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Supplementary Figure 1| SDS-PAGE analysis of proteins used in this study and the purification 

and properties of EPYC1. a, SDS-PAGE analysis of pure proteins. Rubisco abbreviations: Se, 

Synechococcus PCC6301; Os, rice; Cr, Chlamydomonas; Rs, Rhodobacter sphaeroides; Af, 

Acidithiobacillus ferrooxidans; L, large subunit; S, small subunit; M, Form II large subunit. b, A 

representative purification of EPYC1. IMAC, eluted fraction after immobilized metal affinity 

chromatography; cleaved, IMAC fraction following cleavage of His6-Ub moiety; IMAC FT, 

flowthrough of reapplication to IMAC (resulting in His6-Ub removal); SEC, size exclusion 

chromatography. c, Analytical gel filtration was performed using a Superdex 200 Increase 10/300 

column in buffer A. The RS was obtained by comparison with known standards. At reduced [NaCl] 

the elution was retarded presumably due to interaction with the resin material. d, CD spectroscopy of 

EPYC1 (0.15 mg/ml, 20 mM phosphate buffer pH 8.0) is consistent with a disordered structure (low 

ellipticity above 210 nm and negative bands near 195 nm). Well folded proteins (CrRubisco and 

Lysozyme) were measured in parallel as controls.     

  



 

Supplementary Figure 2| Characterization of the Rubisco-EPYC1 phase separation. a, Time 

lapse imaging of droplet formation following Rubisco (30 µM) addition to EPYC1/EPYC1-GFP 

(7.1/0.4 µM). Scale bar 15 µm.  b,c Droplet sedimentation assay (b) and microscopy (c) using 

EPYC1-GFP. Scale bar 15 µm.  d,e Droplets can be labelled using cyanobacterial SeRubisco-GFP 

(scale bar 15 µm) (d), and exhibit fusion (scale bar 5 µm) (e). f, Representative droplet sedimentation 

assay used to generate part of the phase diagram shown in Fig. 1e. g, The effect of NaCl on droplet 

formation (30 µM Rubisco, 7.1/0.4 µM EPYC1/EPYC1-GFP). Scale bar 15 µm.  h,i Phase separation 

requires both EPYC1 and Rubisco as assessed by droplet sedimentation (h) and microscopy (i). Scale 

bar 10 µm. j, Phase separation is robust up to 40 °C. k, EPYC1 (but not Rubisco) maintains solubility 

and the ability to phase separate with Rubisco after a 15 minute pre-incubation at 98 °C.       



 

 

Supplementary Fig. 3| Quantitative Demixing of Rubisco during Two-Step Rubisco Activity 

Assay. Controls to Fig. 2b showing quantitative demixing of Rubisco and droplet formation via 

sedimentation assay (a) and visualization via microscopy (b), respectively. Scale bar 5 µm. 

Concentrations: ECM, 7.5 µM active sites; EPYC1, 3.75 µM; RuBP, 2.5 mM; CABP, 60 µM.    

  



 

Supplementary Fig. 4| Characterization of droplet composition and component exchange. a, 

Droplet sedimentation assay performed while varying EPYC1 and Rubisco concentrations. One 

representative data set used to generate Figs. 3a and b. is shown. b,  FRAP of droplets formed using 

Rubisco and EPYC1-GFP. Error bars indicate the s.e.m.. Scale bar 2 µm. c, Bleaching entire droplets 

suggests exchange of droplet and bulk solvent components occurs rapidly. Error bars indicate the 

s.e.m.. Scale bar 2 µm.  d, EPYC1 (25 µM)-Rubisco (15 µM) droplets were allowed to form for three 

minutes prior to addition of 0.1 µM of EPYC1-GFP (left) or SeRubisco-GFP (right). Scale bar 3 µm. 

e, Component exchange assay similar to Fig. 3d, but following the exchange of EPYC1 and FLAG-

EPYC1 using the droplet sedimentation assay. Rubisco (7.5 µM)-EPYC1 (3.75 µM) droplets were 

formed and perturbed using an equal quantity of FLAG-EPYC1 and incubated for 10 s or 5 minutes. 

Centrifugation and supernatant removal was performed within 60 s. Exchange was faster than can be 

resolved within the 70 s required for mixing and sedimentation.     

 



 

Supplementary Fig. 5| Demixing of EPYC1 with heterologous and chimeric Rubiscos. a,b 

Droplet sedimentation assay (a) and microscopy (b) of heterologous Rubiscos demixing with EPYC1. 

Data is the extended version of that shown in Figs. 4a and b. Scale bar 15 µm. c,d Sedimentation 

assay (c) and microscopy (d) of isolated Chlamydomonas Rubisco Small Subunit (CrRbcS) with 

EPYC1. Droplet formation necessitates inclusion of the Chlamydomonas holoenzyme (CrLS). Scale 

bar 5 µm. e, Droplet sedimentation assay of cyanobacterial and chimeric Rubiscos as shown 

abbreviated in Fig. 4c.  f, Droplet morphology of cyanobacterial and chimeric demixed Rubiscos 

(extended version of Fig. 4d). Scale bar 15 µm. g, The formation of amorphous aggregates with 

cyanobacterial large subunits (SeL) is reversible by salt. Demixing took place first in buffer A and 

NaCl concentration was adjusted prior to centrifugation. h, SeL-droplets exhibit a similar salt-

sensitivity to CrLS-droplets. NaCl concentration adjusted prior to protein addition. 



 

Supplementary Fig. 6| Control experiments concerning the transition of droplet morphology 

and analysis of droplets formed using non-native Rubiscos.  a, Comparison of time lapse of the 

appearance of SeRbcL8 (10 µM) -EPYC1/EPYC1-GFP (5/0.4 µM) droplets (2.5 µl) when CrRbcS (4 

µM) or buffer A is added (10 µl final). Scale bar 10 µm (upper panel) or 5 µm (lower panel).  b, 

Experiments equivalent to those shown in (a), but including the control that lacks EPYC1. Scale bar 

10 µm. c, SDS-PAGE analysis of a droplet sedimentation assay prior and subsequent to CrRbcS 

addition confirms that the small subunit enters the droplets. d, FRAP assay of droplets formed with 

EPYC1/EPYC1-GFP using CrRubisco, and the chimeric Rubiscos SeL8CrS8 or SeL8OsS8. Error bars 

indicate s.e.m.. Scale bar 2 µm.  e, FRAP assay of droplets formed with EPYC1/EPYC1-GFP using 

the Rubisco core SeL8. Error bars indicated s.e.m.. Scale bar 2 µm. 



 

Supplementary Fig. 7| Native PAGE gelshift assay using Rubisco and the single repeat variant 

EPYC1Δ2-4. Full gels are shown for the experiment depicted in Fig. 4f. 

 



 

Supplementary Fig. 8| Characterization of droplets formed using EPYC1 fragments. a, 

Aminoacid sequences for the EPYC1 domains. b, Comparison of droplets (7.5 µM EPYC1 or repeat 

equivalent/ 30 µM Rubisco) formed in the presence and absence of labelling EPYC1-GFP. Scale bar 

15 µm. c, z-stack analysis of representative droplets to Fig. 5c (conditions as for Fig. 5d). d, 

Distribution of droplet radius and height obtained from z-stack analysis. Scale bar 2 µm. e, Additional 

replicates of droplet sedimentation assay with wild-type EPYC1 and EPYC1Δ2 to address the theory 

of a ‘magic number effect’, see Fig. 5e. Error bars indicate s.d. f, SDS-PAGE analysis of droplet 

sedimentation assay used to generate Fig. 5e.  



 

Supplementary Fig. 9| Electrostatic properties of Rubisco and EPYC1.  a, Surface charge of 

available crystal structures was calculated using the APBS plugin1 in PYMOL (www.pymol.org). The 

potential on the solvent accessible surface was coloured in the indicated range. CrRubisco, 

PDB:1GK8; OsRubisco, PDB:1WDD; SeRubisco/SeL8, PDB:1RBL. b, EPYC1 NPCR (net charge 

per residue) was calculated for five residue stretches (blobs) using the CIDER webtool2. Three 

positively charged blobs correspond to the SKKAV motif as indicated.   



Supplementary Table 1| Plasmids used in this study   

Plasmid Encoded gene product Reference 

pHueCrEPYC1 His6-Ub-CrEPYC1 (UniProt 

A0A2K3DA85, residues 46-

317) 

This work 

pHueFLAGCrEPYC1 His6-Ub-FLAG-CrEPYC1 This work 

pHueFLAGCrEPYC1GFP His6-Ub-FLAG-CrEPYC1-

GFP*  

This work 

pHueCrEPYC1Δ2 His6-Ub-CrEPYC1Δ2* This work 

pHueCrEPYC1Δ2/3 His6-Ub-CrEPYC1Δ2/3* This work 

pHueCrEPYC1Δ2-4 His6-Ub-CrEPYC1Δ2-4* This work 

pHueCrEPYC1+1 His6-Ub-CrEPYC1+1* This work 

pTrcSynLF345IS Synechococcus PCC6301 (Se) 

RbcL (F345I) and RbcS 

Mueller-Cajar and Whitney 

20083 

pTrcSynLF345I Synechococcus PCC6301 RbcL 

(F345I) 

This work 

pTrcSynLF345IS-GFP Synechococcus PCC6301 RbcL 

(F345I) and RbcS-GFP* 

This work 

pET22bCrRbcS CrRbcS (UniProt P00873, 

residues 46-185) 

This work 

pET22bOsRbcS Oryza sativa subsp. japonica 

OsRbcS (UniProt P18566, 

residues 48-175) 

This work  

pET30bAfcbbLS Acidithiobacillus ferrooxidans 

AfCbbL and AfCbbS 

Tsai et al. 20154 

pHueAfcbbL His6-Ub-AfCbbL 

Acidithiobacillus ferrooxidans 

AfCbbL  

This work 

pHueAfcbbM A. ferrooxidans AfM Tsai et al. 2015 

pET24bAf2cbbLS A. ferrooxidans UniProt 

Af2CbbL (UniProt B7JB30) 

and Af2CbbS (UniProt 

B7JB29) 

This work 

pET30bRscbbLS  Rhodobacter sphaeroides (Rs) 

RbcL and RbcS 

Mueller-Cajar et al. 20115 

* amino acid sequence given in Supplementary Table 2 

 

  



Supplementary Table 2| Sequences of selected proteins 

Protein Amino acid sequence 

FLAG-CrEPYC1-

GFP (EPYC1-GFP) 

DYKDDDDKSSATNRVSPTRSVLPANWRQELESLRNGNGSSSAASSA

PAPARSSSASWRDAAPASSAPARSSSASKKAVTPSRSALPSNWKQEL

ESLRSSSPAPASSAPAPARSSSASWRDAAPASSAPARSSSSKKAVTPS

RSALPSNWKQELESLRSSSPAPASSAPAPARSSSASWRDAAPASSAP

ARSSSASKKAVTPSRSALPSNWKQELESLRSNSPAPASSAPAPARSSS

ASWRDAPASSSSSSADKAGTNPWTGKSKPEIKRTALPADWRKGLGS

LGGSGGRMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDA

TNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDF

FKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDF

KEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSV

QLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLE

FVTAAGITLGMDELYK* 

 

CrEPYC1Δ2 SSATNRVSPTRSVLPANWRQELESLRNGNGSSSAASSAPAPARSSSA

SWRDAAPASSAPARSSSASKKAVTPSRSALPSNWKQELESLRSSSPA

PASSAPAPARSSSASWRDAAPASSAPARSSSASKKAVTPSRSALPSN

WKQELESLRSNSPAPASSAPAPARSSSASWRDAPASSSSSSADKAGT

NPWTGKSKPEIKRTALPADWRKGL 

CrEPYC1Δ2/3 SSATNRVSPTRSVLPANWRQELESLRNGNGSSSAASSAPAPARSSSA

SWRDAAPASSAPARSSSASKKAVTPSRSALPSNWKQELESLRSNSPA

PASSAPAPARSSSASWRDAPASSSSSSADKAGTNPWTGKSKPEIKRT

ALPADWRKGL 

CrEPYC1Δ2-4 SSATNRVSPTRSVLPANWRQELESLRNGNGSSSAASSAPAPARSSSA

SWRDAAPASSAPARSSSASKKAGTNPWTGKSKPEIKRTALPADWRK

GL 

CrEPYC1+1 SSATNRVSPTRSVLPSNWKQELESLRSSSPAPASSAPAPARSSSASWR

DAAPASSAPARSSSASKKAVTPSRSALPSNWKQELESLRSSSPAPASS

APAPARSSSASWRDAAPASSAPARSSSSKKAVTPSRSALPSNWKQEL

ESLRSSSPAPASSAPAPARSSSASWRDAAPASSAPARSSSSKKAVTPS

RSALPSNWKQELESLRSSSPAPASSAPAPARSSSASWRDAAPASSAP

ARSSSASKKAVTPSRSALPSNWKQELESLRSNSPAPASSAPAPARSSS

ASWRDAPASSSSSSADKAGTNPWTGKSKPEIKRTALPADWRKGL 

SeRbcS-GFP MSMKTLPKERRFETFSYLPPLSDRQIAAQIEYMIEQGFHPLIEFNEHS

NPEEFYWTMWKLPLFDCKSPQQVLDEVRECRSEYGDCYIRVAGFD

NIKQCQTVSFIVHRPGRYGSNGDLGGSGGRVSKGEELFTGVVPILVE

LDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTT

LTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKT

RAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITAD

KQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYL

STQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK* 

 

*sequence of FLAG-tag in italics, linker sequence between protein of interest and GFP-tag underlined 
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