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Editorial on the Research Topic 

Assembly of the Photosystem II Membrane-Protein Complex of Oxygenic 

Photosynthesis 

Photosystem II (PS II) catalyses the light-driven splitting of water at the start 

of the photosynthetic electron transport chain found in the thylakoid 

membranes of plants, algae and cyanobacteria ( Barber, 2016 ; Vinyard and 

Brudvig, 2017 ). The mature photosystem is dimeric and able to form super-

complexes with a range of pigment-binding antenna proteins found across 

the different phyla ( Shen, 2015 ; Ago et al., 2016 ; Wei et al., 2016 ). The 

highest resolution X-ray-derived crystal structure of PS II is from the 

thermophilic cyanobacterium Thermosynechococcus vulcanus where each 

monomer is composed of 20 protein subunits and more than 80 cofactors as 

well as over a 1, 000 bound water molecules ( Umena et al., 2011 ; Suga et 

al., 2015 ). The precise arrangement of redox co-factors, pigments and other

organic and inorganic co-factors is the product of multiple ordered processes

requiring spatial and temporal coordination and the participation of 

numerous protein assembly factors ( Nickelsen and Rengstl, 2013 ). 

In this Frontiers Research Topic 25 articles have been collected under six 

different sections addressing different aspects of PS II assembly. The first 

section contains three contributions covering theEvolutionary origins and 

photoactivationof PS II. The first of these by Cardona considers the origin of 

the PS II reaction center D1 and D2 proteins that bind the majority of the PS 

II redox active cofactors, he also considers afresh the origin of the two 

chlorophyll-binding proximal antenna proteins, CP43 and CP47 as well as the 

origins of the additional membrane-spanning low-molecular-weight subunits 
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of the photosystem. Finally this first article considers the events leading to 

the origin of the Mn 4 CaO 5 cluster of the oxygen-evolving complex that 

catalyzes water splitting. An in-depth treatment of the assembly of the Mn 4 

CaO 5 cluster then follows in the review by Bao and Burnap and the final 

article in this section by Ifuku and Noguchi discusses the roles of the lumenal

PS II subunits that provide a proteinaceous cap for the oxygen-evolving 

complex. 

Each PS II monomer contains 35 chlorophylls, two pheophytins, 11 β-

carotenes as well as over 20 lipids ( Umena et al., 2011 ). So far, however, it 

is not clear how the synthesis of potentially phototoxic chlorophyll molecules

is coordinated with the synthesis of chlorophyll-binding PS II subunits. A 

mechanistic explanation of pigment insertion into PS II proteins is also not 

available. Section 2 of the topic, Pigment biosynthesis and lipids, includes 

examples of how chlorophyll synthesis and the presence of other pigments 

and lipids are integral to the ordered assembly of PS II centers. The report by

Hollingshead et al. establishes that restricting de novo chlorophyll 

biosynthesis, in this case by modulating Mg-protoporphyrin IX methyl ester 

cyclase activity, affects synthesis of the PS II subunits CP43 and CP47 along 

with Photosystem I (PS I) but no other chlorophyll-containing proteins, 

including D1 and D2. A similar alteration in chlorophyll production was 

achieved by Crawford et al. who introduced a targeted mutation into Mg-

chelatase, the enzyme responsible for the first-committed step of chlorophyll

biosynthesis. Crawford et al. found that restricting chlorophyll availability in 

a cyanobacterial strain lacking the Ycf48 assembly factor increased the 

severity of removing this protein. The results of Hollingshead et al. and 
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Crawford and colleagues indicate a different mode of chlorophyll loading into

the D1 and D2 subunits than into other chlorophyll-binding proteins and 

suggest a role for assembly factors in chlorophyll insertion or turnover. Also 

in section 2, Zakar et al. review the different roles of carotenes and 

xanthophylls in cyanobacterial PS II assembly and function and finally the 

report by Kobayashi et al. concludes this section by showing that plastidic 

phosphatidylglycerol is required for PS II function in Arabidopsis thaliana . It 

is known that the absence of this lipid in cyanobacterial thylakoids affects 

electron transfer between Q A and Q B , the primary and secondary quinone 

electron acceptors of PS II, respectively ( Gombos et al., 2002 ). Interestingly,

Kobayashi et al. demonstrate that the absence of phosphatidylglycerol in A. 

thaliana also disrupts energy transfer from the antenna to PS II and increases

the susceptibility of PS II to photodamage induced by red light. 

To date over 30 polypeptides have been identified as PS II assembly factors 

that participate in biogenesis but are not present in the mature complex. 

These include kinases, phosphatases, transporters and proteases in addition 

to those acting as chaperones ( Järvi et al., 2015 ). Currently, an explanation 

of the exact function of any of these factors in the PSII-assembling 

machinery is missing and undoubtedly many more factors remain to be 

discovered ( Nickelsen and Rengstl, 2013 ). In the sectionPhotosystem II 

assembly factors, the review by Lu considers the molecular functions of the 

many proteins that influence PS II assembly and its repair following 

photodamage in A. thaliana . The next article by Plochinger et al. focuses on 

the PsbW, PsbY, HCF136, PsbN, TerC, and ALB3 proteins, although among 

these proteins, PsbY is, in fact, present in the final holoenzyme ( Shen, 2015
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). How thylakoid membrane biogenesis and PS II assembly processes are 

coordinated is also an area of keen interest ( Nickelsen et al., 2011 ). The 

report by Rast et al. addresses this topic by investigating the function of the 

Slr0151 tetratricopeptide repeat protein on thylakoid ultrastructure during PS

II assembly and repair in the cyanobacterium Synechocystis sp. PCC 6803. 

Adding to the complexity of PS II assembly are examples where assembly 

factors appear to have more than one role. The thylakoid lumenal protein 

TLP18. 3 (Psb32 in cyanobacteria) has been shown to influence the repair 

cycle ( Sirpiö et al., 2007 ) but when Järvi et al. investigated the function of 

TLP18. 3 during fluctuating light in A. thaliana , the absence of this protein 

disrupted expression of genes involved in plant defense processes such that 

tlp18. 3 plants exhibited stunted growth. The Psb27 protein may also have a 

dual role influencing biogenesis of both PS I and PS II, although its major 

contribution appears to be on PS II assembly ( Komenda et al., 2012a ). The 

report by Cormann et al. presents new data supporting an interaction of 

Psb27 with CP43 [as reported by Komenda et al. (2012a) and Liu et al. 

(2011) ] as well as interactions with CP47 and the C-termini of both D1 and 

D2. The results of Cormann et al. suggest a binding site for Psb27 that is 

occupied by the lumenal PsbV protein in the mature complex of 

cyanobacterial PS II. 

The existence of two distinct assembly pathways: de novo biogenesis and 

the specialized cycle to repair photodamaged photosystems, is a unique 

property of PS II ( Mulo et al., 2012 ). Photodamage is an inevitable 

consequence of the oxidative chemistry of water splitting and is chiefly 

caused by reactive oxygen species generated both by electron transfer and 
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energy transfer processes ( Vass, 2012 ). The location of these pathways 

within the thylakoid membrane system and extent to which they may share 

intermediate complexes, as well as auxiliary assembly factors, remains to be

established but may in fact differ between cyanobacteria and algae and 

potentially between lower and higher plants ( Komenda et al., 2012b ). 

Section 4 contains several papers dealing with theAssembly and 

maintenance of Photosystem II. Weisz et al. review recent developments in 

mass spectrometry that are increasingly contributing to the characterization 

of the individual PS II sub-complexes that participate in assembly and 

turnover during biogenesis, photodamage and repair. Michoux et al. analyze 

the impact of truncating the N-terminal tail of the D1 protein in tobacco. This

truncation led to the loss of PS II super-complexes and dimeric complexes in 

the thylakoid membrane but unlike Synechocystis sp. PCC 6803, where the 

N-terminus of D1 has been shown to be involved in the degradation of 

photodamaged PS II by FtsH complexes ( Komenda et al., 2007 ), the data 

from Michoux et al. indicate that tobacco has additional compensatory 

pathways for regulating D1 turnover when the N-terminus of D1 is removed. 

It is also known that the Deg1 protease is involved in the repair cycle in A. 

thaliana [for a mechanism see ( Kley et al., 2011 )] and the paper by Cheregi

et al. provides a perspective on the roles of Deg/HtrA proteases in 

cyanobacteria. A number of assembly factors participate in assembly steps 

directly or in concert with transcriptional or translational control. In 

eukaryotes, nuclear factors are required in the regulation of gene expression

for plastid-encoded PS II proteins. Working with Chlamydomonas reinhardtii , 
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Munir et al. report the role of the nuclear gene TBC1 in regulating the plastid 

psbC gene that encodes CP43. 

Absorption of photons by intermediate pre-assembly complexes is likely to 

impair biogenesis via the production of reactive oxygen species. This is an 

important topic that has not yet received the full attention it deserves. It has 

long been recognized, however, that cytochrome b 559 , an essential 

component of the PS II reaction center, may function in a protective side 

branch pathway for electron transport ( Rutherford et al., 2012 ). The last 

contribution in this section is a mini review by Chu and Chiu focused on the 

roles of this cytochrome in PS II assembly and photoprotection. 

A broad spectrum of environmental factors influence biogenesis and 

turnover of PS II and four examples are presented in section 5, 

Environmental influences. In the first contribution, Schoffman et al. review 

the impact of iron on the availability of several macro and micro nutrients 

utilized in energy transduction and biochemical catalysis in phytoplankton. 

On a different tack, both chloroplasts and mitochondria retain genomes 

encoding certain proteins belonging to bioenergetic protein complexes (

Allen and Martin, 2016 ). The chloroplast sensor kinase CSK in A. thaliana has

been shown to regulate plastid gene expression in response to the redox 

status of the electron transport chain ( Puthiyaveetil et al., 2008 ). In the 

report by Ibrahim et al. the cyanobacterial homolog of CSK is shown to 

exhibit redox dependent, and Na + ion dependent, phosphoryl group transfer

to two response regulators and this pathway is proposed to control 

photosystem stoichiometry. Environmental factors other than light may 

https://assignbuster.com/editorial-assembly-of-the-photosystem-ii-
membrane-protein-complex-of-oxygenic-photosynthesis/



 Editorial: assembly of the photosystem i... – Paper Example  Page 8

impact on PS II performance by influencing the thylakoid lumen. It has been 

observed that several cyanobacterial mutants lacking different combinations 

of extrinsic PS II proteins are not photoautotrophic at pH 7. 5 and their PS II 

assembly is impaired; however, the cells are photoautotrophic at pH 10 (

Summerfield et al., 2013 ). The perspective provided by Morris et al. 

discusses possible mechanisms for coupling the environmental pH to the 

regulation of PS II assembly and activity in mutants lacking specific PS II 

lumenal proteins. Finally in this section, Bielczynski et al. report the effect of 

high light on antenna organization and show that acclimation to high light in 

A. thaliana results in a reduction in functional antenna size that exceeds the 

actual reduction of antenna proteins. In addition, the authors observed an 

increase in light-harvesting complex II (LHCII) monomers in plants acclimated

to high light but they did not observe a corresponding change in the LHCII 

trimer to monomer ratio during short exposures to light stress. 

The final section of this Research Topic has been reserved for papers 

offeringMethodological and technical considerations. In the opening opinion 

piece of this section Rühle and Leister argue for a synthetic biological 

approach to building PS II using a cyanobacterial chassis that could identify 

the minimal suite of proteins to assemble a functional photosystem. The 

research report by Tichý et al. highlights the genome flexibility of 

Synechocystis sp. PCC 6803 during laboratory cultivation and demonstrates 

that even large chromosomal rearrangements are possible. This study shows

that it is essential to establish that the correct control strain is being 

compared to when analyzing cyanobacterial mutants. In the perspective 

from Rehman et al. the authors demonstrate that the antibioitic 
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chloramphenicol can accept electrons from PS II and transfer them to oxygen

giving rise to superoxide production. Chloramphenicol has been widely used 

in photodamage studies to separate effects on the rate of damage from 

effects on recovery due to protein synthesis. This study therefore suggests 

that caution must be exercised when interpreting photodamage studies in 

the presence of chloramphenicol. The final contribution by Haniewicz et al. 

presents a protocol for isolating different PS II populations in thylakoid 

membranes from tobacco and emphasizes the ability to obtain high yields of 

PS II-LHCII super-complexes. 

Concluding Comment 
Oxygenic photosynthesis first evolved ~3 billion years ago resulting in the 

transition from an anaerobic to an aerobic atmosphere ( Lyons et al., 2014 ). 

This led to the protective ozone layer and the advent of aerobic respiration 

that paved the way for the formation and success of the eukaryotic cell (

Martin et al., 2015 ). The chemistry of PS II is therefore responsible for 

almost all of our planet's biodiversity; however, as noted above, this 

fundamental process comes with a cost. The oxidative chemistry of water 

splitting inescapably produces reactive oxygen species and radicals that 

damage PS II and require the photosynthetic machinery to be continually 

renewed ( Vass, 2012 ; Nishiyama and Murata, 2014 ). As the examples in 

this Research Topic show, in addition to de novo biogenesis, PS II possesses 

a self-healing cycle leading to the rate of repair keeping pace with the rate of

light-induced photodamage. Environmental conditions, such as extreme 

temperatures or excessive light levels, can tip the balance such that repair 

cannot keep up with damage leading to reduced photosynthetic yields (
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Murata et al., 2007 ). A deeper understanding of how plants repair PS II to 

prolong the lifetime of the enzyme will provide new approaches to the design

of hardier crop plants. Alongside this, studies of PS II biogenesis will deepen 

our understanding of how the catalytic oxygen-evolving center is assembled 

and provide novel insight into the origin and evolution of oxygenic 

photosynthesis. These avenues of research will also inform the design of 

biomimetic systems for the production of hydrogen fuel and electrons from 

water ( Blankenship et al., 2011 ; Najafpour et al., 2016 ). Current projections

of population growth indicate we will reach 8. 5 billion by 2, 030 and exceed 

11 billion by 2, 100 ( United Nations, 2015 ). Research into the assembly of 

PS II will directly contribute to our food and energy security and benefit these

future generations. 
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