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Abstract  37 

Several auxiliary factors are required for the assembly of photosystem (PS) II, one of 38 

which is Psb28. While the absence of Psb28 in cyanobacteria had little effect on PSII 39 

assembly, we show here that a Chlamydomonas psb28-null mutant was severely 40 

impaired in PSII assembly, showing drastically reduced PSII supercomplexes, dimers 41 

and monomers, while over-accumulating RCII, CP43mod and D1mod. The mutant 42 

accumulated less PSI and more Cyt b6f and showed fewer thylakoid stacks and a 43 

distorted chloroplast morphology. Complexome profiling of the psb28 mutant revealed 44 

that TEF5, the homolog of Arabidopsis PSB33/LIL8, accumulated particularly with 45 

RCII. TEF5 also interacted with PSI. A Chlamydomonas tef5 null mutant was also 46 

severely impaired in PSII assembly and over-accumulated RCII and CP43mod. RC47 47 

was not detectable in the light-grown tef5 mutant. Our data suggest a possible role for 48 

TEF5 in facilitating the assembly of CP47mod into RCII. Both the psb28 and tef5 mutants 49 

exhibited decreased synthesis of CP47 and PsbH, suggesting negative feedback 50 

regulation possibly exerted by the accumulation of RCII and/or CP43mod in both 51 

mutants. The strong effects of missing auxiliary factors on PSII assembly in 52 

Chlamydomonas suggest a more effective protein quality control system in this alga 53 

than in land plants and cyanobacteria. 54 

  55 
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Introduction 56 

Photosystem II (PSII) is a light-driven water:plastoquinone oxidoreductase in the 57 

thylakoid membranes of cyanobacteria and chloroplasts. Structural analyses of the 58 

PSII core complex from spinach and pea revealed four large intrinsic subunits, D1 59 

(PsbA), D2 (PsbD), CP43 (PsbC) and CP47 (PsbB) as well as twelve small membrane-60 

spanning subunits PsbE, PsbF, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbTc, PsbW, 61 

PsbX, and PsbZ. Moreover, there were four extrinsic subunits on the luminal side, 62 

including oxygen-evolving complex proteins (PsbO, PsbP, PsbQ) and PsbTn (Wei et 63 

al., 2016; Su et al., 2017). Structural analyses of PSII from Chlamydomonas reinhardtii 64 

(Chlamydomonas) revealed the same subunits as found in the PSII core from land 65 

plants but two more peripheral subunits were detected, Psb30 and PsbR, while PsbTn 66 

was absent. Moreover, two new densities referred to as unidentified stromal protein 67 

(USP) and small luminal protein (SLP) were detected (Sheng et al., 2019; Sheng et al., 68 

2021). PSII core monomers assemble into dimers to which peripheral antenna bind on 69 

both sides to form PSII supercomplexes. In land plants, a PSII dimer binds two of the 70 

monomeric minor antenna CP24 (LHCB6), CP26 (LHCB5) and CP29 (LHCB4) as well 71 

as up to four major LHCII heterotrimers (Caffarri et al., 2009; Kouril et al., 2011; Su et 72 

al., 2017). In Chlamydomonas, which lacks CP24, a PSII dimer binds two each of the 73 

CP26 and CP29 monomers as well as up to six large LHCII heterotrimers (Tokutsu et 74 

al., 2012; Sheng et al., 2019; Sheng et al., 2021).  75 

 Based mainly on seminal work on cyanobacterial PSII, the steps leading to the 76 

formation of PSII core complexes from assembly modules have been revealed 77 

(Nickelsen and Rengstl, 2013; Lu, 2016; Plochinger et al., 2016; Komenda et al., 2024): 78 

PSII assembly starts with the synthesis of the α- and β-subunits (PsbE and PsbF) of 79 

Cyt b559, which  accumulates in the membrane and interacts with newly made D2 to 80 

form the D2mod (Morais et al., 1998; Muller and Eichacker, 1999; Komenda et al., 2004). 81 

In parallel, the newly synthesized D1 precursor interacts with PsbI that has already 82 

been produced. PsbI-D1 (D1mod) is then combined with the D2-Cyt b559 complex to 83 

form the reaction center (RCII) (Dobakova et al., 2007; Zhao et al., 2023). This is 84 

followed by proteolytic processing of the D1 precursor at its C-terminus (Anbudurai et 85 

al., 1994). With the low molecular mass subunits PsbH, PsbL, PsbM, PsbR, and 86 

PsbTc, CP47 forms the CP47mod that combines with RCII to form the RC47 87 
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intermediate, which also contains PsbX and PsbY (Rokka et al., 2005; Boehm et al., 88 

2012). CP43 interacts with the small subunits PsbK, PsbZ, and Psb30 and forms the 89 

CP43 module (CP43mod), which finally combines with RC47 to form PSII monomers 90 

(Sugimoto and Takahashi, 2003; Rokka et al., 2005; Boehm et al., 2011). During 91 

photoactivation in chloroplasts, the Mn4CaO5 cluster is attached to the luminal side of 92 

the PSII monomers, followed by the proteins PsbO, PsbP and PSBQ (Bricker et al., 93 

2012). After dimerization and attachment of LHCII the assembly is complete and the 94 

supercomplex is transferred from stroma-exposed membranes to grana stacks 95 

(Tokutsu et al., 2012; van Bezouwen et al., 2017). 96 

 The assembly of PSII is facilitated by auxiliary factors that temporarily bind to 97 

discrete assembly intermediates and are not part of the final complex. Many, but not 98 

all, of these auxiliary factors are conserved between cyanobacteria and chloroplasts 99 

(Nixon et al., 2010; Nickelsen and Rengstl, 2013; Lu, 2016; Komenda et al., 2024). For 100 

example, auxiliary factors including HCF136 (Ycf48 in Syncechocystis), PsbN, PAM68, 101 

PSB28, HCF244 (Ycf39 in Synechocystis) are conserved between chloroplasts and 102 

cyanobacteria, while factors such as Psb34 and Psb35 exist only in cyanobacteria and 103 

factors such as LPA2 exist only in chloroplasts. The conserved assembly factor Psb28 104 

(Psb28-1 in Synechocystis) is peripherally associated at the cytoplasmic side mainly 105 

with RC47 and less with PSII monomers (Kashino et al., 2002; Dobakova et al., 2009; 106 

Sakata et al., 2013). Since Psb28 interacts with RC47 and PSII monomers only 107 

transiently, PSII complexes with Psb28 can be enriched in cyanobacterial mutants that 108 

accumulate PSII assembly intermediates, such as deletion mutants of psbC (Boehm 109 

et al., 2012), psbJ (Nowaczyk et al., 2012; Zabret et al., 2021) or psbV  (Xiao et al., 110 

2021). PSII assembled completely in the Synechocystis psb28-1 mutant and was 111 

photochemically fully active (Dobakova et al., 2009; Sakata et al., 2013; Beckova et 112 

al., 2017). Accordingly, the mutant showed no growth phenotype at various light 113 

intensities at 30°C, but a growth defect was observed at 38°C and light intensities of 114 

30 µmol photons m-2 s-1 or higher (Sakata et al., 2013). Moreover, the psb28-1 mutant 115 

was more sensitive to fluctuating light (Beckova et al., 2017). The isolation of tagged 116 

Psb28 from cyanobacterial psbJ and psbV mutants allowed determining the cryo-EM 117 

structures of Psb28 bound to RC47 and PSII monomers (Xiao et al., 2021; Zabret et 118 

al., 2021). The Psb28-RC47 complex contained PSII subunits D1, D2, CP47, PsbE, 119 

PsbF, PsbH, PsbI, PsbL, PsbM, PsbT, and PsbX, while the Psb28-PSII monomer 120 
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complex also contained the CP43mod bound in a premature conformation. Psb28 was 121 

found to associate with D1, D2, and CP47 directly at the cytosolic surface of PSII. 122 

Psb28 binding induces the formation of an extended β-hairpin structure that 123 

incorporates Psb28’s central antiparallel β-sheet, the C terminus of CP47 and the D-E 124 

loop of D1. Psb28 binding causes large structural changes at the D–E loop regions of 125 

D1 and D2 when compared with native PSII, which affects the environment of the QA/B 126 

binding sites and the non-haem iron, potentially changing the QA/QA- redox potential to 127 

lower the risk of singlet oxygen production and thus prevent photodamage (Xiao et al., 128 

2021; Zabret et al., 2021). 129 

 The function of some PSII auxiliary factors is less clear. An example is 130 

PSB33/LIL8, which interacts with RC47 and larger PSII assembly states, but mainly 131 

with PSII monomers, and locates to stroma lamellae and grana margins in Arabidopsis 132 

(Fristedt et al., 2015; Fristedt et al., 2017; Kato et al., 2017; Nilsson et al., 2020). 133 

Arabidopsis psb33/lil8 mutants gave rise to an "emergent" PSII phenotype that was 134 

only observed during a suite of varying light treatments over five days (Cruz et al., 135 

2016), possibly explaining the very different mutant phenotypes reported (Fristedt et 136 

al., 2015; Fristedt et al., 2017; Kato et al., 2017; Nilsson et al., 2020). The “emergent” 137 

PSII phenotype was attributed to the formation of a fraction of PSII centers defective 138 

in QA- re-oxidation (Cruz et al., 2016). 139 

 Complexome profiling (CP) is based on the analysis of membrane protein 140 

complexes in gel bands of blue-native (BN) gels by mass spectrometry and can reveal 141 

novel assembly factors based on their co-migration with assembly intermediates 142 

(Heide et al., 2012; Heide and Wittig, 2013). We have previously employed CP on the 143 

Chlamydomonas lpa2 mutant which allowed identifying putative novel factors involved 144 

in PSII assembly steps beyond RCII (Spaniol et al., 2022). We found PSB28 to co-145 

migrate with RC47 and PSII monomers in the lpa2 mutant but not in WT suggesting a 146 

conserved role of PSB28 in PSII assembly. Since PSB28 has not been studied yet in 147 

molecular detail in chloroplasts and a psb28 mutant was available in the 148 

Chlamydomonas library project (CLiP) (Li et al., 2016), we characterized the 149 

Chlamydomonas psb28 mutant in this study. Unexpectedly, we found that the psb28 150 

mutant was strongly impaired in accumulating PSII assemblies beyond RCII, very 151 

much in contrast to cyanobacterial psb28 mutants. We used CP on the psb28 mutant 152 

and found TEF5, the homolog of Arabidopsis PSB22/LIL8, to co-migrate with early PSII 153 
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assembly intermediates, particularly RCII. We characterized the Chlamydomonas tef5 154 

mutant and found it to be strongly affected in the accumulation of PSII, with hardly 155 

detectable RC47, pointing to a role of TEF5 in facilitating assembly of the CP47mod into 156 

RCII. Overall, our results suggest that the absence of PSII auxiliary factors has a much 157 

greater impact on PSII assembly in Chlamydomonas than in cyanobacteria or land 158 

plants.  159 

 160 

Results 161 

The Chlamydomonas psb28 mutant accumulates less PSII and PSI subunits and 162 

shows impaired growth in high light and under photoautotrophic conditions 163 

Synechocystis sp. (strain PCC 6803) encodes two functionally distinct Psb28 164 

homologs, Psb28-1 and Psb28-2 (Dobakova et al., 2009; Sakata et al., 2013; Beckova 165 

et al., 2017), while only single PSB28 proteins are encoded by Arabidopsis thaliana 166 

(Arabidopsis) and Chlamydomonas reinhardtii (Chlamydomonas). As shown in Figure 167 

1A, Chlamydomonas and Arabidopsis PSB28 proteins are more closely related to 168 

Synechocystis Psb28-1 (58/71% and 45/69% identical/similar residues, respectively) 169 

than to Psb28-2 (28/45% and 34/54% identical/similar residues, respectively) and 170 

harbor predicted chloroplast transit peptides. The structure of Chlamydomonas PSB28 171 

predicted by AlphaFold is very similar to that determined for Thermosynechococcus 172 

elongatus bound to the PSII acceptor side (RMSD = 1.24 Å, TM score = 0.91; Figure 173 

1B) (Zabret et al., 2021). 174 

A Chlamydomonas psb28 mutant from the Chlamydomonas library project 175 

(CLiP) (Li et al., 2016) contains the CIB1 mutagenesis cassette within the third exon 176 

of the PSB28 gene (Figure 1C). While we were able to amplify PSB28 sequences 177 

flanking the cassette on the 5' side by PCR, no PCR product was obtained on the 3' 178 

side, presumably because flanking sequences were deleted, or a large piece of junk 179 

DNA had integrated between PSB28 sequences and the CIB1 cassette (Supplemental 180 

Figure S1A, B). An antibody raised against a peptide from the C-terminal part of the 181 

Chlamydomonas PSB28 protein (Figure 1A) specifically detected a protein band at the 182 

expected molecular mass of ~12.5 kDa in the wild type (WT), which was absent in the 183 

psb28 CLiP mutant (Figure 1D; Supplemental Figure S1C). In the psb28 mutant, PSII 184 

core subunits accumulated at most to 22% and LHCIIs to ~66% of WT levels (Figures 185 
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1D, E). PSI core subunits accumulated to between 38% and 71% of WT levels. While 186 

the abundance of ATP synthase subunit CF1β was unaltered between mutant and WT, 187 

Cyt f of the Cyt b6f complex was 1.4-fold more abundant in the mutant compared with 188 

the WT. We amplified the genomic PSB28 coding sequence, fused it with a sequence 189 

encoding a C-terminal 3xHA tag and placed it under control of the constitutive 190 

HSP70A-RBCS2 promoter and the RPL23 terminator using Modular Cloning (Figure 191 

1C) (Schroda et al., 2000; Crozet et al., 2018). We combined the PSB28 transcription 192 

unit with the aadA cassette (Meslet-Cladiere and Vallon, 2011) and transformed it into 193 

the psb28 mutant. Seven picked spectinomycin resistant transformants that showed a 194 

greener appearance than the psb28 mutant all accumulated D1 roughly to WT levels 195 

and in all but two the HA tag was detected (Supplemental Figure S2; Figure 1D). 196 

Further analysis with the PSB28 peptide antibody of two transformants with (psb28-197 

c2) and without (psb28-c6) detectable HA signal revealed that in both lines PSB28 198 

accumulated to WT levels with the size of the WT protein (Figure 1D). In line psb28-199 

c2, PSB28 with 3xHA tag accumulated additionally. These findings point to a 200 

processing of the 3xHA tag and to a controlled accumulation of the processed WT 201 

protein. The reduced accumulation of photosystem core subunits and LHCII as well as 202 

the increased accumulation of Cyt f were fully reversed in both complemented lines 203 

(Figure 1D, E). In accordance with the reduced accumulation of PSII core subunits, 204 

PSII maximum quantum yield, as indicated by the Fv/Fmax value, was strongly 205 

reduced in the psb28 mutant (0.15) versus WT and complemented lines (0.66-0.68) 206 

(Figure 1F). The half-life of P700+ reduction was about twice as high in the psb28 207 

mutant compared to WT and a complemented line, indicating reduced electron flow 208 

through PSI in the mutant (Figure 1G). While the psb28 mutant could grow under 209 

heterotrophic conditions and under mixotrophic conditions in low light (30 µmol photons 210 

m-2 s-1), it failed to grow under mixotrophic conditions in high light (600 µmol photons 211 

m-2 s-1) and under photoautotrophic conditions in low light (Figure 1H).  212 

A Synechocystis psb28-1 mutant was reported to accumulate magnesium 213 

protoporphyrin IX methylester and to contain a decreased level of protochlorophyllide, 214 

indicating inhibition of chlorophyll biosynthesis at the cyclization step and suggesting 215 

a role of Psb28-1 in regulating chlorophyll biosynthesis (Dobakova et al., 2009). Later 216 

work indicated that this phenotype was due to a defect in the strain background used 217 

for mutant construction (Beckova et al., 2017). To investigate whether PSB28 might 218 
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regulate a specific step in chlorophyll (Chl) biosynthesis in Chlamydomonas, we 219 

measured the concentrations of Chl a and b, of several Chl precursors, and of 220 

breakdown product pheophorbide by HPLC in the WT and the psb28 mutant grown in 221 

low light or in the dark for 65 h. All analyzed pigments accumulated to lower levels in 222 

the mutant when compared with the WT under both growth conditions, except for Chl 223 

a and Chl b, which accumulated to similarly low levels in the WT and the mutant grown 224 

in the dark (Supplemental Figure S3). This was observed also in spot tests of dark-225 

grown cells (Figure 1H). Overall, the reduced levels of Chl and of all its precursors in 226 

the mutant versus the WT point to an overall reduced Chl synthesis in the mutant rather 227 

than to a specific block at a particular synthesis step. 228 

PSB28 is localized to the chloroplast, where its absence results in severe defects 229 

of chloroplast morphology and thylakoid ultrastructure 230 

To investigate whether the absence of PSB28 affected cell morphology and thylakoid 231 

ultrastructure, we used light and transmission electron microscopy (TEM), respectively. 232 

Light microscopy revealed an abnormal chloroplast in the psb28 mutant, with green 233 

thylakoids restricted to the region around the pyrenoid and the distal part of the 234 

chloroplast lobes (Figure 2A). This phenotype was restored in the complemented lines. 235 

TEM revealed that thylakoid membranes in the mutant are loosely arranged with only 236 

few stacked regions (Figure 2B). Using a mouse antibody against the HA tag and a 237 

rabbit antibody against D1, we determined the intracellular localization of PSB28-3xHA 238 

in the complemented line psb28-c2 by immunofluorescence. As shown in Figure 2C, 239 

PSB28-3xHA was detected in the cup-shaped chloroplast and colocalized with D1 in 240 

most areas, but there were also areas where PSB28-3xHA was present but not D1, 241 

particularly around the pyrenoid. Notice that only the fraction of PSB28 was detected 242 

which still contained a C-terminal 3xHA tag. 243 

The synthesis of subunits of both photosystems is impaired in the psb28 mutant 244 

To investigate effects of the lack of PSB28 on the synthesis and stability of newly made 245 

chloroplast-encoded photosynthetic proteins, we performed pulse-chase analyses with 246 
14C-acetate on the WT, the psb28 mutant, and complemented lines psb28-c2 and 247 

psb28-c6. As judged from the 14C-labeling of proteins within the 7-min 14C-acetate 248 

pulse, the synthesis of PsaB, CP47, and PsbH was severely impaired in the psb28 249 
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mutant (Figure 3). Synthesis and stability of D1, D2, and CP43 were reduced in the 250 

mutant, whereas synthesis and stability of RbcL and of subunits of the Cyt b6f complex 251 

and the ATP synthase were not affected when compared with the WT. These defects 252 

in the psb28 mutant were fully restored in both complemented lines. 253 

PSII assembly states beyond RCII are severely reduced in the psb28 mutant  254 

To assess how the lack of PSB28 affects PSII assembly states, we analyzed whole-255 

cell proteins from the low light-grown WT, the psb28 mutant, and the complemented 256 

lines by BN-PAGE and immunoblotting. While PSII supercomplexes, dimers, and 257 

monomers were detected with similar intensities in the WT and the complemented lines 258 

with antibodies against D1 and CP43, only a very faint signal for PSII monomers was 259 

detected in the psb28 mutant with the D1 antibody (Figure 4A). However, we could 260 

detect RCII and CP43mod in the mutant, which were not detected in the WT and the 261 

complemented lines.  262 

We wondered whether the reduced accumulation of PSII and PSI core subunits 263 

and the reduced accumulation of PSII assembly states beyond the RCII in the psb28 264 

mutant were due to light-induced damage. To test this, we compared protein 265 

complexes in solubilized whole-cell extracts from the WT and the psb28 mutant grown 266 

in low light and in the dark for 45 h. We observed an equally impaired accumulation of 267 

PSII and PSI complexes in the psb28 mutant under both growth conditions 268 

(Supplemental Figure S4A). As determined by SDS-PAGE and immunoblotting, the 269 

accumulation of D1, CP43, and PsaA in the mutant was similarly affected in low light 270 

and in the dark (Supplemental Figure S4B). Nevertheless, the Fv/Fm value in the 271 

psb28 mutant was slightly higher in dark-grown versus light-grown cells (0.2 vs 0.12, 272 

P = 0.014), while the opposite was observed for the WT (0.66 vs. 0.53, P = 0.001) 273 

(Supplemental Figure S4C). We conclude that the reduced accumulation of 274 

photosystems in the psb28 mutant is not caused by damage inflicted by light. 275 

PSB28 interacts with complexes containing D2, D1, CP47 and CP43 276 

Detection with an HA antibody revealed that PSB28-3xHA co-migrated with PSII 277 

monomers and, to a lesser extent, with RC47 in the psb28-c2 line (Figure 4A) (we did 278 

not use the antibody against PSB28 because it showed many cross-reactions with 279 

other proteins (Supplemental Figure 1C)). This suggests that excess PSB28-3xHA 280 
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contributes to the pool of functional PSB28 in this line. A substantial fraction of free 281 

PSB28-3xHA was detected, as well. To rule out that PSB28 forms oligomers that co-282 

migrate with PSII monomers and RC47 by chance, we analyzed migration properties 283 

of recombinantly produced PSB28 on BN gels. Recombinant PSB28 migrated entirely 284 

below the ~25-kDa monomeric nucleotide exchange factor CGE1 (Willmund et al., 285 

2007), indicating that Chlamydomonas PSB28 forms at most dimers but no higher 286 

oligomers (Supplemental Figure S5A). We also used recombinant PSB28 to estimate 287 

its abundance in the cell by quantitative immunoblotting and found that PSB28 288 

constitutes 0.0034 ± 0.001 % of total cell proteins (Supplemental Figure S5B). 289 

Assuming ~25 pg of total protein/cell, PSB28 would make up 0.07 attomol/cell. 290 

Compared with an estimated 5.2 attomol PSII/cell, PSB28 would be ~78-fold less 291 

abundant than PSII (Hammel et al., 2018; Hammel et al., 2020). 292 

To verify the interaction of PSB28 with RC47/PSII monomers that was implied 293 

from their co-migration in BN-PAGE, we used the HA antibody to immunoprecipitate 294 

PSB28-3xHA from soluble and membrane-enriched fractions prepared from the 295 

complemented psb28-c2 line. Prior to immunoprecipitation, complexes were stabilized 296 

by in-vivo crosslinking with 0.37% formaldehyde. Immunoblot analyses showed that 297 

more HA-tagged PSB28 was immunoprecipitated from the soluble fraction than from 298 

the membrane fraction (Figure 4B). Moreover, D1 was detected only in PSB28 299 

precipitates generated from membrane fractions. To identify and quantify all proteins 300 

interacting with PSB28, we analyzed the PSB28 immunopreciptates by LC-MS/MS 301 

(Supplemental Dataset S1). In precipitates from soluble fractions, PSB28 was the only 302 

protein detected in all three replicates. In precipitates from membrane fractions, only 303 

D1, D2, CP43, and CP47 were detected in all three replicates in addition to PSB28. 304 

Intensity-based absolute quantification (IBAQ) normalized to PSB28 revealed that D2 305 

was the most abundant protein in the precipitate, followed by D1, CP47, and CP43 306 

(Figure 4C). 307 

PSB28 abundance and its association with PSII increase in high light  308 

Synechocystis PSB28-1 and 2 were found in PSII-PSI supercomplexes particularly 309 

under high-light intensities (Beckova et al., 2017). To test whether this is true also for 310 

Chlamydomonas PSB28, we exposed the complemented line psb28-c2 to low and high 311 

light intensities, solubilized whole-cell proteins, separated them by BN-PAGE, and 312 
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detected D1 and HA-tagged PSB28 by immunoblotting (Figure 4D). As judged from 313 

the D1 signals, more RC47 and PSII monomers accumulated at the expense of PSII 314 

supercomplexes in high versus low light. More PSB28-3xHA was associated with 315 

RC47 and PSII monomers in high versus low light but we did not observe an increased 316 

association of PSB28-3xHA with larger complexes. However, we found a ~2.9-fold 317 

accumulation of PSB28 protein in WT exposed to 1200 µmol photons m-2 s-1 for 4 h, 318 

pointing to a potential role of PSB28 in PSII repair (Figure 4E, F). 319 

 To investigate the susceptibility of PSII in the psb28 mutant to high light and its 320 

capability to recover functional PSII, we exposed WT, psb28 mutant, and the 321 

complemented lines to high light (1800 µmol photons m-2 s-1) in the presence of 322 

translation inhibitor chloramphenicol (CAP) for one hour and allowed cells to recover 323 

in the presence and absence of CAP at low light (30 µmol photons m-2 s-1). All four 324 

lines recovered full initial PSII activity (and D1 protein levels) at similar rates within five 325 

hours in a protein synthesis-dependent manner (Supplemental Figure S6). We also 326 

monitored kinetics of PSII degradation and resynthesis in sulfur-depleted and sulfur-327 

repleted cultures, respectively (Malnoe et al., 2014). Here, the psb28 mutant lost PSII 328 

activity upon sulfur depletion faster than the WT and the complemented lines but 329 

recovered initial PSII activity (and D1 levels) with similar rates as the other lines 330 

(Supplemental Figure S7). In summary, the very low levels of PSII made in the psb28 331 

mutant are susceptible to photoinhibition and degradation upon sulfur deprivation but 332 

can be fully recovered at WT rates.  333 

Psb28-1 from Synechocystis partially complements the Chlamydomonas psb28 334 

mutant 335 

Given the similarity between PSB28 from Chlamydomonas and Psb28-1 from 336 

Synechocystis (Figure 1A, B) we attempted to complement the Chlamydomonas psb28 337 

mutant with Synechocystis Psb28-1. For this, we synthesized the coding sequence for 338 

Psb28-1 with optimal Chlamydomonas codon usage and inserted RBSC2 intron 1 into 339 

the coding sequence to enhance gene expression (Baier et al., 2018; Schroda, 2019). 340 

We then fused the psb28-1 gene with sequences encoding the CDJ1 chloroplast transit 341 

peptide (Niemeyer et al., 2021) as well as a C-terminal 3xHA tag and placed it under 342 

control of the constitutive HSP70A-RBCS2 promoter and the RPL23 terminator using 343 

Modular Cloning (Supplemental Figure S8A). We combined the psb28-1 transcription 344 
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unit with the aadA cassette and transformed it into the psb28 mutant. Twelve 345 

spectinomycin-resistant transformants (cs, complemented with Synechocystis Psb28-346 

1) were analyzed for the production of the recombinant protein by immunoblotting 347 

using an HA antibody, but specific signals could not be detected (not shown). We then 348 

monitored Fv/Fm values in liquid cultures and found that seven transformants had 349 

Fv/Fm values around or even below that of the psb28 mutant but five had values that 350 

were significantly higher (P < 0.05) (Supplemental Figure S8B). The two transformants 351 

with the highest Fv/Fm values were cs9 and cs11 with values of 0.31 and 0.27, 352 

respectively, versus 0.2 for the psb28 mutant (Figure 5A). Light microscopy revealed 353 

that transformants with Fv/Fm values below that of the psb28 mutant showed the same 354 

defect in chloroplast morphology as the psb28 mutant. However, transformants cs9 355 

and cs11 had a WT chloroplast morphology (Figure 5B; Supplemental Figure S8C). 356 

Compared with the psb28 mutant, both cs9 and cs11 showed improved growth under 357 

mixotrophic and photoautotrophic conditions in low light (30 µmol photons m-2 s-1) and 358 

were less sensitive to high light intensities (600 µmol photons m-2 s-1), but still fell far 359 

short of WT performance (Figure 5B). Immunoblot analyses revealed slightly higher 360 

levels of D1, D2, CP43, CP47, and PsaA in cs9 and cs11 than in the psb28 mutant 361 

while levels of Cyt f remained high (Figure 5C). Accordingly, as revealed by BN-PAGE 362 

and immunoblotting, PSII monomers, dimers, and supercomplexes as well as PSI-363 

LHCI were clearly more abundant in cs9 and cs11 than in the psb28 mutant (Figure 364 

5D).  365 

In summary, Synechocystis Psb28-1 complements the Chlamydomonas psb28 366 

mutant, but with low efficiency. This could be due to its very low abundance, 367 

presumably caused by the instability of the protein, as we failed to detect the HA-368 

tagged protein. Alternatively, as observed for Chlamydomonas PSB28, the HA tag 369 

could have been cleaved off and recombinant Psb28-1 accumulated in sufficient 370 

amounts but cannot fully complement the lack of the native PSB28. 371 

Complexome profiling of the psb28 mutant reveals severe defects in PSII 372 

assembly beyond RCII 373 

The accumulation of early PSII assembly intermediates in the psb28 mutant prompted 374 

us to employ complexome profiling (CP) (Heide et al., 2012; Spaniol et al., 2022) to 375 

identify early PSII assembly factors by their co-migration with early PSII assembly 376 
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intermediates. To this end we isolated thylakoid membranes from the WT and the 377 

psb28 mutant grown in low light (~30 µmol photons m-2 s-1) in three biological 378 

replicates. Thylakoid membranes were solubilized with n-dodecyl α-D-maltoside (α-379 

DDM) and protein complexes were separated on a 4-15 % BN gel (Supplemental 380 

Figure S9). Each gel lane was cut into 36 slices and the resulting 216 slices were 381 

subjected to tryptic in-gel digestion and LC-MS/MS analysis. In total, 962 proteins were 382 

identified. Summed extracted ion chromatograms (XICs) of all peptides measured for 383 

a protein were used for protein quantification. To account for unequal loading, a 384 

normalization step was required. Thylakoid membranes from the psb28 mutant lack 385 

most of PSII and part of LHCII and PSI (Figure 1D, E). Moreover, they are distorted 386 

(Figure 2A, B) and might behave different from WT thylakoids during extraction. Hence, 387 

normalization based on total ion intensities per lane, as done previously for CP on the 388 

lpa2 mutant (Spaniol et al., 2022), appeared inappropriate. We therefore decided to 389 

normalize on the summed ion intensities of the eight identified ATPase subunits, as the 390 

abundance of the ATPase appeared unaffected when whole-cell proteins from the 391 

psb28 mutant and WT were compared (Figure 1D, E). Ion intensity profiles for each 392 

protein along the BN gel run can be displayed from the Excel table in Supplemental 393 

Dataset S2. The migration profiles of all identified proteins of WT and psb28 mutant, 394 

clustered according to their migration behavior, are shown in Supplemental Dataset S3 395 

as heat maps. The profiles for proteins belonging to the major thylakoid membrane 396 

complexes from WT and psb28 mutant are shown as heat maps in Figure 6A. Missing 397 

subunits, such as PsbI, did not give rise to detectable peptides because peptides are 398 

too small, too large, too hydrophobic or contain posttranslational modifications other 399 

than methionine oxidation or N-acetylation.  400 

 Eight subunits of the ATP synthase and six subunits of the Cyt b6f complex were 401 

identified. The median abundance of the Cyt b6f complex was ~1.87-fold higher in the 402 

psb28 mutant compared to the WT (Table 1). Nevertheless, there were no differences 403 

in the migration patterns of ATPase and Cyt b6f complex subunits in WT and psb28 404 

mutant (Figure 6A). As reported previously, PETO did not interact stably with other 405 

subunits of the Cyt b6f complex (Takahashi et al., 2016) and a substantial fraction of 406 

the Rieske iron-sulfur protein migrated as unassembled protein (Spaniol et al., 2022).  407 

 In contrast to the ATP synthase and the Cyt b6f complex, the composition of PSI 408 

differed between WT and mutant. While in the WT only a single PSI-LHCI complex 409 
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with eleven detected core subunits and nine LHCAs was observed, the mutant showed 410 

two prominent PSI-LHCI complexes that differed by the presence or absence of 411 

LHCA4 and LHCA6 (Figure 6A). As observed previously (Spaniol et al., 2022), some 412 

PSAH and all PSAN accumulated as unassembled subunits in both, psb28 mutant and 413 

WT, presumably because they lost connection to the PSI core during sample 414 

preparation or electrophoresis. The median abundance of PSI core subunits and LHCI 415 

antennae was ~16 % and 19 % lower in the mutant compared with the WT (Table 1).  416 

 The most dramatic change between psb28 mutant and WT was at the level of 417 

larger PSII complexes, with supercomplexes, dimers, and monomers/RC47 418 

accumulating in the mutant only to 1 %, 6 %, and 27 %, respectively, of WT levels, as 419 

judged from the median abundance of the core subunits in the complexes (Table 2; 420 

Figure 6A; Supplemental Figure S10). In contrast, D1 and D2 in RCII accumulated to 421 

more than 30-fold and CP43 in the CP43mod to 10.5-fold higher levels in the mutant 422 

compared with the WT. D1 in D1mod and PsbE in unassembled PsbE/F also 423 

accumulated 2.2- and 15.5-fold, respectively, in the mutant. Overall, the median 424 

abundance of PSII core subunits in the psb28 mutant was only ~15 % of that in the 425 

WT (Table 1). Even less CP47 and PsbH (~8 % and ~0.5 %, respectively, of WT levels) 426 

accumulated in the mutant, in line with their substantially lower synthesis rates (Figure 427 

3). In contrast, the previously identified novel PSII-associated protein PBA1 (Spaniol 428 

et al., 2022) accumulated to 1.26-fold higher levels in the mutant compared to the WT, 429 

indicating that its abundance is not co-regulated with the canonical PSII core subunits. 430 

Except for PSBO, all other subunits involved in stabilizing/shielding the Mn4CaO5 431 

cluster were found to migrate as unassembled subunits in both, psb28 mutant and WT, 432 

presumably because they got detached from PSII during sample preparation or 433 

electrophoresis (Figure 6A). The median abundance of all subunits of the water-434 

splitting complex reached ~45 % of WT levels (Table 1). Only PSBP3, 4 and 6 behaved 435 

differently and were 14.83-, 1.46- and 1.96-fold more abundant, respectively, in the 436 

mutant than in the WT. Hence, like PBA1, these three proteins are not co-regulated 437 

with the other PSII subunits. The median abundance of LHCII proteins in the mutant 438 

reached only ~55 % of WT levels (Table 1) and since hardly any larger PSII complexes 439 

were made in the mutant, it must contain a large pool of unassembled LHCII trimers 440 

and monomers. Only LHCB5 (CP26) and the recently identified LHCB7 protein 441 

(Klimmek et al., 2006) accumulated ~1.24- and 5.13-fold, respectively, in the mutant 442 
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when compared with the WT. In contrast to LHCB4 (CP29) and LHCB5, LHCB7 443 

accumulated in the WT only in the unassembled form (Figure 6A), as observed 444 

previously (Spaniol et al., 2022). 445 

When comparing mass spectrometry data of isolated thylakoids (Table 1) with 446 

whole cell immunoblot data (Figure 1D, E), we detected relatively more Cyt b6f and PSI 447 

in the psb28 mutant than in the WT, but less PSII and LHCII. While we cannot exclude 448 

the possibility that the growth conditions used for the two data sets varied slightly (e.g. 449 

culture volume and perceived light), these differences could also be due to an unequal 450 

extractability of thylakoid membranes caused by the differences in thylakoid structure 451 

and composition between the mutant and the WT (Figure 2A, B).  452 

The migration patterns of several known PSII auxiliary factors differ between the 453 

psb28 mutant and the WT  454 

We next asked whether known PSII auxiliary factors would accumulate in complex with 455 

the accumulating early PSII assembly intermediates in the psb28 mutant. To 456 

investigate this, we started out from a list of PSII auxiliary factors compiled by Lu (2016) 457 

for Arabidopsis and searched for Chlamydomonas homologs that were detected with 458 

three replicates each in the mutant and the WT in our CP dataset (Supplemental Table 459 

S2). This resulted in 26 factors that all overaccumulated in the psb28 mutant when 460 

compared with the WT, except for SRP43, ALB3.1, TEF30, and LPA2 (Supplemental 461 

Table S2). The heat map of the migration profiles in Figure 6B shows that most of the 462 

26 factors migrated in the low molecular mass region below CP43mod. Of the factors 463 

found in assemblies above CP43mod, we found eight to display significant differences 464 

in at least one gel band (P < 0.05) between mutant and WT (Figures 6B, 7; 465 

Supplemental Figure S11): STL1, FTSH1, FTSH2, TEF30, HCF244, HCF136, TEF5, 466 

and PsbN. TEF30 (MET1 in Arabidopsis) interacts with PSII monomers and facilitates 467 

PSII supercomplex formation (Bhuiyan et al., 2015; Muranaka et al., 2016). We did not 468 

find TEF30 migrating with PSII monomers in the psb28 mutant, suggesting that there 469 

are no PSII monomers capable of binding TEF30 (Figure 6B). STL1 and FTSH1/2 470 

accumulated in the psb28 mutant above WT levels in several gel bands with higher 471 

molecular mass complexes (Supplemental Figure S11). STL1 is homologous to STN8 472 

in Arabidopsis, which phosphorylates PSII core subunits as well as PGRL1-A to 473 

regulate cyclic electron flow (CEF) (Bonardi et al., 2005; Reiland et al., 2011). Although 474 
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STL1 has not been characterized in Chlamydomonas, a role in CEF regulation might 475 

be conserved (Longoni and Goldschmidt-Clermont, 2021). The very similar migration 476 

pattern in large molecular mass complexes of FTSH1 and FTSH2 (Figure 6B; 477 

Supplemental Figure S11) confirms their presence in heterooligomers and their higher 478 

abundance in the psb28 mutant points to a role of this thylakoid membrane protease 479 

in the degradation of misassembled PSII complexes (Malnoe et al., 2014). 480 

In contrast to STL1 and FTSH1/2, all other PSII auxiliary factors accumulating 481 

in complexes above CP43mod at significantly higher levels in the mutant compared with 482 

the WT co-migrated with early PSII assembly intermediates: HCF244, HCF136, TEF5, 483 

and PsbN with PSII monomers/RC47, and TEF5 and PsbN with RCII (Figure 7). No 484 

such peaks were observed for any of the four factors in the lpa2 mutant (Supplemental 485 

Figure S12). There might be some co-migration of PsbN and HCF244 with CP43mod 486 

and of HCF136, HCF244, and TEF5 with very small assemblies of D1 and PsbE/F. 487 

HCF244 (Ycf39 in Synechocystis), HCF136 (Ycf48 in Synechocystis), and PsbN have 488 

been found in early PSII assembly intermediates with roles in PSII assembly in 489 

cyanobacteria and plants (Meurer et al., 1998; Plucken et al., 2002; Komenda et al., 490 

2008; Link et al., 2012; Knoppova et al., 2014; Torabi et al., 2014; Knoppova et al., 491 

2022). In contrast, Arabidopsis PSB33/LIL8 (the TEF5 homolog in land plants) has 492 

been found to co-migrate only with RC47 and larger PSII assemblies (especially 493 

monomers) (Fristedt et al., 2015; Fristedt et al., 2017; Kato et al., 2017; Nilsson et al., 494 

2020).  495 

Identification of novel proteins potentially involved in early PSII assembly steps 496 

To identify potential novel factors associated with early PSII assemblies, we searched 497 

in our CP dataset for chloroplast proteins with similar migration properties as the four 498 

known PSII auxiliary factors HCF244, HCF136, TEF5, and PsbN, i.e., proteins 499 

specifically accumulating in bands 17/18 (PSII monomers/RC47) and/or 22/23 (RCII) 500 

in the mutant but not in the WT. Five proteins met these criteria: OHP2 (two peptides), 501 

Cre03.g154600 (three peptides), and Cre01.g007700 (three peptides) with peaks in 502 

bands 17/18,  LHL4 (four peptides) in bands 22/23, and Cre10.g450500 (three 503 

peptides) in both (Figure 7; Supplemental Figure S12). For OHP2, Cre01.g007700, 504 

and LHL4 no such peaks were observed in the lpa2 complexome profiling dataset or 505 

they were not detected at all. In that dataset, Cre10.g450500 co-migrated with PSII 506 
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monomers and RC47, while Cre03.g154600 migrated between them, thus 507 

disqualifying Cre03.g154600 as a PSII-associated protein. OHP2 and OHP1 together 508 

with HCF244 form a complex that has been found to be essential for Chl integration 509 

into PSII, or for protection of the newly synthesized Chl-associated D1 during formation 510 

of RCII in Arabidopsis (Hey and Grimm, 2018; Li et al., 2018; Myouga et al., 2018). In 511 

a Chlamydomonas ohp2 knockout mutant newly made D1 is rapidly degraded resulting 512 

in a complete lack of PSII (Wang et al., 2023). LHL4 is an LHC-like protein closely 513 

related to PSBS and uniquely found in green microalgae (Dannay et al., 2024). 514 

Cre01.g007700 encodes an aminopeptidase and Cre10.g450500 has a starch-binding 515 

domain, both are yet uncharacterized in Chlamydomonas. 516 

The tef5 mutant accumulates less PSII core subunits and shows impaired growth 517 

in high light and under photoautotrophic conditions 518 

The co-migration of a large portion of TEF5 with RCII in the psb28 mutant suggested 519 

a possible role of TEF5 in PSII biogenesis, which was considered as unlikely for its 520 

homolog PSB33/LIL8 in Arabidopsis (Fristedt et al., 2017; Kato et al., 2017). 521 

TEF5/PSB33/LIL8 are conserved in the green lineage and there are no orthologs in 522 

cyanobacteria. They contain chloroplast transit peptides and share a Rieske-like 523 

domain lacking the residues required for the binding of mononuclear iron or an iron-524 

sulfur cluster (Fristedt et al., 2015) (Figure 8A). Moreover, they share one to two C-525 

terminal transmembrane helices, where the loss of one transmembrane helix appears 526 

to have occurred before the evolution of land plants (Chlamydomonas and 527 

Ostreococcus tauri contain two, while Chlorella variabilis and members of the 528 

Streptophytes contain only a single transmembrane helix, Figure 8A). Although the 529 

Rieske-like domains of Chlamydomonas TEF5 and Arabidopsis PSB33/LIL8 share 530 

only 54 % identical residues, their predicted structures are very similar (RMSD = 0.99 531 

Å, TM score = 0.9; Figure 8B). To investigate a possible role of TEF5 in early steps of 532 

PSII assembly, we selected a tef5 mutant from the CLiP collection (Li et al., 2016) that 533 

had the CIB1 mutagenesis cassette integrated into the sixth intron of the TEF5 gene 534 

(Figure 8C). Since we could amplify TEF5 sequences of the expected sizes from both 535 

sides of the CIB1 cassette by PCR, there appear to be no larger 536 

deletions/rearrangements (Supplemental Figure S13A, B). qRT-PCR analysis 537 

revealed a ~147-fold reduced abundance of TEF5 transcript in the tef5 mutant 538 
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compared with the WT (Supplemental Figure S13C). An antibody raised against a 539 

peptide from the N-terminal part of the TEF5 protein (Figure 8A) specifically detected 540 

a protein band at the expected molecular mass of ~27.5 kDa in the WT, which was 541 

absent in the tef5 CLiP mutant (Figure 8D; Supplemental Figure S13D). In the tef5 542 

mutant, PSII core subunits accumulated to between 20 % and 40 % of WT levels while 543 

there was no or little change in the abundance of LHCII, PSI core subunits, ATP 544 

synthase subunit CF1β, and Cyt f (Figures 8D, E). We synthesized the TEF5 cDNA 545 

sequence interrupted by the first two Chlamydomonas RBCS2 introns, fused it with 546 

sequences encoding a C-terminal 3xHA tag or multiple stop codons and placed it under 547 

control of the constitutive HSP70A-RBCS2 promoter and the RPL23 terminator using 548 

Modular Cloning (Figure 8C). We combined the TEF5 transcription unit with an aadA 549 

cassette and transformed it into the tef5 mutant. Spectinomycin resistant transformants 550 

obtained with both constructs were then screened by immunoblotting for the 551 

accumulation of HA-tagged TEF5 and/or for enhanced D1 accumulation 552 

(Supplemental Figure S14). Five transformants accumulated HA-tagged TEF5 and all 553 

accumulated D1 to WT levels. One transformant (tef5-cHA) accumulated TEF5 554 

transcripts to ~73-fold higher levels than WT but TEF5 protein levels were not much 555 

higher than those in the WT (Figure 8D; Supplemental Figure 13D). Since the band 556 

detected with the TEF5 antibody in cHA had the same size as in WT, we assume that 557 

the 3xHA tag was removed from part of the protein, as was observed with PSB28-558 

3xHA. A transformant generated with the construct encoding non-tagged TEF5 (tef5-559 

c15) accumulated TEF5 to much higher levels than the WT (Figure 8D). Both, HA-560 

tagged and untagged transformants accumulated PSII subunits to WT levels and 561 

perhaps even beyond (Figure 8D, E; Supplemental Figure S14B, C). This correlated 562 

with the restoration of WT Fv/Fm values (Figure 8F). The tef5 mutant showed slightly 563 

reduced growth under photoautotrophic and mixotrophic conditions in low light (30 564 

µmol photons m-2 s-1), and a severe growth defect under mixotrophic conditions in high 565 

light (600 µmol photons m-2 s-1), while growth under heterotrophic conditions in the 566 
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dark was like WT (Figure 8G). These growth phenotypes were fully restored in the tef5-567 

c15 transformant.  568 

Chloroplast morphology is intact in the tef5 mutant, but thylakoid membranes 569 

are swollen 570 

Light and transmission electron microscopy (TEM) were used to analyze possible 571 

changes in cell morphology and thylakoid ultrastructure in the tef5 mutant. Light 572 

microscopy revealed no visible change in chloroplast morphology in the tef5 mutant 573 

(Figure 9A). TEM revealed that thylakoid membranes in the mutant are more loosely 574 

packed and swollen (Figure 9B). 575 

The synthesis of CP47 and PsbH is reduced in the tef5 mutant 576 

To investigate whether the absence of TEF5 affects the synthesis of PSII core subunits 577 

in the tef5 mutant, we performed pulse-chase analyses with 14C-acetate. As judged 578 

from the 14C-labeling of proteins within the 7-min 14C-acetate pulse, synthesis of CP47 579 

and PsbH appeared reduced in the tef5 mutant when compared with the WT. As judged 580 

from the 20-min chase period, D1 appeared less stable in the tef5 mutant (Figure 10). 581 

Both phenotypes were restored to WT in the complemented lines. 582 

PSII assembly is impaired in the tef5 mutant in the light but to a lesser extent in 583 

the dark 584 

To assess how the reduced synthesis and accumulation of PSII core subunits in the 585 

tef5 mutant affects PSII complex assembly, we analyzed whole-cell proteins from the 586 

low light-grown WT, the tef5 mutant, and the complemented line tef5-c15 by BN-PAGE 587 

and immunoblotting using antibodies against D1 and CP43. As shown in Figure 11A, 588 

we found much weaker signals for PSII supercomplexes, dimers, and monomers in the 589 

mutant when compared with WT and the complemented line. In contrast, the tef5 590 

mutant accumulated RCII and CP43mod, which was not the case in the WT and the 591 

complemented line.  592 

To investigate whether the impaired assembly of PSII in the tef5 mutant was 593 

due to an effect of light, we compared protein complexes in solubilized whole-cell 594 

extracts from the WT and the tef5 mutant grown in low light and in the dark for 72 h by 595 
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BN-PAGE and immunoblotting using a D1 antibody. We clearly observed stronger 596 

signals for PSII dimers and supercomplexes in the dark- versus light-grown tef5 mutant 597 

(Figure 11B). Moreover, the mutant accumulated less RCII in the dark than in the light. 598 

Most interestingly, the mutant accumulated no RC47 in the light. In the dark, the WT 599 

accumulated large amounts of RC47 and the tef5 mutant accumulated some. The 600 

partially rescued PSII assembly in the dark-grown mutant was also reflected at the 601 

level of Fv/Fmax values, which were significantly higher in the dark- versus low light-602 

grown mutant (0.5 vs.0.3, P < 0.001) but did not fully reach values obtained for the 603 

dark-grown WT (0.0.57) (Figure 11C).  604 

The potential role of TEF5 in PSII assembly at the RCII/RC47 level suggests 605 

that TEF5 may also be involved in the repair of photodamaged PSII. We therefore first 606 

tested whether TEF5 accumulates in cells exposed to high light and found a ~3.7-fold 607 

increased abundance of TEF5 protein after 4 h exposure to 1200 µmol photons m-2 s-608 
1 (Figure 11D, E). This was surprising, since PSB33/LILI8 was reported to be 609 

expressed constitutively (Kato et al., 2017). To investigate the susceptibility of PSII in 610 

the tef5 mutant to high light and its capability to recover functional PSII, we exposed 611 

the WT, the tef5 mutant, and the complemented lines to high light (1800 µmol photons 612 

m-2 s-1) in the presence of CAP for one hour and allowed cells to recover in the 613 

presence and absence of CAP at low light (30 µmol photons m-2 s-1). All four lines 614 

recovered 86-96 % of initial PSII activity (and most of D1) at similar rates within 6.5 615 

hours in a protein synthesis-dependent manner (Supplemental Figure S15). Like the 616 

psb28 mutant, the tef5 mutant lost PSII activity upon sulfur starvation faster than the 617 

WT and the complemented lines but recovered initial PSII activity (and D1 levels) with 618 

similar rates as the other lines (Supplemental Figure S16). In summary, the tef5 mutant 619 

is impaired in PSII assembly presumably at the step where the CP47mod combines with 620 

RCII to RC47. As observed for the psb28 mutant, the low levels of PSII made in the 621 

tef5 mutant are susceptible to photoinhibition and degradation upon sulfur deprivation 622 

but can be fully recovered to these low levels at WT rates. 623 

TEF5 interacts with subunits of PSI and PSII  624 

The co-migration of TEF5 with early PSII assembly intermediates in the psb28 mutant 625 

and its potential role in PSII assembly implies its direct interaction with PSII. To test 626 

this, we used the HA antibody to immunoprecipitate TEF5-3xHA from soluble and 627 
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membrane-enriched fractions from the complemented tef5-cHA line. Prior to 628 

immunoprecipitation, complexes were stabilized by in-vivo crosslinking with 0.37 % 629 

formaldehyde. As shown in Figure 11F, most of TEF5-3xHA was precipitated from the 630 

membrane-enriched fraction but some was also precipitated from the soluble fraction. 631 

The different migration behavior of TEF5 in soluble and membrane-enriched fractions 632 

could be due to the presence of large amounts of LHCII at the same position in the gel 633 

only in the membrane-enriched fraction, which has been observed also for Arabidopsis 634 

PSB33/LIL8 (Kato et al., 2017). D1 and PsaA were co-precipitated with TEF5 only in 635 

the membrane-enriched fraction. To identify and quantify all proteins interacting with 636 

TEF5, we analyzed the TEF5 immunopreciptates by LC-MS/MS. In line with the 637 

immunoblot data we detected ~16 times more TEF5 in the membrane-enriched fraction 638 

than in the soluble fraction (Supplemental Dataset S4). Among the proteins detected 639 

with TEF5 in at least two replicates in the membrane fraction, we found PSII subunits 640 

D1, D2, CP43, and CP47 as well as PSI subunits PsaA, PsaD, LHCA1, and LHCA7 641 

(Figure 11G; Supplemental Dataset S4). We also detected RBCS2, a transporter and 642 

an ATPase subunit from mitochondria, and a putative transhydrogenase, guanylate 643 

cyclase, and nucleolar protein which most likely are contaminants. Intensity-based 644 

absolute quantification (IBAQ) normalized to TEF5 revealed that D2 is the most 645 

prominent TEF5 interaction partner, followed by LHCA1/7, D1, CP43, PsaA, CP47, 646 

and PsaD (Figure 11G). 647 

 648 

Discussion 649 

Psb28 is of much greater importance for PSII assembly in Chlamydomonas than 650 

in Synechocystis 651 

Chlamydomonas PSB28 has several traits in common with cyanobacterial Psb28. 652 

Cyanobacterial Psb28 is substoichiometric to PSII and interacts only transiently with 653 

PSII, mainly with RC47 and less with PSII monomers, while most Psb28 is present as 654 

free protein (Kashino et al., 2002; Dobakova et al., 2009; Boehm et al., 2012; 655 

Nowaczyk et al., 2012; Sakata et al., 2013; Beckova et al., 2017; Xiao et al., 2021; 656 

Zabret et al., 2021). Similarly, Chlamydomonas PSB28 is ~78-fold less abundant than 657 

PSII and in complexome profiling was only found as free protein in the WT, but 658 

comigrated mainly with RC47 and less with PSII monomers in the lpa2 mutant which 659 
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overaccumulates RC47 (Spaniol et al., 2022). HA-tagged PSB28 co-migrated more 660 

with PSII monomers than with RC47 and a fraction of tagged PSB28 was present as 661 

free protein (Figure 4A). Accordingly, immunoprecipitation of tagged PSB28 revealed 662 

D2 and D1 as the most prominent interaction partners, followed by CP47 and CP43 663 

(Figure 4B, C). Functional similarity between Chlamydomonas and cyanobacterial 664 

Psb28 was indicated by their structural similarity (Figure 1B) and by the ability of 665 

Synechocystis Psb28-1 to partially complement the Chlamydomonas psb28 mutant 666 

(Figure 5). Common is the reduced synthesis of CP47 and PSI/PsaB in Synechocystis 667 

and Chlamydomonas psb28 mutants (Dobakova et al., 2009; Beckova et al., 2017), 668 

however, in Chlamydomonas the synthesis of D1, D2, CP43, and PsbH was affected, 669 

too (Figure 3). This points to control by epistasy of synthesis (CES) of PSII subunits in 670 

the psb28 mutant (Minai et al., 2006), possibly by a negative feedback regulation 671 

effected by accumulating assembly intermediates such as RCII and CP43mod (Figures 672 

4A, 6A; Table 2). 673 

One difference between Synechocystis Psb28-1 and Chlamydomonas PSB28 674 

is that the abundance of Psb28-1 did not increase at high light intensities (Beckova et 675 

al., 2017), while the abundance of PSB28 increased ~2.9-fold (Figure 4E, F). 676 

Moreover, Synechocystis Psb28-1 and 2 were found in PSII-PSI supercomplexes 677 

particularly under high-light intensities, which we did not observe in Chlamydomonas 678 

(Beckova et al., 2017) (Figure 4D). In Chlamydomonas, more PSB28 interacted with 679 

PSII monomers and particularly with RC47 in high light (Figure 4D), suggesting a role 680 

of PSB28 also in PSII repair in this alga. 681 

Probably most surprising are the differences in the phenotypes of the 682 

Synechocystis and Chlamydomonas psb28 mutants: the Synechocystis psb28-1 683 

mutant accumulated fully functional PSII and growth phenotypes were observed only 684 

at higher temperatures and high or fluctuating light exposure (Dobakova et al., 2009; 685 

Sakata et al., 2013; Beckova et al., 2017). In contrast, the Chlamydomonas psb28 686 

mutant could not grow photoautotrophically (Figure 1H) and accumulated PSII 687 

supercomplexes, dimers and monomers only to 1 %, 6 % and 27 % of WT levels, 688 

respectively, while it overaccumulated RCII and CP43mod (Table 2; Figures 4A, 5D, 689 

6A). PSII outer antennae were reduced by ~45 % and PSI/LHCI by 16-19 % compared 690 

with the WT. Levels of the ATP synthase were unaltered in the mutant, while the Cyt 691 

b6f complex overaccumulated between 1.4- and 1.9-fold (Table 2, Figure 1D, E). These 692 
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dramatic changes in the photosynthetic apparatus probably cause reduced thylakoid 693 

stacking and a distorted shape of the chloroplast (Figure 2). These phenotypes are 694 

unusual for PSII mutants in Chlamydomonas: The ohp2 mutant, lacking PSII, 695 

accumulates PSI and Cyt b6f at WT levels (Wang et al., 2023) as do the lpa2 and tef5 696 

mutants, with PSII levels reduced by about half and below 40 % of WT levels, 697 

respectively (Spaniol et al., 2022) (Figure 8D, E). While some changes in thylakoid 698 

structure were observed in the lpa2 and tef5 mutants, the morphology of the chloroplast 699 

was unaltered (Spaniol et al., 2022) (Figure 9). The reason for these pleiotropic 700 

phenotypes of the psb28 mutant could be an additional function of PSB28 besides that 701 

as a PSII assembly factor. Indeed, Synechocystis Psb28-1 was proposed to play a role 702 

in regulating chlorophyll incorporation into CP47 and PSI (Beckova et al., 2017). 703 

Alternatively, PSII assembly intermediates specifically accumulating in the psb28 704 

mutant might act as regulators of other processes resembling CES (Choquet and 705 

Wollman, 2023). It is also possible that PSII intermediates in the psb28 mutant 706 

specifically bind assembly factors, chaperones or proteases, which are then not 707 

sufficiently available for other chloroplast processes.  708 

The fact that PSII accumulates to much lower levels in the Chlamydomonas 709 

psb28 mutant than in the Synechocystis psb28 mutant is probably due to the very 710 

efficient proteolytic degradation of non-assembled complex subunits in 711 

Chlamydomonas (Choquet and Wollman, 2023). Accordingly, we observed a rapid 712 

removal particularly of newly synthesized D2 in the psb28 mutant (Figure 3). Moreover, 713 

it is likely that also misassembled complexes are subject of efficient proteolytic 714 

degradation in Chlamydomonas, possibly explaining why the Chlamydomonas psb28 715 

mutant barely accumulated any larger PSII assemblies in contrast to the Synechocystis 716 

psb28 mutant. Degradation of unstable PSII assemblies was also proposed for the 717 

Chlamydomonas lpa2 mutant (Spaniol et al., 2022). A high proteolytic activity in 718 

Chlamydomonas is also indicated by the partial removal of the 3xHA tag from the 719 

PSB28- and TEF5-3xHA fusion proteins (Figures 1D, 8D; Supplemental Figures S2, 720 

S14B). In line with this idea, FTSH1/2 were ~2.5-fold more abundant in psb28 mutant 721 

than in the WT (Supplemental Table S2) and FTSH1/2 complexes were more abundant 722 

in the higher molecular mass range (Figure 6B; Supplemental Figure S11). Another 723 

explanation for the impaired accumulation of larger PSII assemblies in the 724 

Chlamydomonas psb28 mutant is that the conformational changes introduced by 725 
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Psb28 into the PSII core (Xiao et al., 2021; Zabret et al., 2021) are more important for 726 

correct assembly of the CP43mod into RCII in Chlamydomonas than in Synechocystis. 727 

It was proposed that the conformational changes introduced by Psb28 might also 728 

protect premature PSII from photodamage (Xiao et al., 2021; Zabret et al., 2021). Since 729 

the problem in PSII assembly prevailed in the dark-grown Chlamydomonas psb28 730 

mutant (Supplementary Figure S4A), the impaired accumulation of larger PSII 731 

assemblies in the mutant is unlikely to be caused by enhanced photodamage to early 732 

PSII assemblies.  733 

The dependence of PSII assembly on auxiliary factors generally appears to be 734 

stronger in chloroplasts than in cyanobacteria. Examples for this, in addition to PSB28, 735 

are HCF136 (YCF48 in cyanobacteria), HCF244 (Ycf39 in cyanobacteria), PsbN, and 736 

PAM68. While the absence of these factors resulted in severe PSII assembly defects 737 

in Arabidopsis or tobacco, Synechocystis mutants lacking these factors could 738 

assemble functional PSII (Mayers et al., 1993; Meurer et al., 1998; Komenda et al., 739 

2008; Armbruster et al., 2010; Link et al., 2012; Knoppova et al., 2014; Torabi et al., 740 

2014).  741 

 742 

Complexome profiling confirms PBA1 and CGLD16 as potential novel PSII-743 

associated proteins 744 

 745 

Previously, complexome profiling of thylakoid membranes of the WT and the lpa2 746 

mutant identified PBA1 (putatively Photosystem B Associated 1) and CGLD16 as 747 

potential novel PSII-associated proteins (Spaniol et al., 2022). Both contain predicted 748 

single transmembrane helices and chloroplast transit peptides and have predicted 749 

mature masses of 6.4 and 7.9 kDa, respectively. PBA1 is present only in members of 750 

the green algae, brown algae, diatoms, and Eustigmatophytes while CGLD16 is 751 

conserved in the green lineage and diatoms. CGLD16 co-migrated with PSII 752 

monomers and RC47 in the WT and the lpa2 mutant (Spaniol et al., 2022), and we 753 

found the same migration pattern for CGLD16 also for the WT and the psb28 mutant 754 

in this work (Supplemental Figure S12). In the WT, PBA1 comigrated with PSII 755 

supercomplexes, dimers, monomers, and RC47 and its abundance in these complexes 756 

was reduced in the lpa2 mutant, where the unassembled form was more abundant 757 

(Spaniol et al., 2022). In this work, we found PBA1 to co-migrate with PSII 758 
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supercomplexes only in the WT and with PSII monomers/RC47 in the WT and the 759 

psb28 mutant (Figure 6A; Supplemental Figure S10). These data confirm that PBA1 760 

and CGLD16 might be novel PSII-associated proteins. Cryo-EM analyses of PSII from 761 

Chlamydomonas have revealed two new densities referred to as unidentified stromal 762 

protein (USP) and small luminal protein (SLP) (Sheng et al., 2019; Sheng et al., 2021). 763 

Perhaps these densities are attributable to CGLD16 and PBA1? In any case, these 764 

structural studies show that we do not yet know all PSII-associated proteins, at least 765 

in Chlamydomonas. 766 

 767 

Complexome profiling confirms previously identified PSII assembly factors and 768 

identifies new factors with potential roles in early PSII assembly 769 

 770 

Complexome profiling of thylakoid membranes of the WT and the psb28 mutant 771 

revealed 26 PSII auxiliary factors known from previous studies (Lu, 2016) 772 

(Supplemental Table 2). Among these, 22 accumulated to higher levels in the mutant 773 

compared with the WT, potentially to compensate for reduced PSII accumulation in the 774 

mutant. Six proteins were found to comigrate with early PSII assembly intermediates 775 

(monomers/RC47 and smaller) specifically in the psb28 mutant but not in the lpa2 776 

mutant or in the WT (Figure 6B, 7; Supplemental Figure S12). These were PsbN, 777 

HCF136, HCF244, OHP2, TEF5, and LHL4. Roles in early PSII assembly steps have 778 

been reported for PsbN, HCF136, HCF244, and OHP2, which forms a complex with 779 

HCF244 and OHP1 (Meurer et al., 1998; Plucken et al., 2002; Komenda et al., 2008; 780 

Link et al., 2012; Knoppova et al., 2014; Torabi et al., 2014; Knoppova et al., 2022; 781 

Wang et al., 2023). As discussed below, our data indicate a role also for TEF5 in early 782 

PSII assembly. Overall, this highlights the power of the complexome profiling approach 783 

to identify assembly factors that enrich with assembly intermediates in assembly 784 

mutants (Heide et al., 2012; Spaniol et al., 2022).  785 

Only LHL4 was not assigned a role in PSII assembly. LHL4 is an LHC-like 786 

protein harboring three transmembrane domains of which the region around the first 787 

transmembrane helix shares high sequence similarity with the same region in PSBS 788 

and with cyanobacterial HliA-D (Supplemental Figure S17) (Dannay et al., 2024). LHL4 789 

is uniquely found in green microalgae, and in Chlamydomonas the LHL4 gene is 790 

induced upon UV-B and high light treatment (Teramoto et al., 2004; Teramoto et al., 791 



26 
 

2006; Dannay et al., 2024). LHL4 was found to interact with PSII monomers via CP43 792 

and CP47 with a role in protecting PSII from photodamage. LHL4 is barely expressed 793 

under low light conditions and interacted with PSII only in the presence of UV-B light 794 

(Dannay et al., 2024). We were only able to detect LHL4 in thylakoid membranes of 795 

the psb28 mutant, but not in membranes of the WT or the lpa2 mutant (Figure 6B, 7; 796 

Supplemental Figure S12) (Spaniol et al., 2022). Hence, LHL4 present in low light 797 

conditions appears to specifically attach to accumulating early PSII assembly 798 

intermediates in the psb28 mutant, such as RCII and D1mod that did not accumulate in 799 

the lpa2 mutant. Alternatively, PSII assembly intermediates accumulating in the psb28 800 

mutant might trigger the upregulation of LHL4 (e.g. via ROS) that then attaches to the 801 

present PSII assemblies. Most likely, LHL4 protects these early PSII assembly 802 

intermediates from photodamage or plays a role in binding Chl released from 803 

degrading early PSII assemblies, as was proposed for HliC/D in cyanobacteria 804 

(Knoppova et al., 2014; Staleva et al., 2015; Knoppova et al., 2022). Since PSII 805 

appears to accumulate normally in the lhl4 mutant (Dannay et al., 2024), it is unlikely 806 

that LHL4 plays an essential role during PSII assembly. 807 

 808 

TEF5 is involved in PSII assembly in Chlamydomonas, possibly by facilitating 809 

the correct incorporation of the CP47mod into RCII 810 

 811 

Features shared by TEF5 and PSB33/LIL8 are the structural similarity of their Rieske-812 

like domains (Figure 8B), and their ability to interact with PSII and PSI (Fristedt et al., 813 

2015; Fristedt et al., 2017; Kato et al., 2017) (Figure 11F, G). Moreover, 814 

Chlamydomonas tef5 and Arabidopsis psb33/lil8 mutants share a PSII phenotype with 815 

reduced accumulation of PSII core subunits, while the accumulation of other thylakoid 816 

membrane protein complexes was unaffected (Fristedt et al., 2015; Cruz et al., 2016; 817 

Fristedt et al., 2017; Nilsson et al., 2020) (Figure 8D, E). The Arabidopsis psb33/lil8 818 

mutant showed swollen thylakoids in blue light resembling those of the 819 

Chlamydomonas tef5 mutant grown in low light (Figure 9B) (Nilsson et al., 2020). The 820 

PSII phenotype in the Chlamydomonas tef5 mutant was constitutive: in low light, PSII 821 

subunits accumulated to 20-40% of WT levels (Fig. 8D, E), with monomers, dimers, 822 

and supercomplexes accumulating at a lower level than WT and RC47 being 823 

undetectable, whereas RCII and CP43mod overaccumulated (Figure 11A, B). 824 
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Accordingly, growth was reduced under mixo- and photoautotrophic conditions in low 825 

light and abolished in high light (Figure 8G). The PSII phenotype was attenuated when 826 

the tef5 mutant was grown in the dark, with PSII monomers, dimers and 827 

supercomplexes accumulating at a higher level and RCII at a lower level than in the 828 

light-grown mutant, and RC47 became detectable (Figure 11B). The PSII phenotype 829 

of the Arabidopsis psb33/lil8 mutant was much more complex, as it only emerged 830 

during ‘ramped environmental perturbation’ conditions applied in a 5-day time course, 831 

including days of flat, sinusoidal, and fluctuating light (Cruz et al., 2016). The PSII 832 

phenotypes were strongly heterogenous, also regarding the affected leaves, indicating 833 

that the phenotype was caused by developmental, metabolic, or physiological factors 834 

that varied across the leaf tissue. This “emergent” phenotype explains the diversity of 835 

reported psb33/lil8 mutant phenotypes regarding PSII activity and growth (Fristedt et 836 

al., 2015; Fristedt et al., 2017; Kato et al., 2017; Nilsson et al., 2020). Cruz et al. (2016) 837 

suggested that a fraction of PSII centers in the psb33/lil8 mutant is defective in QA- re-838 

oxidation, possibly related to damage to the PSII QB site, which correlates with a more 839 

oxidized PQ pool reported by Kato et al. (2017).   840 

 As in the Chlamydomonas tef5 mutant, RC47 was almost undetectable in the 841 

Synechocystis psb28 mutant (Dobakova et al., 2009; Beckova et al., 2017) (Figure 842 

11B), pointing to a role of TEF5 and Psb28 in stabilizing the transient accumulation of 843 

RC47. During this, TEF5 might prime RCII such that a correct incorporation of the 844 

CP47mod can occur, similar to a possible priming of RC47 by Psb28 to facilitate correct 845 

incorporation of the CP43mod (Xiao et al., 2021; Zabret et al., 2021). Consistent with 846 

this idea, TEF5 co-migrated with RCII in the WT and to a much greater extent in the 847 

psb28 mutant (Figures 6B, 7). The strong accumulation of RC47 in dark- versus light-848 

grown WT cells points to a much slower PSII monomer assembly pace in the dark, 849 

which might facilitate correct CP47mod incorporation into RCII even in the absence of 850 

TEF5 and would thus explain the attenuated PSII phenotype in the dark-grown tef5 851 

mutant (Figure 11B). We hypothesize that in the absence of TEF5/PSB33/LIL8 a 852 

fraction of PSII is misassembled, which may result in defects such as a damaged QB 853 

site, as observed by Cruz et al. (2016). An even more effective protein quality control 854 

system in Chlamydomonas than in Arabidopsis could explain why such misassembled 855 

PSII cores are cleared in Chlamydomonas, whereas they can persist in Arabidopsis. 856 

This could be similar in psb28 mutants: here, the mild, pale-green phenotype of a rice 857 
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psb28 knockout line suggests that some functional PSII can be assembled in the 858 

absence of PSB28 (Jung et al., 2008), whereas in the Chlamydomonas psb28 mutant 859 

hardly any functional PSII is made. Here it is possible that the accumulating RCII and 860 

CP43mod in the Chlamydomonas tef5 and psb28 mutants (Figures 4A; 11A, B) are a 861 

mixture of degradation products and assembly intermediates. 862 

The clearly reduced synthesis rates of CP47 and PsbH in the psb28 and tef5 863 

mutants (Figures 3 and 10) suggests that a similar CES-like negative feedback control 864 

is at work in both. As proposed above this might be directly or indirectly triggered by 865 

RCII and CP43mod accumulating in both mutants. Both intermediates did not 866 

accumulate in the Chlamydomonas lpa2 mutant, where no reduced translation rates 867 

were observed for any PSII core subunit (Spaniol et al., 2022).  868 

  869 



29 
 

Table 1. Ratio of subunit abundance between psb28 mutant and WT. Values are 870 

based on the summed ion intensities in all gel bands of three biological replicates 871 

each of WT and mutant. 872 

ATP synthase Cytb6f Photosystem II Photosystem I 
Subunit Ratio Subunit Ratio Subunit Ratio Subunit Ratio 
AtpA 1.03 PetA 1.97 PsbA (D1) 0.15 PsaA 1.03 
AtpB 

1.07 
PetB 1.86 PsbB 

(CP47) 
0.08 

PsaB 
0.80 

ATPC 
0.91 

PETC 1.99 PsbC 
(CP43) 

0.21 
PsaC 

0.70 

ATPD 1.08 PetD 1.69 PsbD (D2) 0.21 PSAD 0.95 
AtpE 0.86 PETM 1.88 PsbE 0.15 PSAE 0.57 
AtpF 1.06 PETO 0.81 PsbF 0.10 PSAF 0.96 
ATPG 1.03 Median 1.87 PsbH 0.005 PSAG 1.06 
AtpI 0.82   PsbJ 0.42 PSAH 0.88 
Median 1.03   PsbL 0.19 PsaJ 0.30 
    PBA1 1.26 PSAK 0.75 
    Median 0.15 PSAL 0.90 
    PSBO 0.26 PSAN 0.50 
    PSBP1 0.45 Median 0.84 
    PSBP3 14.83 LHCA1 0.81 
    PSBP4 1.46 LHCA2 0.60 
    PSBP6 1.96 LHCA3 0.89 
    PSBQ 0.35 LHCA4 0.35 
    PSBR 0.27 LHCA5 0.89 
    Median 0.45 LHCA6 0.42 
    LHCB4 0.61 LHCA7 1.12 
    LHCB5 1.24 LHCA8 1.26 
    LHCB7 5.13 LHCA9 0.62 
    LHCBM1 0.58 Median 0.81 
    LHCBM3 0.47   
    LHCBM5 0.55   
    LHCBM6 0.46   
    LHCBM8 0.44   
    LHCBM9 0.43   
    Median 0.55   

 873 

 874 

  875 



30 
 

Table 2. Ratio of subunit abundance in various PSII assembly states between psb28 876 

mutant and WT. Values are based on summed ion intensities in the bands indicated. 877 

SC – supercomplexes. RCII – reaction centers. ND, nd – not detected in WT, mutant 878 

(ion intensity < 0.05% of total intensity in respective strain). 879 

 SC Dimers 
Monomers/
RC47 RCII 

 
CP43mod 

D1mod/ 
PsbE/F 

PsbA (D1) 0.01 0.09 0.32 32.2 ND 2.2 
PsbB (CP47) 0.01 0.07 0.28 ND ND nd/ND 
PsbC (CP43) 0.02 0.09 0.24 ND 10.5 ND 
PsbD (D2) 0.03 0.12 0.4 77.1 ND ND 
PsbE 0.02 0.05 0.26 ND ND 15.5 
PsbF nd nd 0.5 nd/ND nd/ND ND 
PsbH nd nd 0.11 nd/ND nd/ND nd/ND 
PsbJ 0.01 0.15 0.14 nd/ND nd/ND nd/ND 
PsbL nd 0.01 0.09 ND nd/ND nd/ND 
PSBO 0.01 0.02 nd nd nd 0.6 
PBA1 nd nd/ND 0.83 nd/ND nd/ND 1.3 
Median 0.01 0.06 0.27    
Gel bands 7-11 13-15 17/18 22/23 25/26 28-30 

 880 

  881 
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Materials and Methods 882 

Strains and culture conditions  883 

Chlamydomonas reinhardtii wild-type CC-4533 and mutant strains 884 

LMJ.RY0402.193950 (psb28) and LMJ.RY0402.242855 (tef5) from the 885 

Chlamydomonas library project (Li et al., 2016) were obtained from the 886 

Chlamydomonas Resource Center. psb28 and tef5 mutants were used as recipient 887 

strains for transformation with plasmids pMBS687, pMBS703, and pMBS756 to 888 

generate complemented lines psb28-c2 and psb28-c6, and tef5-c15 and tef5-HA. 889 

Transformation was done via agitation with glass beads (psb28 mutant) (Kindle, 1990) 890 

and electroporation (tef5 mutant) (Shimogawara et al., 1998). Unless indicated 891 

otherwise, cultures were grown mixotrophically in TAP medium (Kropat et al., 2011) 892 

on a rotatory shaker at 25°C and ~30 µmol photons m-2 s-1 provided by MASTER 893 

LEDtube HF 1200 mm UO 16W830 T8 and 16W840 T8 (Philips). For high-light 894 

exposure, cells were grown to a density of 2~106 cells mL-1, transferred to an open 1-895 

L beaker, placed on an orbital shaker, and exposed to 1,200 to 1,800 µmol photons m-896 
2 s-1 provided by CF Grow (CXB3590-X4). Cell densities were determined using a Z2 897 

Coulter Counter (Beckman Coulter). For spot tests, cells were grown to a density of 3-898 

5 x 106 cells mL-1 and diluted in TAP medium such that 10 µl contained 104, 103 or 102 899 

cells.  10 µl of each dilution were spotted onto agar plates containing TAP medium or 900 

HSM medium and incubated in low light (30 µmol photons m-2 s-1) for 72 h, high light 901 

(600 µmol photons m-2 s-1) for 72 h, or in the dark for 96 h. HSM was prepared 902 

according to Sueoka (1960), but using the trace solutions from Kropat et al. (2011). 903 

Cloning of constructs for complementing the psb28 and tef5 mutants  904 

The Chlamydomonas PSB28 coding sequence, including both introns, was amplified 905 

by PCR from Chlamydomonas genomic DNA in two fragments of 715 bp and 204 bp 906 

to remove an internal BsaI site using primers PSB28-1/2 and PSB28-3/4, respectively 907 

(Supplemental Table S1). The PCR products were cloned into the recipient plasmid 908 

pAGM1287 (Weber et al., 2011) by restriction with BbsI and ligation with T4-DNA 909 

ligase, resulting in the level 0 construct pMBS685. The Synechocystis psb28-1 coding 910 

sequence, interrupted by the first RBCS2 intron, was synthesized by BioCat 911 

(Heidelberg) with optimal Chlamydomonas codon usage and cloned into pAGM1287, 912 
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yielding level 0 construct pMBS695. The Chlamydomonas TEF5 coding sequence, 913 

interrupted by the first two RBCS2 introns, was synthesized by BioCat (Heidelberg) 914 

and cloned into pAGM1287, giving level 0 construct pMBS701. The B3-B4 level 0 parts 915 

with the coding sequences were then complemented with level 0 parts (pCM) from the 916 

Chlamydomonas MoClo toolkit (Crozet et al., 2018; Niemeyer et al., 2021) to fill the 917 

respective positions in level 1 modules as follows: A1-B1 – pCM0-015 (HSP70A-918 

RBCS2 promoter + 5’ UTR), A1-B2 – pCM0-020 (HSP70A-RBCS2 promoter + 5’ UTR), 919 

B2 – pMBS640 (CDJ1 chloroplast transit peptide); B5 – pCM0-100 (3xHA) or pCM0-920 

101 (MultiStop); B6 – pCM0-119 (RPL23 3’UTR). The level 0 parts and destination 921 

vector pICH47742 (Weber et al., 2011) were directionally assembled into level 1 922 

modules pMBS686 (PSB28-3xHA), pMBS696 (SynPsb28-1-3xHA), pMBS702 (TEF5-923 

MultiStop), and pMBS755 (TEF5-3xHA) with BsaI and T4-DNA ligase. Level 1 modules 924 

were then combined with pCM1-01 (level 1 module with the aadA gene conferring 925 

resistance to spectinomycin), with plasmid pICH41744 containing the proper end-926 

linker, and with destination vector pAGM4673 (Weber et al., 2011), digested with BbsI, 927 

and ligated to yield level 2 devices pMBS687 (PSB28-3xHA), pMBS697 (SynPsb28-928 

3xHA), pMBS703 (TEF5-MultiStop), and pMBS756 (TEF5-3xHA). All MoClo constructs 929 

employed and generated are listed in Supplemental Table S3. 930 

Production of recombinant PSB28 in E. coli 931 

The PSB28 coding region lacking the predicted chloroplast transit peptide (Figure 1A) 932 

was PCR-amplified from cDNA using oligonucleotides PSB28-Bam and PSB28-Hind 933 

(Supplemental Table S1). The resulting 438-bp PCR product was digested with BamHI 934 

and HindIII and cloned into the pETDuet vector (Novagen) (pMS1079), introducing an 935 

N-terminal 6xHis tag. Recombinant PSB28 was produced in E. coli ER2566 and 936 

purified by Ni-NTA affinity chromatography. Recombinant CGE1 was produced and 937 

purified as described previously (Willmund et al., 2007). 938 

Genotyping 939 

3 x 107 Chlamydomonas cells were centrifuged at 3500 g for 5 min. The pellet was 940 

resuspended in 250 μl water, followed by the addition of 250 μl 100 mM Tris-HCl pH 941 

8, 10 mM EDTA, 4 % SDS and incubation with proteinase K for 1 h at 55°C. 942 

Subsequently, 80 μl 5 M KCl and 70 μl CTAB/ NaCl (10 % / 4 %) were added, followed 943 
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by agitation at 65°C for 10 min. DNA was extracted first with phenol / chloroform / 944 

isoamyl alcohol (25 : 24 : 1), then with chloroform / isoamyl alcohol (24:1). DNA was 945 

then precipitated with isopropanol and washed with 70 % EtOH. The dried DNA pellet 946 

was dissolved in TE buffer (10 mM Tris-HCl pH 8, 1 mM EDTA) containing RNase. For 947 

PCR, genomic DNA, KAPA GC reaction buffer and KAPA Hifi HotStart Polymerase 948 

(Roche), 1 M betaine, 0.2 mM deoxynucleotide triphosphates, and 0.3 mM of the 949 

respective primers were mixed, incubated at 95 °C for 3 min and subjected to 35 cycles 950 

of 98°C for 20 sec, 63°C for 20 sec, and 72°C for 90 sec, followed by 75 sec at 72°C.  951 

qRT-PCR 952 

RNA extraction and qRT-PCR analysis was done as described previously for the lpa2 953 

mutant (Spaniol et al., 2022) using the primers for TEF5 and CBLP2 as housekeeping 954 

control listed in Supplemental Table S1.   955 

SDS-PAGE and immunoblot analyses 956 

Cells were harvested by centrifugation and frozen at -20°C. Frozen cell pellets were 957 

resuspended in sample buffer containing 62 mM Tris-HCl, pH 6.8, 2 % (w/v) SDS and 958 

10 % (v/v) glycerol, boiled for 1 min at 95 °C, cooled on ice for 2 min, and centrifuged 959 

at 18,500 g and 25°C. Samples were diluted with sample buffer containing 50 mM DTT 960 

and 0.01% bromophenol blue to 1 µg protein µl-1 and subjected to SDS-PAGE and 961 

semi-dry western blotting. Antisera used were against D1 (Agrisera AS05 084), D2 962 

(Agrisera AS06 146), CP43 (Agrisera AS11 1787), CP47 (Agrisera AS04 038), 963 

LHCBM9 (M. Schroda, unpublished data), PsaA (Agrisera AS06 172), PSAD (Agrisera 964 

AS09 461), PSAN (M. Schroda, unpublished data), Cyt f (Pierre and Popot, 1993), 965 

CGE1 (Schroda et al., 2001), CF1β (Lemaire and Wollman, 1989), RPL1 (Ries et al., 966 

2017), and the HA-tag (Sigma-Aldrich H3663). Peptide antibodies against PSB28 and 967 

TEF5 were produced by Pineda (Berlin). Anti-rabbit-HRP (Sigma-Aldrich) was used as 968 

secondary antibody. Densitometric band quantifications after immunodetections were 969 

done with the FUSIONCapt software. 970 

Pulse-chase labeling 971 

Cells in the exponential growth phase (2 x106 cells mL-1) from a 100-mL culture were 972 

harvested by centrifugation, washed with minimum medium and resuspended in 1/20th 973 
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volume of minimum medium. Cells were allowed to recover and to deplete their 974 

intracellular carbon pool for 1.5 hours under dim light (20 µE m-2 s-1) and strong 975 

aeration at 25°C. 10 µM cycloheximide and 10 µCi mL-1 Na-14C acetate (PerkinElmer: 976 

56.6 mCi mM-1) were then added to the culture. After 7 min the pulse was stopped by 977 

transferring the cells into 35 mL of ice-cold TAP medium containing 50 mM non-978 

radioactive acetate. Cell samples were collected immediately and after incubation for 979 

20 and 60 min (chase) by centrifugation, resuspended in 0.1 M DTT and 0.1 M Na2CO3, 980 

frozen in liquid nitrogen, and kept at -80°C until immunoblot analysis.  981 

BN-PAGE 982 

BN-PAGE was performed with minor modifications according to (Jarvi et al., 2011). For 983 

the analysis of whole-cell proteins, 2 x 108 cells (or 60 µg isolated thylakoids, see 984 

below) were centrifuged for 5 min at 4,400 g, 4°C, and resuspended in 750 μL of TMK 985 

buffer (10 mM Tris-HCl pH 6.8, 10 mM MgCl2, 20 mM KCl). After a further centrifugation 986 

step for 2 min at 2,150 g, 4°C, the pellet was resuspended in 350 µL ACA buffer (750 987 

mM ɛ-aminocaproic acid, 50 mM bis-Tris/HCl pH 7.0, 0.5 mM EDTA), mixed with 4 μL 988 

of 25-fold protease inhibitor (Roche), and frozen at 80°C. The sample was then thawed 989 

on ice and sonicated for 30 sec (output: 25%, cycle: 70%), followed by a 5-min 990 

centrifugation at 300 g and 4°C. The protein concentration of the supernatant was 991 

determined according to (Bradford, 1976) and the sample was diluted with ACA buffer 992 

to 1.2 µg protein µL-1. For solubilization, 225 µL of the sample were mixed with 25 µL 993 

10% β-DDM and incubated on ice for 20 min. After a centrifugation for 10 min at 18,500 994 

g and 4°C, 15 μL loading buffer (250 mM ɛ-aminocaproic acid, 75% glycerol, 5% 995 

Coomassie Brilliant Blue 250 G) was added to the supernatant and samples were 996 

centrifuged several times at 18,500 g and 4°C until insoluble material was no longer 997 

present. Samples were then loaded on 4-15% BN acrylamide gels. Gels were either 998 

stained with Coomassie Brilliant Blue or the protein complexes were transferred to 999 

PVDF membranes. For the latter, the gel was incubated for 30 min in T2 buffer (25 mM 1000 

Tris-HCl pH 10.4, 20 % isopropanol) containing 0.1 % SDS, then for a further 15 min 1001 

in T2 buffer without SDS. The PVDF membrane (0.45 μm) was soaked in methanol for 1002 

15 sec and washed twice for 5 min with water. The membrane was then incubated in 1003 

T2 buffer for 10 min. Proteins were transferred onto the membrane by semidry blotting 1004 
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using T1 buffer (25 mM Tris-HCl pH 9.8, 40 mM ɛ-aminocaproic acid, 20 % 1005 

isopropanol) containing 0.01 % SDS. 1006 

For complexome profiling, thylakoids were isolated according to (Chua and 1007 

Bennoun, 1975) with minor modifications. Briefly, 2 x 109 cells were pelleted and 1008 

washed with 25 mM HEPES-KOH, pH 7.5, 5 mM MgCl2 and 0.3 M sucrose, before 1009 

resuspending in the same buffer supplemented with protease inhibitor (Roche). Cells 1010 

were then lysed using a BioNebulizer (Glas-Col) with an operating N2 pressure of 1.5 1011 

bar. After centrifugation at 3,500 g for 10 min, the pellet was washed with 5 mM 1012 

HEPES-KOH, pH 7.5, 1 mM EDTA and 0.3 M sucrose before resuspending in 5 mM 1013 

HEPES-KOH, pH 7.5, 1 mM EDTA and 1.8 M sucrose. After placing 1.3 and 0.5 M 1014 

sucrose layers in the same buffer on top and centrifugation at 100,000 g for 1 h, intact 1015 

thylakoids, floating between the 1.3 M and 1.8 M layers, were collected, and diluted 1016 

with 5 mM HEPES-KOH, pH 7.5 and 1 mM EDTA. 1017 

In-gel digestion and mass spectrometry 1018 

Coomassie stained BN-PAGE gel pieces were destained by repeated cycles of 1019 

washing with 40 mM NH₄HCO₃ for 5 min and incubating in 70 % acetonitrile for 15 min, 1020 

until they were colorless. They were then dehydrated completely by adding 100 % 1021 

acetonitrile for 5 min and dried under vacuum. Samples were then digested by covering 1022 

the gel pieces in 10 ng/µl trypsin in 40 mM NH₄HCO₃ and incubating them over night 1023 

at 37 °C, before first, hydrophilic peptides were extracted with 10 % acetonitrile and 2 1024 

% formic acid for 20 min and afterwards, all other tryptic peptides were extracted with 1025 

60 % acetonitrile and 1 % formic acid. Samples were combined and desalted according 1026 

to (Rappsilber et al., 2007). Mass spectrometry was performed as described previously 1027 

(Hammel et al., 2018; Spaniol et al., 2022).  1028 

Evaluation of MS data 1029 

The analysis of MS runs was performed using MaxQuant version 1.6.0.16 (Cox and 1030 

Mann, 2008). Library generation for peptide spectrum matching was based on 1031 

Chlamydomonas reinhardtii genome release 5.5 (Merchant et al., 2007) including 1032 

chloroplast and mitochondrial proteins. Oxidation of methionine and acetylation of the 1033 

N-terminus were considered as peptide modifications. Maximal missed cleavages 1034 

were set to 3 and peptide length to 6 amino acids, the maximal mass to 6000 Da. 1035 
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Thresholds for peptide spectrum matching and protein identification were set by a false 1036 

discovery rate (FDR) of 0.01. The mass spectrometry proteomics data have been 1037 

deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 1038 

2019) partner repository with the dataset identifier PXD023478. Total protein group 1039 

intensities varied between samples. For sample normalization, the total ion intensity 1040 

sum (TIS) of every protein and gel slice was calculated for each of the six samples (3x 1041 

WT and 3x mutant). Sample normalization was performed by aligning protein group 1042 

intensities of ATP synthase subunits ATPC, atpI, atpE, atpF, atpB, atpA, ATPD, and 1043 

ATPG using the median of ratios method (Love et al., 2014). This resulted in a single 1044 

correction factor for each sample. Subsequently, every intensity value was divided by 1045 

its sample specific correction factor, to equalize all TISs. For further analysis, proteins 1046 

identified by non-proteotypic peptides were discarded. Protein identifiers were 1047 

annotated with MapMan ontology terms, Gene Ontology (GO) terms, and proposed 1048 

subcellular localization (https://doi.org/10.5281/zenodo.6340413). A Welch test was 1049 

performed for each protein by considering the sums of all 36 normalized slice 1050 

intensities for each sample and testing three WT sums against three mutant sums. The 1051 

distance of the average migration profiles for every protein was calculated as the 1052 

Euclidean distance between WT and mutant. To adjust for amplitude-introduced bias, 1053 

each distance was divided by the maximal average intensity of WT or mutant, 1054 

respectively. Data normalization and analysis were performed using FSharp.Stats 1055 

(https://doi.org/10.5281/zenodo.6337056). The migration profiles were visualized 1056 

using Plotly.NET (Schneider et al., 2022). 1057 

Immunoprecipitation 1058 

200 ml of culture was grown in HAP medium (TAP in which Tris was replaced by 20 1059 

mM HEPES-KOH pH 7.0) and supplied for 10 min with formaldehyde (0.37% final 1060 

concentration) for in-vivo crosslinking. 100 mM Tris-HCl pH 8.0 was added to the 1061 

culture for quenching before cells were collected by centrifugation for 5 min at 2500 g 1062 

and 4°C. The cell pellet was resuspended in 1.5 mL TE buffer and frozen at -20°C. 1063 

After thawing at 23°C, 20 μL PMSF was added and samples were frozen in liquid 1064 

nitrogen. After two more cycles of thawing and freezing, 50 μL were taken to determine 1065 

the protein concentration and samples were centrifuged for 30 min at 18,000 g and 4 1066 

°C. 40 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM MgCl2, 10 mM KCl, and 0.1% α-DDM 1067 
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were then added to the supernatant. The pellet was resuspended in TNMK buffer (50 1068 

mM Tris-HCl pH 8, 150 mM NaCl, 1 mM MgCl2, 10 mM KCl) containing 1% α-DDM. 1069 

Samples were then mildly sonicated and centrifuged at 14,000 g and 4°C for 10 min 1070 

after a 5-min incubation on ice. The supernatants were added to 20 μL HA-coupled 1071 

magnetic beads (Pierce) and the samples were incubated for 1.5 h at 4 °C. After three 1072 

washing steps with TNMK buffer containing 0.05% Tween and three washing steps 1073 

with TNMK buffer, 100 μL of sample buffer (90 mM Tris-HCl, 20% glycerol, 2% SDS) 1074 

were added and the samples were boiled for 1 min. The eluate was removed from the 1075 

magnetic beads, mixed with 50 mM DTT and boiled for an additional 10 min. The 1076 

eluates were then analyzed by SDS-PAGE and immunodetection or by mass 1077 

spectrometry. 1078 

Chlorophyll fluorescence measurements 1079 

Chlorophyll fluorescence was measured using a pulse amplitude-modulated Mini-PAM 1080 

fluorometer (Mini-PAM, H. Walz, Effeltrich, Germany) essentially according to the 1081 

manufacturer’s protocol after 3 min of dark adaptation (1 s saturating pulse of 6,000 1082 

μmol photons m-2  s-1, gain = 4).   1083 

 1084 

Chlorophyll precursors 1085 

Pavel. 1086 

 1087 

P700 decay kinetics 1088 

Mark. 1089 

Light and transmission electron microscopy  1090 

Light microscopy images were taken with an Olympus BX53F microscope with 100x 1091 

magnification. For transmission electron microscopy, cells were collected and washed 1092 

in 100 mM sodium cacodylate at pH 7.2. Afterwards, cells were fixed in 100 mM sodium 1093 

cacodylate containing 2.5% glutaraldehyde and 4% formaldehyde at pH 7.2 at room 1094 

temperature. The buffer was exchanged after 20 min, 60 min and 120 min. All other 1095 

steps were done as described previously (Nordhues et al., 2012). Samples were 1096 

analyzed with a JEM-2100 (JEOL) transmission electron microscope (operated at 80 1097 
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kV). Micrographs were taken using a 4,080-3 4,080-pixel CCD camera (UltraScan 1098 

4000; Gatan) and the Gatan DigitalMicrograph software (version 1.70.16). 1099 

Immunofluorescence microscopy 1100 

Formaldehyde was added to a final concentration of 4% to 1 ml Chlamydomonas cells 1101 

grown to log phase, followed by an incubation at 4 °C for 1 h. 10 μl of 0.1 % poly-L-1102 

lysine were applied to a microscopy slide and 40 μl of fixed cells were added. The slide 1103 

was then placed into ice-cold methanol for 6 min. Subsequently, the slide was washed 1104 

five times with PBS. For permeabilization, cells were incubated in PBS containing 2 % 1105 

Triton at 25°C. After five more washing steps with PBS containing 5 mM MgCl2, the 1106 

slide was incubated in PBS containing 1 % BSA and the primary antibody was added 1107 

(rabbit anti-D1, Agrisera AS05 084, 1:10,000; mouse anti-HA, Pineda, 1:3,000), 1108 

followed by an incubation overnight. After five washes with PBS containing 1% BSA, 1109 

the secondary antibody (fluorescine-isothiocyanate-labeled goat anti-rabbit antibody, 1110 

1:500 (Sigma-Aldrich); secondary antibody against mouse (company) was added 1111 

followed by an incubation for 1.5 h. Five last washes with PBS followed before 1112 

microscopy images were taken (which microscope? David?). 1113 

Sequence alignments, motif and structure predictions and display  1114 

Putative chloroplast transit peptides of PSB28 and TEF5 homologs were predicted with 1115 

TargetP (Almagro Armenteros et al., 2019) and putative transmembrane helices with 1116 

DeepTMHMM (Hallgren et al., 2022). Sequence motifs were searched by InterProScan 1117 

(Jones et al., 2014). Structure predictions were done with AlphaFold2 (Jumper et al., 1118 

2021) in ColabFold (Mirdita et al., 2022). Pairwise structural comparisons were done 1119 

with the Analyze tool in RCSB (https://www.rcsb.org/) (Berman et al., 2000) and 1120 

displayed with Mol* (Sehnal et al., 2021). Sequence alignments were done with 1121 

CLUSTALW (https://www.genome.jp/tools-bin/clustalw) and displayed with GeneDoc.  1122 

 1123 
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Figures legends 1180 

Figure 1. Phenotypes of the psb28 mutant compared to WT and complemented 1181 

lines.  1182 

(A) Alignment of PSB28 amino acid sequences from Chlamydomonas, Arabidopsis, 1183 

and Synechocystis. Residues highlighted in black and gray are conserved in four and 1184 

three of the sequences, respectively. Predicted chloroplast transit peptides are shown 1185 

in gray. The sequence with a hexahistidine tag replacing the transit peptide for 1186 

production of recombinant Chlamydomonas PSB28 is shown. The peptide from 1187 

Chlamydomonas PSB28 used for antibody production is indicated by a horizontal line. 1188 

Ath – Arabidopsis thaliana (AT4G28660), Cre – Chlamydomonas reinhardtii 1189 

(Cre10.g440450), Psb28-1 – Synechocystis sp. PCC 6803 variant 1 (Sll1398), Psb28-1190 

2 – Synechocystis sp. variant 2 (Slr1739).  1191 

(B) Pairwise structure alignment of Psb28 from T. elongatus in its conformation when 1192 

binding to the PSII acceptor side (7NHQ) (gold) and the AlphaFold structure of 1193 

Chlamydomonas PSB28 lacking the chloroplast transit peptide (blue).  1194 

(C) Structure of the Chlamydomonas PSB28 gene, insertion site of the CIB1 cassette 1195 

in the psb28 mutant, and construct for complementation. Protein coding regions are 1196 

drawn as black and purple boxes, untranslated regions as bars, and introns and 1197 

promoter regions as thin lines. Arrows indicate transcriptional start sites.  1198 

(D) Immunoblot analysis of the accumulation of PSB28 and of subunits of the major 1199 

thylakoid membrane protein complexes. c2 and c6 are lines complemented with the 1200 

construct shown in (C). PSII – D1, D2, CP43, CP47, LHCII; PSI – PsaA, PSAD, PSAN; 1201 

Cyt b6f complex – Cyt f; ATP synthase – CF1β. Ribosomal protein RPL1 served as 1202 

loading control. 10 µg of whole-cell proteins (100%) were analysed. 1203 

(E) Quantification of the immunoblot analysis shown in (D). Values are means from 1204 

three independent experiments normalized first by the median of all signals obtained 1205 

with a particular antiserum in the same experiment, and then by the mean signal of the 1206 

WT. Error bars represent standard deviation. Asterisks indicate significant differences 1207 

with respect to the WT (two-tailed, unpaired t-test with Bonferroni-Holm correction, P 1208 

< 0.05). The absence of an asterisk means that there were no significant differences.  1209 

(F) Fv/Fm values of the psb28 mutant versus WT and complemented lines. Shown are 1210 

averages from six independent experiments. Error bars represent standard deviation. 1211 
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The asterisk indicates significant differences between WT and psb28 1212 

mutant/complemented lines (two-tailed, unpaired t-test with Bonferroni-Holm 1213 

correction, P < 0.001).  1214 

(G) PSI reduction kinetics of the psb28 mutant versus WT and complemented line cx. 1215 

n? Test? Mark. 1216 

(H) Analysis of the growth of 104 – 102 spotted cells under the conditions indicated. 1217 

 1218 

Figure 2. Light and electron microscopy of the psb28 mutant and localization of 1219 

PSB28 by immunofluorescence. 1220 

(A) Light microscopy images of WT, psb28 mutant, and complemented lines grown 1221 

under mixotrophic conditions in low light (30 µmol photons m-2 s-1).   1222 

(B) Electron microscopy images of WT (left) and psb28 mutant (right) grown under 1223 

mixotrophic conditions in low light. Black triangles indicate the rarely occurring 1224 

thylakoid membrane stacks in the mutant. 1225 

(C) Immunofluorescence localization of the D1 protein (magenta) and HA-tagged 1226 

PSB28 (green) in a WT cell and two complemented psb28 mutant cells (psb28-c2).  1227 

 1228 

Figure 3. Analysis of synthesis and stability of thylakoid membrane proteins in 1229 

the psb28 mutant by pulse-chase labeling.  1230 

WT, psb28 mutant and complemented lines c2 and c6 were labelled with 14C-acetate 1231 

in low light (20 µmol photons m-2 s-1) for 7 min in the presence of cytosolic translation 1232 

inhibitor cycloheximide (0) and chased with unlabelled acetate for 20 and 60 min. 1233 

Proteins were separated on a 12-18 % SDS-urea gel and visualized by 1234 

autoradiography. The assignment of the protein bands is based on mutant analyses 1235 

(de Vitry et al., 1989; Girard-Bascou et al., 1992; Minai et al., 2006).  1236 

 1237 

Figure 4. Analysis of protein complexes in the psb28 mutant and of PSB28 1238 

interaction partners.  1239 

(A) BN-PAGE analysis of proteins from cells grown in low light (30 µmol photons m-2 s-1240 
1). 50 µg of whole-cell proteins from WT, psb28 mutant, and complemented lines 1241 

psb28-c2 and psb28-c6 were solubilized with 1% β-DDM and separated on a 4-15 % 1242 

BN gel. Shown is a picture of the gel after the run and an immunoblot detected with 1243 
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antibodies against D1, CP43, and the HA epitope. Arrowheads point to faint bands 1244 

likely representing RC47 and CP43mod in the psb28 mutant. SC – supercomplexes. 1245 

(B) Immunoprecipitation of PSB28. Cells from complemented line psb28-c2 were 1246 

fractionated via freeze-thaw cycles and centrifugation. HA-tagged PSB28 was then 1247 

immunoprecipitated (IP) from soluble (Sol) and membrane-enriched (Pel) fractions with 1248 

an HA antibody. 1% of the input and 10% of the precipitate were analysed by SDS-1249 

PAGE and immunoblotting using antibodies against the HA epitope and D1. 1250 

(C) Mass spectrometry-based quantification of proteins co-precipitated from 1251 

solubilized membrane fractions with HA-tagged PSB28. IBAQ values for each PSII 1252 

core subunit were normalized by the IBAQ value for PSB28. Shown are mean values 1253 

from three independent experiments. Error bars represent standard deviation. 1254 

(D) BN-PAGE analysis of proteins from cells grown in low light (LL, 30 µmol photons 1255 

m-2 s-1) and then exposed to high light (HL, 1200 µmol photons m-2 s-1) for 4 h. Whole-1256 

cell proteins from complemented line psb28-c2 were solubilized with 1% β-DDM and 1257 

separated on a 4-15 % BN gel. Shown is a picture of the gel after the run and an 1258 

immunoblot detected with antibodies against D1 and the HA epitope. 1259 

(E) Analysis of PSB28 accumulation in high light (HL). WT was exposed to 1200 µmol 1260 

photons m-2 s-1 for 4 h and samples taken prior, 2 and 4 h after the treatment were 1261 

analysed by immunoblotting using the peptide antibody against PSB28 and an 1262 

antibody against RPL1 as loading control. 1263 

(F) Quantification of the immunoblot analysis shown in (E). Values are means from 1264 

three independent experiments. Normalization was done as described for Figure 1D.  1265 

 1266 

Figure 5. Complementation of the Chlamydomonas psb28 mutant with 1267 

Synechocystis Psb28-1. 1268 

(A) Fv/Fm values of the psb28 mutant versus WT and lines complemented with 1269 

Chlamydomonas PSB28 (c2) and Synechocystis Psb28-1 (cs9, cs11). Shown are 1270 

averages from three independent experiments. Error bars represent standard 1271 
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deviation. Asterisks indicate significant differences with respect to the psb28 mutant 1272 

(two-tailed, unpaired t-test with Bonferroni-Holm correction, P < 0.001).  1273 

(B) Light microscopy (left) and growth analysis of 104 – 102 spotted cells under the 1274 

conditions indicated. 1275 

(C) Immunoblot analysis of the accumulation of subunits of the major thylakoid 1276 

membrane protein complexes. PSII – D1, D2, CP43, CP47, LHCII; PSI – PsaA; Cyt b6f 1277 

complex – Cyt f; ATP synthase – CF1b. Ribosomal protein RPL1 served as loading 1278 

control. 10 µg of whole-cell proteins (100%) were analysed.  1279 

(D) BN-PAGE analysis. Cells of WT, psb28 mutant, and complemented lines cs9 and 1280 

cs11 were grown in low light (30 µmol photons m-2 s-1) and solubilized with 1% β-DDM. 1281 

60 µg of protein per lane were separated on a 4-15% BN gel. Shown is a picture of the 1282 

gel after the run and an immunoblot detected with an antibody against D1. 1283 

Figure 6. Complexome profiling on WT and psb28 mutant.  1284 

(A) Heat map showing the BN-PAGE migration profiles of subunits of the major 1285 

thylakoid membrane protein complexes of WT (top panel) and psb28 mutant (bottom 1286 

panel). Values for each protein are derived from averaged peptide ion intensities from 1287 

three biological replicates and are normalized to the gel slice with highest intensities. 1288 

The BN-PAGE lane of one replicate from WT and psb28 mutant is shown with the 1289 

excised band corresponding to the heat map row. The underlying data and the 1290 

migration profiles for each protein are accessible in Supplemental Dataset S2.  1291 

(B) Heat map showing the BN-PAGE migration profiles of known and putatively new 1292 

auxiliary factors involved in PSII biogenesis, repair, and the regulation of PSII complex 1293 

dynamics in WT and psb28 mutant (Supplemental Table S2). 1294 

Figure 7. BN-PAGE migration profiles of PSII core subunits and of putative novel 1295 

PSII-associated proteins. Values for each protein are derived from averaged peptide 1296 

ion intensities from three biological replicates. Error bars represent standard deviation. 1297 

Individual profiles from each replicate before and after normalization and statistical 1298 

analyses can be accessed in Supplemental Dataset S2. Asterisks indicate significant 1299 
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differences in ion intensities between WT (red) and psb28 mutant (blue) in the 1300 

respective bands (two-tailed unpaired t-test, P < 0.05). SC – supercomplexes. 1301 

 1302 

Figure 8. Phenotypes of the tef5 mutant compared to WT and complemented 1303 

lines.  1304 

(A) Alignment of amino acid sequences of algal and land plant homologs of 1305 

TEF5/PSB33/LIL8. Residues highlighted in black and gray are conserved in six and 1306 

five of the sequences, respectively. Predicted chloroplast transit peptides are shown 1307 

in gray, predicted transmembrane helices in blue. The epitope from Chlamydomonas 1308 

TEF5 used for antibody production is indicated by a horizontal line. Cre – 1309 

Chlamydomonas reinhardtii (Cre09.g411200), Ota – Ostreococcus tauri 1310 

(XP_003078526), Cva – Chlorellla variabilis (XP_005846469), Csp – Closterium sp. 1311 

(CAI5958768), Ppa – Physcomitrium patens (XP_024377109), Ath – Arabidopsis 1312 

thaliana (AT1G71500).  1313 

(B) Pairwise structure alignment of the Rieske-like domains from Arabidopsis PSB33 1314 

(gold) and Chlamydomonas TEF5 (blue). 1315 

(C) Structure of the Chlamydomonas TEF5 gene, insertion site of the CIB1 cassette in 1316 

the tef5 mutant, and constructs for complementation. Protein coding regions are drawn 1317 

as black boxes, untranslated regions as bars, and introns (In) and promoter regions as 1318 

thin lines. Arrows indicate transcriptional start sites.  1319 

(D) Immunoblot analysis of the accumulation of TEF5 and of subunits of the major 1320 

thylakoid membrane protein complexes. c15 and cHA are lines complemented with 1321 

constructs pMBS703 and pMBS756, respectively, shown in (C). PSII – D1, D2, CP43, 1322 

CP47, LHCII; PSI – PsaA, PSAN; Cyt b6f complex – Cyt f; ATP synthase – CF1b. 1323 

Ribosomal protein RPL1 served as loading control. 10 µg of whole-cell proteins (100%) 1324 

were analysed. 1325 

(E) Quantification of the immunoblot analysis shown in (D). Values are means from 1326 

three independent experiments normalized first by the median of all signals obtained 1327 

with a particular antiserum in the same experiment, and then by the mean signal of the 1328 

WT. Error bars represent standard deviation. Asterisks indicate significant differences 1329 
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with respect to the WT (two-tailed, unpaired t-test with Bonferroni-Holm correction, P 1330 

< 0.05). The absence of an asterisk means that there were no significant differences.  1331 

(F) Fv/Fm values of the tef5 mutant versus WT and complemented lines. Shown are 1332 

averages from three to seven independent experiments each measured with three 1333 

technical replicates. Error bars represent standard deviation. Asterisks indicate 1334 

significant differences with respect to the WT (two-tailed, unpaired t-test with 1335 

Bonferroni-Holm correction, P < 0.001). The absence of an asterisk means that there 1336 

were no significant differences. 1337 

(G) Analysis of the growth of 104 – 102 spotted cells under the conditions indicated. 1338 

 1339 

Figure 9. Light and electron microscopy of the tef5 mutant. 1340 

(A) Light microscopy images of WT and tef5 mutant grown under mixotrophic 1341 

conditions in low light (30 µmol photons m-2 s-1).   1342 

(B) Electron microscopy pictures of WT (left) and tef5 mutant (right) grown under 1343 

mixotrophic conditions in low light. Black triangles indicate swollen thylakoids in the 1344 

mutant. 1345 

 1346 

Figure 10. Pulse-chase analysis of synthesis and stability of thylakoid 1347 

membrane proteins in the tef5 mutant.  1348 

WT, tef5 mutant and complemented lines c15 and cHA were labelled with 14C-acetate 1349 

in low light (20 µmol photons m-2 s-1) for 7 min in the presence of cytosolic translation 1350 

inhibitor cycloheximide (0) and chased with unlabelled acetate for 20 and 60 min. 1351 

Proteins were separated on a 12-18 % SDS-urea gel and visualized by 1352 

autoradiography. 1353 

 1354 

Figure 11. Analysis of protein complexes in the tef5 mutant and of proteins 1355 

interacting with TEF5.  1356 

(A) BN-PAGE analysis of proteins from cells grown in low light (30 µmol photons m-2 s-1357 
1). 60 µg of whole-cell proteins from WT, tef5 mutant, and complemented line tef5-c15 1358 

were solubilized with 1% β-DDM and separated on a 4-15 % BN gel. Shown is a picture 1359 

of the gel after the run and an immunoblot detected with antibodies against D1 and 1360 
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CP43. Arrowheads point to faint bands likely representing RCII and CP43mod in the tef5 1361 

mutant. SC – supercomplexes. 1362 

(B) BN-PAGE analysis of proteins from WT and tef5 mutant grown in low light (LL, 30 1363 

µmol photons m-2 s-1) and in the dark (D) for 72 h. Whole-cell proteins were solubilized 1364 

with 1% β-DDM and separated on a 4-15 % BN gel. Shown is a picture of the gel after 1365 

the run and an immunoblot detected with an antibody against D1 accompanied by a 1366 

longer exposure of an independent replicate. 1367 

(C) Fv/Fm values of the tef5 mutant versus WT grown in low light light (LL, 30 µmol 1368 

photons m-2 s-1) and in the dark for 72 h. Shown are averages from three independent 1369 

experiments. Error bars represent standard deviation. Asterisks indicate significant 1370 

differences between low-light versus dark-grown cells (two-tailed, unpaired t-test, P < 1371 

0.05.). 1372 

(D) Analysis of TEF5 accumulation in high light (HL). WT was exposed to 1200 µmol 1373 

photons m-2 s-1 for 4 h and samples taken prior, 2 and 4 h after the treatment were 1374 

analysed by immunoblotting using the peptide antibody against TEF5 and an antibody 1375 

against RPL1 as loading control. 1376 

(E) Quantification of the immunoblot analysis shown in (D). Values are means from 1377 

three independent experiments. Normalization was done as described for Figure 1D.  1378 

(F) Immunoprecipitation of TEF5. Cells from complemented line tef5-cHA were 1379 

fractionated via freeze-thaw cycles and centrifugation. HA-tagged TEF5 was then 1380 

immunoprecipitated (IP) from soluble (Sol) and membrane-enriched (Pel) fractions with 1381 

an HA antibody. 1% of the input and 10% of the precipitate were analysed by SDS-1382 

PAGE and immunoblotting using antibodies against HA, D1, and PsaA. 1383 

(G) Mass spectrometry-based quantification of PSI and PSII subunits co-precipitated 1384 

from solubilized membrane fractions with HA-tagged TEF5. IBAQ values for each 1385 

protein were normalized by the IBAQ value for TEF5. Shown are mean values from 2-1386 

3 independent replicates. Error bars represent standard deviation. 1387 

 1388 

  1389 
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Figure 1. Phenotypes of the psb28 mutant compared to WT and complemented lines.
(A) Alignment of PSB28 amino acid sequences from Chlamydomonas, Arabidopsis, and Synechocystis. Residues highlighted in
black and gray are conserved in four and three of the sequences, respectively. Predicted chloroplast transit peptides are shown in
gray. The sequence with a hexahistidine tag replacing the transit peptide for production of recombinant Chlamydomonas PSB28 is
shown. The peptide from Chlamydomonas PSB28 used for antibody production is indicated by a horizontal line. Ath – Arabidopsis
thaliana (AT4G28660), Cre – Chlamydomonas reinhardtii (Cre10.g440450), Psb28-1 – Synechocystis sp. PCC 6803 variant 1
(Sll1398), Psb28-2 – Synechocystis sp. variant 2 (Slr1739).
(B) Pairwise structure alignment of Psb28 from T. elongatus in its conformation when binding to the PSII acceptor side (7NHQ)
(gold) and the AlphaFold structure of Chlamydomonas PSB28 lacking the chloroplast transit peptide (blue).
(C) Structure of the Chlamydomonas PSB28 gene, insertion site of the CIB1 cassette in the psb28 mutant, and construct for
complementation. Protein coding regions are drawn as black and purple boxes, untranslated regions as bars, and introns and
promoter regions as thin lines. Arrows indicate transcriptional start sites.
(D) Immunoblot analysis of the accumulation of PSB28 and of subunits of the major thylakoid membrane protein complexes. c2 and
c6 are lines complemented with the construct shown in (C). PSII – D1, D2, CP43, CP47, LHCII; PSI – PsaA, PSAD, PSAN; Cyt b6f
complex – Cyt f; ATP synthase – CF1β. Ribosomal protein RPL1 served as loading control. 10 µg of whole-cell proteins (100%)
were analysed.
(E) Quantification of the immunoblot analysis shown in (D). Values are means from three independent experiments normalized first
by the median of all signals obtained with a particular antiserum in the same experiment, and then by the mean signal of the WT.
Error bars represent standard deviation. Asterisks indicate significant differences with respect to the WT (two-tailed, unpaired t-test
with Bonferroni-Holm correction, P < 0.05). The absence of an asterisk means that there were no significant differences.
(F) Fv/Fm values of the psb28 mutant versus WT and complemented lines. Shown are averages from six independent experiments.
Error bars represent standard deviation. The asterisk indicates significant differences between WT and psb28
mutant/complemented lines (two-tailed, unpaired t-test with Bonferroni-Holm correction, P < 0.001).
(G) PSI reduction kinetics of the psb28 mutant versus WT and complemented line cx. n? Test? Mark.
(H) Analysis of the growth of 104 – 102 spotted cells under the conditions indicated.
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Figure 2. Light and electron microscopy
of the psb28 mutant and localization of
PSB28 by immunofluorescence.
(A) Light microscopy images of WT, psb28
mutant, and complemented lines grown
under mixotrophic conditions in low light
(30 µmol photons m-2 s-1).
(B) Electron microscopy images of WT
(left) and psb28 mutant (right) grown under
mixotrophic conditions in low light. Black
triangles indicate the rarely occurring
thylakoid membrane stacks in the mutant.
(C) Immunofluorescence localization of the
D1 protein (magenta) and HA-tagged
PSB28 (green) in a WT cell and two
complemented psb28 mutant cells (psb28-
c2).
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Figure 3. Analysis of synthesis and stability of thylakoid membrane
proteins in the psb28 mutant by pulse-chase labeling.
WT, psb28 mutant and complemented lines c2 and c6 were labelled with 14C-
acetate in low light (20 µmol photons m-2 s-1) for 7 min in the presence of
cytosolic translation inhibitor cycloheximide (0) and chased with unlabelled
acetate for 20 and 60 min. Proteins were separated on a 12-18 % SDS-urea gel
and visualized by autoradiography. The assignment of the protein bands is based
on mutant analyses (de Vitry et al., 1989; Girard-Bascou et al., 1992; Minai et al.,
2006).
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Figure 4. Analysis of protein complexes in the psb28 mutant and of PSB28 interaction partners.
(A) BN-PAGE analysis of proteins from cells grown in low light (30 µmol photons m-2 s-1). 50 µg of whole-cell proteins from WT,
psb28 mutant, and complemented lines psb28-c2 and psb28-c6 were solubilized with 1% β-DDM and separated on a 4-15 % BN
gel. Shown is a picture of the gel after the run and an immunoblot detected with antibodies against D1, CP43, and the HA epitope.
Arrowheads point to faint bands likely representing RC47 and CP43mod in the psb28 mutant. SC – supercomplexes.
(B) Immunoprecipitation of PSB28. Cells from complemented line psb28-c2 were fractionated via freeze-thaw cycles and
centrifugation. HA-tagged PSB28 was then immunoprecipitated (IP) from soluble (Sol) and membrane-enriched (Pel) fractions with
an HA antibody. 1% of the input and 10% of the precipitate were analysed by SDS-PAGE and immunoblotting using antibodies
against the HA epitope and D1.
(C) Mass spectrometry-based quantification of proteins co-precipitated from solubilized membrane fractions with HA-tagged PSB28.
IBAQ values for each PSII core subunit were normalized by the IBAQ value for PSB28. Shown are mean values from three
independent experiments. Error bars represent standard deviation.
(D) BN-PAGE analysis of proteins from cells grown in low light (LL, 30 µmol photons m-2 s-1) and then exposed to high light (HL,
1200 µmol photons m-2 s-1) for 4 h. Whole-cell proteins from complemented line psb28-c2 were solubilized with 1% β-DDM and
separated on a 4-15 % BN gel. Shown is a picture of the gel after the run and an immunoblot detected with antibodies against D1
and the HA epitope.
(E) Analysis of PSB28 accumulation in high light (HL). WT was exposed to 1200 µmol photons m-2 s-1 for 4 h and samples taken
prior, 2 and 4 h after the treatment were analysed by immunoblotting using the peptide antibody against PSB28 and an antibody
against RPL1 as loading control.
(F) Quantification of the immunoblot analysis shown in (E). Values are means from three independent experiments. Normalization
was done as described for Figure 1D.
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Figure 5. Complementation of the Chlamydomonas psb28 mutant with
Synechocystis Psb28-1.
(A) Fv/Fm values of the psb28 mutant versus WT and lines complemented with
Chlamydomonas PSB28 (c2) and Synechocystis Psb28-1 (cs9, cs11). Shown are
averages from three independent experiments. Error bars represent standard deviation.
Asterisks indicate significant differences with respect to the psb28 mutant (two-tailed,
unpaired t-test with Bonferroni-Holm correction, P < 0.001).
(B) Light microscopy (left) and growth analysis of 104 – 102 spotted cells under the
conditions indicated.
(C) Immunoblot analysis of the accumulation of subunits of the major thylakoid membrane
protein complexes. PSII – D1, D2, CP43, CP47, LHCII; PSI – PsaA; Cyt b6f complex – Cyt
f; ATP synthase – CF1b. Ribosomal protein RPL1 served as loading control. 10 µg of
whole-cell proteins (100 %) were analysed.
(D) BN-PAGE analysis. Cells of WT, psb28 mutant, and complemented lines cs9 and cs11
were grown in low light (30 µmol photons m-2 s-1) and solubilized with 1 % β-DDM. 60 µg of
protein per lane were separated on a 4-15% BN gel. Shown is a picture of the gel after the
run and an immunoblot detected with an antibody against D1.
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Figure 6. Complexome profiling on WT and psb28 mutant.
(A) Heat map showing the BN-PAGE migration profiles of subunits of the major thylakoid membrane protein
complexes of WT (top panel) and psb28 mutant (bottom panel). Values for each protein are derived from
averaged peptide ion intensities from three biological replicates and are normalized to the gel slice with
highest intensities. The BN-PAGE lane of one replicate from WT and psb28 mutant is shown with the
excised band corresponding to the heat map row. The underlying data and the migration profiles for each
protein are accessible in Supplemental Dataset S2.
(B) Heat map showing the BN-PAGE migration profiles of known and putatively new auxiliary factors
involved in PSII biogenesis, repair, and the regulation of PSII complex dynamics in WT and psb28 mutant
(Supplemental Table S2).



Figure 7. BN-PAGE migration profiles of PSII core
subunits and of putative novel PSII-associated
proteins. Values for each protein are derived from
averaged peptide ion intensities from three biological
replicates. Error bars represent standard deviation.
Individual profiles from each replicate before and after
normalization and statistical analyses can be accessed in
Supplemental Dataset S2. Asterisks indicate significant
differences in ion intensities between WT (red) and psb28
mutant (blue) in the respective bands (two-tailed unpaired
t-test, P < 0.05). SC – supercomplexes.
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Ppa : DGETVLLLWYKNDVYAIENQSPAEGAYSEGLINARLTPDGCIVCPSTESTYDLKSGKVKEWMPTNPVLRVLTP--SLRDLVTYPVKVEDESIYINVRGGGYAEIVFG : 212 
Ath : DDETILLLWYKNDVFAIENRSPAEGAYSEGLLNARLTQDGCIVCPSTDSTFDLRTGEIREWYPKNPVLRVLTP--ALRKLFVYPVKYDEENIYISIRDSGKTEAAAE : 205 
      ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ Rieske domain → 
                                                                                  
Cre : TRGRGGAGTSAENNNVFTVQPTVYFEGMDPTKEAASLLQDGNTGEGTNPVVVLTGIVAVGMTAVAGTAFAIYYENLTALIAFWVVLGLGVGVAGFQYVNKQFKSDKA : 306 
Ota : PIGFGGSNTSLESNNVFAVETPMYVEGEQ--QGGKKMSSSEDPTAKMDASQLGGAIAVGGVIAVAGTGACLYYENYIALGALWIVGFASAAFVALKTTGALEDE--- : 307 
Cva : TT-RGGSDTSLENNNVYGLEPKVYVEGSP----VAEAASAGDSTSVATAATLTVTILAVLGVLVGGSATFYYFFT-------------------------------- : 261 
Csp : VVVGEASKVGQTVSDVNVNETKMVVDESAGGFGFSPQNELLNGRAAMAGFVGLLVIELVTGKGLLSATGFLDFLYRVGGSGPAL----------------------- : 278 
Ppa : GAASGNAGR--TATNIDVDEVKMEVVETEEGFGWTRKNEIINGRAAMIGFFMLIIQELVTGKGFLAGLGFLDFLYKYVFNGYNPSP--------------------- : 296 
Ath : IVFSGKAQPGLTATNVNVDEVRMIVDEGSEGFGFTKKNEVINGKAAVIGFLLLLDFELLTGKGLLKGTGFLDFLYSASDAFK------------------------- : 287 
                        ←⎯⎯⎯⎯⎯⎯⎯ Chl a/b binding domain ⎯⎯⎯⎯⎯⎯→ 
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Figure 8. Phenotypes of the tef5 mutant
compared to WT and complemented lines.
(A) Alignment of amino acid sequences of algal
and land plant homologs of TEF5/PSB33/LIL8.
Residues highlighted in black and gray are
conserved in six and five of the sequences,
respectively. Predicted chloroplast transit peptides
are shown in gray, predicted transmembrane
helices in blue. The epitope from Chlamydomonas
TEF5 used for antibody production is indicated by
a horizontal line. Cre – Chlamydomonas reinhardtii
(Cre09.g411200), Ota – Ostreococcus tauri
(XP_003078526), Cva – Chlorellla variabilis
(XP_005846469), Csp – Closterium sp.
(CAI5958768), Ppa – Physcomitrium patens
(XP_024377109), Ath – Arabidopsis thaliana
(AT1G71500).
(B) Pairwise structure alignment of the Rieske-like
domains from Arabidopsis PSB33 (gold) and
Chlamydomonas TEF5 (blue).
(C) Structure of the Chlamydomonas TEF5 gene,
insertion site of the CIB1 cassette in the tef5
mutant, and constructs for complementation.
Protein coding regions are drawn as black boxes,
untranslated regions as bars, and introns (In) and
promoter regions as thin lines. Arrows indicate
transcriptional start sites.
(D) Immunoblot analysis of the accumulation of
TEF5 and of subunits of the major thylakoid
membrane protein complexes. c15 and cHA are
lines complemented with constructs pMBS703 and
pMBS756, respectively, shown in (C). PSII – D1,
D2, CP43, CP47, LHCII; PSI – PsaA, PSAN; Cyt
b6f complex – Cyt f; ATP synthase – CF1b.
Ribosomal protein RPL1 served as loading control.
10 µg of whole-cell proteins (100%) were
analysed.
(E) Quantification of the immunoblot analysis
shown in (D). Values are means from three
independent experiments normalized first by the
median of all signals obtained with a particular
antiserum in the same experiment, and then by the
mean signal of the WT. Error bars represent
standard deviation. Asterisks indicate significant
differences with respect to the WT (two-tailed,
unpaired t-test with Bonferroni-Holm correction, P
< 0.05). The absence of an asterisk means that
there were no significant differences.
(F) Fv/Fm values of the tef5 mutant versus WT and
complemented lines. Shown are averages from
three to seven independent experiments each
measured with three technical replicates. Error
bars represent standard deviation. Asterisks
indicate significant differences with respect to the
WT (two-tailed, unpaired t-test with Bonferroni-
Holm correction, P < 0.001). The absence of an
asterisk means that there were no significant
differences.
(G) Analysis of the growth of 104 – 102 spotted
cells under the conditions indicated.
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Figure 9. Light and electron microscopy of the
tef5 mutant.
(A) Light microscopy images of WT and tef5 mutant
grown under mixotrophic conditions in low light (30
µmol photons m-2 s-1).
(B) Electron microscopy pictures of WT (left) and
tef5 mutant (right) grown under mixotrophic
conditions in low light. Black triangles indicate
swollen thylakoids in the mutant.
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Figure 10. Pulse-chase analysis of synthesis and stability of
thylakoid membrane proteins in the tef5 mutant.
WT, tef5 mutant and complemented lines c15 and cHA were labelled with
14C-acetate in low light (20 µmol photons m-2 s-1) for 7 min in the presence
of cytosolic translation inhibitor cycloheximide (0) and chased with
unlabelled acetate for 20 and 60 min. Proteins were separated on a 12-18
% SDS-urea gel and visualized by autoradiography.



0.00

0.05

0.10

0.15

0.20

D
1

D
2

C
P4

3
C

P4
7

Ps
aA

Ps
aD

LH
C

A1
LH

C
A7

Ab
un

da
nc

e 
re

la
tiv

e 
to

 T
EF

5

0

0.2

0.4

0.6

0.8

Fv
 / 

Fm

WT        tef5

Dark
LL

A

PSII mono

PSII dimer

Post-run αD1 αCP43

WT  tef5 c15 WT  tef5  c15

RC47

CP43mod

RCII

WT  tef5 c15
PSII-SC

PSI-LHCI

D
0 2 4 h in HL

RPL1

WT

TEF5

E

C

B
WT  tef5 WT  tef5

PSII mono

PSII dimer

Post-run

RC47

αD1    → long exposure, other replicate

LL

PSII-SC
PSI-LHCI

RCII

D
WT  tef5 WT  tef5

LL D

F

G

0
1
2
3
4
5

0 h 2 h 4 h

TE
F5

 a
bu

nd
an

ce

HL

D1

HA

Input

Sol Pel Sol Pel
WT cHA

IP αHA

Sol Pel Sol Pel
WT cHA

PsaA

*

*

Figure 11. Analysis of protein complexes in the tef5 mutant and of proteins interacting with TEF5.
(A) BN-PAGE analysis of proteins from cells grown in low light (30 µmol photons m-2 s-1). 60 µg of whole-cell proteins from WT, tef5
mutant, and complemented line tef5-c15 were solubilized with 1% β-DDM and separated on a 4-15 % BN gel. Shown is a picture of
the gel after the run and an immunoblot detected with antibodies against D1 and CP43. Arrowheads point to faint bands likely
representing RCII and CP43mod in the tef5 mutant. SC – supercomplexes.
(B) BN-PAGE analysis of proteins from WT and tef5 mutant grown in low light (LL, 30 µmol photons m-2 s-1) and in the dark (D) for
72 h. Whole-cell proteins were solubilized with 1% β-DDM and separated on a 4-15 % BN gel. Shown is a picture of the gel after the
run and an immunoblot detected with an antibody against D1 accompanied by a longer exposure of an independent replicate.
(C) Fv/Fm values of the tef5 mutant versus WT grown in low light light (LL, 30 µmol photons m-2 s-1) and in the dark for 72 h. Shown
are averages from three independent experiments. Error bars represent standard deviation. Asterisks indicate significant differences
between low-light versus dark-grown cells (two-tailed, unpaired t-test, P < 0.05.).
(D) Analysis of TEF5 accumulation in high light (HL). WT was exposed to 1200 µmol photons m-2 s-1 for 4 h and samples taken prior,
2 and 4 h after the treatment were analysed by immunoblotting using the peptide antibody against TEF5 and an antibody against
RPL1 as loading control.
(E) Quantification of the immunoblot analysis shown in (D). Values are means from three independent experiments. Normalization
was done as described for Figure 1D.
(F) Immunoprecipitation of TEF5. Cells from complemented line tef5-cHA were fractionated via freeze-thaw cycles and
centrifugation. HA-tagged TEF5 was then immunoprecipitated (IP) from soluble (Sol) and membrane-enriched (Pel) fractions with an
HA antibody. 1% of the input and 10% of the precipitate were analysed by SDS-PAGE and immunoblotting using antibodies against
HA, D1, and PsaA.
(G) Mass spectrometry-based quantification of PSI and PSII subunits co-precipitated from solubilized membrane fractions with HA-
tagged TEF5. IBAQ values for each protein were normalized by the IBAQ value for TEF5. Shown are mean values from 2-3
independent replicates. Error bars represent standard deviation.
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Supplemental Figure S1. Analysis of the CIB1 integration site in the PSB28 gene by PCR and testing 
of the PSB28 peptide antibody.  
(A) Gene model of the PSB28 gene with exons shown as black boxes and introns as thin grey lines. The 
integration site of the CIB1 cassette in the third exon is shown. Green bars indicate the expected PCR 
products on mutant DNA (CLiP, top) and wild-type DNA (WT, bottom). Numbers in the bars indicate their 
sizes. Numbers flanking the bars are the primer numbers (Supplemental Table 1).  
(B) PCR products on genomic DNA from wild type (WT) and the psb28 mutant from the CLiP collection 
(KO) were separated on an agarose gel and stained with Gel Red. Expected amplicon sizes are indicated 
below the gel.  
(C) Immunoblot analysis to test the PSB28 peptide antibody. 10 µg of whole-cell proteins from wild type 
(WT) and psb28 mutant were separated on a 12% SDS-polyacrylamide gel and analyzed by immunoblotting 
using a 1:500 dilution of the PSB28 antibody. Asterisks indicate cross-reactions, the arrowhead the 
expected position of the PSB28 protein band (at ~12.6 kDa).  
Supports Figure 1. 

  



Supplemental Data, Lang et al. 

 
Supplemental Figure S2. Screening for complemented psb28 transformants.  
psb28 mutant cells were transformed with construct pMBS687 containing an aadA resistance cassette (not 
shown) and the genomic PSB28 gene fused to the sequence coding for a C-terminal 3xHA tag as well as 
the HSP70A-RBCS2 promoter and RPL23 terminator. Total protein from wild type (WT), seven green 
transformants and the psb28 mutant were analyzed by SDS-PAGE and immunoblotting using antisera 
against the D1 protein and the HA epitope. The transformants indicated in red (c2 and c6) were used for 
further experiments.  
Supports Figure 1. 
 
 
 

  



Supplemental Data, Lang et al. 

 
Supplemental Figure S3. Analysis of chlorophyll precursor accumulation in the psb28 mutant 
versus WT. 
WT and psb28 mutant were grown in low light (LL, 30 μmol photons m–2 s–1) or in the dark for 65 h (D) and 
pigments were extracted and analyzed by HPLC. Shown are mean values from three independent 
experiments, error bars represent standard deviation. Supports Figure 1. 
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Supplemental Data, Lang et al. 

Supplemental Figure S4. Analysis of PSII complex assembly, subunit accumulation, and 
functionality in dark-grown cells. 
(A) BN-PAGE analysis of cells grown in low light (30 µmol photons m-2s-1) and in darkness for 45 h. Whole-
cell proteins from WT and psb28 mutant were solubilized with 1% β-DDM. 50 µg of protein per lane were 
separated on a 4-15 % BN gel. Shown is a picture of the gel after the run. 
(B) Immunoblot analysis of the accumulation of subunits of the major thylakoid membrane protein 
complexes in WT and psb28 mutant grown in low light and in darkness for 45 h. PSII – D1, CP43, LHCII; 
PSI – PsaA; Cyt b6f complex – Cyt f; ATP synthase – CF1β. 10 µg of whole-cell proteins (100%) were 
loaded.  
(C) Fv/Fm values of the psb28 mutant versus WT grown in low light (LL) and in darkness (D) for 45 h. Shown 
are averages from three independent experiments. Error bars represent standard deviation. Asterisks 
indicate significant differences between low light and dark (two-tailed, unpaired t-test, P < 0.05).  
Supports Figure 4. 
 



Supplemental Data, Lang et al. 

Supplemental Figure S5. Analysis of oligomerization capacity of recombinant PSB28 and 
quantification of cellular PSB28 abundance. 
(A) 1 µg of recombinantly produced PSB28 and CGE1 were separated on a 4-15% BN gel and stained with 
Coomassie blue or subjected to immunoblot analysis using antisera against PSB28 and CGE1. The 
assignment of CGE1 oligomers is based on analyses by Schroda et al (2001) and Willmund et al. (2007). 
(B) Quantitative immunoblot analysis. The indicated amounts of recombinant PSB28 and of 
Chlamydomonas total cell proteins were separated by SDS-PAGE and analyzed by immunoblotting using 
an antibody against PSB28. Shown is a representative experiment out of four. Quantification of the signals 
from four experiments indicated that PSB28 makes up 0.0034 ± 0.001 % of total cell proteins.  
Supports Figure 4. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Data, Lang et al. 

 
Supplemental Figure S6. Monitoring kinetics of PSII repair after photoinhibition in the psb28 mutant.  
(A) Fv/Fm values of WT, psb28 mutant, and complemented lines c2 and c6 after exposure to 1800 µmol 
photons m-2 s-1 for 1 h and recovery at 30 µmol photons m-2 s-1 for 5 h. Photoinhibition was performed in 
the presence of 100 µg/ml chloroplast translation inhibitor chloramphenicol (CAP), which was kept in half 
of the culture during recovery (pale colors, dashed lines) and removed from the other half (full colors, solid 
lines). Shown are averages from three independent experiments. Error bars represent standard deviation. 
(B) Fv/Fm values shown as % of initial values. 
(C) Immunoblot analysis of 10 µg of whole cell proteins from one experiment to monitor the D1 levels. CF1β 
was used as loading control. 
Supports Figure 4. 



Supplemental Data, Lang et al. 

 
Supplemental Figure S7. Monitoring kinetics of PSII re-synthesis in the psb28 mutant after sulfur 
starvation. 
(A) Fv/Fm values of WT, psb28 mutant, and complemented lines c2 and c6 during cultivation in sulfur-
depleted TAP medium for 48 h and during recovery in sulfur-replete TAP medium for 21 h. Shown are 
averages from three independent experiments. Error bars represent standard deviation. 
(B) Fv/Fm values shown as % of initial values. 
(C) Immunoblot analysis of 10 µg of whole cell proteins from one experiment to monitor D1 levels. CF1β 
was used as loading control. 
Supports Figure 4. 
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Supplemental Figure S8. Construct for the expression of Synechocystis Psb28-1 and analysis of 
transformants in the psb28 mutant background.  
(A) Construct for complementation. Regions coding for codon-optimized Synechocystis Psb28-1, the CDJ1 
chloroplast transit peptide, and the 3xHA tag are drawn as black, brown, and purple boxes, respectively. 
Untranslated regions are shown as bars, and introns and promoter regions as thin lines. Arrows indicate 
transcriptional start sites.  
(B) Fv/Fm values of WT (grey), psb28 mutant (red), and 12 transformants in the psb28 mutant background 
generated with the construct depicted in (A) (blue). Shown are averages from three independent 
experiments. Error bars represent standard deviation. The asterisk indicates significantly higher values for 
five transformants versus the psb28 mutant (two-tailed, unpaired t-test with Bonferroni-Holm correction, P 
< 0.05). 
(C) Light microscopy images of cells from WT, psb28 mutant and transformants (cs1-12) generated with 
the construct shown in (A). 
Supports Figure 5. 
 
 
 
 



Supplemental Data, Lang et al. 

Supplemental Figure S9. BN-PAGE for complexome profiling. Thylakoid membranes were isolated 
from WT (CC4533) and psb28 mutant cells, solubilized with n-dodecyl α-D-maltoside, and separated on a 
4% to 15 % BN gel. 60 µg of protein were loaded per lane. 
(A) Photography of the gel right after the run.  
(B) Coomassie staining of the gel shown in (A). Each lane was cut into 36 slices according to the grid shown 
and gel slices were subjected to tryptic in-gel digestion followed by LC-MS/MS. The identity of the indicated 
complexes derives from the mass spectrometry analysis (Supplemental Dataset S2).  
Supports Figure 6. 
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Supplemental Figure S10. Comparison 
of BN-PAGE migration profiles of PSII 
core subunits and of putative novel PSII-
associated protein PBA1. Values for each 
protein from WT (red) and psb28 mutant 
(blue) are derived from averaged peptide 
ion intensities from three biological 
replicates after normalization based on the 
abundance of ATP synthase subunits. Error 
bars represent SD. Individual profiles from 
each replicate before and after 
normalization and statistical analyses can 
be accessed in Supplementary Dataset S2. 
SC – supercomplexes; RC – reaction 
centers. 
Supports Figure 6. 



Supplemental Data, Lang et al. 

Supplemental Figure S11. Comparison of BN-PAGE migration profiles of thylakoid membrane 
protease FTSH1/2 and kinase STL1. Values for each protein from WT (red) and psb28 mutant (blue) are 
derived from averaged peptide ion intensities from three biological replicates after normalization based on 
the ATP synthase. Error bars represent SD. Asterisks indicate significant differences of ion intensities 
between mutant and WT in the respective bands (two-tailed, unpaired t-test, P < 0.05). 
Supports Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Data, Lang et al. 

Supplemental Figure S12. Comparison of BN-PAGE migration profiles of PSII core subunits, of 
known PSII auxiliary factors, and of putative novel auxiliary factors. Putative novel auxiliary factors 
are chloroplast proteins accumulating in bands 17/18 (PSII monomers/RC47) and/or 22/23 (RC) only in the 
psb28 mutant. Co-migration profiles on the left are from the psb28 mutant (blue) and WT (red), those on 
the right from the lpa2 mutant (blue) and WT (red) (Spaniol et al., 2022). Values for each protein are derived 
from averaged peptide ion intensities from three biological replicates after normalization. Error bars 
represent SD. SC – supercomplexes; RC – reaction centers. Supports Figure 7. 
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Supplemental Figure S13. Analysis of the CIB1 integration site in the TEF5 gene by PCR and of TEF5 
protein in the tef5 mutant and in complemented lines.  
(A) Gene model of the TEF5 gene with exons shown as black boxes and introns as thin grey lines. The 
integration site of the CIB1 cassette in the sixth intron is shown. Green bars indicate the expected PCR 
products on mutant DNA (CLiP, top) and WT DNA (bottom). Numbers in the bars indicate their sizes. 
Numbers flanking the bars are the primer numbers (Supplemental Table S1).  
(B) PCR products on genomic DNA from WT and the tef5 mutant from the CLiP collection (KO) were 
separated on an agarose gel and stained with Gel Red. Expected amplicon sizes are indicated below the 
gel.  
(C) Analysis of TEF5 transcript abundance in tef5 mutant and transformant cHA generated with pMBS756 
compared with the WT. CBLP2 was used as a housekeeping control. Shown are qRT-PCR data from three 
biological replicates, each derived from 3 technical replicates. Error bars show SD. 
(D) Immunoblot analysis to test the TEF5 peptide antibody. 10 µg of whole-cell proteins from WT, tef5 
mutant and complemented lines tef5-cHA and tef5-c15 were separated on a 12% SDS-polyacrylamide gel 
and analyzed by immunoblotting using a 1:500 dilution of the TEF5 antibody. Asterisks indicate cross-
reactions, the arrowhead the expected position of the TEF5 protein band at ~27.5 kDa.  
Supports Figure 8. 
 
 
 
 
 
 
 



Supplemental Data, Lang et al. 

 
Supplemental Figure S14. Screening for complemented tef5 transformants.  
(A) Constructs for complementation (see legend of Figure 8C).  
(B) The tef5 mutant was transformed with construct pMBS756. Whole-cell proteins from WT, the tef5 mutant 
and five spectinomycin-resistant transformants were analyzed by SDS-PAGE and immunoblotting using 
antibodies against the HA epitope and the D1 protein, respectively. Transformant HA14 (cHA) was used 
for further experiments. 
(C) tef5 mutant cells were transformed with construct pMBS703. Whole-cell proteins from WT, the tef5 
mutant and seven spectinomycin-resistant transformants were analyzed by SDS-PAGE and 
immunoblotting using a D1 antibody. Transformant c15 was used for further experiments. 
Supports Figure 8. 
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Supplemental Figure S15. Monitoring kinetics of PSII repair after photoinhibition. 
(A) Fv/Fm values of WT, tef5 mutant, and complemented lines tef5-c15 and tef5-cHA after exposure to 1800 
µmol photons m-2 s-1 for 1 h and recovery at 30 µmol photons m-2 s-1 for 6.5 h. Photoinhibition was performed 
in the presence of 100 µg/ml chloroplast translation inhibitor chloramphenicol (CAP), which was kept in half 
of the culture during recovery (pale colors, dashed lines) and removed from the other half (full colors, solid 
lines). Shown are averages from three independent experiments. Error bars represent standard deviation. 
(B) Fv/Fm values shown as % of initial values. 
(C) Immunoblot analysis of 10 µg of whole cell proteins from one experiment with recovery in the absence 
of CAP to monitor the D1 levels. CF1β was used as loading control. 
Supports Figure 11. 
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Supplemental Figure S16. Monitoring kinetics of PSII re-synthesis in the tef5 mutant after sulfur 
starvation. 
(A) Fv/Fm values of WT, tef5 mutant, and complemented lines tef5-c15 and tef5-cHA during cultivation in 
sulfur-depleted TAP medium for 48 h and during recovery in sulfur-replete TAP medium for 21 h. Shown 
are averages from three independent experiments. Error bars represent standard deviation. 
(B) Fv/Fm values shown as % of initial values. 
(C) Immunoblot analysis of 10 µg of whole cell proteins from one experiment to monitor D1 levels. CF1β 
was used as loading control. 
Supports Figure 11. 
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Supplemental Figure S17. Alignment of N-terminal regions of green algal LHL4 and PSBS proteins 
with cyanobacterial HliA-D.  
Alignment of amino acid sequences of the N-terminal regions of LHL4 and PSBS sequences from 
Chlamydomonas reinhardtii (Cre) and Dunaliella salina (Dsa) lacking predicted transit peptides with HliA-D 
from Synechocystis sp. (strain PCC 6803) (Syn). Residues highlighted in black, dark gray and light gray 
are conserved in eight, six to seven, and five of the sequences, respectively. Residues in predicted 
transmembrane helices (TMH) are shown in blue. CreLHL4 (Cre17.g740950), DsaLHL4 (KAF5826794), 
CrePSBS (Cre01.g016600), DsaPSBS (KAF5841540), SynHliA (P73183), SynHliB (P73429), SynHliC 
(P73563), SynHliD (P72932). 
Supports Discussion. 
 
 
 
 
 
Supplemental Table S1. Primers used for genotyping, cloning, and RT-PCR. 
Primer Sequence Target 
1462, OMJ913 5’-GCACCAATCATGTCAAGCCT-3’ CIB1 cassette 
1463, OMJ944 5’-GACGTTACAGCACACCCTTG-3’ 
1667, PSB28_for 5’-TGCGCAGAGGCATACAATAG-3’ PSB28 
1668, PSB28_rev 5’-TTACACCCCGCTAACTGACC-3’ 
1675, TEF5_for 5’-AGGGGAAGAGGAAATGAGGA-3’ TEF5 
1676, TEF5_rev 5’-TTTGCGTCATGTCCATGTTT-3’ 
PSB28-1 5’-ttgaagaCAAAATGCAGTGCCTTTCCTCC-3’ PSB28 
PSB28-2 5’-ttgaagaCAAcAGACCGGTGATATCGCCCATCTCGC-3’ 
PSB28-3 5’-ttgaagaCGGTCTgTTCATGGTGGACGATGAGG-3’ PSB28 
PSB28-4 5’-ttgaagacTCCgaaccCTTCTCGAAGCCCAGGTCGTTC-3’ 
PSB28-Bam 5’-ggctggatccGCTGCGTCTCTGCAGTTCA-3’ PSB28 
PSB28-Hind 5’-gcccaagctTGATAGCGTCCAAGGCCTGC-3’ 
TEF5-qRTPCR_for 5’-CCACGGTGTACTTTGAGGGC-3’ TEF5 

 TEF5-qRTPCR_rev 5’-CAGCACCACCCAGAATGCAA-3’ 
CBLP2-qRTPCR_for 5’-GCCACACCGAGTGGTGTCGTGCG-3’ CBLP2 
CBLP2-qRTPCR_rev 5’-CCTTGCCGCCCGAGGCGCACAGCG-3’ 

BpiI, BamHI, and HindIII recognition sites are underlined. 
 
 
 
 
 
 
 
 
 
 

                                                                                               
CreLHL4 -----------------AEKSGFAKWADSVGMDSSDGVFGFTPFAETWVGRWSMMGFVSSIVVEFATGKGTLAQVGLD : 61 
DsaLHL4 --------AQQSSEKPNAQNDPVLAYAESIGLPTEEGVFGFKPFSEIWCGRLAMMGFLVSIVEEFGTGQVGVYRLEVP : 70 
CrePSBS AASTKVNPKLASKTEVERFKQATGLPAPAINGKQFPLKLGFTKTNELFVGRLAMVGFSASLIGEILTGKGALAQFGYE : 78 
DsaPSBS ----------------AIFKGQDKKSKEAPPPKQKPLRLGFTKDNELFVGRAAMLGFAFSLIGEVLTGKGALAQLGYE : 62 
SynHliA --------MTTRGFRLDQDNRLNNFAIEPEVYVDSSVQAGWTKYAEKMNGRFAMIGFASLLIMEVVTGHGVIGWLNSL : 70 
SynHliB --------MTSRGFRLDQDNRLNNFAIEPPVYVDSSVQAGWTEYAEKMNGRFAMIGFVSLLAMEVITGHGIVGWLLSL : 70 
SynHliC -------------------------------MNNENSKFGFTAFAENWNGRLAMIGFSSALILELVSGQGVLHFFGIL : 47 
SynHliD ---------------------MSEELQPNQTPVQEDPKFGFNNYAEKLNGRAAMVGFLLILVIEYFTNQGVLAWLGLR : 57 
                                                                       ______TMH______ 
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Supplemental Table S2. Proteins involved in PSII assembly, repair, or complex dynamics that have clear 
homologs in Chlamydomonas and are present with three replicates each for WT and psb28 mutant in the 
complexome profiling dataset. Proteins were compiled by Lu (2016). Ratios in bold with asterisk accumulate 
to significantly different levels (P < 0.05). Ath – Arabidopsis thaliana; Syn – Synechocystis; Cre – 
Chlamydomonas reinhardtii. 
 

Locus Ath Name Ath/ 
Syn 

Name 
Cre Locus Cre Ratio 

psb28/WT Description from Lu (2016) for Ath homolog 

At2g47450 cpSRP43 SRP43 Cre04.g231026 0.52 Insertion and assembly of PSII proteins such as D1, 
D2, and CP47, and LHCII subunits 

At2g28800 ALB3 ALB3.1 Cre06.g251900 0.48 Insertion and assembly of PSII proteins such as D1, 
D2, and CP47, and LHCII subunits 

  ALB3.2 Cre17.g729800 1.75*

At2g18710 cpSecY1 SECY1 Cre16.g681900 1.53 Insertion and assembly of PSII proteins such as 
PsbO 

At5g28750 Tha4 TATA Cre10.g438550 2.76 Insertion and assembly of PSII proteins such as 
PsbP and PsbQ 

At5g52440 HCF106 TATB Cre08.g371650 2.71 Insertion and assembly of PSII proteins such as 
PsbP and PsbQ 

At1g05810 cpRabA5e RAB11 Cre03.g189250 3.12 Transport of PSII proteins such as LHCB1, LHCB3 
and CP47 to and from thylakoids 

At2g20890 THF1/PSB29 THF1, 
PSB29 Cre13.g562850 2.37 Dynamics of PSII-LHCII supercomplexes 

At5g12130 TERC TERC Cre17.g712400 3.39 Co-translational insertion of PSII proteins such as 
D1, D2, and CP43 

At5g01920 STN8 STL1 Cre12.g483650 3.84* Phosphorylation of D1, D2, CP43, and PsbH 

At4g17600 SEP3.1/LIL3.1 LHL3, 
LIL3 Cre03.g199535 1.59 Anchoring geranylgeranyl reductase to thylakoid 

membranes; stabilizing LHCII 

At4g35250 HCF244 HCF244, 
CGL102 Cre02.g142146 2.54 Translational initiation of the psbA mRNA 

At1g02910 LPA1/PratA REP27, 
LPA1 Cre10.g430150 1.72 Biogenesis and assembly of the D1 protein 

At1g55480 MET1  TEF30 Cre01.g031100 0.28* Supercomplex formation in PSII repair 
At1g77510 PDI6/PDIL1-2 RB60 Cre02.g088200 2.49 Regulation of D1 synthesis 

At4g35760 LTO1 
CPLD41, 
VKE1, 
LTO1 

Cre12.g493150 1.67* Disulfide bond formation in PsbO 

At3g01480 CYP38/TLP40 CYN38, 
TLP40 Cre03.g189800 3.55 

PPIase; Inhibiting dephosphorylation of PSII 
subunits during PSII repair; conversion of PSII core 
monomers to PSII supercomplexes 

At1g54780 TLP18.3 TEF8, 
TLP18.3 Cre03.g182150 2.51 

D1 degradation and PSII dimerization; 
dephosphorylation of PSII core proteins (e.g.,D1 
and D2) 

At1g50250 FtsH1 FTSH1 Cre12.g485800 2.44* Degradation of photodamaged D1 

At2g30950 FtsH2/VAR2 FTSH2 Cre17.g720050 2.52* Chloroplast biogenesis; thylakoid formation; 
degradation of photodamaged D1 

At1g03600 PSB27 CPLD45, 
PSB27 Cre05.g243800 1.63 C-terminal processing of D1 during PSII repair? 

At5g23120 HCF136 
(YCF48) 

HCF136, 
YCF48 Cre06.g273700 4.87* Assembly of PSII reaction-center complexes such 

as RC, RC47a, and RC47b 

AtCg00700 PsbN/PBF1 PsbN cp-encoded 1.87 
Assembly of PSII minimal reaction-center 
complexes; regulation of PSII core and antenna 
protein phosphorylation 

At5g51545 LPA2 LPA2 Cre02.g105650 0.98 Synthesis and assembly of CP43 
At1g71500 PSB33 TEF5 Cre09.g411200 2.71 Association of LHCII with PSII 

At1g67700 HHL1 TEF10a Cre03.g146167 3.09 Reassembly of PSII core monomers and PSII-LHCII 
supercomplexes during PSII repair 
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Supplemental Table S3. MoClo constructs employed and generated. 
Plasmid Description Level Source 
pMBS685 Chlamydomonas PSB28 genomic sequence 0 This study 
pMBS695 Synechocystis psb28-1 CDS with RBCS2 intron 1 and 

codon usage optimized for Chlamydomonas 
0 This study 

pMBS701 TEF5 CDS with RBCS2 introns 1 and 2 0 This study 
pCM0-020  HSP70A-RBCS2 promoter + 5’UTR 0 Crozet et al., 2018 
pCM0-100 3xHA 0 Crozet et al., 2018 
pCM0-101 MultiStop 0 Crozet et al., 2018 
pCM0-119 RPL23 3’ UTR 0 Crozet et al., 2018 
pMBS640  CDJ1 chloroplast transit peptide 0 Niemeyer et al., 2021 
pMBS686 ARpro::PSB28::3xHA::RPL23-T 1 This study 
pMBS696 ARpro::cpTPCDJ1::psb28-1::3xHA::RPL23-T 1 This study 
pMBS702 ARpro::TEF5::MultiStop::RPL23-T 1 This study 
pMBS755 ARpro::TEF5::3xHA::RPL23-T 1 This study 
pCM1-01 PSADpro::aadA::PSAD-T 1 Crozet et al., 2018 
pMBS687 PSADpro::aadA::PSAD-T:::: 

ARpro::PSB28::3xHA::RPL23-T 
2 This study 

pMBS697 PSADpro::aadA::PSAD-T:::: 
ARpro::cpTPCDJ1::psb28-1::3xHA::RPL23-T 

2 This study 

pMBS703 PSADpro::aadA::PSAD-T:::: 
ARpro::TEF5::MultiStop::RPL23-T 

2 This study 

pMBS756 PSADpro::aadA::PSAD-T:::: 
ARpro::TEF5::3xHA::RPL23-T 

2  

 


