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Fig. S1. A polyclonal antibody raised against the pyrenoid protein SAGA1 interacts with at 

least five other pyrenoid proteins. 

(A) Coomassie-stained gel from the anti-SAGA1 immunoprecipitation experiment. First three 

lanes (identical to Fig. 1D): boiled beads alone (Blank), boiled beads after immunoprecipitation 

from wild-type (WT) and saga1 lysates, respectively. The small and large chains of 

immunoglobulins used in the assay are labelled (*). Last two lanes: cell lysate input into 

immunoprecipitation experiment. (B) Calculated molecular weight (MW) of immunoprecipitated 

pyrenoid proteins based on the full-length sequence (46), except for RBCS (†) for which the 

sequence of the mature protein is known. The MW was not adjusted for predicted chloroplast 

transit peptides. 

  



 

 

 



 

 

Fig. S2. Predicted functional annotation of pyrenoid proteins immunoprecipitated by the 

anti-SAGA1 antibody. (A) SAGA1 and SAGA2 contain a predicted starch binding domain 

(belonging to the ubiquitous CBM20 family). Conserved residues predicted to be involved in 

starch recognition are highlighted (magenta). Numbering is for SAGA1. The partial alignment 

around the starch binding domain includes examples spanning the entire tree of life: a land plant 

(Arabidopsis thaliana, At2g40840), a fungus (Aspergillus niger, 1kul) and a Gram+ bacterium 

(Geobacillus stearothemophilus, 1cyg). (B) Crystal structures of two starch binding domains from 

(A). (C) Predicted regions of structural similarity between SAGA2 and experimentally determined 

protein structure data deposited in the Protein Data Bank (47). Six predicted structures are shown 

alongside PDB template ID, confidence and identity percentages. The position of a predicted 

functional domain is shown along the protein length of SAGA2 (to scale). Abbreviations: Eco 

(Escherichia coli), Pya (Pyrococcus yayanosii), Ssc (Sus scrofa), Spn (Streptococcus 

pneumoniae). (D) Predicted transmembrane domains in RBMP1 (48). Bestrophins are calcium-

activated ion channels that assemble as homo-tetramers or homo-pentamers (29, 49). (E) Predicted 

transmembrane domains in RBMP2 (48). (F to H) Predicted regions of structural similarity 

between RBMP1 (F), RBMP2 (G), and CSP41A (H) with data deposited in PDB, as for (C), above. 

Abbreviations: Kpn (Klebsiella pneumoniae), Gga (Gallus gallus), Ath (Arabidopsis thaliana), 

Mtu (Mycobacterium tuberculosis), Wsu (Wolinella succinogenes), Sce (Saccharomyces 

cerevisiae), Ban (Bacillus anthracis), Hsa (Homo sapiens). 

  



 

 

 
Fig. S3. Subcellular localization of Cre10.g430350. (A) Supplementary confocal images of the 

native localization of Venus-tagged Cre10.g430350. Scale bar, 2 µm. (B) Supplementary confocal 

images of Venus-tagged Cre10.g430350 with mutations W51A and R52A. (C) Anti-FLAG 

western blot validation of full-length expression of proteins tagged with Venus-3xFLAG.  

  



 

 

 
 

Fig. S4. Subcellular localization of native and pyrenoid-retargeted chloroplast proteins. (A) 

Supplementary confocal images of the native localization of Venus-tagged ferredoxin 1 protein 

(FDX1). Scale bar, 2 µm. (B) Supplementary confocal images of FDX1-Venus with the C-terminal 

addition of three copies of the C-terminal SAGA2 motif. (C) Confocal images of the native 

localization of Venus-tagged Cre12.g498550, an uncharacterized chloroplast protein homologous 

to a Viridiplantae conserved magnesium protoporphyrin methyl-transferase involved in 



 

 

tetrapyrrole metabolism. (D) Confocal images of Cre12.g498550-Venus with the C-terminal 

addition of three copies of the C-terminal SAGA2 motif. (E) Predicted transmembrane domains 

of Cre12.g498550 (48). (F) Anti-FLAG western blot validation of full-length expression of 

proteins tagged with Venus-3xFLAG.  



 

 

 
 

Fig. S5. Rubisco-binding measured by peptide array. (A) Array of 18-amino-acid peptides 

tiling across the sequence of SAGA1, (B) RBMP1, (C) EPYC1, and (D) CSP41A. Arrays were 

synthesized and probed with Rubisco. Binding signal is normalized to a control EPYC1 peptide 

(same as for Fig. 3B and 3C, corresponding to one unit of binding). The positions of the predicted 

motifs are indicated to scale below each graph. The peptide corresponding to the C-terminus does 

not accurately represent the Rubisco-binding motif in this assay, as the peptides are linked to the 

cellulose via their C-termini, eliminating the carboxyl group which appears to be important for 

binding to Rubisco (based on the observation that internal instances of the motif are typically 

followed by an aspartic or glutamic acid, each of which carries a carboxyl group). The binding 

response was quantified by summing all the pixel intensities in a constant circular region centered 

on each dot on the peptide array. 

  



 

 

 
 

Fig. S6. High motif scores were modestly enriched among pyrenoid proteome proteins 

relative to predicted chloroplast-targeted proteins. The fraction of proteins with each motif 

score is shown. Pyrenoid: proteins found in the pyrenoid proteome (17). Chloroplast: proteins 

found in the chloroplast proteome (50) excluding proteins found in the pyrenoid proteome (see 

Supplementary Table S2). The pyrenoid proteome has a distribution of motif scores that is shifted 

toward higher scores (p = 0.047 after excluding the six proteins used to define the motif [EPYC1, 

SAGA1, SAGA2, RBMP1, RBMP2, CSP41A]; p = 0.0066 otherwise). 

   



 

 

 
 

Fig. S7. The motifs of pyrenoid-localized proteins are more frequently situated in disordered 

regions compared with the motifs of other chloroplast proteins. (A) The likelihood of 



 

 

disordered tertiary structure as predicted by IUPred2 (51) was plotted as a function of amino acid 

position along the length of the pyrenoid-localized protein RBMP1. Each grey bar highlights an 

11-amino acid region centered on the tryptophan of a Rubisco-binding motif, in which the plotted 

values were averaged to obtain a “local disorder score”, reflecting the likelihood that this motif is 

in a disordered region. (B) For illustration purposes, the same analysis is shown for the non- 

pyrenoid chloroplast protein Cre01.g015300. (C) The analysis was repeated for proteins found in 

the pyrenoid proteome (17) and/or the chloroplast proteome (44). Only motifs with scores of 3 or 

greater (relatively high similarity to validated Rubisco-binding sequences) were considered. When 

multiple such motifs were found in the same protein, their average score was used for that protein. 

The number of proteins with each local disorder score is shown, for either the proteins found in  

the pyrenoid proteome (“pyrenoid”) or proteins found in the chloroplast proteome excluding 

proteins found in the pyrenoid proteome (“chloroplast”) (scores are shown in Supplementary Table 

S2). Proteins in the pyrenoid proteome have a bimodal distribution of motif-localization disorder 

scores, with a peak shifted towards higher scores, and the distributions have different means 

(Welch’s t-test p = 0.007).  

  



 

 

 
 

Fig. S8. Subcellular localization of native pyrenoid proteins. (A) to (F), Supplementary 

confocal images of the native localization of Venus-tagged RBMP1, RBMP2, SAGA1, SAGA2, 

EPYC1, and RBCS1, respectively. Chlorophyll autofluorescence delimits the chloroplast. Scale 

bar, 2 µm. (G) Anti-FLAG western blot validation of full-length expression of proteins tagged 

with Venus-3xFLAG: RBMP1 ~99kDa, RBMP2 ~199kDa, SAGA1 ~191kDa, SAGA2 ~212kDa. 

For RBCS1-Venus and EPYC1-Venus, see (18). 

  



 

 

 
 



 

 



 

 



 

 

 



 

 



 

 
 

 



 

 



 

 

 



 

 



 

 

 
 



 

 

 



 

 

 



 

 

 
 



 

 



 

 
 

 



 

 

  



 

 

 

Fig. S9. Homologs of the Chlamydomonas Rubisco-binding pyrenoid proteins are present in 

the proteomes of other Volvocales. (A) For each protein, a schematic alignment of homologs is 

shown. Each motif is shown at its exact position in the alignment. Species abbreviation; Cre: 

Chlamydomonas reinhardtii; Tso: Tetrabaena socialis; Gpe: Gonimum pectorale; Vca: Volvox 

carteri. The current state of genome assemblies and predicted proteomes may affect the quality of 

the alignment. (B) Motif-containing homologs of SAGA1. (C) Motif-containing homologs of 

SAGA2. (D) Motif-containing homolog of RBMP1. (E) Motif-containing homologs of RBMP2. 

(F) Motif-containing homologs of EPYC1. (G) Motif-containing homologs of CSP41A. (H) 

Alignment of green algal Rubisco small subunit protein sequences. Only the amino acids of the 

two alpha-helices that interact with the motif are shown. The phylogenetic cladogram was 

constructed on full lengths sequences. Key residues identified in (21) are highlighted. Branches 

leading to Volvocales are colored red in the cladogram.  



 

 

Table S1. Raw mass spectrometry counts of proteins coimmunoprecipitating with anti-

SAGA1 antibody. (see Fig. 1E) gene_ID: as per Chlamydomonas reinhardtii genome v5.6 

(Phytozome 13). gene_name: commonly accepted alias, when available. 

IPMS_WT_raw_spectral_counts. IPMS_saga1_raw_spectral_counts. pyrenoid_proteome: Y 

indicates presence in the pyrenoid proteome (17); N indicates absence. 

Rubisco_interaction_WD_score and Rubisco_interaction_Z_score are metrics of 

coimmunoprecipitation with RBCS-Venus-3xFLAG; WD-scores above  48 indicate particularly 

high confidence (see 18).  

 

Table S2. Chlamydomonas reinhardtii proteins containing one or more instances of the motif. 

gene_ID: as per Chlamydomonas reinhardtii genome v5.6 (Phytozome 13). gene_name: 

commonly accepted alias, when available. #motifs: number of motifs. motif_scores: from 0 to 6, 

as defined in Material and Methods. motif_positions: position is for the 9th amino acid upstream 

of the motif’s tryptophan. motif_sequences: spanning the colored residues in Fig. S2A. 

motif_disorder_scores: disorder scores used in the analysis shown in Fig. S7 (motif disorder scores 

were only determined for motifs whose motif_score was equal to or greater than 3). 

pyrenoid_proteome: Y indicates presence in the pyrenoid proteome (17); N indicated absence.  

chloroplast_proteome: Y indicates presence in the chloroplast proteome (50); N indicates absence. 

defline/description/synonyms: succinct gene descriptions as per Phytozome. 

predalgo_protein_localization: predictied subcellular localization, as per (52), where C = 

chloroplast, M = mitochondria, N = nucleus, SP = secretory pathway, O = other. 

PFAM/Panther/KOK/KEGG/Gene_Ontology_term: different predicted functional annotations 

and gene ontologies. best_arabidopsis_TAIR_hit_name/symbol/defline: available data for the 

closest homolog in the model land plant Arabidopsis thaliana. 
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