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Liquid–liquid phase separation (LLPS) is a thermodynamically-driven, reversible phenomenon consisting in de-

mixing into two distinct liquid phases, with different solute concentrations.
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1. General Concepts of Phase Separation

A physically homogeneous system consists of a single phase and is said condensed when formed by a liquid or a

solid. Miscible components can exist in homogeneous solutions or undergo de-mixing, depending on the

interactions among solute and solvent molecules. Phase separation can become energetically favored, in spite of

the entropic loss entailed by the formation of a two-phase system . Among possible transformations of a

chemically homogeneous system, LLPS is a thermodynamically-driven, reversible phenomenon consisting in de-

mixing into two distinct liquid phases, with different solute concentrations . The equilibrium between mixing and

de-mixing is strongly dependent on the component concentrations, besides temperature, pressure, pH, crowding

agents, etc.

We underline that phase separation of a liquid system does not necessarily imply a phase transition (i.e., a state

change from liquid to solid), although the latter can take place during the “maturation” of liquid biological

condensates. A phase diagram can be constructed by systematically screening, for instance, temperature and

concentration, to determine the region in which phase separation occurs (Figure 1). The phase diagram is

characterized by a “binodal” (coexistence) curve, which encloses the whole region where phase separation is

thermodynamically accessible. A “spinodal” curve encloses an inner region where the single-phase mixture is

unstable and phase separation spontaneously occurs, in the absence of nucleation and perturbation, being limited

by molecule diffusion and giving rise to two components with similar fractional volume and typical intertwined

structures (“spinodal decomposition”). In the region between the two curves, phase separation requires the

formation of condensation seeds, through a nucleation step that limits the rate of the de-mixing process. Here, if

phase separation does not occur, the lone phase representing the system reaches “super saturation”. This is a

“metastable” condition, which can originate a two-phase system even in response to subtle perturbations .
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Figure 1. Schematic phase diagram of a colloidal system (e.g., a polymer in water) displaying an upper critical

point (filled red point), above which no de-mixing occurs. According to polymer concentration and external stimuli

(temperature, pH, ionic strength, etc.), the system consists in a well-mixed, single phase, or two separated phases.

The diagram illustrates the coexistence or binodal curve (green) and the spinodal curve (dotted brown). The region

in between the binodal and spinodal curves (light-green region) can correspond to metastable, supersaturated

solutions. In the region enclosed by the spinodal curve, single-phase mixture is unstable and phase separation

(“spinodal decomposition”) spontaneously occurs, in the absence of nucleation, being limited by molecule diffusion.

Figure adapted from .

In the regime of phase separation, liquid droplets can fuse and coalesce, undergoing Ostwald ripening (i.e., larger

droplets grow at the expense of smaller ones), and dripping, according to their viscosity and surface tension . A

“phase behavior” can be easily figured out for compounds of different chemical nature (hydrophobic/hydrophilic),

such as oily substances and water, which are notoriously immiscible . Immiscible substances differ in their

partition coefficient (K), which is calculated as the ratio of concentrations of a compound in a mixture of two

immiscible solvents at equilibrium (typically, octanol and water to obtain K ). The greater the difference between

K  of two molecules, the lower the concentration limit (i.e., solubility). As an example, very small amounts of

aniline (K  = 1.076 Log L/Kg) are completely miscible in water at any temperature below 441 K. As aniline

concentration increases, the two components separate into two liquid phases . Other than temperature and

concentration, several factors, including pH, pressure and salts, influence the phase behavior of solution systems.

2. Phase Separation in Protein Systems

Phase separation has recently emerged as a ubiquitous principle of cellular organization, underlying many

biological processes, the list of which is growing rapidly  (Figure 2). According to the

PubMed database, almost 3000 scientific articles have contributed in the last decade to highlight the physiological

and pathological relevance of LLPS, which was found to occur in the cell cytoplasm, in the nucleoplasm , as well
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as in vitro for many purified proteins . The growing interest towards LLPS has fueled studies aimed at gathering

information on proteins undergoing LLPS in a structured and knowledgeable manner, while providing a wide range

of information on the biophysical driving forces, the biological function and the regulation of these systems. These

efforts have led to the development of dedicated databases , such as PhaSePro (https://phasepro.elte.hu) 

and LLPSDB (http://bio-comp.org.cn/llpsdb/) , two manually curated repositories, based on experimentally

verified cases of LLPS.

In analogy with the systems explored by classical physical chemistry, cellular LLPS causes homogeneous solution

of macromolecules to separate into two phases. Liquid droplets form, which are enriched in condensed

biomolecules and surrounded by a “diluted” phase, depleted of those components . As long as a genuine

liquid nature is conserved, polymer molecules can diffuse within the dense phase and between the dense and

diluted phases . It is mesoscopically evident that the de-mixing occurs rapidly and dynamically, in response to

concentration changes of some cellular components, or to environmental stimuli, which ultimately result in changes

of molecular interaction affinity. Fluid droplets can form/dissolve reversibly as they are held together by a network

of weak and transient interactions . Several in-vivo and in-vitro studies suggest that LLPS preferentially

involves IDPs/IDRs because of their peculiar conformational properties . Structural studies on

the Tau protein suggest that phase separation is driven by its conformational expansion, coupled with solvation and

large-scale fluctuations, while transient, non-covalent intermolecular contacts maintain the internal fluidity .

Nonetheless, LLPS has also been observed for ordered, globular proteins. Bovine serum albumin was used as a

model to experimentally describe the kinetics of temperature-driven de-mixing . Overall, condensate

immiscibility appears as a very general feature in biological systems, which could also be exploited to create

synthetic membrane-less compartments . Theoretical and computational studies on protein de-mixing 

 confirm that protein phase diagrams are mainly shaped by salt concentration and solvent-mediated

interactions, in turn influenced by temperature, their effects being cumulatively translated into “interfacial tension”,

i.e., the work required to increase the size of the interface between two adjacent, immiscible phases. .

Sequence-specific properties, such as the presence of charged and aromatic residues, may then stabilize the de-

mixing arrangements . The role of salts on protein de-mixing has been considered for the peculiar case of

multivalent ions. It has emerged that some multivalent cations (e.g., yttrium) bind to proteins by an entropically-

driven process, due to changes in the structure of the hydration shell. Once the protein–cation complex is formed,

the multivalent ions can act as bridging elements to drive intermolecular interactions .

Networking is a very relevant property in LLPS, mainly related to the modularity and the “multivalence” of the

involved macromolecules. Multivalence refers to the presence of multiple, repetitive interaction sites within a

polypeptide or nucleic acid . Again, IDPs and IDRs, with their low-complexity domains (LCDs) and multiple

interacting sites (i.e., short linear motifs, SLiMs) , have a privileged role among cellular components

undergoing LLPS , causing the formation of densely packed liquid phases  often undergoing “gelation”

when the network of interactions span the entire system, i.e., the whole droplet . In this context, multivalent

proteins have also been described as a peculiar type of “associative polymers” endowed with “stickers-and-spacers

architecture”, where the stickers are motifs and interaction sites, and the linkers are those protein regions

contributing to sticker networking .
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The “molecular grammar” of interactions governing LLPS is now beginning to be understood, although it is still in its

infancy . IDPs that drive LLPS typically display low-complex sequences, characterized by long stretches with

overall low diversity of amino acids . The sequences are often repetitive and are enriched in glycine, polar

sidechains (glutamine, asparagine and serine), positively charged sidechains (Arg and Lys), negatively charged

sidechains (Asp and Glu), and aromatic sidechains (Phe and Tyr). The sequences of interest often encompass

multiple short motifs such as YG/S-, FG-, RG-, GY-, KSPEA-, SY- and Q/N-rich regions, and blocks of alternating

charges . Interactions occur via different residue types, such as Phe and Tyr involved in π-π stacking and π-

cationic interactions with Lys and Arg residues, polar and charged residues . Distribution of charged

amino acids along the sequence has also been suggested to have a role in the coacervation propensity , with

electrostatic interactions between blocks of oppositely charged residues being associated to stronger driving forces

—through long-range, interchain attractions  and larger coacervation windows  than sequences with

interspersed charges. This is in agreement with the general envision that phase behaviour of multivalent proteins is

governed by patterning rules of “sticker” motifs of different nature . The compositional rules emerging from in-

vitro and in-cell studies also suggest the existence of two kinds of components, with distinct roles: multivalent

proteins forming scaffolds and low-valence, client molecules tethered onto those scaffolds. The state of a droplet

can change rapidly, through changes in the composition and concentration of scaffold proteins or through changes

in their valence .

3. Techniques to Study LLPS

LLPS can be documented and monitored using various methods of varying complexity. These include simple

macroscopic observation of purified samples and assessment of their turbidity, measurements of optical density

and light scattering, light microscopy (fluorescence-based or contrast-based) and super-resolution microscopy

studies. LLPS can be experimentally characterized both in vitro and in vivo. For in-vitro assays, the minimal

components are combined in buffers to recapitulate LLPS, whereas in-vivo studies are carried out in cells, tissues

or even animals. Here we provide a concise description of the most commonly used methods. A more exhaustive

description of the available methods can be found in the excellent reviews by Alberti et al. and Mitrea et al. .

For in-vitro studies, a very simple clue of LLPS is the appearance of sample turbidity. Phase separated samples

become turbid because the droplets (i.e., the coacervates) scatter light. They can be detected by optical density

measurements (typically at wavelengths of 340, 400 or 600 nm) or by direct static light scattering. The latter

approach allows determination of the onset of scattering of a dilution series, thus enabling identification of the

threshold concentration for droplet formation, C .

One caveat of simple turbidity measurements resides in the fact that they detect a variety of assemblies and do not

differentiate their shape, size or the mechanism underlying their formation. Turbidity measurements should thus be

used in conjunction with microscopy. Under a microscope, the separation process is materialized by the

appearance of randomly moving, spherical and dynamic droplets, of micrometric size. Coacervates are to be

distinguished from aggregates that are often irreversible and irregularly shaped. Quantitative image analysis

enables assessing coacervate sphericity, deformability under shear stress and coalescence abilities, three
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properties commonly regarded as reflecting the liquid nature of the bio-condensates. One caveat is that it may be

impossible to detect diffraction-limited assemblies with simple methods, and super-resolution microscopy, which

combines optical inputs with mathematical analysis to construct images of specimens with resolution from 2- to 10-

fold below the diffraction limit, may be required.

An easy way to demonstrate in vitro that an assembly forms through LLPS is to define a saturation concentration

C , where for C < C  the protein is diffuse in solution, and for C > C  dense droplets can be observed. The

volume fraction of these dense droplets increases when the concentration is increased further, while the

concentration in the light phase (C ) remains constant. This behavior is typical of phase separation and constitutes

a strong support for LLPS. The increase in the volume fraction of the dense phase (C ) can be estimated via light

scattering or centrifugation. The use of fluorescently labeled components allows estimation of the concentration

inside C , provided that standard curves for the fluorophore at different concentrations are obtained under identical

imaging conditions.

Centrifugation of systems in the two-phase regime, and the ensuing separation of light and dense phases, allows

precise measurements of the concentrations of two coexisting phases, C  and C , as a function of a given physico-

chemical parameter. LLPS of the stock solution is induced by changing the solution conditions, and after

incubation, the dense phase is sedimented by centrifugation . An aliquot of the light phase is removed, and its

concentration determined spectroscopically (e.g., by measuring the absorbance at 280 nm or fluorescence

intensity if dealing with a fluorophore-labeled protein). This experimental design enables assessing whether C

remains constant when using different protein concentrations . It should be emphasized that processes such

as fibrillation may interfere with LLPS, making accurate determination of C  difficult. Thus, microscopic analysis

that can distinguish liquid droplets from aggregates or fibers is, once again, recommended.

Fluorescence Recovery After Photobleaching (FRAP) is commonly regarded as a technique for ascertaining the

liquid versus solid nature of biomolecular condensates. FRAP monitors the diffusion of fluorescent molecules within

a photobleached region and is used to assess macromolecular mobility within phase-separated condensates both

in vitro and in vivo. A specific region of interest is illuminated by a high-intensity laser, at the excitation wavelength

of the fluorophore, to irreversibly convert the molecules to a dark state. The diffusion of fluorescent molecules from

outside to inside this region is then quantified by measuring the variation in fluorescence intensity as a function of

time. From the evolution of the fluorescence intensity within the region of interest, the rate of (or half-time for)

fluorescence recovery of a photobleached component, and the extent of fluorescence recovery (referred to as the

mobile fraction), can be derived. Fast exchange rates (i.e., in the second range) characterize liquid-like assemblies.

If the droplet is large enough, bleaching within droplets allows probing intra-droplet dynamics . Importantly,

FRAP can also be useful in assessing whether the droplets are spatially homogeneous based on the pattern of

recovery.

Many proteins, either in the presence or absence of RNA, are capable of undergoing LLPS in vitro when a

sufficiently high concentration is reached. Therefore, the mere observation that a given protein undergoes LLPS in

vitro does not imply per se a functional relevance, and proving LLPS occurrence in vivo is, therefore, of paramount
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importance. Demonstrating that an assembly results from LLPS in the cellular context is challenging and much

caution should be taken before drawing definite conclusions, especially when interpreting over-expression data. An

ideal approach would be to attempt at establishing phase diagrams in living cells . To this end, it is necessary to

vary in a controlled manner the expression levels of the protein of interest. The measured C  can then be directly

compared to the cellular concentration of the protein under a given condition, enabling to conclude whether phase

separation can take place or not.

Currently, the commonly accepted criteria for considering that an assembly is a phase-separated structure are (i)

spherical shape, (ii) ability to fuse (coalescence), (iii) deformability under shear stress and (iv) fast recovery from

photobleaching. However, it should be kept in mind that fast recovery rates from FRAP can arise from multiple

reasons and several potential sources of artifacts may affect the quantitative interpretation of photobleaching

results (reviewed in ). Thus, none of the above features is sufficient on its own to unequivocally demonstrate

that a structure is formed via LLPS.

4. Functional and Dysfunctional Aspects of LLPS

The structural and material properties of LLPS condensates resulting from LLPS are intimately linked to their

function as reaction crucible and organizational hub . For instance, signaling complexes trapped inside

condensates can better coordinate cell response to environmental stimuli . Overall, sequestration inside LLPS

droplets, because of the high viscosity, can exclude some interactions (with “external” molecules) and increase

some others, by enhancing the probability and kinetics of molecular interactions and enzymatic reactions among

“internal” molecules .

The “maturation” of liquid droplets toward gel or solid state has also been reported . Amyloid-like fibers can form

hydrogels, which are non-dynamic and rather stable, as they dissolve only under harsh conditions (i.e., high salt or

denaturant) . Liquid-to-solid transitions have been proven functional or dysfunctional/pathological for

several different proteins. One example of functional liquid-to-solid transitions is offered by SGs, formed upon heat

stress by the yeast protein Pab1. This protein forms glassy droplets that play an adaptative role, promoting cell

survival upon heat shock . Dysfunctionally persistent SGs were obtained from the RNA-binding protein

hnRNPA1, whose fibrillation is enhanced in protein-rich droplets. Mutations in fused-in-sarcoma RNA-binding

protein (FUS) and in heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) are involved in familial forms of

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) . Both proteins form liquid droplets

at moderate concentrations, but these droplets can nucleate amyloid-like fibers and begin to jellify over time, a

process accelerated when the protein exhibits disease-associated mutations . IDRs involved in LLPS are

therefore implicated in neurodegeneration and able to undergo fibrillation . Consistently, many protein domains

that promote phase separation have been described as prion-like .

The liquid-droplet environment also strongly accelerates fibrillation of TAR DNA-binding protein of 43 kDa (TDP-

43). Rapid assembly of fibrillar aggregates involves the low complexity domain of TDP-43 and develops from

mature liquid droplets . Overall, one can assume that the occurrence of LLPS is prodromal to a wide range of
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possible transitions, giving rise to a continuum of material properties, according to the nature of involved proteins

and the mechanisms of their interactions .

The rapid assembly and disassembly of liquid condensates compared to membrane-delimited organelles enables a

rapid cellular reorganization and hence a rapid response to stimuli. Because IDPs/IDRs are known to be heavily

targeted by PTMs and alternative splicing, and because both kinds of events can rewire interactomes, the

involvement of IDPs/IDRs in LLPS offers an exquisite manner to regulate the spatio-temporal formation of these

cellular condensates .

Considering that viral proteins are enriched in IDRs and are multivalent, their ability to undergo LLPS is not

surprising, as well illustrated by recent studies that have provided experimental evidence for this phenomenon and

have elaborated on its functional implications.

References

1. Shin, Y.; Brangwynne, C.P. Liquid phase condensation in cell physiology and disease. Science
2017, 357, doi:10.1126/science.aaf4382.

2. Flory, P.J. Principles of polymer chemistry; Cornell University Press: 1953.

3. Hyman, A.A.; Weber, C.A.; Jülicher, F. Liquid-liquid phase separation in biology. Annu Rev Cell
Dev Biol 2014, 30, 39–58, doi:10.1146/annurev-cellbio-100913-013325.

4. Dolgin, E. What lava lamps and vinaigrette can teach us about cell biology. Nature 2018, 555,
300–302, doi:10.1038/d41586-018-03070-2.

5. Li, P.; Banjade, S.; Cheng, H.C.; Kim, S.; Chen, B.; Guo, L.; Llaguno, M.; Hollingsworth, J.V.;
King, D.S.; Banani, S.F., et al. Phase transitions in the assembly of multivalent signalling proteins.
Nature 2012, 483, 336–340, doi:10.1038/nature10879.

6. De Gennes, P.-G.; Gennes, P.-G. Scaling concepts in polymer physics; Cornell university press:
1979.

7. Binder, K. Theory of first-order phase transitions. Reports on Progress in Physics 1987, 76,
doi:10.1088/0034-4885/50/7/001.

8. Ruff, K.M.; Roberts, S.; Chilkoti, A.; Pappu, R.V. Advances in Understanding Stimulus-Responsive
Phase Behavior of Intrinsically Disordered Protein Polymers. J Mol Biol 2018, 430, 4619–4635,
doi:10.1016/j.jmb.2018.06.031.

9. Rogers, B.A.; Rembert, K.B.; Poyton, M.F.; Okur, H.I.; Kale, A.R.; Yang, T.; Zhang, J.; Cremer,
P.S. A stepwise mechanism for aqueous two-phase system formation in concentrated antibody
solutions. Proc Natl Acad Sci U S A 2019, 116, 15784–15791, doi:10.1073/pnas.1900886116.

[80]

[81]



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 8/14

10. Alberti, S.; Gladfelter, A.; Mittag, T. Considerations and Challenges in Studying Liquid-Liquid
Phase Separation and Biomolecular Condensates. Cell 2019, 176, 419–434,
doi:10.1016/j.cell.2018.12.035.

11. Dean, K.M.; Babayco, C.B.; Sluss, D.R.; Williamson, J.C. The accuracy of liquid-liquid phase
transition temperatures determined from semiautomated light scattering measurements. J Chem
Phys 2010, 133, 074506, doi:10.1063/1.3469778.

12. Turoverov, K.K.; Kuznetsova, I.M.; Fonin, A.V.; Darling, A.L.; Zaslavsky, B.Y.; Uversky, V.N.
Stochasticity of Biological Soft Matter: Emerging Concepts in Intrinsically Disordered Proteins and
Biological Phase Separation. Trends Biochem Sci 2019, 44, 716–728,
doi:10.1016/j.tibs.2019.03.005.

13. Darling, A.L.; Zaslavsky, B.Y.; Uversky, V.N. Intrinsic Disorder-Based Emergence in Cellular
Biology: Physiological and Pathological Liquid-Liquid Phase Transitions in Cells. Polymers (Basel)
2019, 11, doi:10.3390/polym11060990.

14. Boeynaems, S.; Alberti, S.; Fawzi, N.L.; Mittag, T.; Polymenidou, M.; Rousseau, F.; Schymkowitz,
J.; Shorter, J.; Wolozin, B.; Van Den Bosch, L., et al. Protein Phase Separation: A New Phase in
Cell Biology. Trends Cell Biol 2018, 28, 420–435, doi:10.1016/j.tcb.2018.02.004.

15. Weidner, J.; Wang, C.; Prescianotto-Baschong, C.; Estrada, A.F.; Spang, A. The polysome-
associated proteins Scp160 and Bfr1 prevent P body formation under normal growth conditions. J
Cell Sci 2014, 127, 1992–2004, doi:10.1242/jcs.142083.

16. Brangwynne, C.P.; Eckmann, C.R.; Courson, D.S.; Rybarska, A.; Hoege, C.; Gharakhani, J.;
Jülicher, F.; Hyman, A.A. Germline P granules are liquid droplets that localize by controlled
dissolution/condensation. Science 2009, 324, 1729–1732, doi:10.1126/science.1172046.

17. Mitrea, D.M.; Kriwacki, R.W. Phase separation in biology; functional organization of a higher
order. Cell Commun Signal 2016, 14, 1, doi:10.1186/s12964-015-0125-7.

18. Uversky, V.N. Protein intrinsic disorder-based liquid-liquid phase transitions in biological systems:
Complex coacervates and membrane-less organelles. Adv Colloid Interface Sci 2017, 239, 97–
114, doi:10.1016/j.cis.2016.05.012.

19. Zaslavsky, B.Y.; Uversky, V.N. In Aqua Veritas: The Indispensable yet Mostly Ignored Role of
Water in Phase Separation and Membrane-less Organelles. Biochemistry 2018, 57, 2437–2451,
doi:10.1021/acs.biochem.7b01215.

20. Uversky, V.; Longhi, S. Flexible viruses: structural disorder in viral proteins; John Wiley & Sons:
2012; Vol. 11.

21. Alberti, S.; Saha, S.; Woodruff, J.B.; Franzmann, T.M.; Wang, J.; Hyman, A.A. A User's Guide for
Phase Separation Assays with Purified Proteins. J Mol Biol 2018, 430, 4806–4820,
doi:10.1016/j.jmb.2018.06.038.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 9/14

22. Li, Q.; Wang, X.; Dou, Z.; Yang, W.; Huang, B.; Lou, J.; Zhang, Z. Protein Databases Related to
Liquid-Liquid Phase Separation. Int J Mol Sci 2020, 21, doi:10.3390/ijms21186796.

23. Mészáros, B.; Erdős, G.; Szabó, B.; Schád, É.; Tantos, Á.; Abukhairan, R.; Horváth, T.; Murvai, N.;
Kovács, O.P.; Kovács, M., et al. PhaSePro: the database of proteins driving liquid-liquid phase
separation. Nucleic Acids Res 2020, 48, D360-D367, doi:10.1093/nar/gkz848.

24. Li, Q.; Peng, X.; Li, Y.; Tang, W.; Zhu, J.; Huang, J.; Qi, Y.; Zhang, Z. LLPSDB: a database of
proteins undergoing liquid-liquid phase separation in vitro. Nucleic Acids Res 2020, 48, D320-
D327, doi:10.1093/nar/gkz778.

25. Banani, S.F.; Lee, H.O.; Hyman, A.A.; Rosen, M.K. Biomolecular condensates: organizers of
cellular biochemistry. Nat Rev Mol Cell Biol 2017, 18, 285–298, doi:10.1038/nrm.2017.7.

26. Nott, T.J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.; Plochowietz, A.; Craggs, T.D.; Bazett-
Jones, D.P.; Pawson, T.; Forman-Kay, J.D., et al. Phase transition of a disordered nuage protein
generates environmentally responsive membraneless organelles. Mol Cell 2015, 57, 936–947,
doi:10.1016/j.molcel.2015.01.013.

27. Patel, A.; Lee, H.O.; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, M.Y.; Stoynov, S.; Mahamid, J.;
Saha, S.; Franzmann, T.M., et al. A Liquid-to-Solid Phase Transition of the ALS Protein FUS
Accelerated by Disease Mutation. Cell 2015, 162, 1066–1077, doi:10.1016/j.cell.2015.07.047.

28. Saha, S.; Weber, C.A.; Nousch, M.; Adame-Arana, O.; Hoege, C.; Hein, M.Y.; Osborne-
Nishimura, E.; Mahamid, J.; Jahnel, M.; Jawerth, L., et al. Polar Positioning of Phase-Separated
Liquid Compartments in Cells Regulated by an mRNA Competition Mechanism. Cell 2016, 166,
1572-1584.e1516, doi:10.1016/j.cell.2016.08.006.

29. Uversky, V.N.; Kuznetsova, I.M.; Turoverov, K.K.; Zaslavsky, B. Intrinsically disordered proteins as
crucial constituents of cellular aqueous two phase systems and coacervates. FEBS Lett 2015,
589, 15–22, doi:10.1016/j.febslet.2014.11.028.

30. Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.J.; Mittag, T.; Taylor, J.P.
Phase separation by low complexity domains promotes stress granule assembly and drives
pathological fibrillization. Cell 2015, 163, 123–133, doi:10.1016/j.cell.2015.09.015.

31. Zhang, H.; Elbaum-Garfinkle, S.; Langdon, E.M.; Taylor, N.; Occhipinti, P.; Bridges, A.A.;
Brangwynne, C.P.; Gladfelter, A.S. RNA Controls PolyQ Protein Phase Transitions. Mol Cell 2015,
60, 220–230, doi:10.1016/j.molcel.2015.09.017.

32. Elbaum-Garfinkle, S.; Kim, Y.; Szczepaniak, K.; Chen, C.C.; Eckmann, C.R.; Myong, S.;
Brangwynne, C.P. The disordered P granule protein LAF-1 drives phase separation into droplets
with tunable viscosity and dynamics. Proc Natl Acad Sci U S A 2015, 112, 7189–7194,
doi:10.1073/pnas.1504822112.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 10/14

33. Burke, K.A.; Janke, A.M.; Rhine, C.L.; Fawzi, N.L. Residue-by-Residue View of In Vitro FUS
Granules that Bind the C-Terminal Domain of RNA Polymerase II. Mol Cell 2015, 60, 231–241,
doi:10.1016/j.molcel.2015.09.006.

34. Majumdar, A.; Dogra, P.; Maity, S.; Mukhopadhyay, S. Liquid-Liquid Phase Separation Is Driven
by Large-Scale Conformational Unwinding and Fluctuations of Intrinsically Disordered Protein
Molecules. J Phys Chem Lett 2019, 10, 3929–3936, doi:10.1021/acs.jpclett.9b01731.

35. Da Vela, S.; Braun, M.K.; Dörr, A.; Greco, A.; Möller, J.; Fu, Z.; Zhang, F.; Schreiber, F. Kinetics of
liquid-liquid phase separation in protein solutions exhibiting LCST phase behavior studied by
time-resolved USAXS and VSANS. Soft Matter 2016, 12, 9334–9341, doi:10.1039/c6sm01837h.

36. Lu, T.; Spruijt, E. Multiphase Complex Coacervate Droplets. J Am Chem Soc 2020, 142, 2905–
2914, doi:10.1021/jacs.9b11468.

37. Capasso Palmiero, U.; Küffner, A.M.; Krumeich, F.; Faltova, L.; Arosio, P. Adaptive
Chemoenzymatic Microreactors Composed of Inorganic Nanoparticles and Bioinspired
Intrinsically Disordered Proteins. Angew Chem Int Ed Engl 2020, 59, 8138–8142,
doi:10.1002/anie.202000835.

38. McCarty, J.; Delaney, K.T.; Danielsen, S.P.O.; Fredrickson, G.H.; Shea, J.E. Complete Phase
Diagram for Liquid-Liquid Phase Separation of Intrinsically Disordered Proteins. J Phys Chem Lett
2019, 10, 1644–1652, doi:10.1021/acs.jpclett.9b00099.

39. Paloni, M.; Bailly, R.; Ciandrini, L.; Barducci, A. Unraveling Molecular Interactions in Liquid-Liquid
Phase Separation of Disordered Proteins by Atomistic Simulations. J Phys Chem B 2020, 124,
9009–9016, doi:10.1021/acs.jpcb.0c06288.

40. Dignon, G.L.; Zheng, W.; Kim, Y.C.; Mittal, J. Temperature-Controlled Liquid-Liquid Phase
Separation of Disordered Proteins. ACS Cent Sci 2019, 5, 821–830,
doi:10.1021/acscentsci.9b00102.

41. Matsarskaia, O.; Braun, M.K.; Roosen-Runge, F.; Wolf, M.; Zhang, F.; Roth, R.; Schreiber, F.
Cation-Induced Hydration Effects Cause Lower Critical Solution Temperature Behavior in Protein
Solutions. J Phys Chem B 2016, 120, 7731–7736, doi:10.1021/acs.jpcb.6b04506.

42. Grimaldo, M.; Roosen-Runge, F.; Hennig, M.; Zanini, F.; Zhang, F.; Zamponi, M.; Jalarvo, N.;
Schreiber, F.; Seydel, T. Salt-Induced Universal Slowing Down of the Short-Time Self-Diffusion of
a Globular Protein in Aqueous Solution. J Phys Chem Lett 2015, 6, 2577–2582,
doi:10.1021/acs.jpclett.5b01073.

43. Sparks, S.; Hayama, R.; Rout, M.P.; Cowburn, D. Analysis of Multivalent IDP Interactions:
Stoichiometry, Affinity, and Local Concentration Effect Measurements. Methods Mol Biol 2020,
2141, 463–475, doi:10.1007/978-1-0716-0524-0_23.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 11/14

44. Fung, H.Y.J.; Birol, M.; Rhoades, E. IDPs in macromolecular complexes: the roles of multivalent
interactions in diverse assemblies. Curr Opin Struct Biol 2018, 49, 36–43,
doi:10.1016/j.sbi.2017.12.007.

45. Bugge, K.; Brakti, I.; Fernandes, C.B.; Dreier, J.E.; Lundsgaard, J.E.; Olsen, J.G.; Skriver, K.;
Kragelund, B.B. Interactions by Disorder - A Matter of Context. Front Mol Biosci 2020, 7, 110,
doi:10.3389/fmolb.2020.00110.

46. Davey, N.E.; Van Roey, K.; Weatheritt, R.J.; Toedt, G.; Uyar, B.; Altenberg, B.; Budd, A.; Diella, F.;
Dinkel, H.; Gibson, T.J. Attributes of short linear motifs. Mol Biosyst 2012, 8, 268–281,
doi:10.1039/c1mb05231d.

47. Tompa, P.; Davey, N.E.; Gibson, T.J.; Babu, M.M. A million peptide motifs for the molecular
biologist. Mol Cell 2014, 55, 161–169, doi:10.1016/j.molcel.2014.05.032.

48. Murthy, A.C.; Dignon, G.L.; Kan, Y.; Zerze, G.H.; Parekh, S.H.; Mittal, J.; Fawzi, N.L. Molecular
interactions underlying liquid-liquid phase separation of the FUS low-complexity domain. Nat
Struct Mol Biol 2019, 26, 637–648, doi:10.1038/s41594-019-0250-x.

49. Harmon, T.S.; Holehouse, A.S.; Rosen, M.K.; Pappu, R.V. Intrinsically disordered linkers
determine the interplay between phase separation and gelation in multivalent proteins. Elife 2017,
6, doi:10.7554/eLife.30294.

50. Choi, J.M.; Dar, F.; Pappu, R.V. LASSI: A lattice model for simulating phase transitions of
multivalent proteins. PLoS Comput Biol 2019, 15, e1007028, doi:10.1371/journal.pcbi.1007028.

51. Wang, J.; Choi, J.M.; Holehouse, A.S.; Lee, H.O.; Zhang, X.; Jahnel, M.; Maharana, S.; Lemaitre,
R.; Pozniakovsky, A.; Drechsel, D., et al. A Molecular Grammar Governing the Driving Forces for
Phase Separation of Prion-like RNA Binding Proteins. Cell 2018, 174, 688-699.e616,
doi:10.1016/j.cell.2018.06.006.

52. Pancsa, R.; Tompa, P. Structural disorder in eukaryotes. PLoS One 2012, 7, e34687,
doi:10.1371/journal.pone.0034687.

53. Brangwynne, C.P.; Tompa, P.; Pappu, R.V. Polymer physics of intracellular phase transitions.
Nature Physics 2015, 11, 899–904.

54. Lee, K.H.; Zhang, P.; Kim, H.J.; Mitrea, D.M.; Sarkar, M.; Freibaum, B.D.; Cika, J.; Coughlin, M.;
Messing, J.; Molliex, A., et al. C9orf72 Dipeptide Repeats Impair the Assembly, Dynamics, and
Function of Membrane-Less Organelles. Cell 2016, 167, 774-788.e717,
doi:10.1016/j.cell.2016.10.002.

55. Lin, Y.; Currie, S.L.; Rosen, M.K. Intrinsically disordered sequences enable modulation of protein
phase separation through distributed tyrosine motifs. J Biol Chem 2017, 292, 19110–19120,
doi:10.1074/jbc.M117.800466.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 12/14

56. Chiu, Y.P.; Sun, Y.C.; Qiu, D.C.; Lin, Y.H.; Chen, Y.Q.; Kuo, J.C.; Huang, J.R. Liquid-liquid phase
separation and extracellular multivalent interactions in the tale of galectin-3. Nat Commun 2020,
11, 1229, doi:10.1038/s41467-020-15007-3.

57. Lin, Y.H.; Chan, H.S. Phase Separation and Single-Chain Compactness of Charged Disordered
Proteins Are Strongly Correlated. Biophys J 2017, 112, 2043–2046,
doi:10.1016/j.bpj.2017.04.021.

58. Martin, E.W.; Holehouse, A.S.; Peran, I.; Farag, M.; Incicco, J.J.; Bremer, A.; Grace, C.R.;
Soranno, A.; Pappu, R.V.; Mittag, T. Valence and patterning of aromatic residues determine the
phase behavior of prion-like domains. Science 2020, 367, 694–699,
doi:10.1126/science.aaw8653.

59. Banani, S.F.; Rice, A.M.; Peeples, W.B.; Lin, Y.; Jain, S.; Parker, R.; Rosen, M.K. Compositional
Control of Phase-Separated Cellular Bodies. Cell 2016, 166, 651–663,
doi:10.1016/j.cell.2016.06.010.

60. Mitrea, D.M.; Chandra, B.; Ferrolino, M.C.; Gibbs, E.B.; Tolbert, M.; White, M.R.; Kriwacki, R.W.
Methods for Physical Characterization of Phase-Separated Bodies and Membrane-less
Organelles. J Mol Biol 2018, 430, 4773–4805, doi:10.1016/j.jmb.2018.07.006.

61. Taratuta, V.G.; Holschbach, A.; Thurston, G.M.; Blankschtein, D.; Benedek, G.B. Liquid-liquid
phase separation of aqueous lysozyme solutions: effects of pH and salt identity. Journal of
Physical Chemistry 1990, 94, 2140–2144.

62. Mackenzie, I.R.; Nicholson, A.M.; Sarkar, M.; Messing, J.; Purice, M.D.; Pottier, C.; Annu, K.;
Baker, M.; Perkerson, R.B.; Kurti, A., et al. TIA1 Mutations in Amyotrophic Lateral Sclerosis and
Frontotemporal Dementia Promote Phase Separation and Alter Stress Granule Dynamics. Neuron
2017, 95, 808-816.e809, doi:10.1016/j.neuron.2017.07.025.

63. Boeynaems, S.; Bogaert, E.; Kovacs, D.; Konijnenberg, A.; Timmerman, E.; Volkov, A.; Guharoy,
M.; De Decker, M.; Jaspers, T.; Ryan, V.H., et al. Phase Separation of C9orf72 Dipeptide Repeats
Perturbs Stress Granule Dynamics. Mol Cell 2017, 65, 1044-1055.e1045,
doi:10.1016/j.molcel.2017.02.013.

64. Bratek-Skicki, A.; Pancsa, R.; Meszaros, B.; Van Lindt, J.; Tompa, P. A guide to regulation of the
formation of biomolecular condensates. FEBS J 2020, 287, 1924–1935, doi:10.1111/febs.15254.

65. Kojima, T.; Takayama, S. Membraneless Compartmentalization Facilitates Enzymatic Cascade
Reactions and Reduces Substrate Inhibition. ACS Appl Mater Interfaces 2018, 10, 32782–32791,
doi:10.1021/acsami.8b07573.

66. Gomes, E.; Shorter, J. The molecular language of membraneless organelles. J Biol Chem 2019,
294, 7115–7127, doi:10.1074/jbc.TM118.001192.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 13/14

67. Küffner, A.M.; Prodan, M.; Zuccarini, R.; Capasso Palmiero, U.; Faltova, L.; Arosio, P. Acceleration
of an Enzymatic Reaction in Liquid Phase Separated Compartments Based on Intrinsically
Disordered Protein Domains. ChemSystemsChem.

68. Uversky, V.N. Intrinsic Disorder, Protein-Protein Interactions, and Disease. Adv Protein Chem
Struct Biol 2018, 110, 85–121, doi:10.1016/bs.apcsb.2017.06.005.

69. Kato, M.; Han, T.W.; Xie, S.; Shi, K.; Du, X.; Wu, L.C.; Mirzaei, H.; Goldsmith, E.J.; Longgood, J.;
Pei, J., et al. Cell-free formation of RNA granules: low complexity sequence domains form
dynamic fibers within hydrogels. Cell 2012, 149, 753–767, doi:10.1016/j.cell.2012.04.017.

70. Murray, D.T.; Kato, M.; Lin, Y.; Thurber, K.R.; Hung, I.; McKnight, S.L.; Tycko, R. Structure of FUS
Protein Fibrils and Its Relevance to Self-Assembly and Phase Separation of Low-Complexity
Domains. Cell 2017, 171, 615-627.e616, doi:10.1016/j.cell.2017.08.048.

71. Uversky, V.N. The roles of intrinsic disorder-based liquid-liquid phase transitions in the "Dr. Jekyll-
Mr. Hyde" behavior of proteins involved in amyotrophic lateral sclerosis and frontotemporal lobar
degeneration. Autophagy 2017, 13, 2115–2162, doi:10.1080/15548627.2017.1384889.

72. Riback, J.A.; Katanski, C.D.; Kear-Scott, J.L.; Pilipenko, E.V.; Rojek, A.E.; Sosnick, T.R.;
Drummond, D.A. Stress-Triggered Phase Separation Is an Adaptive, Evolutionarily Tuned
Response. Cell 2017, 168, 1028-1040.e1019, doi:10.1016/j.cell.2017.02.027.

73. Kim, H.J.; Kim, N.C.; Wang, Y.D.; Scarborough, E.A.; Moore, J.; Diaz, Z.; MacLea, K.S.;
Freibaum, B.; Li, S.; Molliex, A., et al. Mutations in prion-like domains in hnRNPA2B1 and
hnRNPA1 cause multisystem proteinopathy and ALS. Nature 2013, 495, 467–473,
doi:10.1038/nature11922.

74. Kwiatkowski, T.J.; Bosco, D.A.; Leclerc, A.L.; Tamrazian, E.; Vanderburg, C.R.; Russ, C.; Davis,
A.; Gilchrist, J.; Kasarskis, E.J.; Munsat, T., et al. Mutations in the FUS/TLS gene on chromosome
16 cause familial amyotrophic lateral sclerosis. Science 2009, 323, 1205–1208,
doi:10.1126/science.1166066.

75. Vance, C.; Rogelj, B.; Hortobágyi, T.; De Vos, K.J.; Nishimura, A.L.; Sreedharan, J.; Hu, X.; Smith,
B.; Ruddy, D.; Wright, P., et al. Mutations in FUS, an RNA processing protein, cause familial
amyotrophic lateral sclerosis type 6. Science 2009, 323, 1208–1211,
doi:10.1126/science.1165942.

76. Lin, Y.; Protter, D.S.; Rosen, M.K.; Parker, R. Formation and Maturation of Phase-Separated
Liquid Droplets by RNA-Binding Proteins. Mol Cell 2015, 60, 208–219,
doi:10.1016/j.molcel.2015.08.018.

77. Ambadipudi, S.; Biernat, J.; Riedel, D.; Mandelkow, E.; Zweckstetter, M. Liquid-liquid phase
separation of the microtubule-binding repeats of the Alzheimer-related protein Tau. Nat Commun
2017, 8, 275, doi:10.1038/s41467-017-00480-0.



Liquid–Liquid Phase Separation | Encyclopedia.pub

https://encyclopedia.pub/entry/7187 14/14

78. Chakravarty, A.K.; Jarosz, D.F. More than Just a Phase: Prions at the Crossroads of Epigenetic
Inheritance and Evolutionary Change. J Mol Biol 2018, 430, 4607–4618,
doi:10.1016/j.jmb.2018.07.017.

79. Babinchak, W.M.; Haider, R.; Dumm, B.K.; Sarkar, P.; Surewicz, K.; Choi, J.K.; Surewicz, W.K.
The role of liquid-liquid phase separation in aggregation of the TDP-43 low-complexity domain. J
Biol Chem 2019, 294, 6306–6317, doi:10.1074/jbc.RA118.007222.

80. Alberti, S.; Hyman, A.A. Are aberrant phase transitions a driver of cellular aging? Bioessays 2016,
38, 959–968, doi:10.1002/bies.201600042.

81. Owen, I.; Shewmaker, F. The Role of Post-Translational Modifications in the Phase Transitions of
Intrinsically Disordered Proteins. Int J Mol Sci 2019, 20, doi:10.3390/ijms20215501.

Retrieved from https://encyclopedia.pub/entry/history/show/111448


