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Abstract (250 words) 

Robust photosynthesis in chloroplasts and cyanobacteria requires the participation of 

accessory proteins to facilitate the assembly and maintenance of the photosynthetic 

apparatus located within the thylakoid membranes. The highly conserved Ycf48 protein acts 

early in the biogenesis of the oxygen-evolving photosystem II (PSII) complex by binding to 

newly synthesized precursor D1 subunit and by promoting efficient association with the D2 

protein to form a PSII reaction center (PSII RC) assembly intermediate. Ycf48 is also 

required for efficient replacement of damaged D1 during the repair of PSII. However, the 

structural features underpinning Ycf48 function remain unclear. Here we show that Ycf48 

proteins encoded by the thermophilic cyanobacterium Thermosynechococcus elongatus and 

the red alga Cyanidioschyzon merolae form seven-bladed beta-propellers with the 19 amino-

acid insertion characteristic of eukaryotic Ycf48 located at the junction of blades 3 and 4. 

Knowledge of these structures has allowed us to identify a conserved ‘Arg patch’ on the 

surface of Ycf48 that is important for binding of Ycf48 to PSII RCs but also to larger 

complexes including trimeric photosystem I (PSI). Reduced accumulation of chlorophyll in 

the absence of Ycf48 and the association of Ycf48 with PSI provide evidence of a more 

wide-ranging role for Ycf48 in the biogenesis of the photosynthetic apparatus than previously 

thought.  Co-purification of Ycf48 with the cyanobacterial YidC protein insertase supports the 

involvement of Ycf48 during the co-translational insertion of chlorophyll-binding 

apopolypeptides into the membrane. 
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Significance statement (120 words) 

The oxygen-evolving photosystem II (PSII) complex is essential for driving the light reactions 

of photosynthesis and for producing the oxygen we breathe. Accessory proteins, most of 

unknown function, are vital for assembling and maintaining PSII activity. Here we provide 

structural information on Ycf48/HCF136, which is involved in the early steps of PSII 

assembly and the repair of PSII following damage by light. We show that Ycf48 is a seven-

bladed beta propeller and that a highly conserved arginine patch is important for function. 

We propose a role for Ycf48 in coordinating the binding of chlorophyll to protein during 

insertion of chlorophyll-binding proteins into the membrane. Our work provides new insights 

into the assembly of the photosynthetic apparatus used to harvest sunlight. 
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Introduction 
The photosystem II (PSII) complex found in the thylakoid membranes of 

cyanobacteria and chloroplasts is a multisubunit pigment-protein complex that uses light 

energy to drive the oxidation of water to oxygen and the reduction of plastoquinone to 

plastoquinol in oxygenic photosynthesis (1, 2). PSII is prone to light-induced damage in vivo 

and is repaired via the specific replacement of damaged protein subunits within the complex, 

especially the D1 reaction center subunit (3). Recent advances in determining the structures 

of PSII from both cyanobacteria (4) and chloroplasts (5, 6) make PSII an excellent model 

system to study both the assembly and repair of a thylakoid membrane protein complex at 

the molecular level.  

PSII in cyanobacteria is assembled in the membrane in a stepwise fashion from 

smaller pigment-protein modules or sub-complexes composed of a major chlorophyll-binding 

subunit plus associated low-molecular-mass PSII subunits (3, 7). The PSII reaction center 

(PSII RC) assembly complex is formed from D1/PsbI and D2/Cyt b559 sub-complexes and is 

converted to the RC47 complex (8) by addition of the CP47 module (9); the monomeric PSII 

core complex is then formed by attachment of the CP43 module (3, 9). Formation of the 

holoenzyme involves light-driven assembly of the water-oxidizing Mn4CaO5 cluster, 

attachment of lumenal extrinsic proteins and dimerization, reviewed in (10).  

Conserved accessory factors optimize assembly and/or repair of PSII following 

photodamage (3, 11, 12). Of these, Ycf48 (also known as HCF136 in plants) acts early in 

assembly and is important for formation of the PSII RC assembly complex in both plants (13, 

14) and cyanobacteria (15). Ycf48 has been biochemically isolated as a component of 

cyanobacterial PSII RC assembly complexes (16) and stabilizes unassembled precursor D1 

destined for either formation of the PSII RC during assembly or replacement of damaged D1 

during PSII repair (15). Ycf48 is able to recognize the C-terminal extension of precursor D1 

although this interaction is not crucial for assembly of the PSII RC (15). In the case of 

chloroplasts, many Ycf48/HCF136 contain a characteristic insertion of 19 amino-acid 

residues of unknown function (13). Despite its physiological importance, the structural 

features of Ycf48 that are important for function remain unknown. 

We show here that Ycf48 encoded by the thermophilic cyanobacterium 

Thermosynechococcus elongatus and the thermophilic red alga Cyanidioschyzon merolae is 

a seven-bladed beta propeller and identify a highly conserved positively charged region (so-

called ‘Arg patch’) that is important for attachment of Ycf48 to PSII. Surprisingly, we find that 
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Ycf48 also binds to photosystem I (PSI) consistent with a direct role for Ycf48 in the 

accumulation of PSI not just PSII. Based on the co-purification of Ycf48 with the YidC 

insertase involved in the insertion of proteins into the thylakoid membrane, and the 

requirement for Ycf48 for normal chlorophyll biosynthesis, we propose that Ycf48 binds to 

chlorophyll-binding apopolypeptides as they are released into the membrane, possibly to 

help coordinate protein insertion and folding with loading of chlorophyll molecules into their 

binding sites. 

Results 

Ycf48 binds to large PSI and PSII complexes 

In previous work we used 2D electrophoresis combined with immunoblotting to 

demonstrate that the Ycf48 protein in the cyanobacterium Synechocystis sp. PCC 6803 

(hereafter Synechocystis) is a component of two types of PSII RC assembly complex, 

designated PSII RCII* and PSII RCa (15–17). PSII RCII* is larger than the PSII RCa 

complex as it also contains the Ycf39/Hlip complex involved in chlorophyll delivery (16). The 

antibody we originally used to detect Ycf48 was raised against Ycf48 from Arabidopsis (15). 

To determine whether Ycf48 was also present at low abundance in other complexes, we 

repeated the analysis using a more sensitive antibody raised against Synechocystis Ycf48 

and by using clear native-polyacrylamide gel electrophoresis (CN-PAGE) rather than blue 

native (BN)-PAGE in the first dimension. Ycf48 was now detected in several larger 

complexes (Fig. 1). Based on the analysis of mutants unable to assemble PSI (a ΔPSI 

mutant lacking both the PsaA and PsaB RC subunits) or blocked at various stages of PSII 

assembly (in strains lacking either CP43 or CP47) (Fig. S1), we tentatively assigned these 

larger complexes as monomeric and dimeric core complexes of PSII (18) and monomeric 

and trimeric complexes of PSI (Fig. 1).  

The apparent binding of Ycf48 to PSI was intriguing as Ycf48 has so far been 

considered a PSII-specific accessory factor. To provide additional evidence for an interaction 

with PSI in vivo, PSI complexes were isolated from a Synechocystis strain expressing YFP-

tagged PsaF by immunoaffinity chromatography (19). Ycf48 was detected in the YFP-tagged 

PSI complexes by immunoblotting, especially the trimer, but was barely detectable in the 

wild-type (WT) control (Fig. 2). Likewise, pull-down experiments, using various types of His-

tagged PSII complex (8, 9), confirmed the association of Ycf48 with His-tagged CP47 and 

with larger PSII complexes containing His-tagged CP47 (Fig. S2A,B).  
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We also obtained experimental support for the lumenal location of cyanobacterial 

Ycf48 following trypsin digestion of intact right-side out thylakoids (Fig. S2C), in agreement 

with an earlier characterization of the spinach Ycf48 homologue (13). In summary, these 

results showed that Ycf48 was able to bind to the lumenal side of larger PSI and PSII 

complexes not just PSII RC assembly complexes. 

Structure of Ycf48 from T. elongatus and C. merolae 

To gain insights into the mechanism of Ycf48 function, we solved the crystal structure 

of recombinant Ycf48 from the thermophilic cyanobacterium Thermosynechococcus 

elongatus, which is widely used for structural studies (20, 21), to a resolution of 1.5 Å (Fig. 

3A). Ycf48 is a seven-bladed beta propeller, in an approximate torus shape with width ~50 Å 

and depth ~25 Å. Seven ‘blades’ of four-stranded beta sheets are arranged around the axis, 

with a central pore. Ycf48 has the beta-propeller ‘Velcro’, where the final beta-strand of the 

C-terminal blade comes from the N-terminal end of the protein. The beta-propeller fold is 

common, with examples known with four to ten blades. Some beta-propellers are enzymes, 

but many have scaffolding roles in larger protein complexes (22). The most similar structure 

in the PDB to T. elongatus Ycf48 is an antibiotic degrading enzyme, virginiamycin B lyase, 

Vgb (23), with a root-mean-square deviation (RMSD) of 3.7 Å over 272 residues but the 

active site residues of Vgb are not present in Ycf48. We do not predict any enzyme activity 

for Ycf48. 

Eukaryotic Ycf48 sequences have a 19 amino-acid insertion compared with 

cyanobacterial Ycf48 (13). We also determined the crystal structure of Ycf48 from the 

thermophilic red alga Cyanidioschyzon merolae. C. merolae Ycf48 showed the same seven–

bladed structure as T. elongatus Ycf48 with the 19 amino-acid insert, consisting of two short 

alpha helices and two turns, located between blades three and four (Fig. 3B). The three 

other small insertions seen in C. merolae Ycf48 (E161-E164, N322-A324 and N345-S348) 

compared with T. elongatus Ycf48 are also found in loop regions exposed to the surface (Fig. 

S3). Some Ycf48 sequences have inserts in other regions of the protein (Fig. S3B). Based 

on the structures reported here, most of these inserts are again predicted to lie in between 

conserved blade sheet regions (Fig. S3B). 

To test the physiological effect of the 19-residue insert in Synechocystis, which is 

widely used for mutagenesis studies, we created a mutant, Ycf48-CM, in which the 19 

residue insert from C. merolae was inserted into the endogenous Ycf48 protein of 

Synechocystis. No effect was observed as the Ycf48-CM mutant grew as well as WT at high 

irradiances (Fig. S4A), had WT levels of chlorophyll (Fig. S4B) and could still bind to the 
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photosynthetic complexes as assessed by 2D gel electrophoresis and immunoblotting (Fig. 

S4C). 

A conserved Arg patch is important for binding of Ycf48 

The conservation of the Ycf48 structures was analyzed using ConSurf (24, 25), which 

maps residue conservation scores to the structure. The most conserved region on the 

surface of T. elongatus Ycf48 was a patch of four Arg residues (202, 221, 225 and 226, T. 

elongatus numbering) on blade four and five on what we designate as the top surface of the 

beta-propeller (Fig. 4A). To investigate the importance of this region, we made a quadruple 

mutant of Synechocystis in which all four Arg-patch residues were mutated to Glu (mutant 

Ycf48-REquad). The homologous Arg residues in Synechocystis are R196, R215, R219 and 

R220. The Ycf48-REquad mutant was chlorophyll deficient like the ycf48 deletion strain (Fig. 

S4B) and was unable to grow photoautotrophically at high irradiance suggesting loss of 

function (Fig. 5A, Fig. S4A). 2D gel electrophoresis revealed that Ycf48 accumulated in the 

Ycf48-REquad mutant, but showed impaired binding to the photosynthetic complexes (Fig. 

5B). Pulse-labeling cells with [35S]-Met/Cys and subsequent analysis of newly synthesized 

membrane proteins confirmed that the assembly of PSII complexes was impaired at an early 

stage of biogenesis in the Ycf48-REquad mutant (Fig. 5B) similar to the ycf48 null mutant 

(15). Radiolabeled D1 was detected mainly in an unassembled state whereas in WT more 

D1 was incorporated into larger PSII complexes. Mutating the four Arg residues to Ala (in 

mutant Ycf48-RAquad) also increased susceptibility of growth to light stress and reduced 

levels of chlorophyll per cell, but to a lesser extent than the Ycf48-REquad mutant (Fig. 

S4A,B), despite WT levels of Ycf48 (Fig. S7D).  

To assess possible indirect effects of the mutations on the folding of Ycf48, the 

structure of recombinant T. elongatus Ycf48-REquad was determined by X-ray 

crystallography. The structure was similar to the WT (RMSD 0.75 Å), except for local 

changes around the cluster of four arginines, implying no dramatic changes in the tertiary 

structure of Ycf48 in the quadruple mutant in vivo (Fig. 4B).  

In contrast to the Ycf48-REquad mutant, the single arginine to glutamate mutants 

behaved like the WT control strain and could grow at high irradiance suggesting that binding 

of Ycf48 was dependent on two or more Arg residues in the patch (Fig. 5A). The functional 

importance of each Arg residue was further assessed by mutating each of the four Glu 

residues in the Ycf48-REquad mutant back to Arg to generate four triple mutants. Growth 

tests at increasing irradiances revealed that restoring R196 or R220 alone conferred better 

resistance to light stress than that of R215 and R219, although none of the triple mutants 
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was able to grow when the irradiance reached 90-130 µE m-2 s-1, indicating reduced fitness 

compared to the WT control strain (Fig. 5A). In all triple mutants Ycf48 was expressed at WT 

levels (Fig. S7D). 

Analysis of the T. elongatus Ycf48 structure revealed that the equivalent residues to 

R196 and R220 in Synechocystis sit on the top-surface of Ycf48, with side-chains pointing 

upward, while the equivalent residues to R215 and R219 lie slightly to the side (Fig. 4A, Fig. 

S5). R220 was observed in two conformations in the electron density, showing flexibility. 

Overall our data identify an important role for the Arg patch in binding to both PSI and PSII 

complexes, and provide evidence for differences in the functional importance of the four Arg 

residues. 

Ycf48 co-purifies with YidC and the phenotype of the null mutant can be suppressed 

by increased chlorophyll availability  

A role for Ycf48 at an early stage of biogenesis of PSII raised the possibility that the 

blades of Ycf48 might engage with lumenally exposed regions of newly synthesized proteins 

as they are co-translationally inserted into membrane. The D1 subunit of PSII enters into the 

membrane via the ALB3 insertase in chloroplasts (26) and its homologue, YidC, in 

cyanobacteria (27). To test for the association of Ycf48 and, possibly, other assembly factors 

with YidC in Synechocystis, pull-down experiments using an anti-FLAG antibody were 

performed with detergent-solubilized extracts isolated from a C-terminal Flag-tagged 

derivative of YidC (YidC-FLAG) (28). YidC-FLAG was immunopurified and, importantly, both 

Ycf48 and CyanoP, the latter shown recently to bind to D2 at an early stage of assembly of 

PSII (29), were co-eluted with YidC-FLAG (Fig. 6). FtsH protease subunits (FtsH2 and FtsH3) 

and the Band 7 protein, Phb1, also co-purified with YidC-FLAG, which is consistent with 

earlier experiments showing co-purification of FtsH and the Band 7 proteins  HflK/C with 

Escherichia coli YidC in cross-linking experiments (30). In contrast, CyanoQ (21), 

PAM68/Sll0933 (31), Psb27 (32), Psb28 (33) and Psb28-2 (34), which are all involved in 

PSII assembly/repair, were not detected in the YidC-FLAG eluate by either immunoblotting 

or mass spectrometry. 

It has been shown recently that the Ycf48 protein is particularly important when 

chlorophyll availability in the cell is low: a point mutation in the Mg-chelatase enzyme, which 

produces Mg-protoporphyrin IX for chlorophyll biosynthesis, abolished photoautotrophic 

growth of a Ycf48 deletion mutant, whereas there was no significant effect on growth in the 

WT background (35). As these results indicated a tight link between the function of Ycf48 

and chlorophyll biosynthesis, we analyzed intermediates of the chlorophyll synthesis 
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pathway in the ycf48 null mutant using HPLC. Our analysis showed that chlorophyll 

precursors were substantially reduced compared to WT (Fig. 7A).   

To assess the effect of a better chlorophyll supply on the phenotype of the ycf48 null 

mutant, liquid and solid cultures were supplemented with N-methyl mesoporphyrin IX, a 

potent and specific inhibitor of the ferrochelatase enzyme, whose partial inhibition has been 

shown to increase chlorophyll biosynthesis (36). After one-day treatment with inhibitor the 

ycf48 null mutant accumulated high levels of chlorophyll precursors (Fig. 7B), showed 

improved growth (Fig. 7C) and enhanced levels of chlorophyll per cell (Fig. 7D). Analysis by 

CN-PAGE indicated increased levels of both trimeric PSI and dimeric PSII complexes (Fig. 

7E). 

Discussion 
A number of accessory factors involved in the assembly and maintenance of the 

thylakoid membrane have now been identified, mainly through genetic studies (reviewed in 

(12)). However, there is little information on the structural features of these proteins that are 

important for function. We show here that Ycf48 from both cyanobacteria and chloroplasts 

forms a seven-bladed beta propeller. The beta propeller structural motif is found widely in 

nature both in enzymes and in structural proteins involved in the assembly of larger protein 

complexes, with individual blades helping to mediate protein-protein interactions (reviewed in 

(37)). This latter function is consistent with the known role for Ycf48 in orchestrating the 

assembly of PSII in cyanobacteria. Besides binding to unassembled D1 (15), Ycf48 is 

thought to interact with CyanoP, pre-bound to D2, to promote assembly of the PSII RC 

assembly complex (29) and with PAM68/Sll0933 to form larger PSII complexes (31, 38).  

Using the Ycf48 crystal structures, we identified a conserved patch of arginine 

residues as a region to investigate further. A role in binding to the lumenal surfaces of 

thylakoid membrane complexes was revealed through analysis of a quadruple mutant in 

which all four Arg residues were replaced by Glu. The lack of a significant growth defect at 

high irradiances in the single Arg mutants suggests that the functionality of Arg patch is a 

collective property of two or more residues. Further analysis on triple Arg to Glu mutants in 

Synechocystis revealed that R196 and R220 are functionally more important than R215 and 

R219, which suggests that the top surface of the Arg patch has greater importance for 

binding (Fig. 4A, Fig. S5). 

An interaction between Ycf48 and the 16 amino-acid long C-terminal extension of 

precursor of D1, which is proteolytically cleaved after formation of the PSII RC to form an 

intermediate form of D1 (iD1) with an 8 amino-acid extension (39), has previously been 
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suggested from yeast-2-hybrid experiments (15). We have been able to co-crystallize T. 

elongatus Ycf48 with two peptides corresponding to D1. Firstly the mD1 peptide 

(NAHNFPLDLA), corresponding to residues 335-344 of the mature D1 protein (Fig. S6A) 

and secondly the iD1 peptide (NAHNFPLDLASAESAPVA) corresponding to residues 335-

352 of the precursor D1 protein (39)(Fig. S6B,C). Three potential binding sites were 

identified with the binding site for the extended iD1 peptide starting close to the Arg patch 

(Fig. S6). However, the physiological relevance of these sites is unknown as we have so far 

been unable to find conditions to detect peptide binding to isolated Ycf48 by NMR or 

isothermal calorimetry to allow the candidate peptide-binding sites to be probed by 

mutagenesis. 

Binding of chlorophyll synthase, the final enzyme involved in chlorophyll biosynthesis, 

to YidC is essential for co-translational insertion of chlorophyll into the nascent polypeptide 

chains of newly synthesized chlorophyll-binding proteins (28). The co-purification of Ycf48 

with a FLAG-tagged version of Synechocystis YidC (Fig. 6) and partial suppression of the 

absence of Ycf48 by increased chlorophyll supply (Fig. 7) therefore suggest that Ycf48 is 

pre-bound to YidC and might assist YidC during the synthesis of chlorophyll-binding proteins. 

Extending previous ideas on the role of Ycf48/HCF136 in chloroplasts (14), we suggest that 

the blades of Ycf48 might interact with emerging lumenal parts of the newly synthesized 

membrane proteins, possibly via coulombic interactions with the Arg patch, to allow efficient 

and precise incorporation of pigments and other cofactors into the transmembrane regions 

(Fig. 8). The 19-residue insert exclusive to eukaryotes does not impair function of Ycf48 in 

cyanobacteria (Fig. S4) and so might play a specific role in eukaryotes, such as interacting 

with Alb3, which has clear sequence differences to YidC in prokaryotes (40).  

Our detection of Ycf48 in larger PSII core complexes might reflect retention of Ycf48 

on the lumenal surface of PSII prior to light-driven assembly of the oxygen-evolving complex. 

Control immunoblots showed that neither YidC nor PAM68/Sll0933 was present in large PSII 

complexes resolved by native gel electrophoresis suggesting that Ycf48 is not attached to 

PSII via either of these components. Given that Ycf48 associates with unassembled D1, a 

plausible site of interaction is between the Arg patch of Ycf48 and the negatively charged 

residues on the lumenal surface of D1 including those that ultimately ligate the oxygen-

evolving Mn4CaO5 cluster. In this scenario Ycf48 maintains D1 in a competent state for 

assembly of the Mn cluster and attachment of the lumenal proteins. Alternatively, binding of 

Ycf48 to larger PSII complexes might reflect an early stage of repair in which Ycf48 

associates with damaged PSII.  
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It is not clear why the Ycf48 knock-out mutant exhibits strongly down-regulated 

chlorophyll biosynthesis, as this seems to be essentially the opposite response that is 

required if the cell is to accumulate more chlorophyll-protein complexes in the absence of 

Ycf48. Restricted chlorophyll biosynthesis has, however, been reported for other PSII 

mutants (36) and so it appears that there is a feedback mechanism that co-ordinates de 

novo chlorophyll synthesis with PSII assembly/repair. In this way the levels of free 

chlorophyll and chlorophyll precursors, which can lead to the light-induced production of 

reactive oxygen species, can be controlled. Although detection of Ycf48 in PSI complexes 

implies a direct role for Ycf48 in PSI assembly, the reduced level of PSI (Fig. 7E) in the 

Ycf48 mutant might also be partly caused by a limitation in chlorophyll supply. Previous work 

has shown that PSI complexes are the main sink for newly synthesized chlorophyll in 

Synechocystis (41) and that PSI accumulation is sensitive to the availability of chlorophyll 

(42). 
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Materials and Methods 
Details of the construction of Synechocystis strains, cultivation conditions, photometric 

measurements of cells and chlorophyll, HPLC analysis of chlorophyll-derived pigments and 

precursors, preparation of cellular membranes, isolation of YidC-FLAG and PSI-YFP through 

affinity chromatography, protein electrophoresis, immunoblotting and radiolabelling are 

described in SI Materials and Methods. Work related to the structural studies of Ycf48, 

including construction of expression vectors, protein expression, purification, X-ray 

crystallography and data processing is also described in SI Materials and Methods. 
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Figure legends 
Fig. 1 Analysis of YCF48-containing complexes in membranes of WT Synechocystis. 

Membranes isolated from WT cells cultivated at 40 µE m-2 s-1 were analyzed by 2D-Clear 

Native/SDS-PAGE electrophoresis and the gel was stained by SYPRO Orange, 

photographed, blotted to a PVDF membrane and probed with a specific antibody raised to 

Ycf48 from Synechocystis (segment of the 2D blot with the specific antibody signal is shown). 

Pigmented complexes were detected in the first dimension by their color (1D color) and 

fluorescence (1D fluor). Designation of complexes in the SYPRO-stained gel: PSI(1), 

monomeric PSI complex; PSI(3), trimeric PSI complex; RCC(2) and RCC(1), dimeric and 

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

unassembled proteins. In the case of the immunoblot, the migration of PSI and PSII 

complexes containing Ycf48 are designated by an asterisk. RCII* and RCIIa are reaction 

center assembly complexes previously shown to contain Ycf48 (15, 16). Thylakoid 

membranes containing 4 µg chlorophyll were analyzed. 

Fig. 2 Identification of the Ycf48 protein in YFP-tagged PSI complexes isolated by a 

single step GFP-Trap affinity pull-down. (A) GFP-Trap preparations pulled down from the 

strain expressing PsaF-YFP (PSI-YFP) and from the WT strain were eluted by hot SDS and 

analyzed by 1D SDS-PAGE. The gels were stained by SYPRO Orange, blotted to a PVDF 

membrane and Ycf48, PsaD and D1 were consecutively detected using specific antibodies 

(segment of the blot with the specific antibody signal is shown). 2 μg of chlorophyll were 

loaded for WT and ycf48- membranes, 15 μl of SDS-eluted pull-downs (50% of the sample) 

were loaded for each GFP-Trap sample. (B) 2D-Clear Native/SDS-PAGE analysis of the 

GFP-Trap pulldowns from the PSI-YFP and WT strains eluted by low pH (glycine buffer 

pH=2.5) and immediately neutralized by Tris buffer. 15 μl of low pH-eluted pull-downs (50% 

of the sample) were analyzed by Clear Native-PAGE, lanes cut and re-electrophoresed in 

the second dimension. The 2D gels were stained by SYPRO Orange, blotted to a PVDF 

membrane and Ycf48 and D1 were consecutively detected using specific antibodies 

(segment of the blot containing individual antibody signals is shown). 

Fig. 3 Structure of Ycf48 from cyanobacteria and red algae. Ribbon diagram 

representation of the structure of Ycf48 from T. elongatus (PDB ID: 2XBG)(A) and C. 

merolae (PDB ID: 5OJ3)(B), color gradient blue at the N-terminus to orange at the C-

terminus. The 19-residue insert exclusive to eukaryotic Ycf48 is shown in purple. The blades 

are numbered along the direction of translation, with the ‘top’ of the protein defined as the 

view that gives an anticlockwise arrangement of the blades.  
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Fig. 4 Structural conservation and charge distribution of Ycf48 across cyanobacteria. 

(A) Different views of Ycf48 (PDB ID: 2XBG) displaying degree of residue conservation as 

deduced by a ConSurf (20) analysis of 122 cyanobacteria species; the sequence 

conservation score ranges from purple (high) to cyan (low). The position of the four 

conserved Arg residues are indicated with black lines. Two conformations of the side chain 

of R220 are modelled into the crystal structure. (B) Structural comparison of Ycf48-REquad 

(PDB ID: 5OJP) with native Ycf48. The charge distribution on the surface of WT containing 

the 4 arginine residues (left) and Ycf48-REquad (middle) containing the 4 glutamate 

substitutions are displayed; note the switch from positive (blue) to negatively charged (red) 

surface in the ‘Arg patch’ region (circled). The right panel shows the alignment of the alpha 

carbons in Ycf48-REquad and native Ycf48 and the side-chain positions of the four Arg (blue) 

and four Glu substitutions (red). 

Fig. 5 Analysis of Ycf48-RE mutants. (A) Cell cultures were spotted on BG-11 plates and 

grown at low irradiance (40-50 µE m-2 s-1, top row), semi-high irradiance (70-90 µE m-2 s-1, 

middle row) and high irradiance (90-130 µE m-2 s-1, bottom row). Strains analysed included 

WT, WT control carrying the downstream gentamycin-resistance marker, but expressing 

native Ycf48 (Ycf48-WT), Ycf48 knockout strain (∆Ycf48), Ycf48 with single Arg replaced 

with Glu (Ycf48-RxxxE), Ycf48 with all four Arg replaced with Glu (Ycf48-REquad) and Ycf48 

with three of the four Arg replaced with Glu (Ycf48-ExxxRtrip, the number representing the 

Arg not mutated to Glu). Results of two separate growth experiments are shown. (B) 

Membranes (4 µg chlorophyll each) isolated from WT, Ycf48-REquad and Ycf48 knockout 

mutant (ycf48-) subjected to radioactive pulse-labelling were analyzed by 2D-Clear 

Native/SDS-PAGE electrophoresis. The gels were either stained by Coomassie Brilliant Blue 

(CBB), photographed, dried and exposed to phosphoimager plate, or blotted to a PVDF 

membrane and Ycf48 and D1 proteins were sequentially detected using specific antibodies 

(segments of the blot containing individual antibody signals are shown). Pigmented 

complexes were detected in the first dimension by their color (1D c) and fluorescence (1D f). 

Designations of complexes are as in Fig. 1. Arrows designate unassembled mature D1.  

Fig. 6 Ycf48 and CyanoP protein are co-purified with FLAG-tagged YidC insertase. The 

FLAG-specific eluate obtained after purification of membrane proteins from a strain 

containing FLAG-tagged YidC (YidC-FLAG) or from WT as a negative control was analyzed 

by SDS-PAGE and the gel stained by Coomassie Brilliant Blue (left). Equivalent elutions 

were separated by SDS-PAGE and sequentially immunoblotted with a range of specific 

antibodies (right, segment of the blot with signals of each antibody is shown). The most 

intensively stained band was identified by protein mass-spectrometry as the bait (YidC-

FLAG). 
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Fig. 7 Enhanced chlorophyll biosynthesis restores accumulation of chlorophyll-

protein complexes in the Ycf48 mutant. (A) Levels of chlorophyll precursors are 

dramatically reduced in ΔYcf48. Chlorophyll precursors were extracted from 2 mL of cells 

with OD750nm=0.4 and quantified by HPLC equipped with two fluorescence detectors set on 

different excitation and emission wavelengths (chromatograms on the left and right, detailed 

methods described in (43)). Coproporhyrinogen III (Copro) and protoporphyrin IX (Proto) are 

the last common precursors for both chlorophyll and heme synthesis. The first committed 

intermediate of chlorophyll pathway is Mg-protoporphyrin IX (MgP), which is consequently 

methylated (MgPME). The MgPME is converted into divinyl protochlorophyllide (DV-Pchlide) 

and then into divinyl and monovinyl chlorophyllide (DV/MV-Chlide); chlorophyll is finally 

made by attachment of phytol to the MV-Chlide. (B) Elevated levels of Pchlide and Chlide in 

ΔYcf48 grown for 24 hours in the presence of 0.2 mM N-methyl-mesoporphyrin IX 

(ferrochalatase inhibitor). (C) The growth of ΔYcf48 cells at low irradiance (40-50 µE m-2 s-1) 

in the presence or absence of 0.3 mM N-methyl mesoporphyrin IX, a ferrochelatase inhibitor. 

(D) Absorbance spectra of mutant cells before and after 24 hours in the presence of 0.2 mM 

N-methyl mesoporphyrin IX. (E) Clear Native-PAGE of membrane complexes isolated from 

the identical cultures shown in (D) and loaded on an equal cell number basis (~2 mL of cells, 

OD750nm=0.5). 

Fig. 8 Model for the role of Ycf48 in the synthesis of D1 and assembly of the PSII RCII 

complex. The potential mechanism of action of Ycf48 in PS II assembly is illustrated 

schematically. Ycf48 interacts with the C-terminal extension of precursor (pD1) and 

intermediate D1 (iD1), helping to synchronise D1 insertion via the YidC insertase, chlorophyll 

loading from chlorophyll synthase and C-terminal processing by the CtpA protease. 
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