyanobacteria, red algal PsbV and
PsbU require the presence of all four of the extrinsic
proteins for association (Enami et al. 1998). There must
be extensive interactions among all four extrinsic pro-
teins in red algae as all are needed for full binding and
recovery of activity (Enami et al. 1998). Notably, cross-
reconstitution experiments with red algal and cyano-
bacterial components indicated that the binding of the
extrinsic proteins is determined by the intrinsic proteins
(Enami et al. 2003).

Red algae are considered to represent a transitional
state between cyanobacterial and photosynthetic
eukaryotes. They have thylakoids more similar to those
of cyanobacteria, rather than the stacked thylakoids of
green algae and plants. Thus, it is intriguing that red
algae lack PsbP, which is found in cyanobacteria, green
algae, and plants. A higher resolution structure of
the red algal OEC would aid in understanding the
similarities of the red algal OEC to that of cyanobacteria,
green algae, and plants.

Green algal OEC

The protein content of the green algal OEC is similar
to that of plants (PsbO, PsbP, PsbQ, and PsbR), but
there are significant differences in the way these pro-
teins interact with the PSII complex and each other.
Currently, there is only one low-resolution structural
study of the OEC from green algae (Nield et al. 2000);
however, many biochemical and genetic studies in
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Chlamydomonas have been useful in characterizing the
interactions among the OEC proteins. Based on these
studies, Fig. 1C shows a cartoon structure of the OEC
in green algae.

Release-reconstitution studies of Chlamydomonas
PSII complexes have shown all three algal proteins can
bind to PSII independently of each other (Suzuki et al.
2003). Upon addition of PsbO, activity was only par-
tially restored and activity was highly dependent on the
addition of Ca** and CI” ions. The addition of PsbP
alone or in combination with PsbQ also restored
activity in contrast to observations for plant PSII.
While the PsbQ protein was able to bind indepen-
dently, it alone does not restore any level of oxygen
evolution.

These findings are consistent with previous genetic
studies of a Chlamydomonas mutant lacking the PsbO
protein, in which PsbP and PsbQ proteins still bind to
PSII (de Vitry et al. 1989). However, PsbQ could not
associate with PSII complexes in a mutant lacking the
PsbP protein (de Vitry et al. 1989). Therefore, while in
vitro conditions indicate that it is possible for PsbQ to
associate independently of the other extrinsic proteins,
this interaction does not occur in vivo.

Cross-reconstitution studies using plant and green
algal components have provided new insights into the
functional exchangeability of the extrinsic proteins
(Suzuki et al. 2005). Algal PsbP and PsbQ proteins
could not bind independently to spinach PSII, and
spinach PsbP and PsbQ only bound to non-specific
sites on algal PSII. Like the cross-reconstitution studies
between cyanobacteria and red algae, these results
suggest that the determinants for independent binding
reside on the intrinsic PSII components. They also
highlight that the majority of the PsbQ binding sites
reside on the PsbO and PsbP proteins from the same
organism.

The green algal OEC is quite similar to that of
plants, but further structural studies will be useful in
defining the details within the algal OEC that confer
altered binding properties to its extrinsic proteins.

Plant OEC

The protein components of the plant OEC include
PsbO, PsbP, PsbQ, and PsbR. Currently only low-
resolution electron microscopy structural models are
available for plant PSII (Nield et al. 2002; Bumba and
Vacha 2003; Nield and Barber 2006). Yet, together
with detailed reconstitution studies and high-resolution
crystal structures of some of the individual subunits, a
clearer picture of the OEC is emerging. Figure 1D is a
cartoon model of the plant OEC.

In contrast to many of the other systems, the plant
extrinsic proteins appear to have a strict binding order.
While the PsbO protein can bind to PSII indepen-
dently, PsbP requires the presence of the PsbO protein
and PsbQ requires the presence of both PsbO and
PsbP (Miyao and Murata 1983a, 1983b). One recent
study challenges this model, as treatment with HgCl,
could effectively remove the PsbO protein leaving the
PsbP and PsbQ proteins intact (Yu et al. 2006). It is
possible that these proteins have more extensive
interactions with the intrinsic components than origi-
nally predicted. Alternatively, conformational changes
in the intrinsic components upon PsbO binding could
allow for the association of PsbP and PsbQ, and it is
possible that treatment with HgCl, removes PsbO
without affecting the conformational state of PSII.

The PsbP and PsbQ proteins can be removed by
washing with 1 M NaCl, suggesting a strong electro-
static component for their association with the com-
plex. A number of studies have investigated the roles
of certain types of residues using chemically-modified
proteins in reconstitution experiments. Negatively
charged carboxylate groups on the PsbO have been
shown to be necessary for the binding of PsbP (Bricker
and Frankel 2003) and positively charged groups on
PsbP were essential for its association with PsbO
(Tohri et al. 2004). Positively charged groups on the
PsbQ protein have also been shown to be critical for its
association with PsbP (Gao et al. 2005; Meades et al.
2005). The structure of PsbP revealed an asymmetric
surface charge distribution which can explain the
chemical modification data (Ifuku et al. 2004). The
positive face of the protein is predicted to interact with
the negative PsbO surface, while the negative side of
PsbP interacts with the PsbQ protein. Interestingly, the
N-termini of each of these proteins are critical for
binding (Kuwabara et al. 1986; Eaton-Rye and Murata
1989; Ifuku and Sato 2001, 2002).

Comparisons of the plant PSII structural data to that
of cyanobacteria indicate that the location of the PsbO
protein is similar between the two systems. On the
other hand, the locations of the PsbU and PsbV pro-
teins do not correspond to the density assigned to PsbP
and PsbQ (Nield and Barber 2006). The individual
X-ray structures for PsbP and PsbQ were fit into the
electron density observed for the plant PSII complex
along with one copy of PsbO per PSII monomer.
According to this fit, the PsbP protein interacts with
the PsbO subunit as well as the lumenal face of the
CP43 protein, and PsbQ spans between the PsbO and
PsbP proteins. While this type of analysis can stimulate
new hypotheses regarding the structure of the OEC in
plants, higher resolution structures with assignments
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for all of the extrinsic proteins are necessary to deter-
mine how each of these proteins contributes to the
water oxidation reaction.

A number of studies have indicated significant
conformational changes occur upon the binding and
release of the extrinsic proteins. Investigations of the
extrinsic proteins individually have demonstrated they
have highly flexible domains in solution, which are
likely to be stabilized upon binding to the complex
(Calderone et al. 2003; Ifuku et al. 2004; Balsera et al.
2005). The extrinsic proteins also affect the intrinsic
core components of PSII. Specifically, removal of PsbP
and PsbQ affect the peripheral antenna proteins and
further removal of the PsbO protein also destabilizes
the dimeric structure of PSII. These linked conforma-
tional changes may be significant for the assembly and
disassembly of the PSII complex.

Currently, little is known about the structure of the
PsbR protein, as it is unaccounted for in the PSII
complexes used for structural studies and there is no
structure of the purified protein. The PsbR protein is
considered an extrinsic subunit, but there is also evi-
dence that the C-terminus of the protein is hydropho-
bic. Biochemical analysis has indicated the PsbR
protein is in close proximity to the PsbO, PsbP, and
CP47 proteins. Genetic analyses also implicated a role
for PsbR in the stable association of the PsbP and
PsbQ proteins (Suorsa et al. 2006). Mutational studies
have, in turn, shown that the intrinsic PsbJ subunit is
necessary for the association of PsbR. Analysis of PSII
assembly intermediates suggest that PsbR can bind
independently of the other extrinsic subunits as it is
found in CP43-less monomers which lack these pro-
teins (Rokka et al. 2005). Given the current PSII
structural models and the constraints outlined above, it
is difficult to assign a location for PsbR. Clearly, the
experimental evidence suggests a location in the
vicinity of PsbO, PsbP, and CP47, but the requirement
for the Psb] protein cannot be easily resolved given
that it is closer to the CP43-side of the complex.
Additional mutational and biochemical studies should
further elucidate the position of PsbR relative to the
other plant OEC components.

A number of different techniques have contributed
to our understanding of the structure of the plant OEC,
and advances in plant genetic analysis and structural
methods will be key tools for resolving certain details.
Obviously, the interactions among the different
extrinsic subunits and the PSII core need to be more
explicitly defined and higher resolution structures of
plant PSII complexes, which retain the extrinsic
subunits, are required. Also, plants have a number of
different isoforms for each extrinsic protein, but it is
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not clear why so many isoforms are necessary or in
what context they bind to PSII complexes. This issue
will likely be a challenge for future structural studies as
well as biochemical analyses.

Photosystem II biogenesis and turnover

PSII requires precise and regulated assembly to ensure
the proper positioning of all the essential redox active
cofactors. Studies have shown that the assembly path-
way is clearly an ordered step-wise association of
the PSII subunits. Furthermore, PSII assembly is a
frequent process; as a consequence of normal PSII
activity, the core D1 protein is irreversibly damaged,
and must be replaced with a newly synthesized copy
(Baena-Gonzalez and Aro 2002; Aro et al. 2005).
Defining the details of this cycle is the focus of intense
research (Rokka et al. 2005). In this section, the roles
of some of the extrinsic proteins in the dynamic PSII
life cycle will be discussed.

In addition to its role as a structural component of the
plant OEC, PsbP may play a more direct role in the light-
driven assembly of the manganese cluster. Upon release
of the three extrinsic proteins, PsbP sequesters manga-
nese ions, and photoactivation assays showed that the
manganese-containing PsbP protein specifically facili-
tated manganese cluster assembly and restoration of
oxygen evolution. While these results agree with previ-
ous characterization of the PsbP-deficient mutant in
Chlamydomonas, no defects in photoactivation were
observed in the Nicotiana PsbP-RNAi plants (Ifuku
et al. 2005). Additional studies are necessary to recon-
cile the in vitro and in vivo data.

Little is known about the function of the Psb27
protein, but data suggest it may play a role in PSII
assembly. While it is a component of cyanobacterial
PSII complexes isolated using a histidine-tagged CP47
protein, it was shown to be more abundant on PSII
complexes in which the precursor D1 protein did not
undergo the necessary C-terminal cleavage event to
yield the mature functional D1 protein (Roose and
Pakrasi 2004). This population of PSII complexes lacks
the manganese cluster and the PsbO, PsbQ, PsbU, and
PsbV extrinsic proteins. These findings suggest that
Psb27 associates with PSII complexes at an early step
in assembly and may exclude the binding of the other
extrinsic proteins. It is not clear whether the Psb27
protein plays a role in the pD1-processing event or
serves another function in the biogenesis pathway. A
recent study of a psb27 loss of function mutant in
Arabidopsis also supports the hypothesis that Psb27
has an important role in the repair half of the PSII life
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cycle (Chen et al. 2006). The mutant plants did not
show any obvious phenotype under normal lab condi-
tions, but they were significantly impaired in their
recovery after light-induced damage. Together, these
data indicate that Psb27 only transiently associates
with PSII during assembly, but is not part of the
functional complex. Additional experiments are nec-
essary to determine its exact role in the repair pathway.

In addition to addressing the forward pathway of
assembly, it is also necessary to consider the disas-
sembly steps required for the removal of the damaged
D1 protein. The current PSII structural models posi-
tion the D1 protein in the center of the PSII core with
numerous interactions with the manganese cluster and
extrinsic proteins (Ferreira et al. 2004; Loll et al.
2005a). Thus, the OEC must be disassembled to
remove the damaged D1 protein. Notably, the inter-
action of the extrinsic proteins with PSII is affected by
the presence of the assembled manganese cluster
(Kavelaki and Ghanotakis 1991). Furthermore, the
release of the extrinsic proteins results in significant
changes in the intrinsic components and destabilizes
the dimeric form of PSII (Boekema et al. 2000). Con-
sequently, release of the manganese cluster would
ensure an efficient disassembly of the entire OEC with
additional effects on the core components. Interest-
ingly, under normal conditions free extrinsic proteins
in the thylakoid lumen are not targeted for degrada-
tion, which could facilitate reassembly.

Experiments have identified a GTP requirement for
the primary proteolytic cleavage of the damaged D1
protein. It has been reported that the primary cleavage
event occurs in isolated PSII complexes, suggesting
that perhaps a PSII subunit or co-purifying protein is
responsible (Salter et al. 1992; De Las Rivas et al.
1993). Subsequent reports have shown that the PsbO
protein can bind GTP indicating this ubiquitous
extrinsic protein may be involved in regulating D1
degradation. The current models of PSII do not pro-
vide any additional evidence for this hypothesis.
Interestingly, recent analysis of the PsbP protein indi-
cates it is structurally similar to Moglp, a regulator of
Ran-GTPase in yeast (Ifuku et al. 2004). This result
presents yet another possible role of the PsbP protein
in the PSII life cycle. More experiments are necessary
to determine whether the PSII extrinsic proteins play a
more active role in the turnover of the D1 protein.

Conclusion

The unique reaction of water oxidation is similar among
all photosynthetic organisms. Yet the protein comple-

ment of the OEC varies significantly. Future studies
should focus on assigning functions to the individual
extrinsic proteins in different organisms. Also, higher
resolution structures of PSII complexes from a variety
of sources are necessary to provide a complete picture of
the various OECs as a whole. However, a static struc-
ture cannot tell the entire story of PSII, as it is a dynamic
complex undergoing constant assembly and degrada-
tion. Future studies should also work toward increasing
our understanding of PSII as a dynamic enzyme.
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