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Abstract

Main conclusion Recent investigations have provided

important new insights into the structures and functions

of the extrinsic proteins of Photosystem II.

This review is an update of the last major review on the

extrinsic proteins of Photosystem II (Bricker et al., Bio-

chemistry 31:4623–4628 2012). In this report, we will

examine advances in our understanding of the structure and

function of these components. These proteins include

PsbO, which is uniformly present in all oxygenic organ-

isms, the PsbU, PsbV, CyanoQ, and CyanoP proteins,

found in the cyanobacteria, and the PsbP, PsbQ and PsbR

proteins, found in the green plant lineage. These proteins

serve to stabilize the Mn4CaO5 cluster and optimize oxy-

gen evolution at physiological calcium and chloride con-

centrations. The mechanisms used to perform these

functions, however, remain poorly understood. Recently,

important new findings have significantly advanced our

understanding of the structures, locations and functions of

these important subunits. We will discuss the biochemical,

structural and genetic studies that have been used to elu-

cidate the roles played by these proteins within the pho-

tosystem and their locations within the photosynthetic

complex. Additionally, we will examine open questions

needing to be addressed to provide a coherent picture of the

role of these components within the photosystem.

Keywords PsbO � PsbU � PsbV � CyanoQ � CyanoP �
PsbP � PsbQ � PsbR

Introduction

Photosystem II (PS II) is a light energy-driven water–

plastoquinone oxidoreductase. In all known oxygenic

organisms light energy is trapped by light-harvesting pig-

ment arrays and transferred to the reaction center of PS II.

Primary charge separation (see (Cardona et al. 2012), for

an authoritative review) occurs between ChlD1 and PheoD1,

yielding ChlD1
? PheoD1

- . This charge separation is stabilized

by rapid oxidation of PD1, and by sequential electron

transfer from PheoD1
- to protein-bound plastoquinones, first

to QA and then to QB. The accumulation of two reducing

equivalents on QB leads to its protonation and the forma-

tion of plastoquinol, which is then released from PS II. PD1
?

is reduced by YZ, the residue D1:161Y, forming YZ
� . The

oxidation of YZ leads to the release of a proton to a proton

transfer pathway, which ultimately leads to its release to

the lumen. The subsequent reduction of YZ
� by proton–

coupled electron transport leads to the accumulation of an

oxidizing equivalent in the Mn4CaO5 cluster that forms the

oxygen-evolving active site of the photosystem. The

accumulation of four oxidizing equivalents in this metal

cluster and/or in its ligands leads to the release of dioxygen

from the complex, with the subsequent binding of two new

substrate water molecules [for recent reviews, see (Vinyard

et al. 2013; Yano and Yachandra 2014)].

The core intrinsic protein complex of PS II contains at

least seventeen subunits (Umena et al. 2011). In higher

plants and cyanobacteria seven of these subunits appear to

be absolutely required for oxygen evolution and photoau-

totrophic growth, including PsbA (D1) and PsbD (D2),
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PsbB (CP47) and PsbC (CP43), the PsbE and PsbF subunits

of cytochrome b559, and PsbL. Genetic deletion of these

components leads to loss of PS II assembly and the ability

to evolve oxygen. The other ten subunits are low molecular

mass intrinsic components and their functions remain

obscure; in most instances their genetic deletion only

modestly affects PS II assembly and function. PS II com-

plexes containing only these intrinsic subunits can evolve

oxygen, however, they do so at low rates, and require high,

non-physiological levels of calcium and chloride (Bricker

1992). Optimal oxygen evolution capability requires a

portfolio of extrinsic subunits. These include PsbO, which

is found in all oxygenic organisms, and either PsbU, PsbV,

CyanoQ and CyanoP, which are found in cyanobacteria, or

PsbP, PsbQ and PsbR, which are found in the green plant

lineage. Since the last major review article (Bricker et al.

2012) examining the extrinsic proteins of PS II, significant

advances have been made concerning the structure and

function of these components within the photosystem. The

purpose of this communication is to provide a short, con-

temporary update examining these recent studies and how

these integrate into our overall understanding of these

important protein components of the photosystem. The

reader should consult recent comprehensive reviews for an

overview of earlier work and for in-depth examination of

the structures and functions of these PS II components [for

instance, see (Bricker and Burnap 2005; Nelson and

Yocum 2006; Roose et al. 2007a; Suorsa and Aro 2007;

Ifuku et al. 2008; Bricker et al. 2012, 2013; Ifuku 2014)].

PsbO

Functionally, the PsbO protein stabilizes the Mn4CaO5

cluster to sub-optimal chloride concentrations and protects

the cluster from exogenous reductants (Bricker and Frankel

1998; Bricker et al. 2012). It is believed to play these roles

in all oxygenic organisms. It may also assist in maintaining

(along with PsbP and PsbQ) the association of calcium

with the active site (Bricker and Frankel 2008) (however,

see (Allahverdiyeva et al. 2009) for a different viewpoint).

The mechanism(s) by which it accomplishes these pro-

cesses, however, remains very unclear.

The extrinsic proteins on the lumenal side of PS II, as

well as the extensive lumenal domains of the intrinsic

proteins PsbC, PsbB, PsbA and PsbD, collectively maintain

the proper environment for water oxidation (Bricker et al.

2012). Yet, water is a substrate and must gain access to this

buried active site. Likewise, oxygen and H? produced at

the Mn4CaO5 cluster must also exit the enzyme. The high

resolution crystal structure models from thermophilic

cyanobacteria have fueled recent studies examining the

lumenal portion of the PS II complex as a whole for

channels that could allow the passage of water, oxygen

and/or H? (Bondar and Dau 2012; Vassiliev et al. 2012,

2013; Lorch et al. 2015). Analysis of the PS II crystal

structure (Umena et al. 2011) reveals that the interior of the

lumenal portion of the PS II complex is quite hydrophilic,

containing numerous polar and charged residues and

numerous structural waters. These components define

extended hydrogen bond networks that potentially allow

for the passage of water molecules to, and the transport of

H? from, the Mn4CaO5 cluster (Bondar and Dau 2012).

Recently, a number of studies based on the cyanobac-

terial PS II crystal structure have implicated PsbO in par-

ticipating in the formation of an extended hydrogen-

bonding network(s) at the lumenal surface of the PS II

complex. Bondar and Dau (2012) identified a large number

of aspartyl/glutamyl clusters, several of which contained

structurally resolved water molecules which could partici-

pate in such networks. PsbO was suggested to participate in

networks involving PsbA, PsbD, PsbC, PsbB, PsbU, and

PsbM and it was hypothesized that at least some portion of

these networks could serve as proton transport pathways or

could couple protonation states with protein conforma-

tional changes. The PsbO protein in particular is rich in

carboxylate groups, some of which appear to have inter-

esting properties. At least one pair on PsbO, 97E and 102D,

is close enough to share a proton via a strong hydrogen

bond interaction. The carboxylate PsbO:158D is part of a

hydrogen bond network with PsbD residues 308E and 310E.

Thus, these hydrogen-bonding networks could potentially

allow for movement of water molecules and H? and could

also contribute to inter-subunit interactions. The PsbU

protein also has a number of closely spaced carboxylate

residues at its surface that may also contribute to its role in

modulating the calcium and chloride requirement in PS II.

The PsbV subunit also has residues that have been identi-

fied as part of a longer hydrogen bond network connecting

the Mn4CaO5 cluster to the PS II protein surface.

Molecular dynamic simulations of the mobility of water

molecules at the surface of PsbO (Lorch et al. 2015) sup-

port these suggestions. While there was significant

heterogeneity with respect to carboxylate/water bridges on

the surface of PsbO, several pairs of residues, 84E/98E,
205D/210E, 218E/232E, and 222D/224D, had high probabilities

of carboxylate/water bridging and exhibited slow water

dynamics. The 222D/224D pair continued to show slower

water dynamics in further simulations of these pairs, which

took into account the differences in relative dynamics

between the water molecules and the protein residues and

was suggested to be important either structurally, possibly

facilitating PsbO binding to PS II, or energetically, as a

portion of a proton transfer pathway from the oxygen-

evolving complex [possibly involving PsbD:308D and/or

PsbD:310E, see (Fig. 1)]. It was concluded that the high

water occupancy at this carboxylate pair may facilitate the
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docking of the PsbO protein to the PS II complex, as these

residues are part of an extended hydrogen-bonding cluster

with residues from the PsbA and PsbD proteins. However,

it should be noted that simulations including all of these

components are not feasible. Earlier, Shutova et al. (Shu-

tova et al. 2007) had suggested that these aspartate/gluta-

mate clusters might act as a buffering network which

would efficiently accept protons from the oxygen-evolving

site. These hypotheses are not necessarily mutually

exclusive. These computational studies provide important

guidance, focusing on specific amino acid residues as tar-

gets for additional biochemical experiments, particularly

site-directed mutagenesis and/or isotope-edited FTIR

studies to evaluate their effect on PsbO binding and oxy-

gen-evolving activity. It should be noted that in early

biochemical studies, the accessibility of PsbO carboxylates

to chemical modification with 1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimide (EDC) and glycine methyl ester

was examined. The 222D and 224D residues were labeled

when PsbO was in solution and not when it was bound to

PS II (Frankel et al. 1999). These findings are consistent

with the interpretation that the 222D/224D carboxylate pair

may be important for the association of PsbO to PS II.

Direct observation of changes in the conformation of

PsbO during the S-state cycling has been reported (Of-

fenbacher et al. 2013). Globally labeled 13C-PsbO was

reconstituted with a highly active and purified higher plant

PS II core preparation and examined in double-difference

FTIR (Fourier Transform Infrared) spectroscopy experi-

ments (light minus dark spectra followed by Sn minus

Sn-1). This study indicated that during the S1 ) S2 state

transition, conformational alterations were observed upon

PsbO removal. Isotope-edited spectra (12C-PsbO minus
13C-PsbO) demonstrated that the structure of PsbO is

altered during the S1 ) S2 state transition. PsbO structural

changes on the S2 ) S3 and S3 ) S0 transitions also were

observed. It was proposed that the observed changes were

due to modulation of the hydrogen-bonding network during

S-state transitions. This reported conformational sensitivity

of PsbO to S-state cycling indicates tight coupling between

the manganese cluster and the extended hydrogen-bonding

network and is fully consistent with the proposals described

above (Shutova et al. 2007; Bondar and Dau 2012; Lorch

et al. 2015).

Molecular dynamics simulations have been used to

evaluate the PS II structure for H2O and O2 channels from

the Mn4CaO5 cluster to the lumenal surface of PS II

(Vassiliev et al. 2012). Residues of the lumenal extrinsic

proteins contribute to the entrances of the identified H2O

channels (Vassiliev et al. 2012). Each of the identified

channels also has points of restriction that serve as ener-

getic barriers for the passage of water molecules. In some

of these channels, residues of the PsbO, PsbU and PsbV

proteins serve as permeation barriers. While the energetic

cost is not significant enough to limit water supply to the

Mn4CaO5 cluster, it does provide a molecular explanation

for the mechanism by which the lumenal extrinsic proteins

protect the Mn4CaO5 cluster from small reductants. In

another simulation study to discover oxygen channels

within PS II, significant overlap was discovered with the

previously identified putative water channels (Vassiliev

et al. 2013). However, there were key differences in the

energetics of permeability of water and oxygen. The water

permeability restriction points typically did not have the

same effect on oxygen. Thus, the same channel could

selectively allow the passage of water but also the unre-

stricted exit of oxygen.

While a large body of biochemical evidence indicates

that the lumenal extrinsic subunits of PS II modulate the

calcium and chloride requirement for PS II oxygen-

evolving activity, none of the PS II structural models show

a direct connection between any of the extrinsic proteins

and the location of these cofactors within the active site

(Bricker et al. 2012). Recently, Nagao and coworkers

Fig. 1 Organization of a Highly Stable Cluster of PsbO and PsbD

Carboxylate Residues in Association with Structural Waters. Identi-

fied in Lorch et al. (2015), this cluster may be important either

structurally (possibly facilitating PsbO binding to PS II) or energet-

ically (possibly as a portion of a proton transfer pathway from the

oxygen-evolving complex to the lumenal surface). PsbO, PsbD, PsbA,

PsbC, PsbU and PsbB are shown as ribbons and rendered in pink,

yellow, green, blue, cyan, and tan, respectively. The PsbO carboxy-

late residues 222D, 223D, and 224D are labeled and shown as salmon

spheres. The PsbD carboxylates 308D and 310E are labeled and shown

as orange spheres. Waters associated with these carboxylates are

shown as blue spheres. PsbO:228H, which is analogous to higher plant

PsbO:223K, is adjacent to this water-carboxylate residue cluster

(Pigolev et al. 2012) and is in van der Waals contact with two

structural waters of this cluster, is shown as red sticks. All figures were

prepared using PyMOL (The PyMOL Molecular Graphics System,

Version 1.7.4 Schrödinger, LLC)
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(2015) used FTIR difference spectroscopy to examine

changes in PS II structure in the vicinity of the Mn4CaO5

cluster occurring upon removal and reconstitution of the

PsbO, PsbU and PsbV subunits. This study dissected the

individual structural contributions of the different extrinsic

protein subunits and their connection to the calcium and

chloride requirement (Nagao et al. 2015). PS II complexes

were depleted of the extrinsic subunits (PsbO, PsbU and

PsbV) and FTIR difference spectroscopy of the S2 minus

S1 states was used to monitor changes in the amide I and

amide II bands. These bands are sensitive to structural

changes in the vicinity of the Mn4CaO5 cluster other than

those associated with the carboxylate and imidazole CN

stretching modes (which are assigned to manganese cluster

ligands). These include CO stretching modes (amide I,

1700–1600 cm-1) and NH bending and CN stretching

modes (amide II, 1600–1500 cm-1) of the peptide bond.

Consequently, these features monitor the secondary struc-

ture organization of the polypeptide backbone in the

vicinity of the Mn4CaO5 cluster.

Removal of the extrinsic proteins (in the presence of

5 mM CaCl2) induced the loss of numerous features in the

1700–1300 cm-1 region, with significant changes in both

the amide I and II bands. These features were, in large

measure, recovered upon reconstitution with the extrinsic

subunits. Rebinding of the PsbO protein resulted in the

recovery of most of the features which were present in the

native conformation, with smaller additional contributions

observed upon the addition of the PsbU and PsbV proteins

(Nagao et al. 2015). While the PsbV protein could bind

independently of the PsbO protein, its association did not

correlate with any specific conformational recovery. These

results highlight a difference among organisms that contain

different extrinsic protein components associated with PS

II. In spinach PS II, reconstitution with PsbP was associ-

ated with recovery of the native conformation (see below),

while in red algae, PsbV binding was found to have the

greatest effect (Tomita et al. 2009; Uno et al. 2013).

Consequently, photosynthetic organisms can differ signif-

icantly in the specific contributions of the individual

extrinsic subunits to the protein structure in the vicinity of

the Mn4CaO5 cluster, but the collective effect of the

extrinsic proteins appears similar.

In the absence of any extrinsic proteins, increasing the

CaCl2 concentration to 100 mM moderated the loss of the

amide I and amide II features, which was consistent with

some stabilization of the native conformational state by

these inorganic cofactors, alone (Nagao et al. 2015). This

result indicates that both the extrinsic proteins and high

non-physiological CaCl2 concentrations can structurally

stabilize PS II and highlights the collective function of the

extrinsic proteins to modulate the calcium and chloride

requirements for the photosystem. It should be noted that

this study assessed only the structural effects of the

extrinsic proteins and cofactors in the S1 minus S2 states of

the Mn4CaO5 cluster and did not examine possible changes

occurring in the other S states. The observation that

removal of subsets of the extrinsic proteins in these dif-

ferent systems causes changes in the secondary structure in

the vicinity of the Mn4CaO5 cluster suggests a mechanism

for the observed change in the cofactor requirements.

Alteration of the secondary structure may affect the

accessibility of the calcium and chloride ions to their

individual binding sites and/or modify their dissociation

constants. Obviously, the identification of the actual loca-

tion of these secondary structural changes could help dif-

ferentiate between these and other possibilities.

Recently, an in vivo site-directed mutagenesis system

for the PsbO protein has been developed in Chlamy-

domonas reinhardtii (henceforth Chlamydomonas) [re-

viewed in (Pigolev and Klimov 2015)]. While site-directed

mutagenesis has been used extensively in studying

cyanobacterial PsbO in vivo and heterologously expressed

eukaryotic PsbO in vitro, no eukaryotic model was avail-

able to examine eukaryotic PsbO mutants in vivo. Such a

system would be useful to examine the effects of targeted

mutations on PS II assembly, particularly with respect to

interactions with other PS II components and assembly

factors. Chlamydomonas appears to provide a near ideal

system for in vivo studies on PsbO, as it can be grown

under heterotrophic conditions, is haploid, can be trans-

formed relatively easily and contains only one gene

encoding PsbO. When grown heterotrophically and in the

dark, DPsbO strains can assemble PS II and these reaction

centers can carry out charge separation with the concomi-

tant generation of significant levels of variable fluorescence

(Pigolev et al. 2009). Growth in the light apparently leads

to rapid photoinactivation and dissasembly of the PS II

complex in the absence of PsbO. Using this system

(Pigolev et al. 2012), two site-directed mutants have been

produced in Chlamydomonas, K223E and K226E. These

lysyl residues are homologous to 228H and 231H in Ther-

mosynechococcus vulcanus (henceforth, T. vulcanus). Both

of these mutations affect PS II structure and/or function.

The K223E mutant accumulated wild-type levels of PsbO,

while only small amounts of the protein accumulated in the

K226E mutant. It was hypothesized that the modified PsbO

in the K226E mutant may have been improperly folded or

could not associate productively with the PS II core,

leading to rapid turnover of the photosystem. The K223E

mutant could evolve oxygen at about 80 % wild-type rates

when grown in the light but exhibited defects in charge

recombination as measured by fluorescence decay. In the

absence of DCMU, decay was similar to wild type while, in

the presence of DCMU, fluorescence decay was signifi-

cantly slower. This indicated that charge recombination

892 Planta (2016) 243:889–908
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between QA
- and the higher S states was impaired. The

authors speculated that this change might indicate that 223K

was involved in the binding of chloride or HCO3
- to a

channel leading from the lumen to the Mn4Ca O5 cluster. It

should be pointed out that in T. vulcanus the corresponding

residue 228H is in van der Waals contact with the

stable cluster of carboxylate residues (PsbO residues 222D,
223D and 224D, PsbD residues 308D and/or 310D) and

structural waters described above (Lorch et al. 2015), and

may participate in stabilizing this highly acidic cluster

(Fig. 1). Necessarily, these results must be interpreted

cautiously, as charge-swap mutations can lead to large

structural and functional perturbations which may or may

not be directly associated with the function of the specific

targeted residue. Nevertheless, these results are interesting

and certainly establish this as a viable system for the site-

directed mutagenesis of PsbO in a eukaryotic system. The

interpretation of the phenotypes of such mutants can be

problematic, however. Site-directed mutagenesis of a sin-

gle residue, for instance, might engender a very nuanced

phenotype, particularly at the distal residues in a proton

conductance or substrate water pathway. Similarly, if

multiple residues are involved in PsbO binding, the alter-

ation of a single residue might have little overall effect.

The site-directed modification of multiple residues, while

possibly leading to more observable phenotypes, also

increases the possibility of global structural rearrangement

of the protein target. One possible way to circumvent this

problem is to examine the fitness of strains bearing a single

mutation in competition with a strain carrying the appro-

priate wild-type allele control. Even very slight changes in

fitness will be evident in growth competition experiments

of mutant versus wild type. Importantly, the careful bio-

physical examination of these mutants is imperative.

Arabidopsis contains two forms of PsbO that appear to

have different functions (Bricker et al. 2012). This multi-

plicity of PsbO isoforms (usually two) appears to be a

general feature of many angiosperms (Duchoslav and Fis-

cher 2015). Examination of forty-nine species indicated

that most of these contained multiple genes encoding PsbO

(it should be noted that the expression of these genes has

generally not been determined). Surprisingly, psbO dupli-

cation appears to have occurred independently at or near

the roots of most angiosperm families. That these dupli-

cations have been maintained suggests that the different

PsbO forms may perform different functions. Across all of

these lineages, the domain of PsbO which interacts, based

on the T. vulcanus crystal structure (Umena et al. 2011),

with the intrinsic components of the photosystem is highly

conserved. Most of the interfamily and interspecies vari-

ability is localized to the b5–b6 loop and a portion of the

b6 strand (T. vulcanus, 149P–197I). Within the various lin-

eages, inter-isoform differences are confined mostly to the

b1–b2 loop (T. vulcanus, 54K–69T) and the end of the b-

barrel extending into the lumen. The observed differences

between the isoforms was proposed to be the result of

parallel evolution.

The use of mass spectrometry has allowed the iden-

tification of post-translational phosphorylation and

oxidative modifications on a number of PS II compo-

nents [for review, see (Bricker et al. 2015)]. In animals,

the selective nitration of protein tyrosyl residues is well

established (Ischiropoulos 2009) and has been suggested

to play roles in signaling pathways involved in redox

control mechanisms (Trachootham et al. 2015). Earlier,

using a proteomics approach in Arabidopsis, the nitration

sites on a number of PS II proteins were identified after

Arabidopsis plants were exposed to high light conditions

(Galetskiy et al. 2011). These included the extrinsic

proteins PsbO-1, PsbO-2, PsbP-1, PsbQ-1 and PsbR as

well as a number of intrinsic PS II components. This

study did not report quantitative results, however, con-

sequently the extent of modification of these proteins is

unclear. Recently, post-translational nitration of tyrosyl

residues has been examined in Arabidopsis (Takahashi

et al. 2015). Interestingly, when leaves were exposed to

40 ppm NO2 in the light, a strikingly specific pattern of

nitration was observed. Analysis of whole leaf protein

indicated that virtually all of the protein nitration

observed was in the PsbO-1, PsbO-2 and PsbP-1 pro-

teins. When thylakoid proteins were isolated, these three

proteins still accounted for the vast majority of observed

nitrosylated proteins. While the exogenously supplied

NO2 concentrations in this study were very high and

non-physiological (&1000 9 ambient levels), the con-

centration of endogenously produced NO2 in plants is

unknown. Interestingly, even in the absence of treatment

with NO2, detectable nitrosylation of proteins that

comigrated with PsbO-1 and PsbP-1 was observed.

While these were not identified rigorously to be PsbO-1

and PsbP-1, this observation may indicate that these PS

II components are natively nitrosylated under physio-

logical conditions. Within the context that NO2 may act

as a plant growth regulator (Takahashi et al. 2014) at

physiological concentrations (10–20 ppb, controlling cell

proliferation and enlargement), these results are quite

intriguing.

PsbU and PsbV proteins of cyanobacteria

As noted above, PsbV appears to play an accessory role in

stabilizing the native conformation of the PS II core at

physiological calcium and chloride concentrations. A

recent study of PsbC mutants further examined the con-

nection between the association of PsbV with PS II and the

chloride requirement (Burch et al. 2012). Earlier, the PsbC

Planta (2016) 243:889–908 893
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quenching (NPQ) in the green algae (Peers et al. 2009) and

functionally associates with the PS II–LHC II supercom-

plex (Tokutsu and Minagawa 2013). PsbR also appears to

be required for the binding of LHCSR3 to the PS II–LHC II

supercomplex (Xue et al. 2015). Down regulation of PsbR

led to the decrease in NPQ development and a marked

decrease in the amount of LHCSR3 associated with the

supercomplex. Consistent with earlier studies, the down

regulation of PsbR also destabilized the association of PsbP

with the PS II–LHC II supercomplex. The absence of PsbP

and PsbQ in the FUD39 mutant (Mayfield et al. 1987) did

not lead to the loss of PsbR or LHCSR3 from the super-

complex, however the total amount of PS II–LHC II was

markedly lower in this strain. The authors argued that the

binding of LHCSR3 to PsbR allowed for direct energetic

coupling between LHCSR3 and the PS II core and its

associated light-harvesting components, leading to efficient

energy dissipation. The observation of EDC-crosslinked

products between PsbR and CP 26 (Ido et al. 2014) sup-

ports the hypothesis that PsbR is associated with light-

harvesting components of PS II.

Conclusions

Clearly, over the last 3 years significant progress has been

made in our understanding of the structures and functions

of these the extrinsic proteins of PS II. Molecular dynamic

modeling of the extended hydrogen-bonding networks at

the interface of the extrinsic and intrinsic proteins is

playing an important role in elucidating proton exit and

water uptake pathways. Additionally, such studies may

assist in identifying binding determinants for the extrinsic

proteins to the photosystem. Difference FTIR has provided

the first hints of possible mechanisms by which the

extrinsic proteins modulate the inorganic cofactor

requirements of the photosystem. The use of alternative

bFig. 6 Proposed models for the location of PsbR with Higher Plant

PS II Based on Protein Crosslinking Studies. The extrinsic proteins

PsbR, PsbP, PsbQ, and PsbO are shown as cyan, green, yellow, and

magenta spheres, respectively. The intrinsic proteins PsbC, PsbB, and

PsbE are shown as pale blue, tan, and red spheres, respectively. The

hypothetical PsbR structure shown is an I-TASSER model (Zhang

2008) and should be viewed with skepticism. This model did not

incorporate the hypothetical C-terminal a-helix proposed by Webber

et al. (1989). a our rendering of the model presented by Ido et al.

(2014) in Fig. 5a, above, showing the location of PsbR between PsbP

and PsbE. b Hypothetical position of PsbR in Fig. 5b, above. The

position of PsbQ was modeled after the proposed location of CyanoQ

(Liu et al. 2014). c, Hypothetical position of PsbR in Fig. 5c, above.

The position of PsbQ is consistent with the location of PsbQ’ in the

crystal structure of the red algal 2Cyanidium caldarium PS II (Shen,

J.-R., 16th International Congress on Photosynthesis, Plenary Lecture

(2013), personal communication)

904 Planta (2016) 243:889–908
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structural methods, including protein crosslinking coupled

with tandem mass spectrometry and surface plasmon res-

onance techniques, have provided our first glimpses into

the possible organization of CyanoQ and CyanoP within

cyanobacterial PS II and PsbP, PsbQ and PsbR in the

higher plant photosystem. These and many other studies

will form the basis for future advances in this field.
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