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ABSTRACT 

Phosphorylation of the core subunits of photosystem II (PSII) is largely governed by a protein kinase and 

an antagonistic protein phosphatase. In plants the respective mutants show alterations in the 

architecture of thylakoid membranes and in the repair of PSII after photo-inhibition. However the 

protein kinase targets several subunits of PSII, as well as other proteins. To specifically investigate the 

role of phosphorylation of the different PSII subunits, we used site-directed mutagenesis and chloroplast 

transformation in Chlamydomonas reinhardtii. Major, evolutionarily-conserved sites of phosphorylation 

in three components of PSII (CP43, D2 and PsbH) were mutated to replace the corresponding serine or 

threonine residues with alanine. The alanine substitution mutant of D2 had no apparent phenotype, 

while the mutant of CP43 presented a minor delay in recovery from photo-inhibition. Alanine 

substitutions of the phosphorylation sites in PsbH had significant effects on the accumulation of PSII or 

on its recovery from photo-inhibition. When mutations in two of the target subunits were combined 

through a second cycle of chloroplast transformation, the strongest phenotype was observed in the 

mutant lacking phosphorylation of both PsbH and CP43, which showed delayed recovery from photo-

inhibition. Surprisingly this phenotype was reversed in the mutant defective for phosphorylation of all 

three subunits. Our analysis indicates a prominent role for the N-terminus of PsbH in the stable 

accumulation of PSII and of PsbH phosphorylation in its repair cycle. 

SIGNIFICANCE STATEMENT 

To specifically investigate the role of PSII phosphorylation, alanine-substitution mutants of the major 

phospho-sites in the subunits of PSII were generated individually or in combinations using chloroplast 

transformation. PSII assembly was defective in some of the PsbH mutants. PSII repair after photo-

inhibition was delayed most strongly in the mutant lacking phosphorylation of both PsbC (CP43) and 

PsbH. 
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INTRODUCTION 

Protein phosphorylation is a post-translational protein modification that plays important roles in the 

regulation of photosynthesis (Allen 1992). Some components of the photosynthetic machinery are 

prominent because of their abundance and their high degree of phosphorylation (Bennett 1980, Bennett 

1984). These include components of Light Harvesting Complex II (LHCII) as well as subunits of the core of 

Photosystem II (PSII) such as PsbA (D1), PsbC (CP43), PsbD (D2) and PsbH, (Vener et al. 2001). The 

degree of phosphorylation of these proteins changes in response to environmental clues, notably the 

intensity and spectral quality of light, or in response to the metabolic state of the cell (Aro and Ohad 

2003, Grieco et al. 2016, Wollman 2001). These changes reflect the role of protein phosphorylation in 

the regulation of light harvesting, of photosynthetic electron flow, and of the architecture of the 

thylakoid membrane network (Rochaix 2014). In plants the main enzymes that control thylakoid protein 

phosphorylation are the protein kinases STN7 and STN8 (STATE TRANSITION 7 and STATE TRANSITION 

8), and the protein phosphatases PPH1/TAP38 (PROTEIN PHOSPHATASE 1 / THYLAKOID ASSOCIATED 

PHOSPHATASE 38) and PBCP (PHOTOSYSTEM II CORE PHOSPHATASE) (Bellafiore et al. 2005, Bonardi et 

al. 2005, Depege et al. 2003, Pribil et al. 2010, Samol et al. 2012, Vainonen et al. 2005). Although there is 

some degree of overlap in their substrate specificities, STN7 and PPH1/TAP38 mainly determine the 

phosphorylation of LHCII, while STN8 and PBCP primarily regulate the phosphorylation of the PSII core in 

Arabidopsis. Nevertheless it is only in the double mutant stn7stn8 that phosphorylation of the major 

thylakoid proteins is minimal, while residual phosphorylation can be observed in the single mutants of 

the two kinases (Bonardi, et al. 2005). 

The photosynthetic electron transfer chain is embedded in the thylakoid membranes of the chloroplast 

(Eberhard et al. 2008). In the linear mode of electron flow, PSII and Photosystem I (PSI) work in series to 

oxidize water and reduce ferredoxin (Fd). The reducing equivalents from Fd can then drive the 

conversion of NADP
+
 to NADPH, or be used in other metabolic pathways. The proton gradient that is 

concomitantly accumulated energizes ATP synthase, to produce ATP from ADP and Pi. In plants and 

green algae, light capture by PSI and PSII is enhanced by the respective light harvesting complexes LHCI 

and LHCII. In Chlamydomonas reinhardtii, dimers of PSII form supercomplexes by associating with 

monomeric “minor” LHCII subunits (LHCB4 and LHCB5) and LHCII trimers composed of a variety of 

isoforms (LHCBM1 to LHCBM9)(Drop et al. 2014). In plants such as Arabidopsis, the PSII supercomplex 

contains three types of monomeric LHCII, and trimers of three isoforms (Lhcb1, Lhcb2 and Lhcb3)(Galka 

et al. 2012, Su et al. 2017). In the alga, PSI forms supercomplexes by binding ten LHCI antenna subunits 

(Kubota-Kawai et al. 2019, Ozawa et al. 2018), while in plants the PSI-LHCI supercomplex contains only 

four LHCI subunits (Mazor et al. 2015). 

In both plants and green algae such as C. reinhardtii (hereafter Chlamydomonas) a mobile part of LHCII 

can serve as an antenna for either PSII or PSI. Under low light its dynamic distribution is reflected in 

state transitions, a mechanism that regulates the allocation of LHCII to the two photosystems and 

maintains the redox poise of the electron transfer chain (Allen 1992, Rochaix 2014, Wollman 2001). 

Under high light, the energy-dependent component of non-photochemical quenching (qE) takes a major 

role in the regulation of photosynthetic electron flow by favoring the dissipation of excess energy as 

heat (Allorent et al. 2013, Ebenhoh et al. 2014, Niyogi 1999). 
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The phosphorylation of LHCII is a key determinant of state transitions. The protein kinases STT7 (in 

Chlamydomonas where it was first identified) or STN7 (in Arabidopsis) catalyze the phosphorylation of 

the mobile part of LHCII and induce its binding to PSI (Bellafiore, et al. 2005, Depege, et al. 2003). In 

conditions promoting state 2, when the electron transfer chain is over-reduced, the protein kinase is 

activated by the docking of reduced plastoquinol at the Qo site of cytochrome b6f complex (Dumas et al. 

2017, Vener et al. 1997, Zito et al. 1999). In plants, the Lhcb1 and Lhcb2 subunits of trimeric LHCII are 

the major substrates of STN7, and are phosphorylated on Thr residues close to their N-terminus 

(reviewed by (Pesaresi et al. 2011)). Phosphorylation of the Lhcb2 isoform is a central determinant for 

the binding of LHCII trimers to PSI and the formation of stable PSI-LHCI-LHCII super-complexes (Crepin 

and Caffarri 2015, Longoni et al. 2015, Pan et al. 2018). Recent evidence suggests that multiple LHCII 

trimers may bind PSI-LHCI at more than one site (reviewed by (Johnson and Wientjes 2019)). Under 

conditions where the PQ pool is oxidized that favor state 1, the protein phosphatase PPH1/TAP38 

dephosphorylates LCHII and promotes the binding of the mobile trimers of LHCII to PSII (Pribil, et al. 

2010, Shapiguzov et al. 2010). Thus phosphorylation of LHCII regulated by the antagonistic activities of 

STN7 and PPH1/TAP38 maintains a homeostatic redox poise of PQ and PQH2, by adjusting the antenna 

cross sections of PSII and PSI (Goldschmidt-Clermont and Bassi 2015).  

While the role of LHCII phosphorylation is relatively well understood, less is known on the physiological 

function of PSII phosphorylation. In Arabidopsis, phosphorylation of the core subunits of PSII is mainly 

governed by the protein kinase STN8 and the phosphatase PBCP (Nath et al. 2013, Samol, et al. 2012, 

Vainonen, et al. 2005). However it is important to bear in mind that STN8 is involved in the 

phosphorylation of proteins other than the core subunits of PSII (Armbruster et al. 2013, Betterle et al. 

2017, Reiland et al. 2011, Schonberg et al. 2017, Vainonen et al. 2008). The mutants stn8 and pbcp show 

an altered organization of thylakoid membranes. In stn8, and particularly in the double mutant stn7stn8, 

the diameter of the thylakoid grana is larger compared to the wild type (Fristedt et al. 2009, Iwai et al. 

2018, Nath, et al. 2013). In contrast in the pbcp phosphatase mutant, the diameter of the grana is similar 

to the wild type, but the number of membrane layers in grana stacks is reduced (Samol, et al. 2012). 

State transitions are not affected in the stn8 or pbcp mutants (Bonardi, et al. 2005, Samol, et al. 2012). 

Light causes damage to PSII, and in conditions where the rate of damage exceeds the rate of repair, 

photo-inhibition becomes apparent. The primary site of PSII damage is the D1 subunit (PsbA), which can 

be selectively degraded and replaced by a newly synthetized subunit (Schuster et al. 1988). Because PSII 

localizes to the stacked grana regions, and repair takes place in the stroma-exposed lamella, the repair 

cycle is thought to involve the dismantling of PSII super-complexes and the migration of damaged PSII 

from grana to stromal lamellae (reviewed by (Aro et al. 2005, Jarvi et al. 2015, Komenda et al. 2012, 

Theis and Schroda 2016)). The stn8 and pbcp mutants show enhanced sensitivity to photo-inhibition and 

delayed repair of damaged PSII (Nath, et al. 2013, Puthiyaveetil et al. 2014b, Tikkanen et al. 2008). To 

explain these phenotypes of stn8 and pbcp there are two main types of hypotheses, which are not 

mutually exclusive. The first is that changes in thylakoid membrane stacking due to altered 

phosphorylation of the targets of STN8 and PBCP could influence the efficiency of repair indirectly, by 

modulating the access of damaged PSII to the repair machinery (Fristedt, et al. 2009, Puthiyaveetil et al. 

2014a, Puthiyaveetil et al. 2017). Phosphorylation could also affect the lateral mobility of thylakoid 
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proteins within the membrane network (Goral et al. 2010, Herbstova et al. 2012). The alternative type of 

hypotheses propose that the sensitivity to photoinhibition of stn8 and pbcp could be due to a direct 

requirement for PSII protein phosphorylation and subsequent de-phosphorylation in the repair cycle of 

the D1 subunit (Baena-Gonzalez et al. 1999). Biochemical analysis of photoinhibition in intact plant 

chloroplasts or isolated thylakoids showed that phosphorylated D1 and D2 are degraded more slowly 

than the non-phosphorylated forms (Ebbert and Godde 1996, Koivuniemi et al. 1995). Degradation of 

damaged D1 involves chloroplast proteases of the FtsH and Deg families (Bailey et al. 2002, Kapri-Pardes 

et al. 2007, Kato and Sakamoto 2009, Lindahl et al. 2000, Malnoe et al. 2014). In the var2 mutant of 

Arabidopsis, which is deficient for the protease FtsH2 and hyper-sensitive to photoinhibition, 

phosphorylation of D1 is increased and its degradation is delayed (Kato and Sakamoto 2014). However 

these phenotypes are suppressed in the double mutant var2 stn8, implicating a role for protein 

phosphorylation in the control of D1 degradation.  

In Chlamydomonas, the major phosphorylated subunits of PSII were originally identified by labelling in 

vivo with 
32

P-phosphate, or by immuno-blotting with antisera against phospho-threonine (de Vitry et al. 

1991, Delepelaire 1984, Delepelaire and Wollman 1985). Subsequently numerous phosphorylation sites 

in the subunits of PSII were identified by mass spectrometry (reviewed by (Grieco, et al. 2016)). After 

labelling with radioactive 
32

P-phosphate, the major phosphoproteins of PSII were found to be PsbC 

(CP43), PsbD (D2) and PsbH (de Vitry, et al. 1991, Delepelaire 1984). D1 phosphorylation was not 

detected by 
32

P-phosphate labelling, although it was observed by mass spectrometry (Turkina et al. 

2006, Wang et al. 2014). In contrast D1 is a major phosphoprotein in seed plants (Chen et al. 2018, 

Pursiheimo et al. 1998), but not in the moss Physcomitrella patens (Gerotto et al. 2019). In 

Chlamydomonas the extent of phosphorylation of most of these proteins is not known, with the 

exception of D2. Its phosphorylated form, which migrates slightly more slowly during SDS-PAGE, is more 

abundant than the non-phosphorylated form under certain conditions, indicating that the protein can 

undergo a large degree of phosphorylation (Delepelaire 1984).  

Many studies on the role of PSII phosphorylation are based on the phenotypes of stn8 and pbcp, with 

the tacit assumption that the mutant phenotypes are due to the altered phosphorylation of the core 

subunits of the complex. However phosphorylation of different subunits of PSII could have distinct 

functions. Furthermore phospho-proteomic studies have shown that there exist other targets of STN8 

(Reiland, et al. 2011, Schonberg, et al. 2017). Examples of putatively relevant phosphorylation targets 

include the members of the CURT1 (CURVATURE THYLAKOID 1) protein family, which have strong effects 

on thylakoid architecture and are thought to facilitate membrane bending at the edges of grana stacks 

(Armbruster, et al. 2013). CAS (Calcium Sensor) phosphorylation might also have an effect, as the 

protein is involved in the regulation of qE in Chlamydomonas and is known to be a target of STN8 in 

Arabidopsis (Petroutsos et al. 2011, Vainonen, et al. 2008). Here we directly address the role of 

phosphorylation of the individual PSII core subunits in Chlamydomonas by using chloroplast 

transformation for site-directed mutagenesis of the major phosphorylation sites. We also examine the 

effect of cumulating mutations in two or three of the major phosphorylated subunits. 
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RESULTS 

Site-directed mutagenesis of the major phosphorylation sites in PSII 

For our investigations we selected five phosphorylation sites in three PSII subunits (Table 1), using 

criteria of strong phosphorylation and evolutionary conservation. For PsbC in Chlamydomonas, 

phosphorylation was most frequently observed at Thr3 (Lemeille et al. 2010, Turkina, et al. 2006, Wang, 

et al. 2014), and furthermore phosphorylation at this site was conserved during evolution of higher 

plants (reviewed by (Grieco, et al. 2016)), hence it was selected as a target of our analysis (Table 1). Two 

amino-acid residues of PsbC are removed post-translationally from its N-terminus, so that in the mature 

protein Thr3 is the N-terminal residue, which can furthermore be acetylated. Likewise for D2 (PsbD) 

Thr2 was selected for our analysis, as its phosphorylation was repeatedly observed and was 

evolutionarily conserved in higher plants (Grieco, et al. 2016, Lemeille, et al. 2010, Turkina, et al. 2006, 

Wang, et al. 2014). After post-translational processing, Thr2 is the N-terminal residue and can be 

acetylated. Phosphorylation of PsbH, also known as the phosphoprotein of 9 or 10 kDa, is more 

complex. In Chlamydomonas three sites of phosphorylation have been observed at Thr3, Thr5 and Ser6. 

Only di-phosphorylated peptides were observed, at Thr3 and Thr5, or at Thr3 and Ser6 (Lemeille, et al. 

2010, Wang, et al. 2014). Phosphorylation at two of these sites, Thr3 and Thr5, was conserved during 

evolution in higher plants, where mono-phosphorylation at Thr3 and di-phosphorylation at Thr3 and 

Thr5 were observed (reviewed by (Grieco, et al. 2016)). However the third site, Ser 6, is replaced by Val 

in higher plants (Table 1). In contrast to seed plants, in Chlamydomonas D1 is not strongly 

phosphorylated and was therefore not included in this study. 

To investigate the role of protein phosphorylation at these major phosphorylation sites in PsbC, PsbD 

and PsbH, we generated site-directed mutants where the respective Thr or Ser residues were changed 

to Ala, a residue which cannot be phosphorylated (Table 1). Similar mutants of some of the 

phosphorylation sites have been previously described, namely Thr2 of PsbD (Andronis et al. 1998, 

Fleischmann and Rochaix 1999) and Thr3 of PsbH (O'Connor et al. 1998). A mutation of D2 was included 

in our analysis for completeness, and to allow the construction of lines combining several phospho-site 

mutations. For PsbH, we designed a mutant lacking all three phosphorylation sites, and three other 

mutants each retaining only one of the phosphorylation sites (Table 1). To facilitate the description of 

the mutants in this report, we have adopted shorthand acronyms where the mutated gene is designated 

with a single capital letter, such as C for PsbC. This is followed by a superscript indicating whether the 

encoded Thr or Ser residue is wild-type (uppercase T or S) or has been mutated to Ala (lowercase a). For 

example the mutant of psbC that encodes a protein where Thr2 is replaced by Ala (PsbC T2A) is 

abbreviated C
a
, while the corresponding control with the wild-type sequence is C

T
. For psbH, the three 

residues at the positions of Thr3, Thr5 and Ser6 are listed sequentially in the superscript. For example a 

mutant line with psbH mutated to encode two Ala residues in place of Thr3 and Ser6, but retain wild-

type Thr5, is annotated H
aTa

. 

For chloroplast transformation, three plasmid vectors were constructed carrying fragments of plastome 

DNA centered on the target sites of directed mutagenesis. To allow selection in Chlamydomonas, the 

aadA marker conferring spectinomycin resistance (Goldschmidt-Clermont 1991) was introduced in a 

non-coding region either upstream (psbC, psbD) or downstream (psbH) of the target gene (Fig 1). The 
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aadA cassette was flanked by direct repeats (483 bp), so that the marker would be excisable through 

spontaneous homologous recombination (Fischer et al. 1996). The desired mutations were engineered 

into the transformation vectors (Supplemental Fig S1 and Table S1), which were then used for biolistic 

transformation of wild-type C. reinhardtii. The resulting transformants were repeatedly sub-cultured on 

selective spectinomycin-containing medium until genotyping showed that homoplasmy had been 

obtained (Supplemental Figs S2 and S3). The lines were then sub-cultured on medium lacking 

spectinomycin, to allow excision and loss of the aadA cassette, leaving behind only one copy 

(“footprint”) of the 483 bp repeat. The excision of the aadA cassette, verified by genotyping, allowed a 

second round of transformation to generate mutant combinations with alanine substitutions at two 

chloroplast loci (see below and Supplemental Fig S4). A third round of chloroplast transformation was 

finally used to obtain mutant lines with alanine substitution mutations at all three loci of interest. In all 

cases, control transformed lines carrying only 483 bp footprints at the corresponding loci, but with wild-

type gene sequences, were obtained in parallel for direct comparisons in isogenic backgrounds. 

Mutations of the phosphorylation sites in PsbH affect PSII accumulation 

The lines with alanine substitutions in PsbC, PsbD or PsbH and the corresponding controls were tested 

for their ability to grow on acetate-containing medium (TAP) in the dark, and on minimal medium (HSM) 

in the light (Suppl. Fig S5). All the strains were capable of heterotrophic growth in the dark as expected. 

The alanine-substitution mutants in PsbC (C
a
) and D2 (D

a
) grew photo-autotrophically on minimal 

medium similar to the wild type or the controls C
T
 and D

T
 (Supplemental Fig S5). This indicates that 

phosphorylation at Thr3 of CP43 or Thr2 of D2 is not essential for photosynthesis. Of the three PsbH 

mutants retaining only one phosphorylation site, H
aaS

 and H
Taa

 and the control H
TTS 

grew normally on 

minimal medium while in contrast H
aTa

 grew only very slowly. The triple mutant of PsbH (H
aaa

) failed to 

grow photo-autotrophically. These observations suggest that Thr3 and Ser6 have a redundant but 

essential function for photosynthesis that cannot be fully compensated by Thr5.  

To monitor the activity of PSII, we used chlorophyll fluorescence spectroscopy and measured the 

maximum quantum yield of PSII (Fv/Fm) in the dark-adapted state and its quantum efficiency (ΦPSII) at 

different light intensities (Fig. 2A) (Maxwell and Johnson 2000). For this analysis the cells were grown on 

acetate-containing medium in the dark. All the control lines as well as C
a
, D

a
 and H

aaS
 had a maximum 

quantum yield similar to the wild type (Fv/Fm = 0.65 ~ 0.70). In contrast, H
aaa

 and H
aTa

 had very low 

values, consistent with their failure to grow photoautotrophically (Suppl. Fig. S5). Unexpectedly, H
Taa

 

was strongly affected, with Fv/Fm = 0.28, although it was capable of normal growth on minimal medium 

in the light. However when H
Taa

 was cultivated in the light (60 μE m
-2

 s
-1

), it had an Fv/Fm value of 0.70 

(Fig S6). It thus appears that after cultivation in the light H
Taa

 is photosynthetic with active PSII, but that 

after cultivation in the dark its PSII complex is either partly inactive, or less abundant relative to LHCII. 

Data presented in the next paragraph argue in favor of the latter alternative. The quantum efficiency of 

PSII was measured at three levels of light intensity in those lines that retained significant or normal 

values of Fv/Fm after growth in the dark (Fig. 2B). The mutants C
a
, D

a
 and H

aaS
 had ΦPSII values similar 

to the controls, while H
Taa

 had lower values that paralleled its defect in Fv/Fm. 
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Light-dependent assembly of PSII in the HTaa mutant of PsbH  

The accumulation of PSII and other thylakoid protein complexes was monitored in total protein extracts 

by SDS-PAGE and immunoblotting (Fig 3). A mutant deficient for the D1 subunit (Fud7, (Bennoun et al. 

1986)) was also included as the absence of this core subunit of PSII also destabilizes the entire complex. 

For this analysis the mutant lines and controls were grown in the dark. The immunoblots were 

decorated with antisera against the mutated subunit (CP43, D2 or PsbH respectively) as well as D1 

(representative of PSII), PsaA (PSI), Lhcbm5 (LHCII) and AtpB (ATP synthase). The control strains and the 

C
a
, D

a
 and H

aaS
 mutants had normal amounts of the PSII subunits, and also of the components of the 

other complexes. Instead H
aaa

 and H
aTa

 had undetectable amounts of PsbH and very low levels of D1. 

Nevertheless they accumulated the other photosynthetic complexes to normal levels. Thus in these two 

genotypes PSII is specifically absent. Dark-grown H
Taa

 had only low levels of PsbH and D1 (approx. 30% of 

the wild type), while light-grown H
Taa 

displayed levels of these subunits similar to the wild type or the 

H
TTS

 control. These observations are consistent with the respective values of Fv/Fm (Fig 2 and 

Supplemental Fig S6) after cultivation in the dark (0.28) or in the light (0.70). They imply that PSII 

accumulation is affected in dark-grown H
Taa 

but that this defect is alleviated in the light.  

Thus the question arises whether in H
Taa 

the lower accumulation of PSII in the dark was due to a defect 

in its assembly or to an increase in its proteolytic turnover. To distinguish these alternatives, cultures of 

H
Taa

 and of H
TTS

 controls were grown in the light, so that they accumulated wild-type levels of PSII, and 

were then transferred to the dark in the presence or absence of inhibitors of chloroplast translation 

(lincomycin and chloramphenicol) which prevent de novo synthesis and assembly of PSII, for lack of its 

chloroplast-encoded subunits. The fate of PSII in the dark was monitored by chlorophyll fluorescence 

analysis and by immunoblotting. The maximum quantum yield of PSII (Fv/Fm) in the control remained 

stable over two days in the absence of the inhibitors, and slowly decreased in their presence (Fig 4A). 

The same diminution as in the inhibitor-treated control was observed in H
Taa

, in the presence or absence 

of inhibitors. Thus in the H
Taa

 mutant, PSII that was assembled in the light declined in the dark at the 

same rate as in the control with inhibitors. Monitoring the amount of the D1 subunit of PSII by 

immunoblotting gave similar results (Fig 4B,C). In the dark without the inhibitors, the control maintained 

constant levels of D1, while they gradually declined in the H
Taa 

mutant. In the presence of inhibitors, the 

amount of D1 dropped faster, and with similar rates in the two genotypes. These data strongly suggest 

that for H
Taa

, the reduced Fv/Fm and lower levels of PSII in the dark are due to a defect in de novo 

assembly of PSII and not to its destabilization. 

Recovery from photo-inhibition is delayed in some of the phosphorylation mutants 

PsbH harbors three major phosphorylation sites, and we sought to determine its degree of 

phosphorylation in the alanine substitution mutants using Phos-tag gel electrophoresis (Fig. 5). Phos-tag 

can be covalently incorporated into the polyacrylamide matrix and chelate divalent cations such as Zn
2+

, 

which in turn interact with phosphate groups (Kinoshita et al. 2009). Thus in Phos-tag gels, the migration 

of phosphorylated proteins is retarded compared to the non-phosphorylated form. After 

immunoblotting, the relative signals of the different forms denote the degree of phosphorylation of the 

protein. A wild-type culture was grown in the dark, and aliquots were either maintained in the dark (D) 

or transferred to low light (LL, 6 μE m
-2

 s
-1

), moderate light (ML, 60 μE m
-2

 s
-1

) or high light (HL, 250 μE m
-
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2
 s

-1
) for 1 hour. After Phos-tag PAGE of the protein extracts, two bands were detected. As a marker for 

the migration of the non-phosphorylated form, a sample was treated with a non-specific protein 

phosphatase prior to electrophoresis (λ phosphatase). The lower band migrated at the same size as a 

band detected in the sample treated with phosphatase, indicating that it corresponds to a non-

phosphorylated form. The ratio of the signal between the higher band and the lower one indicated that 

the maximum degree of phosphorylation was observed in the culture transferred to moderate light. 

Those alanine substitution lines that do accumulate PSII were retained for the analysis (H
Taa

 and H
aaS

), 

using cultures that were grown in low light (to allow PSII accumulation in H
Taa

), dark-adapted for 1h and 

then transferred to moderate light for 1 hour to maximize PsbH phosphorylation. Compared to the 

strong phosphorylation of PsbH in the wild type and in the H
TTS 

control, phosphorylation was much lower 

in H
Taa

, and no phosphorylation was detected in the H
aaS

 mutant. Hence for further analysis we selected 

H
aaS

 because it has undetectable phosphorylation while retaining normal amounts of PSII, together with 

C
a
 and D

a
. 

To determine whether protein phosphorylation plays a role in the repair cycle of the PSII, we analyzed 

photoinhibition in the alanine substitution mutants (Fig 6). Cells were grown in the dark, transferred to 

photoinhibitory light (1450 μE m
-2

 s
-1

) for 30 minutes and then allowed to recover in dim light (15 μE m
-2

 

s
-1

) for 120 minutes. Photoinhibition was monitored by using chlorophyll fluorescence spectroscopy to 

determine the maximum quantum yield of PSII (Fv/Fm) at different time points. As a control for strong 

photoinhibition, we used the ftsh mutant which is deficient in a key protease of the PSII repair cycle 

(Malnoe, et al. 2014). At the end of the photoinhibitory treatment, Fv/Fm in the wild type dropped to 

20% of its original value, and rapidly recovered in dim light to more than 80% of its initial value. In 

contrast Fv/Fm dropped to a very low level in ftsh (< 10% of the initial value) and failed to recover in dim 

light (Fig 6A). Photoinhibition and recovery were not significantly different in D
a
 and the D

T
 control (Fig 

6B; p=0.835 in repeated measures ANOVA between the two genotypes), while a small delay was 

observed in the recovery of C
a
 compared to C

T
 (Fig 6C; p=0.0103), and a more significant delay for H

aaS
 

compared to H
TTS

 (Fig 6D; p=0.0015). 

Although phosphorylation of CP43 and D2 was highly conserved during evolution, it was somewhat 

surprising that the individual alanine substitution mutants of these proteins had no strong phenotype. 

For PsbH, some mutants were strongly affected in the accumulation of PSII, while H
aaS 

had normal 

amounts but showed delayed recovery after photo-inhibition. Therefore to further investigate the role 

of phosphorylation in the repair of PSII, we analyzed lines with combined mutations in two of the target 

proteins (C
a
D

a
, C

a
H

aaS
 and D

a
H

aaS
), as well as lines with mutations in all three subunits (C

a
D

a
H

aaS
). The 

matching control lines carried the 483bp footprints at the respective loci. Immunoblotting with anti-

phospho-threonine showed that phosphorylation of CP43 and PsbH is severely affected in the triple 

mutant genotype (Suppl. Fig S7), indicating as expected that the major phosphorylation sites of these 

proteins have been altered. Phosphorylation of D2 could not be assessed, as it migrated together with 

components of LHCII, but substitution of Thr2 with Ala was previously shown to abolish D2 

phosphorylation (Fleischmann and Rochaix 1999). Growth tests showed that all lines were capable of 

photoautotrophic growth on minimal medium similar to the wild type and the controls (Suppl. Fig. S5). 

Immunoblotting with representative subunits indicated that the thylakoid complexes PSII, PSI, LHCII and 
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ATP synthase are present in normal amounts in all the lines (Fig. 7). The parameters Fv/Fm and ΦPSII 

were also similar to those of the wild type in all the lines, indicating that PSII activity is not strongly 

affected (Fig. 8). 

In photoinhibition experiments, the double mutant C
a
D

a
 was not distinguishable from its control C

T
D

T
 

(Fig 9A; p=0.77 in repeated measures ANOVA between the two genotypes). The double mutant D
a
H

aaS
 

showed a small delay in recovery compared to D
T
H

TTS
 (Fig 9B; p=0.0005), similar to the delay observed in 

the H
aaS

 single mutant. However in the double mutant C
a
H

aaS
, a small increase in the rate of 

photoinhibition and a strong retardation of recovery were observed in comparison to the C
T
H

TTS
 control 

(Fig 9C; p=0.0001). To investigate whether these differences in C
a
H

aaS
 reflected changes in the sensitivity 

to photoinhibition or in the repair of photodamage, the kinetics of photoinhibition were compared in 

the presence or absence of chloroplast translation inhibitors (lincomycin and chloramphenicol, Suppl. 

Fig. S8). In the absence of chloroplast translation, damaged D1 subunits cannot be replaced by de-novo 

synthetized ones, so that the repair of PSII is deficient. The difference in the rate of photoinhibition 

between C
a
H

aaS 
and C

T
H

TTS
 which was apparent in the absence of inhibitor was clearly reduced in the 

presence of the translation inhibitors. Thus the difference observed in the absence of the inhibitors 

largely reflects repair activity occurring already during the photoinhibitory treatment in C
T
H

TTS
 but not in 

C
a
H

aaS
. These data indicate that it is mainly the repair of PSII rather than its photo-inactivation which is 

modified by the combined alanine substitutions. Surprisingly, in the triple mutant C
a
D

a
H

aaS
 the 

phenotype observed in double mutant C
a
H

aaS
 was no longer apparent, as the triple mutant showed rates 

of photoinhibition and recovery that were not significantly different from the control C
T
D

T
H

TTS
 (p=0.854 

in ANOVA between the two genotypes). 

DISCUSSION 

In the interpretation of the phenotypes of the alanine substitution mutants, it is important to consider 

whether they are due to the lack of phosphorylation, or to a structural change imparted on the protein 

by the substitution of a hydroxylated threonine or serine residue with a hydrophobic alanine. 

Phosphorylation of the PSII core subunits CP43, D2 and PsbH occurs at or near the N-terminus of the 

mature proteins. This is a region of low structural constraint that is not resolved in the cryo-EM 

structures of PSII (Table 1), suggesting that the mutations should not have a major effect on the 

structure of PSII. Indeed for CP43 and D2 the alanine substitutions must have minimal deleterious 

structural consequences, because the mutants C
a
 and D

a
 do not show any significant phenotype. 

However for PsbH, it should be considered whether the alanine substitutions could have damaging 

effects on the structure of PSII. From the normal PSII accumulation and quantum yield of H
aaS

 and H
Taa

 

grown in the light, it appears that none of the three residues is individually essential. Furthermore these 

same two mutants show that the presence of two additional hydrophobic alanine residues can be 

tolerated in the N-terminal domain, which normally already contains one alanine. That the presence of 

three supernumerary alanines could be structurally detrimental remains a possibility which cannot be 

excluded since H
aaa

 accumulates only low levels of PSII proteins. For these reasons, in our analysis of 

photoinhibition we used only lines that accumulated normal levels of fully active PSII, so that the 

phenotypes we observed could be ascribed to the lack of phosphorylation rather than to structural 

defects. 
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Although phosphorylation of the PSII core subunits CP43 and D2 at their N-terminus was conserved 

during evolution (reviewed by (Grieco, et al. 2016)), the C
a
 and D

a
 mutants did not exhibit any significant 

phenotype in their photoautotrophic growth or quantum yield of PSII, and C
a
 presented only a minor 

susceptibility to photoinhibition and subsequent recovery. Similar observations were previously 

reported for the D
a 

mutant (Andronis, et al. 1998, Fleischmann and Rochaix 1999). Thus phosphorylation 

of CP43 or D2 is not essential for photosynthesis, at least under normal laboratory conditions. In 

contrast some alanine substitutions of the phosphorylation sites in PsbH had much more drastic effects 

on the stable accumulation of PSII and affected recovery from photoinhibition. Simultaneous mutation 

of all three sites (Thr3, Thr5 and Ser6) led to a nearly complete loss of PSII in the H
aaa

 mutant, similar to 

the deletion mutant ΔpsbH. In H
aTa

, the presence of only Thr5 was not sufficient to fully rescue this 

phenotype, indicating a crucial role for Thr3 and Ser6 that cannot be compensated by Thr5 alone. 

However the presence of only Ser6 (H
aaS

) was sufficient to restore PSII accumulation and activity to wild-

type levels. This is consistent with the previous report that a mutant corresponding to H
aTS

 had no major 

photosynthetic phenotype (O'Connor, et al. 1998).Furthermore the presence of Thr3 (H
Taa

) was also 

sufficient during growth in the light, suggesting that Thr3 and Ser6 show some redundancy in their 

function. However during growth of H
Taa

 in the dark the accumulation of PSII was only partial. When 

light-grown H
Taa

, containing normal amounts of PSII, was transferred to the dark in the presence of 

protein synthesis inhibitors, the half-life of PSII was similar in the mutant and in the control H
TTS

. Thus 

the reduced accumulation of PSII in H
Taa

 grown in the dark seems to be due to a difference in assembly 

rather than in degradation. While a defect in translation initation cannot be ruled out, this seems 

unlikely since the mutation affects a nucleotide which is 13 bases downstream of the AUG start codon. 

Hence the differences in the phenotypes of H
Taa

 in the light versus the dark point to a requirement for 

light in the assembly of PSII in this mutant, through an unknown mechanism which it would be 

interesting to unravel in future investigations. Taken together, our results point to a central role of PsbH 

and its amino-terminal domain in the assembly or stability of PSII. 

The mutant retaining only Ser6 (H
aaS

) is competent for assembly and maintenance of active PSII, while 

the mutant further lacking this serine (H
aaa

) is not. However using Phos-tag gel electrophoresis and 

immunoblotting, we could not detect any phosphorylation of PsbH in H
aaS

. We can offer two hypotheses 

to possibly explain these observations. One is that phosphorylation of Ser6 could depend on the prior 

phosphorylation of Thr3 or Thr5, consistent with the detection of only di-phosphorylated peptides by 

mass spectrometry (Lemeille, et al. 2010, Wang, et al. 2014). This would imply that phosphorylation of 

PsbH would not be strictly required for assembly and stable PSII accumulation. The other hypothesis is 

that Ser6 might be only very transiently phosphorylated during PSII assembly, so that phosphorylation of 

this residue is not detectable at steady state. In fact the latter hypothesis might be extended to the D1 

subunit of Chlamydomonas, which was not detectably phosphorylated after 
32

P labelling (de Vitry, et al. 

1991, Delepelaire 1984), although its phosphorylation could be observed by mass spectrometry 

(Turkina, et al. 2006, Wang, et al. 2014). In plants it has been proposed that D1 undergoes a 

phosphorylation and de-phosphorylation sequence during PSII repair (Baena-Gonzalez, et al. 1999). Thus 

it cannot be ruled out that in Chlamydomonas the phosphorylation of D1 might be too low and transient 

to allow its detection by 
32

P labelling at steady state in the presence of other strongly phosphorylated 

proteins.  
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Sensitivity to photo-inhibition and subsequent recovery was not measurably affected in the individual 

mutant of D2 (D
a
), indicating that phosphorylation of this residue is not essential in the repair cycle of 

PSII, while the mutant of CP43 (C
a
) showed a small delay in recovery. The recovery from photo-inhibition 

was affected in the H
aaS

 mutant of PsbH, and most strongly so in the C
a
H

aaS
 line with the combination of 

mutations in PsbH and CP43. These data indicate that PsbH phosphorylation may play an important role 

in the repair of PSII after photo-inhibition. Surprisingly, the phenotype of C
a
H

aaS
 was suppressed in the 

mutant combination C
a
D

a
H

aaS
 with the additional mutation in D2. Likewise the mild phenotype of C

a
 was 

no longer apparent in the double mutant C
a
D

a
. However the phenotype of D

a
H

aaS 
was not different from 

H
aaS

, suggesting that the suppressive effect of D
a
 is exerted only in the presence of the C

a
 mutation. 

Taken together all these data suggest that phosphorylation of PSII, and in particular of PsbH, has an 

important role in its repair cycle, but that this is not simply an additive effect. There are several ways in 

which phosphorylation of the subunits of PSII could be involved in the repair cycle: indirectly through 

changes in thylakoid architecture, or more directly through changes in the stability of PSII 

supercomplexes, or through altered molecular recognition by some of the numerous actors of repair 

(Jarvi, et al. 2015, Komenda, et al. 2012). The photo-inhibition phenotypes of the mutant lines are 

discussed below in the alternative perspectives of an indirect or direct role of PSII phosphorylation. 

Thylakoid stacking depends on a balance of attractive and repulsive forces that is influenced by protein 

phosphorylation and the negative charges that this entails, as well as by the concentrations of 

monovalent and divalent cations (Puthiyaveetil, et al. 2017). It has been proposed that a minimal 

threshold of phosphorylation is required for thylakoid stacking (Fristedt et al. 2010), but that strong 

phosphorylation increases repulsive electrostatic forces and reduces stacking interactions. In turn 

thylakoid stacking defines domains of the thylakoid network where different steps of the repair cycle are 

thought to occur, namely grana, grana margins and stromal lamellae. Although in Chlamydomonas grana 

are not as distinct, the thylakoid network is also organized in similar domains (Engel et al. 2015, Vallon 

et al. 1985). The PSII complexes and supercomplexes are usually found within the tightly appressed 

membranes of the grana, with little access to players of the repair cycle such as proteases located in the 

grana margins and the translation apparatus at the stromal lamellae (Puthiyaveetil, et al. 2014a). Thus 

phosphorylation of PSII may facilitate repair by loosening the grana, allowing access of damaged PSII to 

the grana margins and facilitating contact with the repair machinery. In this perspective, the 

photoinhibition phenotypes of the mutants might be explained (i) by insufficient phosphorylation for 

electrostatic repulsion and grana unstacking in C
a
H

aaS
, hence its defect in PSII repair, but (ii) by 

phosphorylation below the required threshold in C
a
D

a
H

aaS
, with reduced stacking and easier access of 

the repair machinery. 

Repair of photo-damaged PSII is thought to initiate with the disassembly of PSII-LHCII complexes, to 

facilitate diffusion of PSII to the grana margins and facilitate subsequent steps, such as access of the 

proteases, selective dissociation of some subunits of PSII, and replacement with intact subunits (Jarvi, et 

al. 2015, Komenda, et al. 2012). The dismantling of the PSII-LHCII supercomplexes may be facilitated by 

protein phosphorylation resulting in repulsive electrostatic forces between phosphorylated PSII and 

LHCII (Puthiyaveetil, et al. 2017, Tikkanen, et al. 2008), while monomerization of PSII was proposed to be 

inhibited by phosphorylation (Kruse et al. 1997). The repair of PSII involves a further partial disassembly 
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of PSII monomers with the transient removal of CP43, which might be aided by its de-phosphorylation 

(Baena-Gonzalez, et al. 1999). Furthermore in plants there is biochemical evidence that the degradation 

of D1 and D2 after photo-damage is impeded by their phosphorylation, so that the repair cycle requires 

a step of de-phosphorylation (Ebbert and Godde 1996, Koivuniemi, et al. 1995). There is also genetic 

evidence that phosphorylation by STN8 protects PSII from proteolytic degradation (Kato and Sakamoto 

2014). In this perspective, phosphorylation-induced dissociation of the PSII supercomplexes in C
a
H

aaS
 

might be insufficient for efficient repair, but this defect could be counteracted and thus suppressed by 

the D
a 

substitution in C
a
D

a
H

aaS
 , as the lack of D2 phosphorylation would facilitate recognition by the 

proteolytic machinery. 

As discussed above, both direct and indirect effects of phosphorylation can be invoked to rationalize the 

phenotypes of the phosphorylation-site mutants. These different hypotheses are not mutually exclusive. 

Whatever the mechanisms, our observations in Chlamydomonas suggest that changes in PSII 

phosphorylation may explain at least in part the defects in PSII repair that were observed in the stn8 and 

pbcp mutants of Arabidopsis (Kato and Sakamoto 2014, Puthiyaveetil, et al. 2014b, Tikkanen, et al. 

2008). Furthermore our results indicate that phosphorylation of PSII should not be considered only in 

bulk, and that the phosphorylation of its different subunits may have distinct functions. In particular our 

data reveal a prominent role for phosphorylation of PsbH in PSII assembly and in its repair after photo-

inhibition. 

 

MATERIAL AND METHODS 

Strains and growth conditions  

Chlamydomonas reinhardtii wild type strain 2D+, (a derivative of 137C) was used for chloroplast 

transformation. C. reinhardtii mutants were previously described, Fud7 (Bennoun, et al. 1986), and ftsh 

1.1 Su
-
 (Malnoe, et al. 2014).  

Cells were grown in Tris-acetate-phosphate medium (TAP) in the dark (unless indicated otherwise) or in 

High Salt Minimal medium (HSM) under 60 µE m
-2

 s
-1

 white light from fluorescent tubes (Gorman and 

Levine 1965, Sueoka 1960). They were collected for analysis during the exponential growth phase (2.10
6
 

cells.mL
-1

). When stated, inhibitors of the chloroplast translation machinery, lincomycin and 

chloramphenicol, were added to the culture at a concentration of 500 and 100 μg mL
-1

 respectively. 

DNA constructs and site-directed mutagenesis 

Plasmid pAR1-psbH/aadA was obtained by ligation of the recyclable aadA selection cassette (as a MluI-

MluI fragment) (Fischer, et al. 1996, Goldschmidt-Clermont 1991) into the MluI site of plasmid p41 

(which contains the 3.2 kb BamHI-ScaI fragment of psbH) (Loizeau et al. 2014).  

pAR14-psbC/aadA was obtained by insertion of a recyclable aadA selection cassette (as a MluI-MluI 

fragment) into a plasmid containing a 3.7 kb XbaI-SalI psbC fragment, at an engineered MluI restriction 

site 733 bp upstream of the GTG start codon of psbC. This site turned out to be located in the 3’UTR of 
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the ycf2 gene (Cavaiuolo et al. 2017), but after excision of the aadA marker the control transformants 

with the residual footprint (C
T
) had no apparent phenotype. 

pAR8-psbD/aadA was obtained by replacing the non-recyclable aadA cassette ClaI-SpeI fragment by a 

recyclable aadA cassette (NheI-ClaI) in a plasmid containing the 2.9 kb EcoRI fragment of psbD 

(Fleischmann and Rochaix 1999).  

A panel of derivatives of these three plasmids with mutations at several phosphorylation sites was 

created using PCR with mutated primers and Gibson assembly (Gibson 2011) (table III.S1). 

Chloroplast transformation 

Transformation was performed using the biolistic method with a Helium gene gun. Transformants were 

selected on TAP-agar plates in the presence of 150 μg.mL
-1

 spectinomycin and repeatedly sub-cultured 

on the same medium. Homoplasmy for the presence of the aadA cassette was checked by PCR 

amplification of the region surrounding the insertion site. The presence of the desired mutations was 

confirmed by PCR with one primer selective for the mutation and the other in a nearby flanking region. 

Homoplasmy of the mutation was determined by a similar PCR with a primer specific for the wild-type 

sequence (Suppl. Fig S2). Alternatively, the presence of the mutation and its homoplasmy were deduced 

from bulk sequencing of a PCR amplicon surrounding the mutation site (Suppl. Table S2 and Suppl. Fig 

S3). 

After reaching homoplasmy, the strains were repeatedly sub-cultured on spectinomycin-free TAP-agar 

plates. In the absence of selection pressure, the aadA cassette is removed by homologous 

recombination between the two flanking direct repeats, leaving only one repeat as a footprint in place 

of the cassette. Homoplasmic loss of the aadA cassette was checked by PCR amplification of the region 

flanking the insertion site and of an internal fragment of the cassette. Strains carrying only the footprint 

were used in the subsequent analysis, or in further rounds of transformation to obtain mutants in 

multiple genes. 

Chlorophyll fluorescence analysis 

Chlorophyll fluorescence was monitored (Maxwell and Johnson 2000) using a green LED light source and 

a CCD camera (Speedzen system, JBeamBio, France). Maximum fluorescence Fm was measured with a 

250 ms saturing flash. 

φPSII measurements were performed on TAP-grown cells washed twice with High Salt Minimum 

medium (HSM) and allowed to recover for 1h at 6 μE m
-1

 s
-1

. Aliquots of the culture were adapted for 5 

min to the specified light intensities, allowing φPSII values to stabilize before the measurement. 

Protein extraction and immunoblot analysis 

Cells were resuspended in 100mM Tris pH 6.8, 2% SDS, 1x protease inhibitors (Sigma P8849) and 

incubated at 37°C for 30 min. Proteins were separated by SDS-PAGE in 10 or 12% SDS-polyacrylamide 

gels and transferred onto nitrocellulose membranes (0.45μm BioRad or 0.2μm Whatman) in a wet 

blotting apparatus. Loading of all gels was on an equal protein basis. 
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Antisera were used at the following dilutions: D1, CP43 and ATP synthase β-subunit (Agrisera) at 

1:10,000 dilution, D2 (gift of J.-D. Rochaix) at 1:2,000, PsbH at a 1:5,000, PsaA (gift of Kevin Redding) at 

1:50,000, and LhcbM5 (gift of Yuichiro Takahashi) at 1:20,000 dilution. 

Thylakoid membrane extraction 

20mL of a culture exposed 1h to ML were sonicated in ice (3 times 30s, 30s rest in between, duty cycle 

50%, output 50, Brandson Sonifier 450) in the presence of 1x protease inhibitiors (Sigma P8849) and 

10mM sodium fluoride. Unbroken cells were pelleted at 3000g for 10min. The supernatant was 

transferred to a new tube and thylakoid membranes were pelleted at 75 000g for 30min at 4°C. 

Membranes were stocked in storage buffer (BisTris HCl 50mM pH 7, 750mM ACA, 20% glycerol). 

Protein phosphorylation analysis 

For protein phosphorylation analysis, culture samples were quickly quenched in 4 volumes of cold 

acetone (-20°C) in order to preserve the relevant phosphorylation state. After precipitation at -20°C for 

at least 16 hrs, proteins were recovered by centrifugation and solubilized in 100mM Tris pH 7.5, 2% LDS, 

1X protease inhibitors (ROCHE 04 693 132 01) and 10mM sodium fluoride for 30 min at 37°C. Samples 

were desalted on Zeba Spin columns following manufacturer instructions (7K MWCO, Thermo Scientific). 

Proteins were separated by SDS-PAGE in 15% polyacrylamide gels containing 350mM Bis-Tris pH 6.8. 

Running buffer was prepared freshly (50mM MOPS, 50mM Tris, 0.1% SDS and 5mM sodium bisulfite). 

Transfer to nitrocellulose membranes was described above. Antiserum against phospho-Threonine 

(Zymed) at a 1:3,000 dilution was used for immuno-detection. 

Separation of phosphorylated forms of proteins by LDS-PAGE in 10% polyacrylamide gels was performed 

using the Zn/Phos-tag method (Wako)(Kinoshita, et al. 2009). The resolving gel was supplemented with 

100μM ZnNO3 and 50μM Phos-tag. Running buffer was prepared freshly and contained 50mM MES, 

50mM Tris, 0.1% SDS and 5mM sodium bisulfite. Transfer and immunodetection were performed as 

described above. 

Photoinhibition 

Cells in exponential phase (2-3.10
6
 cells.mL

-1
) were adjusted to 2.10

6
 cells.mL

-1
 and 20 mL were 

transferred to 100mL Erlenmeyer flasks. Photoinhibition was performed on an inverted white LED panel 

(JBealBio, France) mounted on a rotary shaker during 30 min at 1450 μE m
-2

 s
-1

. Recovery was performed 

at 15 μE m
-2

 s
-1

 for 2h. When needed, inhibitors of the chloroplast translation machinery, lincomycin and 

chloramphenicol, were added to the culture at a concentration of 500 and 100 μg.mL
-1

 10 min before 

photoinhibition. 

 

 

ACKNOWLEDGEMENTS 

This work was supported by the EU Marie Curie Initial Training Network (ITN) CALIPSO (GA ITN-2013 607 

607) and by the the Swiss National Science Foundation (SNF 31003A_146300). We thank Jean-David 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

16 

 

Rochaix, Paolo Longoni, Geoffrey Fucile, Federica Cariti, Roman Ulm and Michael Hippler for scientific 

discussions, Emilie Demarsy for comments on the manuscript, José Manuel Nunes for help with the 

statistical analysis and Nicolas Roggli for preparing the figures. 

SUPPORTING INFORMATION 

 

Table S1. Vectors and oligonucleotides used for site-directed mutagenesis. 

Table S2. Primers used for genotyping of the transformants. 

Figure S1. Construction of site-directed mutant vectors by Gibson assembly. 

Figure S2. Genotyping of the transformants. 

Figure S3. Sequencing profiles of wild-type and mutant DNA mixtures.  

Figure S4. Pedigree of the mutant strains. 

Figure S5. Growth tests. 

Figure S6. Maximum quantum yield of PSII in PsbH mutants after growth in the light. 

Figure S7. Immunoblot analysis of protein phosphorylation. 

Figure S8. Effect of translation inhibitors on photoinhibition. 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

17 

 

FIGURE LEGENDS 

Figure 1. Transformation strategy. 

The transformation vector contained the excisable aadA selection cassette (flanked by 483 bp direct 

repeats) inserted in close proximity to the target. The desired site-directed mutation of the 

phosphorylation site is shown with a star. After biolistic chloroplast transformation and homologous 

recombination, transformants were selected on spectinomycin and subcultured repeatedly until 

homoplasmy was confirmed by genotyping. Loss of the aadA cassette by recombination between the 

483 bp repeats was allowed by subculturing in the absence of spectinomycin until the strains were 

homoplasmic, as confirmed by genotyping. 

 

Figure 2. Chlorophyll fluorescence spectroscopy. 

A. Maximum quantum yield of photosystem II (Fv/Fm = (Fm-Fo)/Fm). Cells were grown in TAP medium 

in the dark. 

B. Quantum yield of photosystem II (φPSII = (Fm’-Ft)/Fm’) at different light intensities (32, 140 or 450 

µE m
−2

 s
−1

). Cells were grown in the dark in acetate medium (TAP), transferred to minimal medium 

(HSM) and incubated for 1h in low light (6 µE.m
-2

.s
-1

) before aliquots of the cells were exposed to the 

specified light intensity for 5 minutes to allow φPSII to stabilize.  

Each value is the average of three measurements on two independent lines of identical genotype (+/- 

SD). Significant differences in Student’s t-test between the control strains and the wild type, or between 

the mutants and their respective controls, are indicated (+: p<0.05;  *: p<0.01). 

 

Figure 3. Immunoblot analysis of thylakoid proteins. 

Cells were grown in the dark and total protein extracts were analyzed by SDS-PAGE followed by 

immunodetection with antisera against subunits of photosystem II (CP43 (PsbC), D2 (PsbD), PsbH or D1 

(PsbA)), photosystem I (PsaA) and light-harvesting complex II (LhcbM5), as well as ATP synthase (AtpB) 

used as a loading control. Two independent lines are analyzed for each mutant genotype, and the 

immunoblots shown are representative of two independent experiments. Lower amounts of the wild-

type extract (33%, 10%) are also loaded alongside for calibration of the immuno-detection. A non-

specific band that cross-reacts with the D1 antiserum, but is still present in the deletion strain Fud7, is 

marked with an asterisk (*). 

(A) Alanine substitution in CP43 (PsbC) 

(B) Alanine substitution in D2 (PsbD) 

(C) Alanine substitutions in PsbH. The two H
Taa

 strains were also grown at 60 µE m
−2

 s
−1

 (ML) for 

comparison to the dark-grown samples. 

 

Figure 4. PSII turnover in the H
Taa

 mutant in the dark 

Cells of the H
Taa

 mutant and the H
TTS

 control were grown in the light (60μE m
-2

 s
-1

) and then shifted to 

the dark for 48 hours in the presence (+LC) of the chloroplast translation inhibitors lincomycin and 

chloramphenicol or in their absence. 

(A)  Maximum quantium yield of PSII (Fv/Fm). In the absence of inhibitors, H
Taa

 was significantly 

different from the control (Repeated Measures ANOVA, p<0.001). When inhibitors were applied, 

there was no significant difference with the control (p=0.355). 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

18 

 

(B)  Total proteins separated by SDS-PAGE and immunodetected with antiserum against the D1 

subunit of PSII. Antisera  against AtpB and α-tubulin were used as a loading control. 

(C)  Quantification of D1 in panel B (normalized to the loading controls). In the absence of 

inhibitors, H
TTS

 was significantly different from H
Taa

 (Repeated Measures ANOVA , p=0.047), 

especially at t=24h and t=48h (post-hoc test with Bonferroni's correction, p=0.0083 and 

p=0.0137). There was no significant difference between H
TTS

 +LC and H
Taa

 + LC (p=0.837), or 

between H
Taa

 without inhibitors and either H
TTS

 +LC  (p=0.837) or H
Taa

 + LC (p=0.229). 

 

Figure 5. PhosTag analysis of protein phosphorylation. 

(A) Wild-type cells were grown in the dark and further incubated for 1h in the dark (D) or under different 

light intensities (LL: 6 μE m
-2

 s
-1

; ML: 60 μE m
-2

 s
-1

; HL: 250 μE m
-2

 s
-1

). Total protein extracts were 

analyzed by PhosTag-PAGE followed by immunoblotting with PsbH antiserum. P: phosphorylated; NP: 

non-phosphorylated. 

(B) Wild-type (WT), control (H
TTS

) and PsbH mutant lines (H
aaS

, H
Taa

) were grown in low light (to allow 

accumulation of PSII in H
Taa

), dark adapted for 1h and exposed for 1h to medium light (60 µE m
-2

 s
-1

). 

Total protein extracts were separated by PhosTag-PAGE followed by immunodetection with PsbH 

antiserum. Two independent lines are shown for each mutant genotype. As a reference for the 

migration of the fully de-phosphorylated protein, a total protein extract of cw15 cells was treated in 

vitro with the non-specific protein phosphatase λ and loaded alongside (λ Pase).  

The immunoblots shown in A and B are representative of two independent experiments. 

 

Figure 6. Kinetics of photoinhibition and recovery. 

Cells were grown in the dark, and then subjected to photoinhibition at 1450 μE m
−2

 s
−1

 for 30min 

followed by recovery at 15 μE m
−2

 s
−1

 for 120 min (gray shading). The maximum quantum yield of PSII 

(Fv/Fm) was determined at each time-point (after 2 minutes of dark adaptation) and normalized to its 

value before the treatment (t = 0). Each time-point is the average of four measurements on two 

independent lines of identical genotype (+/- SD). Significant differences at each time point were 

determined using Repeated Measures ANOVA  and a post-hoc test with Bonferroni’s correction (+: 

p<0.005, *: p<0.001). 

(A) ftsh1-1 (solid line) compared to the wild type (dashed line). 

(B-D) in each panel an alanine-substitution mutant (solid line) is compared to the corresponding control 

containing only a footprint of the recycled cassette at the respective locus (dashed line).  

 

Figure 7. Immunoblot analysis of thylakoid proteins in multiple-site mutants. 

Cells were grown in the dark and analyzed as in Figure 3, with the antisera indicated on the left. Two 

independent lines are shown for each mutant genotype. Lower amounts of the wild-type extract (33%, 

10%) are also loaded alongside for calibration of the immuno-detection. The immunoblots shown are 

representative of two independent experiments. 
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Figure 8. Chlorophyll fluorescence spectroscopy of mutants with alanine substitutions in two or three 

proteins. 

A. Maximum quantum yield of photosystem II (see Fig. 2) of strains with alanine substitutions in two 

or three proteins compared to the respective controls. 

B. Quantum yield of photosystem II (see Fig. 2).  

Each value is the average of three measurements on two independent lines of identical genotype (+/- 

SD). Significant differences in Student’s t-test between the control strains and the wild type, or between 

the mutants and their respective controls, are indicated (+: p<0.05;  *: p<0.01). 

 

 

Figure 9. Kinetics of photoinhibition and recovery of mutants with alanine substitutions in two or 

three proteins. 

In each panel a mutant with alanine substitutions in two or three proteins (solid line) is compared to the 

corresponding control containing only the footprints of the recycled cassette at the respective loci 

(dashed line). Cells were grown, treated and analyzed as in Fig. 6.  
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Table 1. Alanine substitution mutants and the respective control strains used in this work. 

The table shows the correspondence between the full name and the shorthand name of the strain, the 

N-terminal sequence of the protein carrying the alanine substitutions (in red) compared to the wild-type 

sequence of the control, with the Thr or Ser phospho-sites shown in blue. The position of the N-

terminus of the mature proteins after post-translational processing is shown with a tick ( ' ). For CP43 

(PsbC), two different N-terminal processing sites have been identified (Lemeille, et al. 2010, Wang, et al. 

2014). The sequences of the N-terminal part of the orthologous proteins from Arabidopsis thaliana, 

Spinacia oleacera and Pisum sativum are shown for comparison. The phospho-sites identified by mass 

spectrometry are shown in blue (reviewed in (Grieco, et al. 2016)), but they have not to our knowledge 

been determined in P. sativum. The structured part of the N-terminal domain of the proteins, which is 

resolved in the PSII structures determined by cryo-electron-microscopy, is underlined (Su, et al. 2017, 

van Bezouwen et al. 2017, Wei et al. 2016). All strains additionally contain a footprint of the excisable 

aadA cassette at the respective locus (see Fig 1). 
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Strain Short Protein N-terminal  sequence 

psbC  (control) C
T 

CP43 

           M'E'TLFNGTLTVGGRDQETTG… 

psbC T3A C
a            M'E'aLFNGTLTVGGRDQETTG… 

Arabidopsis thaliana 
Spinacia oleacera 

Pisum sativum 

MKTLYSLRRFYHVE'TLFNGTLALAGRDQETTG… 
MKTLYSLRRFYPVE'TLFNGTLTLAGRDQETTG… 
MKTLYSLRRFYHVE TLFNGTLALTGRDQETTG… 

 

psbD  (control) D
T 

D2 

M'TIAIGTYQEKRTWFDDADDWLRQDRFVF… 

psbD T2A D
a M'aIAIGTYQEKRTWFDDADDWLRQDRFVF… 

Arabidopsis thaliana 
Spinacia oleacera 

Pisum sativum 

M'TIALGKFTKDEKDLFDIMDDWLRRDRFVF… 
M'TIAVGKFTKDEKDLFDSMDDWLRRDRFVF… 
M TIALGKFTKDQNDLFDIMDDWLRRDRFVF… 

 
psbH  (control) H

TTS 

PsbH 

M'ATGTSKAKPSKVNSDFQEPGLVTPLGTLLRPLNSE… 

psbH T3A T5A S6A H
aaa M'AaGaaKAKPSKVNSDFQEPGLVTPLGTLLRPLNSE… 

psbH T3A T5A H
aaS M'AaGaSKAKPSKVNSDFQEPGLVTPLGTLLRPLNSE… 

psbH T3A S6A H
aTa M'AaGTaKAKPSKVNSDFQEPGLVTPLGTLLRPLNSE… 

psbH T5A S6A H
Taa M'ATGaaKAKPSKVNSDFQEPGLVTPLGTLLRPLNSE… 

Arabidopsis thaliana 
Spinacia oleacera 

Pisum sativum 

M'ATQTVEDSSRSGPRSTTVGKLLKPLNSE… 
M'ATQTVESSSRSRPKPTTVGALLKPLNSE… 
M ATQTVENSSRSGPRRTAVGDLLKPLNSE… 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

22 

 

REFERENCES 

Allen, J.F. (1992) Protein phosphorylation in regulation of photosynthesis. Biochim Biophys Acta, 1098, 

275-335. 

Allorent, G., Tokutsu, R., Roach, T., Peers, G., Cardol, P., Girard-Bascou, J., Seigneurin-Berny, D., 

Petroutsos, D., Kuntz, M., Breyton, C., Franck, F., Wollman, F.A., Niyogi, K.K., Krieger-Liszkay, 

A., Minagawa, J. and Finazzi, G. (2013) A dual strategy to cope with high light in 

Chlamydomonas reinhardtii. Plant Cell, 25, 545-557. 

Andronis, C., Kruse, O., Deak, Z., Vass, I., Diner, B.A. and Nixon, P.J. (1998) Mutation of residue 

threonine-2 of the D2 polypeptide and its effect on photosystem II function in Chlamydomonas 

reinhardtii. Plant Physiol, 117, 515-524. 

Armbruster, U., Labs, M., Pribil, M., Viola, S., Xu, W., Scharfenberg, M., Hertle, A.P., Rojahn, U., 

Jensen, P.E., Rappaport, F., Joliot, P., Dormann, P., Wanner, G. and Leister, D. (2013) 

Arabidopsis CURVATURE THYLAKOID1 proteins modify thylakoid architecture by inducing 

membrane curvature. Plant Cell, 25, 2661-2678. 

Aro, E.M. and Ohad, I. (2003) Redox regulation of thylakoid protein phosphorylation. Antioxid Redox 

Signal, 5, 55-67. 

Aro, E.M., Suorsa, M., Rokka, A., Allahverdiyeva, Y., Paakkarinen, V., Saleem, A., Battchikova, N. and 

Rintamaki, E. (2005) Dynamics of photosystem II: a proteomic approach to thylakoid protein 

complexes. J Exp Bot, 56, 347-356. 

Baena-Gonzalez, E., Barbato, R. and Aro, E.M. (1999) Role of phosphorylation in the repair cycle and 

oligomeric structure of photosystem II. Planta, 208, 196-204. 

Bailey, S., Thompson, E., Nixon, P.J., Horton, P., Mullineaux, C.W., Robinson, C. and Mann, N.H. (2002) 

A critical role for the Var2 FtsH homologue of Arabidopsis thaliana in the photosystem II repair 

cycle in vivo. J Biol Chem, 277, 2006-2011. 

Bellafiore, S., Barneche, F., Peltier, G. and Rochaix, J.D. (2005) State transitions and light adaptation 

require chloroplast thylakoid protein kinase STN7. Nature, 433, 892-895. 

Bennett, J. (1980) Chloroplast phosphoproteins. Evidence for a thylakoid-bound phosphoprotein 

phosphatase. Eur J Biochem, 104, 85-89. 

Bennett, J. (1984) Chloroplast Protein-Phosphorylation and the Regulation of Photosynthesis. 

Physiologia Plantarum, 60, 583-590. 

Bennoun, P., Spiererherz, M., Erickson, J., Girardbascou, J., Pierre, Y., Delosme, M. and Rochaix, J.D. 

(1986) Characterization of Photosystem-Ii Mutants of Chlamydomonas-Reinhardii Lacking the 

Psba Gene. Plant Molecular Biology, 6, 151-160. 

Betterle, N., Poudyal, R.S., Rosa, A., Wu, G., Bassi, R. and Lee, C.H. (2017) The STN8 kinase-PBCP 

phosphatase system is responsible for high-light-induced reversible phosphorylation of the PSII 

inner antenna subunit CP29 in rice. Plant J, 89, 681-691. 

Bonardi, V., Pesaresi, P., Becker, T., Schleiff, E., Wagner, R., Pfannschmidt, T., Jahns, P. and Leister, D. 

(2005) Photosystem II core phosphorylation and photosynthetic acclimation require two 

different protein kinases. Nature, 437, 1179-1182. 

Cavaiuolo, M., Kuras, R., Wollman, F.A., Choquet, Y. and Vallon, O. (2017) Small RNA profiling in 

Chlamydomonas: insights into chloroplast RNA metabolism. Nucleic Acids Research, 45, 10783-

10799. 

Chen, Y.E., Su, Y.Q., Mao, H.T., Wu, N., Zhu, F., Yuan, M., Zhang, Z.W., Liu, W.J. and Yuan, S. (2018) 

Terrestrial Plants Evolve Highly Assembled Photosystem Complexes in Adaptation to Light Shifts. 

Frontiers in plant science, 9, 1811. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

23 

 

Crepin, A. and Caffarri, S. (2015) The specific localizations of phosphorylated Lhcb1 and Lhcb2 isoforms 

reveal the role of Lhcb2 in the formation of the PSI-LHCII supercomplex in Arabidopsis during 

state transitions. Biochim Biophys Acta, 1847, 1539-1548. 

de Vitry, C., Diner, B.A. and Popo, J.L. (1991) Photosystem II particles from Chlamydomonas reinhardtii. 

Purification, molecular weight, small subunit composition, and protein phosphorylation. J Biol 

Chem, 266, 16614-16621. 

Delepelaire, P. (1984) Partial characterization of the biosynthesis and integration of the Photosystem II 

reaction centers in the thylakoid membrane of Chlamydomonas reinhardtii. EMBO J, 3, 701-706. 

Delepelaire, P. and Wollman, F.A. (1985) Correlations between Fluorescence and Phosphorylation 

Changes in Thylakoid Membranes of Chlamydomonas-Reinhardtii Invivo - a Kinetic-Analysis. 

Biochimica Et Biophysica Acta, 809, 277-283. 

Depege, N., Bellafiore, S. and Rochaix, J.D. (2003) Role of chloroplast protein kinase Stt7 in LHCII 

phosphorylation and state transition in Chlamydomonas. Science, 299, 1572-1575. 

Drop, B., Webber-Birungi, M., Yadav, S.K., Filipowicz-Szymanska, A., Fusetti, F., Boekema, E.J. and 

Croce, R. (2014) Light-harvesting complex II (LHCII) and its supramolecular organization in 

Chlamydomonas reinhardtii. Biochim Biophys Acta, 1837, 63-72. 

Dumas, L., Zito, F., Blangy, S., Auroy, P., Johnson, X., Peltier, G. and Alric, J. (2017) A stromal region of 

cytochrome b6f subunit IV is involved in the activation of the Stt7 kinase in Chlamydomonas. 

Proc Natl Acad Sci U S A, 114, 12063-12068. 

Ebbert, V. and Godde, D. (1996) Phosphorylation of PS II polypeptides inhibits D1 protein-degradation 

and increases PS II stability. Photosynth Res, 50, 257-269. 

Ebenhoh, O., Fucile, G., Finazzi, G., Rochaix, J.D. and Goldschmidt-Clermont, M. (2014) Short-term 

acclimation of the photosynthetic electron transfer chain to changing light: a mathematical 

model. Philos Trans R Soc Lond B Biol Sci, 369, 20130223. 

Eberhard, S., Finazzi, G. and Wollman, F.A. (2008) The dynamics of photosynthesis. Annu Rev Genet, 42, 

463-515. 

Engel, B.D., Schaffer, M., Kuhn Cuellar, L., Villa, E., Plitzko, J.M. and Baumeister, W. (2015) Native 

architecture of the Chlamydomonas chloroplast revealed by in situ cryo-electron tomography. 

Elife, 4. 

Fischer, N., Stampacchia, O., Redding, K. and Rochaix, J.D. (1996) Selectable marker recycling in the 

chloroplast. Mol Gen Genet, 251, 373-380. 

Fleischmann, M.M. and Rochaix, J.D. (1999) Characterization of mutants with alterations of the 

phosphorylation site in the D2 photosystem II polypeptide of chlamydomonas reinhardtii. Plant 

physiology, 119, 1557-1566. 

Fristedt, R., Granath, P. and Vener, A.V. (2010) A protein phosphorylation threshold for functional 

stacking of plant photosynthetic membranes. PloS one, 5, e10963. 

Fristedt, R., Willig, A., Granath, P., Crevecoeur, M., Rochaix, J.D. and Vener, A.V. (2009) 

Phosphorylation of photosystem II controls functional macroscopic folding of photosynthetic 

membranes in Arabidopsis. The Plant Cell, 21, 3950-3964. 

Galka, P., Santabarbara, S., Khuong, T.T., Degand, H., Morsomme, P., Jennings, R.C., Boekema, E.J. and 

Caffarri, S. (2012) Functional analyses of the plant photosystem I-light-harvesting complex II 

supercomplex reveal that light-harvesting complex II loosely bound to photosystem II is a very 

efficient antenna for photosystem I in state II. Plant Cell, 24, 2963-2978. 

Gerotto, C., Trotta, A., Bajwa, A.A., Mancini, I., Morosinotto, T. and Aro, E.M. (2019) Thylakoid protein 

phosphorylation dynamics in a moss mutant lacking SERINE/THREONINE PROTEIN KINASE STN8. 

Plant Physiol. 

Gibson, D.G. (2011) Enzymatic assembly of overlapping DNA fragments. Methods Enzymol, 498, 349-

361. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

24 

 

Goldschmidt-Clermont, M. (1991) Transgenic expression of aminoglycoside adenine transferase in the 

chloroplast: a selectable marker of site-directed transformation of chlamydomonas. Nucleic 

Acids Res, 19, 4083-4089. 

Goldschmidt-Clermont, M. and Bassi, R. (2015) Sharing light between two photosystems: mechanism of 

state transitions. Current opinion in plant biology, 25, 71-78. 

Goral, T.K., Johnson, M.P., Brain, A.P., Kirchhoff, H., Ruban, A.V. and Mullineaux, C.W. (2010) 

Visualizing the mobility and distribution of chlorophyll proteins in higher plant thylakoid 

membranes: effects of photoinhibition and protein phosphorylation. The Plant journal : for cell 

and molecular biology, 62, 948-959. 

Gorman, D.S. and Levine, R.P. (1965) Cytochrome F and Plastocyanin - Their Sequence in Photosynthetic 

Electron Transport Chain of Chlamydomonas Reinhardi. P Natl Acad Sci USA, 54, 1665-&. 

Grieco, M., Jain, A., Ebersberger, I. and Teige, M. (2016) An evolutionary view on thylakoid protein 

phosphorylation uncovers novel phosphorylation hotspots with potential functional 

implications. J Exp Bot, 67, 3883-3896. 

Herbstova, M., Tietz, S., Kinzel, C., Turkina, M.V. and Kirchhoff, H. (2012) Architectural switch in plant 

photosynthetic membranes induced by light stress. Proc Natl Acad Sci U S A, 109, 20130-20135. 

Iwai, M., Roth, M.S. and Niyogi, K.K. (2018) Subdiffraction-resolution live-cell imaging for visualizing 

thylakoid membranes. Plant J. 

Jarvi, S., Suorsa, M. and Aro, E.M. (2015) Photosystem II repair in plant chloroplasts--Regulation, 

assisting proteins and shared components with photosystem II biogenesis. Biochim Biophys 

Acta, 1847, 900-909. 

Johnson, M.P. and Wientjes, E. (2019) The relevance of dynamic thylakoid organisation to 

photosynthetic regulation. Biochim Biophys Acta Bioenerg. 

Kapri-Pardes, E., Naveh, L. and Adam, Z. (2007) The thylakoid lumen protease Deg1 is involved in the 

repair of photosystem II from photoinhibition in Arabidopsis. Plant Cell, 19, 1039-1047. 

Kato, Y. and Sakamoto, W. (2009) Protein quality control in chloroplasts: a current model of D1 protein 

degradation in the photosystem II repair cycle. J Biochem, 146, 463-469. 

Kato, Y. and Sakamoto, W. (2014) Phosphorylation of photosystem II core proteins prevents 

undesirable cleavage of D1 and contributes to the fine-tuned repair of photosystem II. Plant J, 

79, 312-321. 

Kinoshita, E., Kinoshita-Kikuta, E. and Koike, T. (2009) Separation and detection of large 

phosphoproteins using Phos-tag SDS-PAGE. Nat Protoc, 4, 1513-1521. 

Koivuniemi, A., Aro, E.M. and Andersson, B. (1995) Degradation of the D1- and D2-proteins of 

photosystem II in higher plants is regulated by reversible phosphorylation. Biochemistry, 34, 

16022-16029. 

Komenda, J., Sobotka, R. and Nixon, P.J. (2012) Assembling and maintaining the Photosystem II 

complex in chloroplasts and cyanobacteria. Current opinion in plant biology, 15, 245-251. 

Kruse, O., Zheleva, D. and Barber, J. (1997) Stabilization of photosystem two dimers by 

phosphorylation: implication for the regulation of the turnover of D1 protein. FEBS Lett, 408, 

276-280. 

Kubota-Kawai, H., Burton-Smith, R.N., Tokutsu, R., Song, C., Akimoto, S., Yokono, M., Ueno, Y., Kim, 

E., Watanabe, A., Murata, K. and Minagawa, J. (2019) Ten antenna proteins are associated with 

the core in the supramolecular organization of the photosystem I supercomplex in 

Chlamydomonas reinhardtii. J Biol Chem. 

Lemeille, S., Turkina, M.V., Vener, A.V. and Rochaix, J.D. (2010) Stt7-dependent phosphorylation during 

state transitions in the green alga Chlamydomonas reinhardtii. Mol Cell Proteomics, 9, 1281-

1295. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

25 

 

Lindahl, M., Spetea, C., Hundal, T., Oppenheim, A.B., Adam, Z. and Andersson, B. (2000) The thylakoid 

FtsH protease plays a role in the light-induced turnover of the photosystem II D1 protein. Plant 

Cell, 12, 419-431. 

Loizeau, K., Qu, Y.J., Depp, S., Fiechter, V., Ruwe, H., Lefebvre-Legendre, L., Schmitz-Linneweber, C. 

and Goldschmidt-Clermont, M. (2014) Small RNAs reveal two target sites of the RNA-

maturation factor Mbb1 in the chloroplast of Chlamydomonas. Nucleic Acids Research, 42, 3286-

3297. 

Longoni, P., Douchi, D., Cariti, F., Fucile, G. and Goldschmidt-Clermont, M. (2015) Phosphorylation of 

the Light-Harvesting Complex II Isoform Lhcb2 Is Central to State Transitions. Plant Physiol, 169, 

2874-2883. 

Malnoe, A., Wang, F., Girard-Bascou, J., Wollman, F.A. and de Vitry, C. (2014) Thylakoid FtsH protease 

contributes to photosystem II and cytochrome b6f remodeling in Chlamydomonas reinhardtii 

under stress conditions. Plant Cell, 26, 373-390. 

Maxwell, K. and Johnson, G.N. (2000) Chlorophyll fluorescence--a practical guide. J Exp Bot, 51, 659-

668. 

Mazor, Y., Borovikova, A. and Nelson, N. (2015) The structure of plant photosystem I super-complex at 

2.8 A resolution. Elife, 4, e07433. 

Nath, K., Poudyal, R.S., Eom, J.S., Park, Y.S., Zulfugarov, I.S., Mishra, S.R., Tovuu, A., Ryoo, N., Yoon, 

H.S., Nam, H.G., An, G., Jeon, J.S. and Lee, C.H. (2013) Loss-of-function of OsSTN8 suppresses 

the photosystem II core protein phosphorylation and interferes with the photosystem II repair 

mechanism in rice (Oryza sativa). Plant J, 76, 675-686. 

Niyogi, K.K. (1999) PHOTOPROTECTION REVISITED: Genetic and Molecular Approaches. Annu Rev Plant 

Physiol Plant Mol Biol, 50, 333-359. 

O'Connor, H.E., Ruffle, S.V., Cain, A.J., Deak, Z., Vass, I., Nugent, J.H. and Purton, S. (1998) The 9-kDa 

phosphoprotein of photosystem II. Generation and characterisation of Chlamydomonas mutants 

lacking PSII-H and a site-directed mutant lacking the phosphorylation site. Biochim Biophys Acta, 

1364, 63-72. 

Ozawa, S.I., Bald, T., Onishi, T., Xue, H., Matsumura, T., Kubo, R., Takahashi, H., Hippler, M. and 

Takahashi, Y. (2018) Configuration of Ten Light-Harvesting Chlorophyll a/b Complex I Subunits in 

Chlamydomonas reinhardtii Photosystem I. Plant Physiol, 178, 583-595. 

Pan, X., Ma, J., Su, X., Cao, P., Chang, W., Liu, Z., Zhang, X. and Li, M. (2018) Structure of the maize 

photosystem I supercomplex with light-harvesting complexes I and II. Science, 360, 1109-1113. 

Pesaresi, P., Pribil, M., Wunder, T. and Leister, D. (2011) Dynamics of reversible protein 

phosphorylation in thylakoids of flowering plants: the roles of STN7, STN8 and TAP38. 

Biochimica et biophysica acta, 1807, 887-896. 

Petroutsos, D., Busch, A., Janssen, I., Trompelt, K., Bergner, S.V., Weinl, S., Holtkamp, M., Karst, U., 

Kudla, J. and Hippler, M. (2011) The chloroplast calcium sensor CAS is required for 

photoacclimation in Chlamydomonas reinhardtii. The Plant cell, 23, 2950-2963. 

Pribil, M., Pesaresi, P., Hertle, A., Barbato, R. and Leister, D. (2010) Role of plastid protein phosphatase 

TAP38 in LHCII dephosphorylation and thylakoid electron flow. PLoS Biol, 8, e1000288. 

Pursiheimo, S., Rintamaki, E., Baena-Gonzalez, E. and Aro, E.M. (1998) Thylakoid protein 

phosphorylation in evolutionally divergent species with oxygenic photosynthesis. Febs Letters, 

423, 178-182. 

Puthiyaveetil, S., Tsabari, O., Lowry, T., Lenhert, S., Lewis, R.R., Reich, Z. and Kirchhoff, H. (2014a) 

Compartmentalization of the protein repair machinery in photosynthetic membranes. Proc Natl 

Acad Sci U S A, 111, 15839-15844. 

Puthiyaveetil, S., van Oort, B. and Kirchhoff, H. (2017) Surface charge dynamics in photosynthetic 

membranes and the structural consequences. Nat Plants, 3, 17020. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

26 

 

Puthiyaveetil, S., Woodiwiss, T., Knoerdel, R., Zia, A., Wood, M., Hoehner, R. and Kirchhoff, H. (2014b) 

Significance of the photosystem II core phosphatase PBCP for plant viability and protein repair in 

thylakoid membranes. Plant Cell Physiol, 55, 1245-1254. 

Reiland, S., Finazzi, G., Endler, A., Willig, A., Baerenfaller, K., Grossmann, J., Gerrits, B., Rutishauser, 

D., Gruissem, W., Rochaix, J.D. and Baginsky, S. (2011) Comparative phosphoproteome 

profiling reveals a function of the STN8 kinase in fine-tuning of cyclic electron flow (CEF). P Natl 

Acad Sci USA, 108, 12955-12960. 

Rochaix, J.D. (2014) Regulation and dynamics of the light-harvesting system. Annu Rev Plant Biol, 65, 

287-309. 

Samol, I., Shapiguzov, A., Ingelsson, B., Fucile, G., Crevecoeur, M., Vener, A.V., Rochaix, J.D. and 

Goldschmidt-Clermont, M. (2012) Identification of a Photosystem II Phosphatase Involved in 

Light Acclimation in Arabidopsis. The Plant cell. 

Schonberg, A., Rodiger, A., Mehwald, W., Galonska, J., Christ, G., Helm, S., Thieme, D., Majovsky, P., 

Hoehenwarter, W. and Baginsky, S. (2017) Identification of STN7/STN8 kinase targets reveals 

connections between electron transport, metabolism and gene expression. Plant J, 90, 1176-

1186. 

Schuster, G., Timberg, R. and Ohad, I. (1988) Turnover of thylakoid photosystem II proteins during 

photoinhibition of Chlamydomonas reinhardtii. Eur J Biochem, 177, 403-410. 

Shapiguzov, A., Ingelsson, B., Samol, I., Andres, C., Kessler, F., Rochaix, J.D., Vener, A.V. and 

Goldschmidt-Clermont, M. (2010) The PPH1 phosphatase is specifically involved in LHCII 

dephosphorylation and state transitions in Arabidopsis. Proc Natl Acad Sci U S A, 107, 4782-

4787. 

Su, X., Ma, J., Wei, X., Cao, P., Zhu, D., Chang, W., Liu, Z., Zhang, X. and Li, M. (2017) Structure and 

assembly mechanism of plant C2S2M2-type PSII-LHCII supercomplex. Science, 357, 815-820. 

Sueoka, N. (1960) Mitotic Replication of Deoxyribonucleic Acid in Chlamydomonas Reinhardi. P Natl 

Acad Sci USA, 46, 83-91. 

Theis, J. and Schroda, M. (2016) Revisiting the photosystem II repair cycle. Plant signaling & behavior, 

11, e1218587. 

Tikkanen, M., Nurmi, M., Kangasjarvi, S. and Aro, E.M. (2008) Core protein phosphorylation facilitates 

the repair of photodamaged photosystem II at high light. Biochimica et biophysica acta, 1777, 

1432-1437. 

Turkina, M.V., Kargul, J., Blanco-Rivero, A., Villarejo, A., Barber, J. and Vener, A.V. (2006) 

Environmentally modulated phosphoproteome of photosynthetic membranes in the green alga 

Chlamydomonas reinhardtii. Mol Cell Proteomics, 5, 1412-1425. 

Vainonen, J.P., Hansson, M. and Vener, A.V. (2005) STN8 protein kinase in Arabidopsis thaliana is 

specific in phosphorylation of photosystem II core proteins. J Biol Chem, 280, 33679-33686. 

Vainonen, J.P., Sakuragi, Y., Stael, S., Tikkanen, M., Allahverdiyeva, Y., Paakkarinen, V., Aro, E., Suorsa, 

M., Scheller, H.V., Vener, A.V. and Aro, E.M. (2008) Light regulation of CaS, a novel 

phosphoprotein in the thylakoid membrane of Arabidopsis thaliana. The FEBS journal, 275, 

1767-1777. 

Vallon, O., Wollman, F.A. and Olive, J. (1985) Distribution of Intrinsic and Extrinsic Subunits of the Ps-Ii 

Protein Complex between Appressed and Non-Appressed Regions of the Thylakoid Membrane - 

an Immunocytochemical Study. Febs Letters, 183, 245-250. 

van Bezouwen, L.S., Caffarri, S., Kale, R.S., Kouril, R., Thunnissen, A.W.H., Oostergetel, G.T. and 

Boekema, E.J. (2017) Subunit and chlorophyll organization of the plant photosystem II 

supercomplex. Nat Plants, 3, 17080. 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


 

27 

 

Vener, A.V., Harms, A., Sussman, M.R. and Vierstra, R.D. (2001) Mass spectrometric resolution of 

reversible protein phosphorylation in photosynthetic membranes of Arabidopsis thaliana. J Biol 

Chem, 276, 6959-6966. 

Vener, A.V., van Kan, P.J., Rich, P.R., Ohad, I. and Andersson, B. (1997) Plastoquinol at the quinol 

oxidation site of reduced cytochrome bf mediates signal transduction between light and protein 

phosphorylation: thylakoid protein kinase deactivation by a single-turnover flash. P Natl Acad Sci 

USA, 94, 1585-1590. 

Wang, H., Gau, B., Slade, W.O., Juergens, M., Li, P. and Hicks, L.M. (2014) The global phosphoproteome 

of Chlamydomonas reinhardtii reveals complex organellar phosphorylation in the flagella and 

thylakoid membrane. Mol Cell Proteomics, 13, 2337-2353. 

Wei, X., Su, X., Cao, P., Liu, X., Chang, W., Li, M., Zhang, X. and Liu, Z. (2016) Structure of spinach 

photosystem II-LHCII supercomplex at 3.2 A resolution. Nature, 534, 69-74. 

Wollman, F.A. (2001) State transitions reveal the dynamics and flexibility of the photosynthetic 

apparatus. EMBO J, 20, 3623-3630. 

Zito, F., Finazzi, G., Delosme, R., Nitschke, W., Picot, D. and Wollman, F.A. (1999) The Qo site of 

cytochrome b6f complexes controls the activation of the LHCII kinase. EMBO J, 18, 2961-2969. 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 3, 2019. ; https://doi.org/10.1101/754721doi: bioRxiv preprint 

https://doi.org/10.1101/754721


Figure 1
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Figure 1. Transformation strategy. 
The transformation vector contained the excisable aadA selection cassette (flanked by 483 bp direct 
repeats) inserted in close proximity to the target. The desired site-directed mutation of the 
phosphorylation site is shown with a star. After biolistic chloroplast transformation and homologous 
recombination, transformants were selected on spectinomycin and subcultured repeatedly until 
homoplasmy was confirmed by genotyping. Loss of the aadA cassette by recombination between 
the 483 bp repeats was allowed by subculturing in the absence of spectinomycin until the strains 
were homoplasmic, as confirmed by genotyping. 
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Figure 2. Chlorophyll fluorescence spectroscopy. 
A. Maximum quantum yield of photosystem II (Fv/Fm = (Fm-Fo)/Fm). Cells were grown in TAP 
medium in the dark. 
B. Quantum yield of photosystem II (φPSII = (Fm’-Ft)/Fm’) at different light intensities (32, 140 or 
450 µE m−2 s−1). Cells were grown in the dark in acetate medium (TAP), transferred to minimal 
medium (HSM) and incubated for 1h in low light (6 µE.m-2.s-1) before aliquots of the cells were 
exposed to the specified light intensity for 5 minutes to allow φPSII to stabilize.  

Each value is the average of three measurements on two independent lines of identical genotype 
(+/- SD). Significant differences in Student’s t-test between the control strains and the wild type, or 
between the mutants and their respective controls, are indicated (+: p<0.05;  *: p<0.01). 
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Figure 3. Immunoblot analysis of thylakoid proteins. 
Cells were grown in the dark and total protein extracts were analyzed by SDS-PAGE followed by 
immunodetection with antisera against subunits of photosystem II (CP43 (PsbC), D2 (PsbD), PsbH or 
D1 (PsbA)), photosystem I (PsaA) and light-harvesting complex II (LhcbM5), as well as ATP synthase 
(AtpB) used as a loading control. Two independent lines are analyzed for each mutant genotype, and 
the immunoblots shown are representative of two independent experiments. Lower amounts of the 
wild-type extract (33%, 10%) are also loaded alongside for calibration of the immuno-detection. A 
non-specific band that cross-reacts with the D1 antiserum, but is still present in the deletion strain 
Fud7, is marked with an asterisk (*). 

(A) Alanine substitution in CP43 (PsbC) 
(B) Alanine substitution in D2 (PsbD) 
(C) Alanine substitutions in PsbH. The two HTaa strains were also grown at 60 µE m−2 s−1 (ML) for 
comparison to the dark-grown samples. 
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Figure 4.  
Cells of the HTaa mutant and the HTTS control were grown in the light (60μE m-2 s-1) and then shifted to 
the dark for 48 hours in the presence (+LC) of the chloroplast translation inhibitors lincomycin and 
chloramphenicol or in their absence. 

(A)  Maximum quantium yield of PSII (Fv/Fm). In the absence of inhibitors, HTaa was significantly 
different from the control (Repeated Measures ANOVA, p<0.001). When inhibitors were 
applied, there was no significant difference with the control (p=0.355). 

(B)  Total proteins separated by SDS-PAGE and immunodetected with antiserum against the D1 
subunit of PSII. Antisera  against AtpB and α-tubulin were used as a loading control. 

(C)  Quantification of D1 in panel B (normalized to the loading controls). In the absence of 
inhibitors, HTTS was significantly different from HTaa (Repeated Measures ANOVA , p=0.047), 
especially at t=24h and t=48h (post-hoc test with Bonferroni's correction, p=0.0083 and 
p=0.0137). There was no significant difference between HTTS +LC and HTaa + LC (p=0.837), or 
between HTaa without inhibitors and either HTTS +LC  (p=0.837) or HTaa + LC (p=0.229). 
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Figure 5. PhosTag analysis of protein phosphorylation. 
(A) Wild-type cells were grown in the dark and further incubated for 1h in the dark (D) or under 
different light intensities (LL: 6 μE m-2 s-1; ML: 60 μE m-2 s-1; HL: 250 μE m-2 s-1). Total protein extracts 
were analyzed by PhosTag-PAGE followed by immunoblotting with PsbH antiserum. P: 
phosphorylated; NP: non-phosphorylated. 
(B) Wild-type (WT), control (HTTS) and PsbH mutant lines (HaaS, HTaa) were grown in low light (to allow 
accumulation of PSII in HTaa), dark adapted for 1h and exposed for 1h to medium light (60 µE m-2 s-1). 
Total protein extracts were separated by PhosTag-PAGE followed by immunodetection with PsbH 
antiserum. Two independent lines are shown for each mutant genotype. As a reference for the 
migration of the fully de-phosphorylated protein, a total protein extract of cw15 cells was treated in 
vitro with the non-specific protein phosphatase λ and loaded alongside (λ Pase).  
The immunoblots shown in A and B are representative of two independent experiments. 
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Figure 6. Kinetics of photoinhibition and recovery. 
Cells were grown in the dark, and then subjected to photoinhibition at 1450 μE m−2 s−1 for 30min 
followed by recovery at 15 μE m−2 s−1 for 120 min (gray shading). The maximum quantum yield of PSII 
(Fv/Fm) was determined at each time-point (after 2 minutes of dark adaptation) and normalized to its 
value before the treatment (t = 0). Each time-point is the average of four measurements on two 
independent lines of identical genotype (+/- SD). Significant differences at each time point were 
determined using Repeated Measures ANOVA  and a post-hoc test with Bonferroni’s correction (+: 
p<0.005, *: p<0.001). 
(A) ftsh1-1 (solid line) compared to the wild type (dashed line). 
(B-D) in each panel an alanine-substitution mutant (solid line) is compared to the corresponding 
control containing only a footprint of the recycled cassette at the respective locus (dashed line).  
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Figure 7
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Figure 7. Immunoblot analysis of thylakoid proteins in multiple-site mutants. 
Cells were grown in the dark and analyzed as in Figure 3, with the antisera indicated on the left. Two 
independent lines are shown for each mutant genotype. Lower amounts of the wild-type extract 
(33%, 10%) are also loaded alongside for calibration of the immuno-detection. The immunoblots 
shown are representative of two independent experiments. 
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Figure 8. Chlorophyll fluorescence spectroscopy of mutants with alanine substitutions in two or 
three proteins. 

A. Maximum quantum yield of photosystem II (see Fig. 2) of strains with alanine substitutions in 
two or three proteins compared to the respective controls. 
B. Quantum yield of photosystem II (see Fig. 2).  

Each value is the average of three measurements on two independent lines of identical genotype 
(+/- SD). Significant differences in Student’s t-test between the control strains and the wild type, or 
between the mutants and their respective controls, are indicated (+: p<0.05;  *: p<0.01). 
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Figure 9. Kinetics of photoinhibition and recovery of mutants with alanine substitutions in two or 
three proteins. 
In each panel a mutant with alanine substitutions in two or three proteins (solid line) is compared to 
the corresponding control containing only the footprints of the recycled cassette at the respective 
loci (dashed line). Cells were grown, treated and analyzed as in Fig. 6.  
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