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ABSTRACT 

Formation of the multi-subunit oxygen-evolving Photosystem II (PSII) complex involves 

a number of auxiliary protein factors. In this study we compared the location and possible 

function of two homologous PSII assembly factors, Psb28-1 and Psb28-2, from the 

cyanobacterium Synechocystis sp. PCC 6803. We show that FLAG-tagged Psb28-2 is 

present in both the monomeric PSII core complex and a PSII core complex lacking the 

inner antenna CP43 (RC47) whereas Psb28-1 preferentially binds to RC47. When cells 

are exposed to increased irradiance, both tagged Psb28 proteins now associate with 

oligomeric forms of PSII and with PSII-PSI supercomplexes composed of trimeric 

Photosystem I (PSI) and two PSII monomers as deduced from negative stain electron 

microscopy. The presence of the Psb27 accessory protein in these complexes suggests the 

involvement of PSI in PSII biogenesis, possibly by photoprotecting PSII through energy 

spillover. Under standard cultivation conditions the distribution of PSII complexes is 

similar in WT and each of the single psb28 null mutants except for loss of RC47 in the 

absence of Psb28-1. In comparison with WT, growth of mutants lacking Psb28-1 and 

Psb27, but not Psb28-2, was retarded under high-light and, especially, intermittent high-

light-dark conditions, emphasizing the physiological importance of PSII assembly factors 

for light acclimation.  

 

INTRODUCTION 

The Photosystem II (PSII) complex is the light-driven water-plastoquinone 

oxidoreductase of oxygenic photosynthesis, responsible for splitting water into molecular 

oxygen and releasing protons and electrons for the generation of the ATP and NADPH needed 

for the fixation of carbon dioxide in cyanobacteria, algae and plants. The most active form of 

PSII is a dimer whose structure from thermophilic cyanobacteria is now known to a resolution 

of 1.9 Å (Umena et al., 2011). The PSII monomer features 17 transmembrane protein subunits, 

3 peripheral proteins and about 80 cofactors (Guskov et al., 2009). The transmembrane reaction 

center (RCII) subunits D1 and D2 are essential for the binding of cofactors involved in primary 

charge separation and subsequent electron transfer (Diner et al., 2001). On either side of the 

D1-D2 heterodimer are located the chlorophyll-containing CP47 and CP43 inner antenna 

complexes that deliver energy from the outer antennae to the reaction center. CP43 also has a 

role with D1 in binding the Mn4CaO5 cluster involved in water splitting (Ferreira et al., 2004). 
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Assembly of PSII is thought to be a stepwise process (Komenda et al., 2004) proceeding 

through several intermediate complexes. Initially, the large pigment proteins form pre-

complexes (or modules) with small transmembrane polypeptides, pigments and possibly other 

cofactors (Komenda et al., 2012b). First the D1 and D2 modules form a reaction center 

intermediate complex (RCII) to which the CP47 module is attached to form a core complex 

lacking CP43 (termed RC47). Subsequent attachment of the CP43 module leads to formation 

of a PSII monomeric core complex (RCC(1)) with assembly completed by dimerization to form 

RCC(2) (reviewed in Nixon et al., 2010). Light-driven assembly of the Mn4CaO5 cluster and 

attachment of the lumenal extrinsic subunits is thought to occur after formation of RCC(1) 

(Nixon et al., 2010). Correct and efficient assembly of PSII is controlled by a number of 

auxiliary protein factors that are absent from the final functional PSII complex. Some of these, 

such as the Psb28 proteins (Pfam ID: PF03912), are highly conserved and are found both in 

cyanobacteria and chloroplasts. 

 The genome of the cyanobacterium Synechocystis sp. PCC 6803 (hereafter 

Synechocystis 6803) codes for two Psb28 homologues: Psb28-1 (encoded by gene sll1398) and 

Psb28-2 (encoded by gene slr1739) (Boehm et al., 2012). Psb28-1 (also named Psb13 and 

Ycf79) was first identified as a component of a His-tagged PSII preparation isolated from 

Synechocystis 6803 (Kashino et al., 2002) and, subsequently, shown to be a hydrophilic protein 

peripherally attached to membrane (Dobáková et al., 2009). The absence of transmembrane 

structural motifs was later confirmed by the determination of the solution structure of His-

tagged Psb28-1 by NMR (PDB: 2KVO; Yang et al., 2011). Psb28-1 in Synechocystis 6803 most 

probably exists as a dimer (Bialek et al., 2013) and has been detected in the RC47 complex 

(Boehm et al., 2012; Dobáková et al., 2009; Sakata et al., 2013) in the vicinity of the  PsbH 

subunit (Dobáková et al., 2009). 

The phenotype of psb28-1 null mutants of Synechocystis 6803 is controversial. The 

knockout mutant constructed by Dobáková et al. (2009) exhibited slower autotrophic growth, 

accelerated turnover of the D1 subunit, decreased synthesis of the CP47 inner antenna and a 

lower cellular level of chlorophyll (hereafter Chl) in comparison with wild type. In contrast, the 

phenotype of the null mutant described by Sakata et al. (2013) was much milder showing just 

growth retardation under increased temperature, especially when combined with inactivation of 

the dgdA gene causing a defect in the biosynthesis of digalactosyldiacylglycerol. 

The genome of Synechocystis 6803 and some other cyanobacteria contains another 

psb28 gene designated psb28-2. A knock-out mutant of Synechocystis 6803 lacking Psb28-2 
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behaves like WT and deletion of the psb28-2 gene in the Psb28-1-less strain does not show an 

additional effect indicating that Psb28-2 is not able to substitute for Psb28-1 (Sakata et al., 

2013). The structure of Psb28-2 is thought to be similar to that of Psb28-1 (Mabbitt et al., 2014) 

except that it likely exists as a monomer (Bialek et al., 2013), due to the lack of several amino-

acid residues putatively involved in dimerization of Psb28 (Mabbitt et al., 2014). Psb28-2 like 

Psb28-1 has been detected in RC47 complexes (Boehm et al., 2012). 

The physiological importance of Psb28 proteins in PSII assembly and function in 

Synechocystis 6803 still remains unknown. Here we show that under increased irradiance both 

proteins together with Psb27, a lumenal accessory protein associated with non-oxygen-evolving 

PSII core complexes (Nowaczyk et al., 2006), become components of PSII-PSI 

supercomplexes, the formation of which may be important step in PSII biogenesis especially 

under high irradiance. Consistent with this, we show that growth of both the Psb27 and Psb28-

1 mutants is affected under conditions of continuous and especially intermittent high light. 

 

RESULTS 

Differences in the association of Psb28 proteins with PSII 

Previous work has shown that both Psb28-1 and Psb28-2 are able to bind to the RC47 

complex (Bialek et al., 2013; Boehm et al., 2012; Dobáková et al., 2009). However, the weak 

Psb28-2 signal detected by immunoblotting in this earlier work prevented a complete analysis 

of the binding of Psb28-2 to other types of PSII complexes. To address this problem, we used 

commercial FLAG-tag specific antibodies to detect expression of a Psb28-2 derivative 

containing a 3 x FLAG tag fused to the N-terminus (FLAG-Psb28-2) (Boehm et al., 2012). 

Two-dimensional gel electrophoresis of solubilized thylakoids isolated from this strain 

confirmed the presence of the protein not only in RC47 but also at similar levels in the 

monomeric PSII core complex (RCC(1)) (Fig. 1). Additional probing of the same blot with an 

antibody against Psb28-1 detected Psb28-1 just in RC47 in agreement with earlier work 

(Dobáková et al., 2009). The apparent masses of the RC47 complexes containing Psb28-1 and 

FLAG-Psb28-2 in RC47 were slightly different suggesting that the two Psb28 proteins were 

not bound to the same complex. The position of unassembled Psb28-1 in the native gel was also 

in agreement with its postulated dimeric structure whereas unassembled FLAG-Psb28-2 

migrated as a monomer.  
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FLAG-Psb28-2-containing complexes immunopurified under mild solubilisation 

conditions were also examined by 2D gel electrophoresis. In the first dimension we used clear-

native PAGE, which enables sensitive identification of PSII complexes directly in the gel due 

to the emission of Chl fluorescence. This analysis confirmed the association of FLAG-Psb28-2 

with RC47 but unlike a previous study (Boehm et al., 2012) (see also Fig. S1) we also pulled-

down a monomeric PSII core complex RCC(1) (Fig. 2, left panel), possibly because the use of 

a milder MES buffer containing Mg2+ and Ca2+ ions stabilized binding of CP43 within the 

isolated RCC(1) complex during purification. Immunoblotting showed that RCC(1) complexes 

isolated using FLAG-Psb28-2 contained another PSII assembly factor, Psb27 (Fig. 2). Both the 

RC47 and RCC(1) complex were present in two versions: a larger one containing FLAG-Psb28-

2 and a smaller one lacking FLAG-Psb28-2 as judged from the relative migration of the FLAG-

tagged protein band (Fig. 2, complexes with asterisks). This suggests that a sub-population of 

FLAG-tagged Psb28-2 is released from PSII complexes during native PAGE and migrates in 

the region of unassembled proteins. This is even better documented in Fig. S1 when the 2D gel 

analysis was performed using FLAG-tagged Psb28-2 isolated by the previously described 

method (Boehm et al., 2012).  

Although the amount of SYPRO stained FLAG-Psb28-2 in Fig. 2 seemed to be sub-

stoichiometric in comparison with the pulled-down larger PSII proteins, comparison of the 

staining obtained with SYPRO Orange, used in this study due to its compatibility with 

immunoblotting, and with Coomassie Blue (Fig. S1) showed that the reason is the lower 

stainability of the tagged Psb28-2 and other smaller proteins (e.g. PsbE) by SYPRO stain. 

Indeed, comparison of the approximate intensity ratio of the FLAG-Psb28-2 and CP47 in the 

SYPRO-stained and CBB-stained gel showed much higher value with CBB staining (Fig. S1).  

To exclude the effect of the position of the FLAG-tag on the binding specificity of the 

Psb28 proteins, we analyzed membranes of two other strains expressing either N-terminally 

tagged Psb28-1 or C-terminally tagged Psb28-2 (FLAG-Psb28-1 and Psb28-2-FLAG, 

respectively) from their native promoters (Fig. S2). Membrane protein analysis confirmed that 

the position of the tag did not affect the binding specificity of each of the Psb28 proteins to PSII 

since FLAG-Psb28-1 was found in RC47 and Psb28-2-FLAG in both RC47 and RCC(1) (Fig. 

S2). In addition, RC47 and RCC(1) were both pulled down by Psb28-2-FLAG (Fig. S3).  
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Both FLAG-tagged Psb28 proteins associate with large PSII-PSI supercomplexes under 

increased irradiance 

We found that exposure of cells to increased irradiance led to an altered composition of 

the resulting pull-down preparations. FLAG-Psb28-2 isolated from more illuminated cultures 

contained a higher proportion of dimeric PSII core complexes and, in addition, a non-

fluorescent large Chl-protein complex visible at the edge of the CN gel (Fig. 2, right panel). 

The 2D gel showed that the latter complex contained all four large PSII Chl-binding proteins 

but its pigmentation was clearly higher than that of PSII core complexes. The absorption 

spectrum of the band showing a maximum at about 677 nm and a main 77 K fluorescence band 

peaking at 722 nm pointing to the presence of the Photosystem I (PSI) complex (Fig. 3, right 

panel). This was further confirmed by mass spectrometric analysis which showed the presence 

of the PsaA, PsaF and PsaL subunits of PSI (Table 1). The presence of PSI in the complex was 

also confirmed by immunodetection of the PsaD protein; the weaker signals detected in smaller 

complexes most probably reflect the presence of PSI trimeric, dimeric and monomeric 

complexes (Fig. 2, 2D blots). Therefore, we ascribe the large complex to a supercomplex of 

PSII and PSI (RCCS, Fig. 2, right panel). In agreement with previously published data, the 

supercomplex also contained Psb27 (Komenda et al., 2012a), a lumenal accessory protein 

associated with non-oxygen-evolving PSII core complexes (Nowaczyk et al., 2006), which 

suggests a role for the supercomplex in PSII assembly/repair. A similar pattern of PSII 

complexes was also obtained when we affinity purified C-terminally tagged Psb28-2 (Psb28-2-

FLAG) from cells grown under standard and high irradiance (Fig. S3). The complexes again 

contained Psb27. 

We further tested whether FLAG-tagged Psb28-1 also co-isolated with RCCS under 

increased irradiance. Psb28-1-FLAG co-purified with RC47, a very small amount of RCC(1) 

and RCC(1)-RC47 complex, when isolation was performed from cells grown under standard 

conditions (Fig. 4, left panel). Here again the seemingly low level of the pulled-down Psb28-1-

FLAG was related to the weaker staining of the protein by SYPRO Orange (Fig. S4). When 

isolated from cells exposed to high irradiance, the preparation additionally contained a 

significant amount of the PSII-PSI supercomplex (Fig. 4, right panel). The presence of PSI was 

again confirmed by identification of both PsaD in the complex by immunoblotting (Fig. 4, 2D 

blots) and PsaE in the pull-down by mass spectrometry (Table S1). We never identified Psb28-

2 in Psb28-1-FLAG pull-down confirming their independent binding (not shown).  
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To further characterize the PSII-PSI supercomplex, we subjected the Psb28-1-FLAG 

preparation to single particle analysis. Due to the low amount of supercomplexes in the 

preparation (Fig. 5A) the resolution of the obtained images was rather limited; nevertheless it 

was sufficient for the unequivocal identification of PSI trimers in the particles. The shape and 

size of the additional structures attached to the PSI trimer corresponded well to two monomeric 

PSII complexes (Fig. 5B). Single particle analysis also supported the presence of RCC(1)-RC47 

complexes (Fig. 5C) which were detected by 2D gel electrophoresis on the basis of a relative 

decrease in intensity of the CP43 band in the complex compared to RCC(1) complexes (Fig. 4).  

The PSII-PSI supercomplexes were present in WT cells even under standard light 

conditions and their quantity only slightly increased after exposure of the cells to high light 

(Fig. S5). These data indicate that these complexes are constitutively present in cells but after 

high light treatment that there is an increase in the amount of a specific fraction that binds the 

Psb28 and Psb27 proteins.  

We also tested unspecific binding of RCCS and other PSII complexes to FLAG-affinity 

resin using solubilized membranes from the control WT strain subjected to high irradiance. No 

apparent Chl-containing complexes present in the eluate excluded an artefactual binding of 

RCCS to the affinity resin (Fig. S5). 

 

Differences in profile of PSII complexes in psb28 null mutants 

Previous results have suggested that the strain lacking Psb28-1 shows impaired 

synthesis of CP47 and PSI and accumulates lower levels of Chl in the cell (Dobáková et al., 

2009). However, this phenotype was not observed in a second independently constructed psb28-

1 mutant (Sakata et al., 2013). Since this disagreement could be caused by differences in the 

genetic backgrounds of the two WT strains used to make the mutants, we constructed two new 

Psb28-1- and Psb28-2-less mutants using a different WT strain. In our original study (Dobáková 

et al., 2009) we used a WT strain very similar to the glucose-tolerant GT-O2 strain (Morris et 

al., 2014) which was subsequently shown to exhibit partial Chl depletion upon autotrophic 

growth conditions. The new set of mutants was instead constructed in a strain similar to the GT-

Kazusa strain (Fig. S6), which contains a similar content of Chl as the standard motile PCC 

6803 strain (Tichý et al., 2016). The resulting psb28 mutants were found to have a similar 

cellular Chl content as the control and contain very similar levels of PSI and both monomeric 

and dimeric PSII core complexes as revealed by clear native gel electrophoresis (Fig. 7) in 
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agreement with Sakata et al. (2013). This result indicates that the decreased level of Chl in the 

Psb28-1-less strain seen by Dobáková et al. (2009) was most probably related to the Chl-

deficient phenotype of the WT strain originally used for mutant construction.  

Nevertheless, when we performed radioactive labeling of proteins in the new strains, 

the Psb28-1-less mutant still showed lower labeling of CP47 and PSI in comparison to the other 

two strains (Fig. S7). Another common feature of the new Psb28-1 strain shared with the one 

constructed by Dobáková et al. (2009), was the lack of detectable RC47 complex and a lower 

level of free unassembled CP47 while in the strain lacking Psb28-2, the RC47 complex was 

clearly visible and was even more abundant than in WT (Fig. 7, right panel and quantification 

table). All three strains show the presence of PSI-PSII supercomplexes under both standard and 

high light conditions indicating that the accumulation of PSII supercomplexes is not dependent 

on the presence of Psb28 proteins.  

 

Loss of Psb28-1 but not Psb28-2 impairs growth in continuous high light and especially 

intermittent light 

Under standard illumination conditions growth of the psb28-1 and psb28-2 null mutants 

on agar plates was indistinguishable to WT (Fig. 8, left panels). Under high irradiance, the strain 

lacking Psb28-1 grew slightly slower than the WT and Psb28-2-less strains but its sensitivity 

to high light was exacerbated when we used intermittent (5 min dark and 5 min 400 µmol 

photons m-2 s-1) instead of continuous (400 µmol photons m-2 s-1) high light (Fig. 8, upper right 

panel). When the psb28-2 gene was additionally inactivated in the Psb28-1 mutant, the growth 

of the resulting double mutant was identical to that of the psb28-1 mutant under all tested 

conditions (not shown). A psb27 null mutant also grew slower under intermittent light in 

comparison with WT (Fig. 8, lower right panel). Finally, we constructed the Psb27/Psb28-1 

double mutant which showed the slowest growth of all the tested strains in high continuous 

light and did not grow at all in intermittent light.  

As the Psb28-1-less strain showed a light-sensitive phenotype, we checked whether it is 

a light-inducible stress protein like members of the high-light-inducible proteins (Hlips, He et 

al. 2001). While the level of Psb28-1 remained the same after 2h exposure of WT cells to 500 

µmol photons m-2 s-1, the content of HliA/B in these cells sharply increased meaning that pool 

of Psb28-1 in the cell is stable and the protein is not high-light inducible. 
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DISCUSSION 

Many cyanobacteria, like Synechocystis 6803, encode two different Psb28 proteins. 

Here we confirm that under standard cultivation conditions both Psb28-1 and Psb28-2 associate 

with the RC47 complex. One difference between the two forms of Psb28 is that Psb28-2 is 

found at higher levels in the monomeric RCC(1) complex (Figs. 1, 2 and 4). When the Psb28 

proteins were purified from cells exposed to increased irradiance, oligomeric PSII complexes, 

small amounts of PSI and especially PSII-PSI supercomplexes now appeared in the affinity-

purified preparations. Interestingly, the Psb27 assembly factor was also present in these 

complexes in accordance with previous results indicating a close relationship between Psb27 

and Psb28 proteins (Kashino et al., 2002; Liu et al., 2011a; Liu et al., 2011b; Nowaczyk et al., 

2012). Association of Psb27 with large PSI-PSII complexes has also been demonstrated in 

previous studies (Komenda et al., 2012a; Liu et al., 2011b). Given that Psb27 is associated with 

PSII complexes lacking a functional oxygen-evolving complex (Nowaczyk et al., 2006) the 

complexes containing both Psb27 and Psb28 are therefore likely to be involved in de novo 

assembly and/or repair of PSII.  

Single particle analysis of preparations isolated using FLAG-tagged Psb28-like proteins 

from high-light exposed cells showed the presence of large particles containing PSI trimer 

together with two additional densities corresponding in size and shape to two PSII monomers; 

however the organization of the two monomers is clearly different from their arrangement in 

the known dimeric crystal structures which would suggest binding to trimeric PSI as monomers 

rather than a dimer (Fig. 5). The close association of PSI trimeric complexes with PSII 

complexes containing the Psb28 and Psb27 assembly factors supports our previous hypothesis 

that PSI might play a protective role during PSII biogenesis (Komenda et al., 2012a). Indeed 

this association between PSII and PSI in the supercomplexes resulted in the loss of Chl 

fluorescence of otherwise highly fluorescent PSII complexes indicating efficient energy 

spillover to PSI (Fig. 2 and 4). Thus, the formation of PSI-PSII supercomplexes might reflect a 

light-induced response of the PSII assembly machinery to protect PSII assembly complexes via 

efficient PSI-mediated quenching of harmful excitation energy absorbed by these intermediates. 

Moreover, as we have recently identified trimeric PSI as the main sink for newly synthesized 

Chl (Kopečná et al., 2012), association of PSII assembly complexes with PSI trimeric 
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complexes may also allow production of PSII assembly modules using Chl released from 

trimeric PSI.  

The crystal structure of Psb28 from T. elongatus suggests that the proximity of the C-

termini of the two monomers in the dimer does not allow tagging of the molecule without 

destabilization of the dimer and this was supported by analysis of the strain expressing Psb28-

1 with a FLAG tag on the C-terminus. Nevertheless, the FLAG-tagged protein was still able to 

bind to RC47 in cells (Fig. S2, left) and PSII co-purified with the isolated tagged protein 

suggesting that the dimeric structure of the Psb28-1 protein is not needed for binding to PSII 

(Fig. 4). 

Binding of Psb28 proteins to PSII is dependent on the presence of PsbH (Bialek et al., 

2013; Dobáková et al., 2009); this fact together with the inhibitory effect of deleting psb28-1 

on synthesis of CP47 led to the speculation that Psb28-1 is bound to CP47. However, taking 

into account the oligomeric structure of native Psb28-1 together with the presence of a long N-

terminal helix of PsbH stretching over CP47, it is also possible that Psb28 might bind more in 

the center of PSII then previously envisaged and so prevents binding of CP43 to RC47 thereby 

allowing accumulation of RC47 in the membrane.  

PsbH is also essential for the binding to PSII of HliB (also termed ScpD), a member of 

the family of high-light inducible proteins (Hlips) (He et al., 2001) or small chlorophyll-a/b-

binding-like proteins (Scps) (Funk and Vermaas, 1999). We show that expression of Hlips is 

quickly induced upon increase of irradiance while the Psb28-1 protein is present constitutively 

in cells and its content does not respond to high light (Fig. 9). Although we cannot exclude that 

in the membrane all Psb28-1 proteins weakly interact with PSII and this interaction is disrupted 

during native PAGE, there is nevertheless a fraction of Psb28-1 that binds to RC47 more stably 

and this fraction is shown to increase after high light exposure of the cells (Fig. 7). Thus, it 

seems that the Psb28-1 protein is available for binding to PSII before the production of Hlips 

and that such prompt binding may be important for the Psb28-1 function during 

high/intermittent light stress.  

WT-like sensitivity to continuous high light (Fig. 7) and the presence of RC47 in the 

Psb28-2-less strain (Fig. 6) suggests that Psb28-2 is not a redundant Psb28-1 copy with the 

same function. Instead, we speculate that Psb28-2 may act as an antagonist which prevents 

formation of RC47 by excluding Psb28-1 from its binding site. That the two Psb28 proteins 

might play different roles is in line with the up-regulation of the psb28-1 transcript level but 

down-regulation of psb28-2 in a Synechocystis 6803 mutant lacking the PsbO protein (Schriek 
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et al., 2008), which is highly sensitive to photoinhibition and exhibits very fast D1 turnover 

(Komenda and Barber, 1995). Similarly, the expression profiles of the psb28-1 and psb28-2 

genes were found to be quite different under a variety of environmental conditions in a very 

recent transcriptomic study (Hernández-Prieto et al., 2016) again supporting a distinct 

functional role for each protein.  

In the absence of Psb28-1 the RC47 complex is undetectable in cells grown under 

standard conditions while in WT cells this complex is detectable. This difference has previously 

been related to an effect on CP47 synthesis as the psb28-null mutant contains an increased level 

of RCII, the assembly complex that immediately precedes RC47 in the PSII assembly pathway 

(Dobáková et al., 2009). For the newly constructed psb28-1 mutant described here, there was 

also reduced synthesis of CP47 (autoradiogram in Fig. S7). Interestingly, unlike the 

Synechocystis 6803 CP43-less mutant, the CP47-less mutant shows a Chl deficient phenotype 

reflecting reduced PSI accumulation (Fig. S8) and the decreased synthesis of PSI detected in 

the psb28-null mutant could similarly be related to the lower synthesis of CP47 (autoradiogram 

in Fig. S7). A specific effect on the synthesis of PSI and CP47 has also been seen in the por 

(Kopečná et al., 2013) and gun4 (Sobotka et al., 2008) mutants disrupted in the PChlide 

reduction and Mg-chelatase steps, respectively, and in the ycf54 mutant affected in the function 

of aerobic cyclase involved in the synthesis of the fifth Chl ring (Hollingshead et al., 2016). 

Given that newly synthesized Chl in Synechocystis 6803 is preferentially incorporated into the 

PSI trimer (Kopečná et al., 2012) and that this complex is particularly deficient in the CP47-

less, por and gun4 mutants, Psb28-1 could regulate this main pathway for Chl incorporation. 

A link between Psb28-1 and the synthesis of Chl-binding proteins is also suggested from 

analysis of gene transcription during the diurnal cycle of the nitrogen-fixing cyanobacterium 

Cyanothece sp. ATCC 51142. Unlike transcripts for other PSII-associated genes, psb28 

transcripts preferentially accumulate during the dark period when Chl biosynthesis is activated 

and PSI proteins in particular are synthesized, probably in readiness for the start of light period 

(Stöckel et al., 2011).  

Previous studies on psb28 mutants constructed in Synechocystis 6803 have led to 

conflicting results regarding the importance of Psb28-1 for accumulation and assembly of both 

photosystems. By constructing new deletion mutants in a WT strain of Synechocystis 6803 that 

is known not to be affected in chlorophyll biosynthesis, we have confirmed that Psb28-1 has 

very little impact on growth under standard continuous illumination (40 µmol photons m-2 s-1). 

Importantly we have been able to show here that Psb28-1 and Psb27 are needed for optimal 
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growth especially under intermittent high light conditions (Fig. 7). This phenotype has not been 

reported before for cyanobacteria. In the case of higher plants, Psb28 is already known to be 

required for normal growth and pigmentation of rice plants (Jung et al., 2008). The mechanism 

of Psb28-1 action remains unclear but it apparently differs from that of Psb27, since the 

intermittent light condition affected growth of Psb27/Psb28-1 double mutant more severely 

than each of the single mutants (Fig. 7).   

 

MATERIAL AND METHODS 

Construction of mutant strains 

The non-motile, glucose-tolerant strain of Synechocystis sp. PCC 6803 obtained from 

laboratory of P. J. Nixon (GT-P; Tichý et al., 2016) was used in this study as a wild-type strain 

and as a background for the generated deletion mutant strains (∆Psb28-1, ∆Psb28-2, ∆Psb28-

1/∆Psb28-2, and ∆Psb27/∆Psb28-1) and FLAG-tagged mutants (Psb28-1-FLAG, FLAG-

Psb28-1, Psb28-2-FLAG, and FLAG-Psb28-2). 

Deletion mutant strains. The psb28-1 knockout vector was constructed in two steps. First, the 

upstream region of sll1398 was PCR amplified from wild-type genomic DNA of Synechocystis 

PCC 6803 with primer set Sll1398-1F and Sll1398-2R, and the downstream region was 

amplified with Sll1398-3F and Sll1398-4R. The resulting PCR fragments were then mixed 

together to serve as the DNA template to perform overlap extension PCR with primer set 

Sll1398-1F and Sll1398-4R. The joint PCR fragment, which has the entire sll1398 ORF 

replaced with an EcoRV restriction site, was cloned into pGEM®-T Easy vector (Promega). The 

resulting plasmid, namely pGEMSll1398, was then used as an intermediate vector for insertion 

of either kanamycin or chloramphenicol cassette via EcoRV restriction site to create the final 

transformation vectors termed pSll1398Cam and pSll1398Kan (Fig. 7). The sequencing 

confirmed that the orientation of the resistance cassette was the same as the orientation of gene 

of interest. The plasmid pSll1398Cam was used for transformation of WT and ΔPsb27 strain to 

create a deletion mutants ∆Psb28-1 and ΔPsb27/∆Psb28-1, respectively. The segregation was 

checked by PCR. Transformants were selected for CamR antibiotic resistance and PCR was 

used to show integration of the selectable marker and elimination of the wild-type gene copy. 

The psb27 and psb28-2 knockout vector was constructed using an identical approach. The 

resulting plasmids pGEMSlr1645 and pGEMSlr1739 were then used as an intermediate vectors 

for insertion of gentamicin, kanamycin or chloramphenicol cassette via EcoRV restriction site 

to create the final transformation vectors termed pSlr1645Gent, pSlr1739Cam and 
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pSlr1739Kan. The pSlr1739Cam which has a chloramphenicol resistance cassette was used for 

transformation of WT to create a deletion mutant ∆Psb28-2 and the pSlr1739Kan for 

transformation of the ∆Psb28-1 strain with CamR to create a double mutant ∆Psb28-1/∆Psb28-

2. The pSlr1645Gent was used for transformation of WT to create a deletion mutant ∆Psb27. 

Segregations were again checked by PCR. The transcription orientation of antibiotic cassettes 

was again along the genes of interest.  

 

FLAG-tagged mutant strains. The constructs Sll1398C’FLAG and Slr1739C’FLAG, designed 

to place the C-terminally FLAG-tagged sll1398 and slr1739 genes under the native promoters, 

consist of an upstream region, gene with three repetitions of eight amino acids FLAG sequence 

(3 x AspTyrLysAspAspAspAspLys; Sigma-Aldrich, USA) on the C-terminus, zeocine cassette 

in reversed orientation, and downstream region of the corresponding gene (Fig. S9, right). The 

constructs were commercially synthesized and cloned to pUC57 plasmid by EcoRV (Gene 

Synthesis Service, GenScript Company; Fig. S9, left). The obtained plasmids 

pUC57Sll1398C’FLAG and pUC57Slr1739C’FLAG were then used to transform the wild-type 

cells to yield strains expressing C-terminally FLAG-tagged Psb28-1 and Psb28-2. The complete 

segregation was checked by PCR (data not shown).  

To create N-terminally FLAG-tagged Psb28-1 the pUC57Sll1398C’FLAG plasmid was used 

to generate pUC57Sll1398N’FLAG vector by replacing sll1398-FLAG with FLAG-sll1398 

sequence using NdeI and AvrII restriction sites. The N-terminally FLAG tagged Psb28-2 was 

placed under the petJ promoter in ∆Psb28-2 background (Boehm et al., 2012).  

 

Cultivation conditions of cyanobacterial strains 

The cells used in this study were grown in 100 ml of liquid BG11 medium using 250 ml 

flasks on an orbital shaker at 29°C under continuous light of 40 µmol photons m-2 s-1 (normal 

light). For (photo)heterotrophic growth conditions, the medium was supplemented with 5 mM 

glucose. 

The cells used for protein purification were grown in 4 liters of BG11 medium 

containing 1 mM glucose using 10L flasks. Culture was air bubbled, stirred and incubated at 

29°C under continuous surface illumination of 120 µmol photons m-2 s-1 from light source 

placed on one side of the flask (creating low light conditions, due to the big volume of the 

culture). For high light cultivation, the cells were grown in 400 ml of liquid BG11 medium 

using 1L flasks containing 1 mM glucose and cultivated on an orbital shaker under gradually 
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increasing surface illumination of 20 to 120 µmol photons m-2 s-1. Wild-type cells were always 

grown under the same conditions as the mutant strains.  

 

Growth assay on agar plates 

Cells of Synechocystis 6803 strains used for growth assay were cultivated 

autotrophically in 70 ml of liquid BG11 medium using 250 ml flasks on an orbital shaker at 

29°C under continuous light of 40 µmol photons m-2 s-1 (normal light). After reaching 

exponential phase, the cells were diluted to OD750 nm 0.1, 0.05, and 0.025 and spotted on 

autotrophic BG11 agar plates containing 10 mM TES buffer. One plate was always incubated 

at 40 µmol photons m-2 s-1 for four days and identical plate under intermittent light conditions 

(5 minutes dark and 5 minutes 400 µmol photons m-2 s-1) or continuous high light (400 µmol 

photons m-2 s-1) for four days.  

 

Protein analysis 

The Chla content of samples was determined by extraction into methanol and absorption 

measurements at 666 and 720 nm (Wellburn, 1994). 

 Membranes were prepared by breaking the cells with zirconia/silica beads in A buffer 

(25 mM MES/NaOH, pH 6.5, 10 mM CaCl2, 10 mM MgCl2, and 20% glycerol). The broken 

cells were centrifuged at 20,000g for 20 minutes and the pelleted thylakoid membranes were 

then resuspended in half volume of the supertantant, that represens a soluble fraction, in A 

buffer. The Chl concetration of 1% (w/v) n-dodecyl-β-D-maltoside solubilized membranes was 

measured by extraction into methanol and absorption measurements at 666 and 720 nm. 

 Thylakoid membranes corresponding to an amount of 4 µg Chla were solubilized with 

1% (w/v) n-dodecyl-β-D-maltoside and separated on a 4–14% (w/v) polyacrylamide CN-PAGE 

linear gradient gel (Wittig et al., 2007) or a 4–14% (w/v) polyacrylamide BN-PAGE linear 

gradient gel (Komenda et al., 2012a). Chl fluorescence of separated PSII complexes was 

recorded using a LAS-4000 camera (Fujifilm). Gel stripes from the first dimension were 

incubated in 25 mM Tris/HCl, pH 7.5 buffer containing 1% DTT (w/v) and 1% SDS (v/v) at 

room temperature for 30 minutes and then separated on 12-20 % (w/v) polyacrylamide SDS-

PAGE gel containing 7 M urea, the second dimension. The gels were stained with fluorescence 

dye SYPRO Orange (Sigma-Aldrich, USA), blotted onto PVDF membrane and subsequently 

used for immunodetection. Membranes were incubated with specific primary antibodies and 

then with secondary antibody horse-radish peroxidase conjugate (Sigma-Aldrich, USA).  
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Isolation of FLAG-tagged proteins 

For isolation of FLAG-tagged proteins, membranes were prepared by breaking the cells with 

zirconia/silica beads in A buffer (25 mM MES/NaOH, pH 6.5, 10 mM CaCl2, 10 mM MgCl2 

and 25% glycerol) with protease inhibitor (SIGMAFASTTM Protease Inhibitor Cocktail Tablets, 

EDTA-Free, Sigma-Aldrich, USA), separated from soluble fraction by centrifugation at 

60,000g for 20 minutes, pelleted membranes resuspended in A buffer, and solubilized in 1.5% 

(w/v) n-dodecyl-β-D-maltoside. The supernatant was then loaded onto a column containing 300 

μl of anti-FLAG M2 affinity gel (Sigma-Aldrich, USA) pre-equilibrated with A buffer 

containing 0.04% n-dodecyl-β-D-maltoside (A-DDM buffer). To remove any loosely bound 

contaminants, the column was first washed with 5 ml of Buffer A–DDM and then the FLAG-

tagged protein was eluted by a 30 min incubation of resin in 200 μl of A-DDM buffer containing 

20% glycerol and 150 μl 3xFLAG peptide (Sigma-Aldrich, USA). Resin was removed by 

centrifugation at 500g for 5 min. Obtained preparations were separated on CN/2D gel 

electrophoresis with subsequent western blotting or coomassie staining. 

 

Spectroscopy analysis 

Chl fluorescence emission spectra 77K were measured using an Aminco Bowman Series 

2 luminescence spectrometer (Spectronic Unicam, Rochester, NY, USA) and fluorescence 

spectra were recorded in the range 600-800 nm.  

Absorption spectra of whole cells and FLAG-preparations were recorded in the range 

350-750 nm using a Shimadzu UV-3000 spectrophotometer. 

 

Transmission electron microscopy (TEM) 

Freshly prepared complexes were used for electron microscopy. The specimen was 

placed on glow-discharged carbon-coated copper grids and negatively stained with 2% uranyl 

acetate, visualized by JEOL JEM– 2100F transmission electron microscope (JEOL Japan, using 

200 kV at 20,000x magnification) and processed by image analysis. TEM images were recorded 

by a bottom-mount Gatan CCD Orius SC1000 camera, corresponding to a pixel size of 3.4 Å. 

Image analyses were carried out using Spider and Web software package (Frank et al., 1996). 

The selected projections were rotationally and translationally aligned, and treated by 

multivariate statistical analysis in combination with classification procedure (Harauz et al., 

1988; Van Heel and Frank, 1981). Classes from each of the subsets were used for refinement 
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of alignments and subsequent classifications. For the final sum, the best of the class members 

were summed using a cross-correlation coefficient of the alignment procedure as a quality 

parameter. The projection is overlaid with a cyanobacterial X-ray models of the PSI (1JB0, 

Jordan et al., 2001) and monomer of PSII core complexes (2AXT, Loll et al., 2005). 

 

Protein identification by mass spectrometry 

The MS analyses of protein bands excised from the gel or the liquid pull-down 

preparations of the tagged proteins were done on a NanoAcquity UPLC (Waters) on-line 

coupled to an ESI Q-ToF Premier mass spectrometer (Waters) as described in (Janouškovec et 

al., 2013). 
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FIGURE LEGEND 

Figure 1. Two-dimensional protein analysis of a Synechocystis 6803 strain FLAG-Psb28-

2/∆Psb28-2 expressing the FLAG-Psb28-2 protein instead of Psb28-2. Solubilized 

membranes isolated from the strain corresponding to an amount of 4 µg Chla were analyzed 

by BN-PAGE in the first dimension (1D color) and by SDS-PAGE in the second dimension. 

The gel was stained with SYPRO Orange (2D SYPRO stain), proteins were blotted onto 

PVDF membrane and subsequently probed with specific antibodies (Blots). The designation 

of complexes: RCCS, supercomplex of PSI trimer and PSII dimer; PSI(3) and PSI(1), trimeric 

and monomeric Photosystem I; RCC(2) and RCC(1), dimeric and monomeric PSII core 

complexes; RC47, the monomeric PSII core complex lacking CP43; U.P., unassembled 

proteins. 

 

Figure 2. Two-dimensional protein analysis of N-terminally FLAG-tagged Psb28-2 

preparation (FLAG-Psb28-2) isolated by affinity chromatography from cells of FLAG-

Psb28-2/Psb28-2 strain grown under low (left panel) or high (HL, right panel) 

irradiance. Preparations were analyzed by CN PAGE in the first dimension, the native gel 

was photographed (1D color) and scanned by LAS-4000 for fluorescence (1D fluor), after 

SDS-PAGE in the 2nd dimension the gel was stained with SYPRO Orange (2D SYPRO 

stain), electroblotted to PVDF membrane and probed with the antibody specific for Psb27 and 

PsaD (2D blots). The designation of complexes as in Fig. 1, the red arrow points at the 

fluorescence quenching in RCCS. Asterisks indicate PSII complexes lacking FLAG-Psb28-2.  

Figure 3. The room temperature absorption (left panel) and 77K Chl fluorescence (right 

panel) spectra of the RCCS band cut from the CN gel shown in Fig. 2, right panel. The 

absorption spectrum was measured using Shimadzu UV-3000, the fluorescence spectrum was 

measured using an Aminco Bowman Series 2 luminescence spectrometer.  

Figure 4. Two-dimensional protein analysis of FLAG-tagged Psb28-1 preparation 

isolated by affinity chromatography from cells of Psb28-1-FLAG/Psb28-1 strain grown 

under low (left panel) or high (HL, right panel) irradiance. Preparations were analyzed by 

CN PAGE in the first dimension, the native gel was photographed (1D color) and scanned by 

LAS-4000 for fluorescence (1D fluor), after SDS-PAGE in the 2nd dimension the gel was 

stained with SYPRO Orange (2D SYPRO stain), electroblotted to PVDF membrane and 

probed with the specific antibodies against Psb27 and PsaD (2D blots). The designation of 
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complexes as in Fig. 1, RCC(1)-RC47 is a PSII dimeric core complex lacking one of the 

CP43 inner antenna. The red arrow points at the fluorescence quenching in RCCS. 

Figure 5. Electron-microscopic analysis of  complexes co-isolated with Psb28-1-FLAG 

from high light exposed culture.  (A) Electron micrographs of negatively stained complexes. 

The labeled RCCS and RCC(1)-RC47 particles are in square and circles, respectively. (B) The 

top-view projection map of the RCCS supercomplex containing trimeric PSI complex and two 

PSII monomers. The negatively stained particle (left panel) was obtained by classification of  

95 particles. In the right panel the projection was overlaid with a cyanobacterial X-ray models 

of the PSI trimer and two PSII core complexes. (C) The negatively stained particles of 

RCC(1)-RC47 (left panel) was obtained by classification of 5600 particles. The projection 

was overlaid with a cyanobacterial X-ray model of the PSII monomer and PSII monomer 

lacking CP43 and associated proteins (PsbK, PsbZ and Psb30). Color designation of proteins: 

PsaA, brown;  PsaB, dark green; PsaL, violet; other small PSI subunits, grey; D1, yellow; D2, 

light green; CP47, blue; CP43, red; small PSII subunits, ochre. The coordinates are taken 

from Protein Data Bank (http://www.rcsb.org/pdb). PSI code 1JB0 (Jordan et al. 2001) and 

PSII code 2AXT (Loll et al. 2005). The scale bars represent 10 nm. 

Figure 6. Pigment-protein analysis of membranes isolated from WT, ∆Psb28-1 and 

∆Psb28-2 Synechocystis 6803 strains by CN PAGE. Strains were grown initially at 

irradiance of 40 µmol photons m-2 s-1. Each sample contained 4 µg Chla corresponding to the 

same OD750nm. The native gel was photographed (1D color) and scanned by LAS-4000 for 

Chl fluorescence before (1D fluor) and after enhancement of the signal (1D fluor over). 

Signals of RC47 and CP43 in 1D fluor over were quantified by Image Quant software and 

expressed as % of the WT band intensity. The values represent means of three independent  

Figure 7. Growth assay on agar plates of WT, ∆Psb28-1, ∆Psb28-2, ∆Psb27 and 

∆Psb27/∆Psb28-1. Each strain was cultivated autotrophically in liquid BG11 medium at 40 

µmol photons m2- s-1. After reaching exponential phase, the cells were diluted to OD750 nm 0.1, 

0.05 and 0.025, and spotted on autotrophic agar plates. The plates were incubated at 40 µmol 

photons m2- s-1 for four days (left-hand panels) and identical plates (right-hand panels) under 

intermittent light conditions (5 minutes dark and 5 minutes 400 µmol photons m2- s-1,  upper 

right-hand panel) or constat high light (400 µmol photons m2- s-1,  lower right-hand panel) for 

four days. 
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Figure . Protein analysis of WT and Psb28 cells grown under standard (contr) and 

high (500 µmol photons m-2 s-1 ) irradiance for 2 hours (HL 2h). Membranes isolated from 

the cells corresponding to an amount of 4 µg Chla (only lane designated WT contr, 50% 

contained 2 µg Chla ) were separated by SDS-PAGE, proteins were blotted onto PVDF 

membrane and subsequently probed with antibody specific to the D1 protein (loading 

control), Psb28-1 and HliA/B. 

 

 

 

  



23 

 

 

 

 

 

 

 

 

Protein 

UniProtKB No. 

Size (Da) 

Length (AA) 

Coverage (%) Detected/theoretical 

no. of peptides 

PLGS 

score 

CP47 

P05429 

55903 

507 

5 1/27 208 

D1 

P14660 

39695 

360 

3 1/14 130 

PsaA 

P29254 

82950 

751 

5 3/34 338 

PsaF 

P29256 

18249 

165 

19 2/11 95 

PsaL 

P37277 

16624 

157 

25 2/6 160 
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Table 1. List of proteins identified by MS in the CN-PAGE separated PSII-PSI 

supercomplex  RCCS of the Psb28-2-FLAG pull-down (Fig. 2) isolated from high light 

treated cells of the Synechocystis strain expressing Psb28-2-FLAG. PLGS score is a 

statistical measure of peptide assignment accuracy; it is calculated by Protein Lynx Global 

Server (PLGS 2.2.3) software (Waters).  


