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(Liquid-liquid) Phase separation(LLPS) as a concept
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Hyman & Brangwyne: 
Nucleolus exhibits liquid 
droplet like behaviours!

Hyman & Brangwyne:
P-granules exhibits liquid droplet like 

behaviors and rapidly dissolve and 
condense!

Steven McKnight:
First in-vitro model for the 

architecture and formation of 
RNA granules 

The young history of LLPS in biology
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LLPS shown to be involved in many 
aspects:

• mediation of the assembly of adhesion complexes
• condensation of cGAS activates innates immune 

signaling
• LLPS promotes T cell receptor signal transduction

• promotes miRISC assembly
• …



Membrane-less organelles (MLOs)
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The mechanisms behind LLPS
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driven by:
- “strong” protein 
interactions between 
folded domains

driven by:
- weak, transient multivalent
interactions between IDRs 
and/or RNAs:
1. Hydrogen bonds
2. π - π stacking
3. Hydrophobic interactions
4. Electrostatic interactions
5. Cation-π stacking



Hydrogen bonds

• shown to stabilize phase separation

• all amino acids able to participate, but 
mostly from polar ones

• Likely very important for incorporating 
RNA/DNA in condensates
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Aspartate
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Glutamate
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Glutamine
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Asparagine
Asn (N)



π – π stacking

• interactions between sp2-hybridized 
groups
• mostly aromatic rings

• possibly the strongest of the 5 
interaction types
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Phenylalanine
Phe (F)

Tyrosine
Tyr (Y)

Tryptophan
Trp (W)



Hydrophobic interactions

• generally a major force of protein 
folding
• BUT:

• hydrophobic leucine-rich helices in 
the processing body (MLO) stabilizes
the formation as condensate

• important role in recruiting specific 
ligands into the condensed phase
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Electrostatic interactions

• intrinsically disordered proteins 
(IDPs) are usually enriched in 
charged amino acids

• strongly affected by pH, salt 
concentration
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Cation-π interaction

• aromatic rings and cationic 
residues, particularly between 
arginine and tyrosine residues
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Arginine
Arg (R)
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Cation-π interaction

• this and  π - π stacking apply 
also to the aromatic rings of 
RNA and ssDNA
• Why not dsDNA?
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The dynamic nature of phase separation

• organelles with membranes are not 
dynamic

• MLOs are highly dynamic!
• quick assembly and disassembly

• change of state

• interaction with surrounding phase
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How does the organism “control” LLPS behavior?



The role of temperature, pH and salt 
concentration in LLPS
• biocondensates usually have a lower critical solution temperature (LCST) and an 

upper critical solution temperature (UCST)
• not that applicable in-vivo but important for in-vitro studies of LLPS
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CONTEXT DEPENDENCY

• salt concentration may induce or 
prevent phase separation
• not only explained by charge changes

• pH
• reduced pH causes stress granules (SG) formation
• but most likely affects LLPS in both direction



phase diagrams in LLPS

• dilute (cL or cSAT) & 
dense (cD or cin) 
phase concentrations 
are fixed
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Post-translational modifications  (PTMs)
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PTMs change the chemical properties of the residues →multivalency directly affected

Phosphorylation 
facilitates

phase separation

Phosphorylation 
hinders

phase separation

CONTEXT 
DEPENDENCY

IDRs are more prone to PTMs than folded domains!



Post-translational modifications  (PTMs)
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more PTMs suspected to play 
large roles in LLPS formation!



Methods to study LLPS - Turbidity
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• only in-vitro applicable
• simple, cheap, useful for preliminary 

experiment

LLPS induced
no LLPS 
induced



Methods to study LLPS -
(Fluorescence) microscopy

• in-vitro AND in-vivo

• common and very flexible

• antibody-staining or 
fluorescent labeling necessary
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Fluorescence recovery after 
photobleaching (FRAP)
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can quantify the “fluidity” of a biocondensate!



Database/resources and predictors for a 
bioinformatical approach
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Classification of Intrinsically 
Disordered Ensemble Regions 

(CIDER)

General tools
Disorder

Phase separation



PhaSePred: A Meta-predictor For Phase-
Separating Proteins

M.Sc. Biology & Biomedicine Module: „Proteinbiochemie und Bioinformatik“ 2023
21



PhaSePred: A Meta-predictor For Phase-
Separating Proteins

M.Sc. Biology & Biomedicine Module: „Proteinbiochemie und Bioinformatik“ 2023
22

algorithm to predict LLPS propensity

identifies probable prion subsequences

calculates pi-pi score

protein disorder prediction

prediction of coiled coil domains

predicts local complexity



Molecular dynamics (MD) for LLPS simulation

• for LLPS used: coarse-grained models
• e.g. MARTINI model

• each amino acid is one „element“
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computer simulation method for analyzing the physical movements of atoms and molecules

MD simulation promise 
easy, cheap and fast 

research on LLPS!
BUT

• simplified model loses information (folded 
domains not considered)

• parametrization of model complicated
• simulation of an artificial subset of the cell

• …



Functions of Phase separation in biology
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Understanding function 
enables us to manipulate 

LLPS for therapeutic 
application! 



How LLPS regulates transcription
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• transcription consists of initiation, 
elongation and termination

• the initiation complex forms by 
condensate of RNA polymerase II (Pol 
II), transcription factors and 
coactivators

• PTEFb recruited through multivalent 
LLPS mechanics!

• Phosphorylated Pol II (with different 
multivalency) forms elongation 
condensates with very different factors 
(splicing factors)



How LLPS regulates transcription
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• feedback mechanism in 
(super)enhancers is controlled by 
phase separation!

• low levels of RNA promote the 
formation of transcriptional 
condensates (based around Pol II)

• high levels of RNA can dissolve the 
transcription condensates



LLPS in neurodegenerative diseases
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protein aggregation is largely aberrant phase separation!



LLPS in neurodegenerative diseases
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LLPS in cancer
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lots of identifications of specific mutations in proto-oncogenes and tumor-suppressor genes that could cause 
cancer, but we don’t know why!

current ongoing RNA 
therapeutics clinical 
research to stabilize the 
condensate even with 
the mutation!



Future challenges and key questions
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Complexity of 
natural condensates

The question of size

Evolutionary 
considerations

Classifying LLPS 
sequence features

Arginine & Glycine-
rich regions

Expectation:
homogenous 1 
or 2 
phasesystem

Reality:
up tp 100 
different 
molecules & 
complex 
suborganization

< 100 nm in 
size

up to 3,5µm 
in size!

certain LLPS properties

RNA binding properties

more biological functions?



Conclusions

1. LLPS exists in many biological areas and 
functions

2. LLPS is extremely complex in its formation and 
dynamic character and heavily context 
dependent

3. The importance of LLPS for therapeutic targets
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