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            Abstract
All structures within living cells must form at the right time and place.Â This includes condensates such as the nucleolus, Cajal bodies and stress granules, which form via liquidâ€“liquid phase separation of biomolecules, particularly proteins enriched in intrinsicallyÂ disordered regions (IDRs)1,2. In non-living systems, the initial stages of nucleated phase separation arise when thermal fluctuations overcome an energy barrier due to surface tension. This phenomenon can be modelled by classical nucleation theory (CNT), which describes how the rate of droplet nucleation depends on the degree of supersaturation, whereas the location at which droplets appear is controlled by interfacial heterogeneities3,4. However, it remains unknown whether this framework applies in living cells, owing to the multicomponent and highly complex nature of the intracellular environment, including the presence of diverse IDRs, whose specificity of biomolecular interactions is unclear5,6,7,8. Here we show that despite this complexity, nucleation in living cells occurs through a physical process similar to that in inanimate materials, but the efficacy of nucleation sites can be tuned by their biomolecular features. By quantitatively characterizing the nucleation kinetics of endogenous and biomimetic condensates in living cells, we find that key features of condensate nucleation can be quantitatively understood through a CNT-like theoretical framework. Nucleation rates can be substantiallyÂ enhanced by compatible biomolecular (IDR) seeds, and the kinetics of cellular processes can impact condensate nucleation rates and specificity of location. This quantitative framework sheds light on the intracellular nucleation landscape, and paves the way for engineering synthetic condensates precisely positioned in space and time.
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                    Fig. 1: Quantifying the nucleation landscape with synthetic condensates.[image: ]


Fig. 2: Engineering the condensate nucleation landscape.[image: ]


Fig. 3: Temporal dynamics and the specificity of condensate nucleation.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Collective intelligence: A unifying concept for integrating biology across scales and substrates
                                        
                                    

                                    
                                        Article
                                         Open access
                                         28 March 2024
                                    

                                

                                Patrick McMillen & Michael Levin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Bridging structural and cell biology with cryo-electron microscopy
                                        
                                    

                                    
                                        Article
                                        
                                         03 April 2024
                                    

                                

                                Eva Nogales & Julia Mahamid

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        ReLo is a simple and rapid colocalization assay to identify and characterize direct proteinâ€“protein interactions
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 April 2024
                                    

                                

                                Harpreet Kaur Salgania, Jutta Metz & Mandy Jeske

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              Source data for Figs. 1â€“3 are provided with the paper. All other data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Nucleation process of various endogenous and biomimietic condensates.
a, Time-lapse images of U2OS cells show the nucleation of Cajal bodies (coilin-EYFP) and nuclear speckles (SRRM1-EYFP) in mitosis, DNA repair condensates (miRFP-53BP1) upon 10 Âµg/ml bleomycin treatment, and engineered FUS condensates. Scale bars, 10 Âµm. b, (i) Number density of condensates, Ï�, as a function of time, t, for nucleoli and Cajal bodies in mitosis, stress granules (SGs) upon 400 ÂµM As treatment, and 53BP1 condensates upon 10 Âµg/ml bleomycin treatment. The nucleation rate, J, is quantified by the slope. Here, tâ€‰=â€‰0 is \({t}_{0}-5\) (min). (ii) Mean nucleation rate, J, and its standard deviation for nucleoli (nâ€‰=â€‰6), Cajal bodies (nâ€‰=â€‰9), SGs (nâ€‰=â€‰24) and DNA repair condensates (nâ€‰=â€‰9); nâ€‰=â€‰number of cells. c, Schematic diagram of the nucleation process of intracellular condensates.


Extended Data Fig. 2 Quasi-1D nucleation probability.
a, (i) Fluorescence images of U2OS cells expressing HNRNPA1C -Corelets before and after blue light activation. Scale bar, 10 Âµm. (ii) Droplet number density as a function of time upon iterative blue-light activation and deactivation. (iii) Quasi-1D nucleation probability \({p}_{{\rm{nuc}}}^{{\rm{rel}}}\) in the indicated region which include nucleoli (A) or not (B). b, Quasi-1D nucleation probability \({p}_{{\rm{nuc}}}^{{\rm{rel}}}\) of U2OS cells expressing FUSN-Corelets and FUSN-miRFP-TRF1 in the indicated region ((i) low and (ii) high supersaturation), calculated from five successive activation cycles. Scale bar, 10 Âµm.


Extended Data Fig. 3 Photo-activated phase separation in nucleus and cytoplasm.
a, Photo-activated phase separation in nucleus. (i) Confocal images of U2OS cells with different expression levels of FUSN Corelets (FUSN IDRs (red) and Cores (green)) after light-activation. The cells display nucleation and growth (NG) regimes between the binodal boundary and spinodal region, and spinodal decomposition (SD). Scale bars, 10 Âµm. (ii) Connected network-like growth and coarsening akin to spinodal decomposition. Scale bar, 10 Âµm. b, Photo-activated phase separation in cytoplasm. (i) Time-lapse confocal images of photo-activated U2OS cells expressing FUSN-Corelets composed of Core without NLS and FUSN-mCh-sspb. Scale bars, 10 Âµm. (ii) Time change of light-induced droplet number density, Ï�. The shaded error bars show standard deviation.


Extended Data Fig. 4 Phase separation behaviors of HNRNPA1C-Corelets.
a, Time-lapse confocal images of photo-activated U2OS cells with different expression levels of HNRNPA1C-Corelets. Nucleation growth (NG) regime near the binodal boundary (top) and spinodal region (bottom). Scale bars, 10 Âµm. b, Phase diagram of HNRNPA1C-Corelets as functions of Core concentration and Core-to-IDR ratio (nâ€‰=â€‰161). Solid circles exhibit cells where nucleation growth is observed, while empty triangles and squares show cells where no phase separation and spinodal decomposition are observed, respectively. The colours of solid circles indicate the observed nucleation rate, J. n: number of cells.


Extended Data Fig. 5 Model fit parameters and chi-square values.
a,Â b, Model fit parameters of \({S}^{\ast }\), \({\rm{\kappa }}\), \({{\rm{\chi }}}_{{\rm{red}}}^{2}\) for various biomimetic condensates. The errors show the standard errors with 68% confidence intervals of the fits by equation (1). The parameter \({{\rm{\chi }}}_{{\rm{red}}}^{2}\gg 1\) indicates a poor model fit while \({{\rm{\chi }}}_{{\rm{red}}}^{2}\lesssim 1\) indicates a good model fit. c, \({S}^{\ast }\) (top) and \({\rm{\kappa }}\) (bottom) obtained from fits to equation (1) for FUSN Corelets with (nâ€‰=â€‰23) or without (nâ€‰=â€‰76) FUSN (WT) seeds and G3BP1 corelets Â± 400 ÂµM As (n=45). Error bars represent standard fit errors.


Extended Data Fig. 6 Delay time against supersaturation.
Delay time, \({t}_{0}\), against supersaturation, S, for FUSN-Corelets (nâ€‰=â€‰70), HNRNPA1C-Corelets (nâ€‰=â€‰60), and FUSN Corelets plus FUSN (WT) seeds (nâ€‰=â€‰23) with 1/24 < f < 1/10. The dashed lines show the best power-law fits. Error bars for \({t}_{0}\) and S show the standard errors of the fits and standard deviation, respectively. n: number of cells.


Extended Data Fig. 7 J against S with various ranges of Core-to-IDR ratio.
Nucleation rate, J, plotted against the degree of supersaturation, S, for (i) FUSN-Corelets (nâ€‰=â€‰26 for 1/24 < f < 1/18, nâ€‰=â€‰33 for 1/18 â‰¤ f < 1/12 and nâ€‰=â€‰56 for 1/12 â‰¤ f < 1/6) and (ii) HNRNPA1C-Corelets (nâ€‰=â€‰12 for 1/24 < f < 1/18, nâ€‰=â€‰38 for 1/18 â‰¤ f < 1/12 and nâ€‰=â€‰18 for 1/12 â‰¤ f < 1/6). Error bars for J and S show the standard errors of the fits and standard deviation, respectively. See Extended Data Fig. 5 for model fit parameters and \({\chi }_{{\rm{red}}}^{2}\). n: number of cells.


Extended Data Fig. 8 Seeded nucleation near the binodal boundary and spinodal region.
Time-lapse confocal images of U2OS cells expressing FUSN-Corelets and FUSN-miRFP-TRF1 near the binodal boundary (a)Â and spinodal regionÂ (c). The insets show the regions indicated by the arrows. Scale bars, 10 Âµm. b, The seeded condensates, which are indicated in a, are enlarged. Scale bar, 1 Âµm.


Extended Data Fig. 9 Nucleation of FUSN-Corelets with tyrosine-mutated FUSN-seeds.
aâ€“c, Fluorescent images of U2OS cells expressing FUSN-Corelets and FUSN (âˆ’5YS, âˆ’27YS)-miRFP-TRF1 or HNRNPA1C-miRFP-TRF1 before and after blue light activation. The insets and enlarged images show the regions indicated by the squares. Scale bars, 10 Âµm. Scale bar of the enlarged image, 1Â Âµm.Â d, Nucleation rate, J, plotted against the degree of supersaturation, S, for FUSN-Corelets (1/24 < f < 10) and FUSN-Corelets (1/30 < f < 10) with FUSN (âˆ’15YS, âˆ’27YS)-miRFP-TRF1 (\({n}_{15\text{YS}}\), \({n}_{27\text{YS}}=\mathrm{12,5}\)) or HNRNPA1C-miRFP-TRF1 (nâ€‰=â€‰8). n: number of cells.


Extended Data Fig. 10 Specificity of the nucleation of endogenous condensates.
a, Confocal images of G3BP KO cells expressing G3BP1 corelets and iRFP-tagged FXR1/UBAP2L/LSM14 before and after blue light activation in the absence of As. Scale bars, 1 Âµm. b, Nucleation rate of endogenous condensates against nominal supersaturation. Nucleation rate, J, plotted against the nominal supersaturation, \({S}_{\text{nom}}\), for nucleoli (nâ€‰=â€‰6) and Cajal bodies (nâ€‰=â€‰9) in mitosis and 53BP1 condensates (nâ€‰=â€‰9) upon 10 Âµg/ml bleomycin treatment. n: number of cells.
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Reporting Summary

Supplementary Video 1
Live imaging of photo-activated nucleation in nucleus. Live imaging of a U2OS cell undergoing photo-activated nucleation of FUSNâ€“Corelets upon blue light. Video corresponds to Fig. 1.


Supplementary Video 2
Live imaging of photo-activated nucleation in cytoplasm. Live imaging of a U2OS cell undergoing photo-activated nucleation of FUSNâ€“Corelets, where core does not have NLS, upon blue light. Video corresponds to Extended Data Fig.3.


Supplementary Video 3
Live imaging of photo-activated network-like coarsening. Live imaging of a U2OS cell undergoing network-like coarsening akin to spinodal decomposition of FUSNâ€“Corelets upon blue light. Video corresponds to Extended Data Fig.3.


Supplementary Video 4
Live imaging of seeded nucleation near the binodal line. Live imaging of a U2OS cell undergoing seeded nucleation of FUSNâ€“Corelets and FUSN(WT)â€“miRFPâ€“TRF1 upon blue light. Video corresponds to Fig. 2.


Supplementary Video 5
Live imaging of seeded nucleation near the spinodal region. Live imaging of a U2OS cell undergoing seeded nucleation of FUSNâ€“Corelets and FUSN(WT)â€“miRFPâ€“TRF1 upon blue light. Video corresponds to Fig. 2.


Supplementary Video 6
Live imaging of unseeded nucleation. Live imaging of a U2OS cell undergoing seeded nucleation of FUSNâ€“Corelets and HNRNPA1Câ€“miRFPâ€“TRF1 upon blue light. Video corresponds to Fig. 2.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3
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