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Abstract 

A variety of membraneless organelles often referred to as “biological condensates”,  play an 

important role in the regulation of cellular processes such as gene transcription, translation and 

protein quality control. Based on experimental and theoretical investigations, liquid-liquid phase 

separation (LLPS) has been proposed as a possible mechanism for the origin of biological 

condensates. LLPS requires multivalent macromolecules which template the formation of long-

range, intermolecular interaction networks and results in the formation of condensates with 

defined composition and material properties. Multivalent interactions driving LLPS exhibit a  

wide range of modes from highly stereospecific to non-specific and involve both folded and 

disordered regions. Multi-domain proteins serve as suitable macromolecules for promoting 

phase separation and achieving disparate functions due to their potential for multivalent 

interactions and regulation. Here, we aim to highlight the influence of the domain architecture 

and inter-domain interactions on the phase separation of multi-domain protein condensates. 

First, the general principles underlying these interactions are illustrated based on examples of 

multi-domain proteins which are predominantly associated with nucleic-acid binding and protein 

quality control, and contain both folded and disordered regions. Next, examples are presented 

which showcase how LLPS properties of folded and disordered regions can be leveraged to 

engineer multi-domain constructs that form condensates with desired assembly and functional 

properties. Finally, we highlight the need for improvements in coarse-grained computational 

models that can provide molecular-level insights into multi-domain protein condensates in 

conjunction with experimental efforts. 
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Introduction 

Most proteins in prokaryotes and eukaryotes are composed of two or more domains which can 

fold independently to adopt unique, three-dimensional structures. An interesting observation is 

that new proteins which emerge over the course of evolution are often multi-domain in nature as 

opposed to being single, novel folds1. Multi-domain proteins are typically formed via gene 

duplication, divergence and recombination events2 giving rise to new combinations and 

arrangements based on a limited number of pre-existing folds (<10,000). The individual 

domains are usually connected by linker sequences (30-50 residues) and can exhibit inter-

domain flexibility. The presence of additional domains confers new functional capabilities 

through an increase in the number of potential interaction sites, a phenomenon referred to as 

multivalency. The acquisition of multivalency leads to an increase in the number of interacting 

partners and allows multi-domain proteins to connect components of different signaling 

pathways by acting as interaction “hubs”2. New domains also confer novel regulatory capacity 

by allowing for chemical modifications or non-covalent interactions with other macromolecules, 

which allows for fine-tuning the cellular response to both internal and external cues.  

 Nearly 30% of the eukaryotic proteome encodes for intrinsically disordered proteins 

(IDPs) or regions (IDRs)3,4 which are attached to folded domains. Unlike their folded 

counterparts, these protein sequences lack tertiary structure and populate a heterogeneous 

ensemble of conformations with high solvent accessibility. Over the last twenty years, it has 

become clear that the sequence diversity and conformational flexibility of IDPs/IDRs imparts 

versatility in the regulation of cellular pathways through the formation of macromolecular 

assemblies5,6. Importantly, IDPs and IDRs exhibit a capacity for multivalency due to the 

presence of two or more interacting regions which may be repeats (2 residues), short-linear 

motifs (3-10 residues) or molecular recognition features (10-40 residues). Recently, IDPs and 

IDRs have received increased attention due to their role in the formation and maintenance of 

biomolecular condensates7–9, which are concentrated assemblies of cellular macromolecules 

(e.g. proteins, nucleic acids). 

 Biomolecular condensates, often referred to as “membraneless organelles”, are believed 

to form in many instances via liquid-liquid phase separation (LLPS)10–12, a demixing process 

which leads to the formation of a “dense” phase with high macromolecular concentration and a 

surrounding “dilute” phase. It has been suggested that LLPS may serve as general mechanism 

for organization of cellular macromolecules to regulate biochemical processes. Formation of 

“liquid-like” organelles involves a complex interplay between enthalpic and entropic processes.13⁠ 



   
 

   
 

Multivalency of macromolecules plays a critical role in condensate formation, stability and 

regulation of its material properties.14 In this regard, multi-domain proteins containing one or 

more folded domains along with linker and disordered regions can be considered as ideal 

candidates for modulating LLPS. Not surprisingly, such proteins are widely prevalent in cellular 

condensates such as germ granules15, nucleoli16, heterochromatin17⁠, stress granules18, Balbiani 

bodies19, Cajal bodies20 and PML nuclear bodies.21,22 Moreover, functional dysregulation of 

these condensates due to cellular stress and aging23 are implicated in cancer24,25 and 

neurodegenerative diseases.26–28 It is therefore critical to understand the general principles 

governing the phase separation of disorder-containing, multi-domain proteins and how the 

modulation of underlying inter-domain interactions may affect the formation, structure and 

stability of condensates.  

 

Molecular-level interactions implicated in protein phase separation 

Both folded and disordered regions can influence the propensity for condensate formation 

through their involvement in different types of domain-level interactions with varying degree of  

specificity (Fig. 1). The binding affinity (kD) of these interactions can be high (<1 µM), moderate 

(1-100 µM) or weak (>100 µM). Several excellent reviews have previously summarized the 

individual roles of folded and disordered regions in driving condensate formation.29–31 The 

molecular-level interactions driving the phase separation of disordered low complexity domains 

(LCDs) and function in biomolecular condensates have been extensively studied and 

summarized in previous articles.32,33 LCDs may be enriched in charged residues (e.g. DDX4, 

LAF1-RGG). LCDs enriched in aromatic and polar residues are referred to as “prion-like” due to 

their similarity to the yeast prion protein (e.g. FUS, hnRNPA1/2 and TDP-43). LCD condensates 

are weakly stabilized by interactions such as salt-bridges, cation-π, π-π, sp2-π, hydrogen bonds 

and hydrophobic interactions.  

 Overall, both specific and non-specific interactions are influenced through stress 

(changes in pH, salt and temperature), post-translational modifications and interactions with 

other macromolecules such as nucleic acids and regulatory proteins (e.g., Ubiquitin, SUMO). 

Recent studies have attempted to address the interplay between folded and disordered regions 

in mediating LLPS of multi-domain proteins.8,34–37  In the subsequent sections, we describe 

various domain-level strategies which underlie the phase behavior of multi-domain proteins and   

their implications for the design of biomolecular condensates with novel properties. For 



   
 

   
 

discussion on the influence of inter-domain interactions on the material and structural properties 

of biomolecular condensates, we refer the reader to previous review articles.38,39⁠ To conclude 

this perspective, we discuss the need for improved coarse-grained computational models to 

study the properties of multi-domain protein condensates at various length and timescales, and 

complement experimental efforts.  

 

 

 

Figure 1. Summary of interactions that can modulate the phase separation of multi-
domain proteins. Depending on the domain architecture, a variety of inter-domain interactions 
which involve both folded and disordered regions can regulate the phase separation of multi-
domain proteins. In terms of specificity, interactions between folded domains and those between 
folded domains and IDRs are usually stereospecific, i.e. they occur through well-defined surface 
patches (folded domains) and position-specific repeats, motifs or molecular recognition features 
(IDRs). Interactions between IDRs are generally non-stereospecific and involve a distributed 
network of repeats and/or motifs. Nucleic acids can play a critical role in regulating the formation 
and stability of protein condensates. Interactions between folded domains and nucleic acids can 
be either specific or non-specific, i.e. between positively-charged sidechains and the negatively-
charged sugar-phosphate backbone. IDR-nucleic acid interactions are usually non-specific and 
involve a distributed network of amino acid repeats and/or motifs and the sugar-phosphate 
backbone. 



   
 

   
 

 

Homooligomerization domains can act as potent enhancers of phase separation and 

influence condensate structure 

Stereospecific interactions between identical domains leads to homo-oligomerization, giving rise 

to dimeric and higher-order multimers. Both folded and disordered domains can form homo-

oligomers with moderate to high affinity, that greatly enhance the phase separation propensity 

(Fig. 2). Examples of folded domains that have been shown to undergo homo-oligomerization 

and form higher-order oligomers are TDP-43 N-terminal domain (NTD) and Ph sterile alpha 

motif (SAM) domain. Both these domains can form head-to-tail polymeric structures40 in a 

concentration-dependent manner as suggested by X-ray crystallography41,42 and NMR 

spectroscopy43. NTD oligomerization (kD~2 µM)44 strongly promoted phase separation of both 

full-length TDP-4343 and NTD-RRM1/236 construct wherein the disordered, C-terminal domain 

(CTD) was deleted. NTD-mediated phase separation was shown to be driven by electrostatic 

interactions and sensitive to salt concentration36. Under in vivo conditions, TDP-43 NTD-

mediated oligomerization was shown to be critical for the formation of membraneless organelles 

with Hsp70 chaperones called “Anisosomes”45 which protects RNA-free TDP-43 from 

pathological aggregation.  Similar to TDP-43 NTD, Ph SAM polymerization was also shown to 

enhance the formation of mini Ph-DNA condensates46.  

 Homo-oligomerization can also occur through IDR regions which exhibit the formation of 

transient helice as in the case of TDP-43 CTD (aa:321-342) and UBQLN2 STI1-II region 

(aa:379-462). TDP-43 CTD populates a transient helical structure47,48 which drives the formation 

of dimers (kD≈100 µM) and higher-order oligomers. Deletion of the conserved helical region led 

to a ~two-fold increase in csat of TDP-43 full-length in vitro49 and adversely affected its ability to 

bind certain mRNA transcripts and perform autoregulation. Analogously, STI1-II region (aa:379-

462) of proteasomal shuttle factor - UBQLN2, drives its dimerization50⁠ through hydrophobic 

interactions and deletion of this region abolished LLPS of UBQLN2. 

 The above-mentioned examples illustrate that oligomerization domains can make 

substantial contributions to the overall phase separation propensity. It was shown that 

substitution of TDP-43 NTD for other oligomerization domains (e.g. SOD1, Transthyretin)36 

could also enhance the phase separation of RRM1/2 in vitro. Interestingly, Transthyretin which 

forms a stable tetramer, showed a noticeably greater reduction in csat compared to SOD1 which 

formed dimers with similar kD, implying that the degree of oligomerization (i.e. multivalency) 

dictates the extent of increase in LLPS capacity. Alternatively, homodimerization domains may 



   
 

   
 

increase multivalency in multi-component assemblies such as SGs through additional, 

heterotypic interactions as observed in the case of NTF2 dimerization domain of the RNA-

binding protein - G3BP51 ⁠. These observations establish a direct, positive relationship between 

the multivalency of the homooligomerization domain and LLPS enhancement. Similarly, co-

phase separation of multi-domain protein pairs with multiple heteroligomerization domains (e.g. 

poly-SUMO/polySIM, polySH3/polyPRM) exhibit an increase in LLPS with increasing 

multivalency.  

 Overall, the above examples illustrate that homooligomerization domains may be utilized 

in conjunction with IDRs to drive robust LLPS at physiological concentrations and maintain 

interaction specificity within the condensate. Future studies aimed at uncovering the effect of 

positional variation of the oligomerization domain (central versus terminal location) and the 

effect of surface properties of monomeric domains (charge, hydrophobicity), may allow for a 

better understanding of the molecular forces which promote the formation and stabilization of 

multi-domain protein condensates.   

                      

Charge-rich domains can influence phase behavior through non-specific interactions 

RNA-binding proteins (RBPs)52 play an essential role in transcription, RNA processing and 

stabilization. Several RBPs are associated with the formation and maintenance of liquid-like, 

membraneless compartments called stress granules (SGs)53. These proteins comprise of RNA-

binding (RBD) and disordered, prion-like domains (PLDs). Several RBPs exhibit a synergistic 

interplay between RBD and PLD in the context of phase separation. Isolated PLDs undergo 

LLPS at or above physiological salt concentrations (>150 mM) and is primarily driven by weak 

interactions involving polar and aromatic residues.54–56 In contrast, LLPS of full-length RBPs 

including FUS, hnRNPA1 and TDP-43 are favored at low salt (<75 mM)43,57,58 which implies a 

dominant role for electrostatic interactions in driving phase separation. The reversal of salt-

dependence is linked to the enrichment of charged residues in RBDs.   

 RBPs belonging to the FET family (FUS, EWSR1 and TAF15)59  possess a C-terminal 

RBD with disordered regions enriched in arginine motifs (RG/RGG) interspersed between the 

RRM and a zinc-finger fold. It was observed that FET proteins underwent robust LLPS at 

physiological concentrations while RBPs without RGG regions (e.g. hnRNPA1, TDP-43) failed 

to undergo LLPS under the same conditions without the addition of a crowding agent34. Isolated 

FUS PLD but not RBD, underwent LLPS at significantly higher concentrations (csat > 50-fold). 

Moreover, mutation of all tyrosine residues to serine (PLD) or arginine to glycine (RBD) led to a 



   
 

   
 

 

 

 

Figure 2. Enhancement of phase separation by homooligomerization through folded  and 
disordered regions. Homooligomerization can occur through both folded domains and 
disordered regions with transient secondary structure. TDP-43 N-terminal domain (PDB: 5MDI, 
aa:2-79) was chosen as an example to illustrate dimerization through a folded domain and TDP-
43 C-terminal region (PDB: 2N3X, aa:315-350) was used to illustrate the same for a disordered 
region. Dimers that form initially can give rise to higher-order structures in a concentration-
dependent manner and exert influence on condensate structure over longer length-scales. The 
ability to form stable (high affinity) and higher-order oligomers (>2 units) lead to a proportionate 
reduction in csat. 
 

 

 

 

 

 



   
 

   
 

15-fold increase in csat. These observations established a key role for arginine/tyrosine-mediated 

interactions in the phase separation of FET proteins. Altogether, the disordered RGG regions in 

FET proteins act synergistically with the PLD through non-specific, interactions to drive phase 

separation under physiological conditions.  

 Folded RNA recognition motifs (RRMs) within RBDs contain a substantial number of 

charged residues, some of which directly engage in binding RNA60. Recently35, it was suggested 

based on biophysical experiments and coarse-grained simulations that electrostatic interactions 

between RRMs and PLD could explain the phase separation of hnRNPA1 under low-salt 

conditions. Surface electrostatic potential analysis of hnRNPA1 RRMs indicates the presence of 

distinct, oppositely-charged surfaces which suggests the possibility of encounter complex 

formation through these complementary surfaces35. The role of long-range electrostatic 

interactions in driving the formation of non-specific encounter complexes61–64 during protein-

protein association is well-established for folded proteins. Moreover, repulsive interactions 

between like-charged surfaces of RRMs could prevent the establishment of long-range 

structural order within condensates and promote “liquid-like” dynamics. Although in vitro 

experiments indicate a weak propensity for isolated RRMs to undergo LLPS, rapid aggregation 

of the TDP-43 NTD and its linker region was observed in the absence of RRMs36, pointing 

towards a role for electrostatic interactions between RRMs in influencing condensate formation. 

Overall, in the absence of RGG-rich disordered regions, non-specific interactions between 

charged RRMs can potentially exert an influence on the formation and material properties of 

RBP condensates.  

 

Domain architecture and inter-domain interactions dictate phase separation propensity, 

function and regulation 

Studies of Ubiquitin-binding shuttle proteins65 implicated in protein quality control (PQC) - 

UBQLN2, hHR23B and p62 elucidate how the LLPS propensity of multi-domain proteins is 

modulated by an intricate network of inter-domain interactions. Shuttle proteins possess at least 

two types of folded domains: UBL (Ubiquitin-like) and UBA (Ubiquitin-associated) domains 

along with interspersed, disordered regions. UBA domains can participate in weak interactions 

with UBL (cis and trans) and polyubiquitin chains. In addition, interactions between disordered 

regions and those between folded and disordered regions are also observed. Overall, these 



   
 

   
 

interactions can either enhance or reduce the phase separation propensity of shuttle proteins 

within the context of a specific multi-domain architecture.  

 UBQLN2 (624 aa) is a shuttle factor responsible for the trafficking of ubiquitinated 

proteins from SGs to the 26S proteasome66. UBQLN2 comprises of an N-terminal UBL and a C-

terminal UBA domain which flank a disordered, low complexity region (aa:109-576). The IDR 

region comprises of two hydrophobic, STI1-like regions which are enriched in hydrophobic 

residues, and a proline-rich (PXX) region (aa:491-538). Phase separation assays with truncated 

constructs50 determined that STI1-II region (aa:379-462) which drives the dimerization of 

UBQLN2, is essential for phase separation. The presence of UBL increased csat  while UBA 

decreased csat, indicating opposite effects of the two domains with regard to LLPS. UBL and 

UBA can interact weakly (kD≈175 µM) and upon addition of UBL domain in trans to UBQLN2-

ΔUBL, the LLPS propensity decreases. These observations established that UBL-UBA 

interactions inhibited LLPS of UBQLN2. Consistent with these observations, the addition of 

either ubiquitin (kD≈5 µM) or K48-linked polyubiquitin chains dissolved UBQLN2 droplets in vitro 

and strongly inhibited LLPS.50   

 NMR titration experiments with isolated fragments uncovered an underlying hierarchy of 

inter-domain interactions and provide deeper insights into UBQLN2’s phase separation 

propensity.37,50 UBA was found to enhance LLPS through weak interactions with two IDR 

regions - STI1-II and Pxx. In addition to UBA, UBL also interacts with STI1-I (aa:176-247) and 

connecting regions between STI1-I/II (aa:248-378) and Pxx-UBA (aa:555-570), all of which 

inhibit LLPS and are stronger than UBA-IDR interactions. To conclude, UBL engages in 

inhibitory interactions with UBA and IDR regions, which counteracts the ability of UBA domain to 

promote LLPS. In stark contrast to UBQLN2, the shuttle factors - p62 and hHR23B, undergo 

LLPS only in the presence of polyubiquitin chains. For a detailed discussion related to the effect 

of polyubiquitin chain linkage and topology on co-phase separation with shuttle factors, we refer 

the reader to the review by Dao and Castenada.65  

 p62 is associated with the formation of cytoplasmic foci which may serve as precursors 

of autophagosomes.67 p62 possesses an N-terminal UBL-like domain (PBX1) which can 

undergo homo-oligomerization to form a filamentous scaffold required for LLPS.68  The C-

terminal UBA domain acts synergistically with PBX1 and freely engages with polyubiquitin 

chains which act as LLPS-promoting, multivalent scaffolds. The intrinsically disordered region 

(aa:246-300) of p62 can also drive phase separation without PBX1 or polyubiquitin, through its 

interactions with the histone chaperone DAXX.69 Thus the domain architecture of p62 encodes 



   
 

   
 

for alternate mechanisms of co-phase separation which are dependent on the presence of a 

suitable interaction partner and exploits either folded or disordered domains.  

 hHR23B regulates the formation of proteasomal foci in the nucleus through its 

interactions with polyubiquitin chains and proteasomal receptors.70 In the absence of 

polyubiquitin chains, hHR23B forms a dimer71 which is stabilized by Ubl-UBA1/2 interactions 

and cannot undergo LLPS.70⁠ Deletion of UBL domain in the presence of polyubiquitin however, 

leads to aggregation indicating that LLPS-inhibitory interactions between UBL and UBA 

domains help to maintain “liquid-like” characteristics. Overall, hHR23B appears to utilize 

inhibitory UBL-UBA interactions in a manner similar to UBQLN2 to regulate its LLPS propensity. 

 Taken together, it is evident from LLPS studies of shuttle factors that pre-encoded 

inhibitory interactions (cis and trans) can tune the LLPS of multi-domain proteins in isolation or 

in the presence of suitable binding partners.  

                    

Physical characteristics of linkers influence phase separation ability             

In addition to IDRs, multi-domain proteins may also possess short, disordered segments (10-50 

aa) termed as linkers. Linkers between the folded domains impart varying degrees of flexibility, 

a characteristic that could dictate how folded domains interact with each other. Although it is 

common to treat linkers as passive tethers, the physical nature of the linkers (i.e., its length and 

sequence composition) has the potential to influence the phase separation in conjunction with 

its impact on binding affinity and avidity.72  

 Notably, a charge-segregated 50 residue linker connecting the first two SH3 (SRC 

Homology 3) domains in the adaptor protein - Nck, has been shown to enhance the phase 

separation of Nck/N-WASP and p-nephrin/Nck/N-WASP complexes.73 The linker promotes 

phase separation by enhancing the ability of the Nck to self-associate through electrostatic 

interactions with the acidic, second SH3 domain. Deletion of the linker or mutations that 

changed the predominantly basic character of the N-terminal or the highly conserved, central 

KVKRK motif inhibited phase separation. Interestingly, when this linker was used instead of 

(GGS)4 linker in the SUMO5-SIM5 complex, it further enhanced the phase separation propensity 

of this system. This linker was also observed to bind the GBD (GTPase binding domain) in N-

WASP that directly impacts actin assembly on cellular membranes.74 

 System-spanning reversible physical cross-links are common in protein droplets, the 

state at which the droplets are referred to as gels rather than liquids.75–77 But, gel-formation (i.e., 



   
 

   
 

gelation) can occur without LLPS.75,78,79 The length and sequence of linkers can dictate whether 

multi-domain proteins prefer gelation without phase separation or that driven by phase 

separation. Out of 226 unique linker regions identified among 100 linear multivalent proteins 

from the non-redundant human proteome, simulations demonstrated that 38% of the linkers 

behaved like a Flory random coil (FRC) while 30% of the linkers that behaved like a self-

avoiding random coil (SARC).80⁠ Interestingly, gelation driven by phase separation occurred for a 

mixture of poly-SH3 and poly-PRM proteins with FRC linkers. In contrast, SARC linkers 

suppressed phase separation and gelation could only occur at high protein concentrations (i.e., 

gelation without phase separation). This suggests that proteins with tandem repeat domains can 

be used to design condensates by modifying the properties of linker regions. Furthermore, 

simulations suggest that “sticky” inter-linker interactions govern coil-to-globule transitions of 

multivalent proteins within clusters of metastable droplets, resulting in increased cluster 

density.81⁠ Such interactions along with linker flexibility, also dictate the cluster/droplet growth by 

modulating chain reorganization times within them, indicating that linker properties can be tuned 

to achieve varied phase separation propensities.  

               

Inter-domain and domain-nucleic acid interactions in the formation and regulation of 

protein-nucleic acid condensates  

Protein-nucleic acid interactions can modulate the phase behavior of multi-domain proteins in 

vitro and are essential for the formation and integrity of various ribonucleoprotein (RNP) 

granules.18,82–84 These interactions also influence the formation of heterochromatin and 

transcriptional condensates which control gene expression.17,85 While most nucleic-acid binding 

proteins either interact with RNA (RBPs) or DNA (DBPs), several of these (~400) bind to both 

types of nucleic acids.86 The various types of protein-nucleic acid interactions include hydrogen 

bonding, π stacking and electrostatic interactions with the sugar-phosphate backbone.  

 RBPs may contain one or two RRMs60,87–89 (e.g. FUS, hnRNPA1/2 and TDP-43) which 

adopt a characteristic fold and recognize RNA sequences with high affinity (kD≈nM-μM) and 

sequence specificity (e.g. UG/AG-rich). RBPs also utilize disordered, RGG/RG motifs90 which 

engage in non-specific interactions with the RNA backbone to increase the overall binding 

affinity. Phase-separating DBPs can bind either double-stranded (ds) or single-stranded (ss) 

genomic DNA through a variety of folded domains91 or disordered regions92 enriched in 

positively-charged residues (Arg/Lys-rich). The co-phase separation propensity and/or 

condensate properties of multi-domain, nucleic acid-binding proteins can be effectively 



   
 

   
 

modulated by factors such as (i) protein to nucleic acid stoichiometry, (ii) length and composition 

of the nucleic acid strand, and (iii) disease mutations and/or post-translational modifications 

(PTMs) within folded and disordered regions.93  

 In mammalian cells, RNA serves as a buffer to modulate the condensation of RBPs.94 A 

high RNA-to-protein concentration ratio in the nucleus was shown to maintain RBP solubility, 

while a lower ratio in the cytoplasm was shown to promote condensate formation. Based on 

NMR experiments and cell-based assays, a possible mechanism by which RNA could promote 

RBP solubility was proposed in the case of TDP-43.95 It was observed that long GU-rich RNA 

repeats promote cooperative binding of TDP-43 through intermolecular interactions between its 

tandem RRMs. Specifically, an RRM1/2 intermolecular interface was identified which minimized 

NTD/CTD-mediated interactions responsible for condensation and subsequent aggregation in 

the absence of RNA and Hsp70 chaperones.45 In vitro analysis of FUS-RNA interactions 

revealed that single ALS/FTD mutants at Arginine (R) and Glycine (G) positions cause 

significant differences in droplet properties compared to FUS wild-type.96 R mutants near the 

prion-like LCD and RGG regions led to significantly larger droplets with reduced dynamics. 

Correspondingly, a reduction in interaction dynamics of R mutants with RNA was detected in 

smFRET experiments. In contrast, G mutations in prion-like LCD and RGG regions led to rapid 

aging of droplets despite exhibiting similar interaction dynamics with RNA as wild-type FUS in 

smFRET experiments. These observations highlight that ALS/FTD mutants which occur in 

disordered regions can significantly perturb the dynamics of RBP-RNA condensates and lead to 

pathological aggregates implicated in neurodegeneration. RBP-RNA condensates can also be 

disrupted by PTMs such as tyrosine phosphorylation in prion-like LCDs97,98 or lysine acetylation 

in RRMs.99  

 The α-isoform of human Heterochromatin Protein 1 (HP1α) promotes the formation of 

heterochromatin domains (DNA compaction) through co-phase separation with chromatin.100,101 

DNA or chromatin-binding and co-phase separation of HP1α is critically dependent on 

electrostatic interactions via a basic hinge (lysine-rich linker) region102 between an N-terminal 

chromodomain (CD) and a C-terminal chromoshadow domain (CSD). The critical concentration 

of HP1α (~50 μM for 147 bp DNA) required for co-phase separation was largely invariant of 

DNA concentration (0.125 to 4 μM) and condensates were observed even at HP1α to DNA 

ratios of 5000:1.103 Notably, the critical concentration of HP1α reduced by more than an order of 

magnitude (~3 μM) for a longer DNA molecule (2.7 kbp) due to its higher valency and lies within 

the physiological range (1-10 μM). The interactions mediated through the disordered N-terminal 



   
 

   
 

extension (NTE) lowered the critical concentration of HP1α required for co-phase separation 

with longer DNA (~50 kbp), likely by promoting higher order oligomerization.103  

 Furthermore, phosphorylation of NTE weakens DNA binding104 and co-phase 

separation105⁠, likely due to electrostatic repulsion. In contrast, the C-terminal extension (CTE) 

which can bind to the basic hinge101, increases the critical concentration required for co-phase 

separation through competition with DNA.103 The disruption of CSD-mediated dimerization also 

inhibited DNA-driven LLPS in vitro.101⁠ In the case of Drosophila HP1α homolog (HP1a), 

disruption of CSD dimerization (I191E mutation) led to faster dynamics within phase-separated 

heterochromatin domains.100 Overall, a network of intra/inter-molecular interactions involving the 

disordered NTE, hinge and CTE regions together with CSD-mediated dimerization regulate the 

co-phase separation propensity and material properties of HP1α-DNA condensates.  

 Post-translational modifications of histone proteins may exert a substantial influence on 

heterochromatin formation by directly tuning the interaction affinity between chromatin and  

multi-domain regulatory partners. For example, it was observed that both wild type and NTE-

phosphorylated HP1α show a significantly higher LLPS capacity with histone 3 tri-methylated 

(H3K9me3) chromatin105 ⁠ compared to unmodified chromatin. From a structural viewpoint, LLPS 

is enhanced due to higher binding affinity of H3K9me3 by the N-terminal CD domain of HP1α106⁠. 

However, the LLPS capacity of HP1α in the presence of H3K9me3 chromatin is much lower 

compared to DNA. These observations highlight a complex interplay between histone-regulator 

and DNA-regulator interactions which underlie the formation of heterochromatin.  

 The Polycomb Group (PcG) protein - Ph, which constitutes a subunit of Polycomb 

Repressive Complex 1 (PRC1) is implicated in silencing gene expression through large-scale 

chromatin organization.107 A mini Ph construct from Drosophila melanogaster which contained 

the N-terminal Helicase domain 1 (HD1), the Phe-Cys-Ser (FCS) zinc-finger domain, and the C-

terminal Sterile Alpha Motif (SAM) formed phase-separated condensates in the presence of 

chromatin or DNA.46 Deletion of either SAM or HD1/FCS led to abrogation of phase separation, 

indicating that all three domains are required for co-phase separation. Mass spectrometry-

footprinting experiments identified potential lysine residues across all three domains that bind 

DNA and fully-acetylated mini Ph showed complete loss of DNA binding. As mentioned earlier, 

SAM polymerization was shown to enhance mini Ph-DNA phase separation and this occurred 

through an increase in binding affinity towards DNA.46 In addition, SAM polymerization also led 

to slower dynamics of mini Ph and chromatin in the condensed phase. The acidic linker 

connecting FCS and SAM has been shown to limit SAM polymerization through possible linker-



   
 

   
 

SAM interactions108 (in trans) and may therefore exert a negative influence of Ph-DNA 

condensation. In conclusion, all three folded domains act cooperatively to facilitate the formation 

of mini Ph-DNA condensates while SAM-linker interactions can modulate the properties of the 

condensed phase.          

                   

Exploiting folded domains and disordered regions to engineer multi-domain proteins 

with desirable condensed phase properties  

Folded domains and disordered regions which are known to drive the LLPS of multi-domain 

proteins can be harnessed as modules to design multivalent constructs which undergo LLPS 

under desirable conditions (e.g. temperature, pH and salt). Further, a combination of phase-

separating modules with other types of protein interaction motifs (e.g. protease cleavage sites) 

or domains (e.g. RNA-recognition, cellulose-binding) can be used to generate condensates with 

tunable stability and composition. These artificial condensates or organelles can be utilized as  

microreactors to control the rate of biochemical reactions. For a detailed explanation of how  

multi-domain protein scaffolds may be exploited to engineer synthetic membraneless 

organelles, we refer the reader to the review by Bracha et al.38⁠ 

 An intuitive approach to designing synthetic condensates is to create a multivalent 

platform based on tandem repeats of a folded domain or disordered motif as demonstrated in 

the case of a poly-SH3 construct which phase separates in the presence of a poly-PRM 

(proline-rich motif) ligand.72 Interestingly, fusion of FUS prion-like domain to poly-SH3 was 

shown to lower csat of the poly-SH3/poly-PRM system by nearly 8-fold.109 The modulation of 

poly-SH3/poly-PRM phase separation was dependent on tyrosine residues of FUS LCD and 

their mutation to non-aromatic residues or phosphorylation of all tyrosines increased csat 

compared to wild-type FUS. These observations elucidate how varying the aromatic content of 

prion-like LCDs attached to folded domains either through mutations or PTMs, can exert a 

strong influence on the phase separation propensity of engineered multi-domain constructs.  

 Tandem repeats based on the low complexity, RGG region (aa:1-170, Fig. 3A) of C. 

elegans P-granule RNA helicase, LAF-1 were shown to form droplets with elevated thermal 

stability and could be genetically engineered to achieve controlled-assembly, and cargo 

transport.110 The transition temperatures for (RGG)2 and (RGG)3 were 40 ºC and 50 ºC 

compared to the RGG construct which formed droplets only below 15 ºC. These differences in 

transition temperatures allowed for the regulation of droplet assembly in an enzymatically-



   
 

   
 

controlled fashion through the introduction of TEV protease cleavage sites between RGG 

domains. Further, the composition of the droplets could be regulated through (i) direct 

attachment of cargo domains to the tandem RGG construct with an additional cleavage site 

(Fig. 3B), or (ii) via attachment of cargo-recruiting interaction motifs (SYNZIP1/2) to tandem 

RGG and cargo constructs individually (Fig. 3C). These synthetic, tandem RGG organelles were 

shown to be functional in Xenopus egg extracts, protocells and in mammalian HEK293 cells. 

Recently, elastin-like polypeptides (artificial IDRs) which are known to phase-separate111, were 

fused to RNA-binding RGG region of the P-granule protein PGL-1 to create synthetic RNP 

granules.112 These granules could bind and sequester mRNA within microdroplet-based 

protocells, thereby suppressing translation. The structure of (RGG)2 condensates could be be 

altered when mixed with amphiphilic proteins which contain a non-phase separating protein 

attached to an RGG domain113⁠. Mixing (RGG)2 with an MBP-based amphiphilic protein lead to 

the formation of enveloped condensates containing MBP (Fig. 3D) at the surface of the droplet 

and RGG in the core. Interestingly, MBP-based amphiphiles acted as surfactants and affected 

droplet size, with increasing concentrations resulting in smaller droplet radii. In contrast, mixing 

(RGG)2 with GST-based amphiphiles resulted in coassembly and formed multiphasic structures. 

 In combination with marine mussel foot protein - Mfp5,  LLPS of TDP-43 prion-like LCD 

(TLCD) and its subsequent liquid-to-solid maturation was utilized to design ultra-strong, 

underwater adhesives.114 Mfp5 is also disordered, enriched in lysine/DOPA residues and 

derives its adhesive properties through LLPS driven by electrostatic and hydrophobic 

interactions. The low temperature-induced coatings of Mfp5-TLCD driven by LLPS-dependent 

substrate wetting followed by concentration into uniform, amyloid nanofibers exhibited strong 

adhesiveness over a wide range of pH and salt concentrations. Alanine-rich, disordered repeats 

of Araneus diadematus spidroin which undergo LLPS were fused to cellulose-binding module 

(CBM) domains on either side and mixed with cellulose nanofibrils (CNFs) to form protein-

cellulose composites with enhanced strength, stiffness and toughness.115 Overall, both Mfp5-

TLCD and spidroin-(CBM)2-CNF constructs demonstrate how the LLPS properties of low-

complexity sequences can be exploited in combination with other types of unique polypeptides 

and macromolecules to design biomimetic materials with improved physico-chemical properties. 

                         

           

 



   
 

   
 

 

 

 

 

                

Figure 3. Controlling the composition and structural organization of biomolecular 
condensates using multi-domain protein constructs. Phase-separating, disordered domains 
such as the LAF-1 RGG domain can be utilized as tandem repeats, e.g. (RGG)2 and combined 
with other folded domains to control the recruitment of cargo proteins and structural organization 
within the condensed phase. A. A representative fragment of LAF1-RGG domain and crystal 
structures of green fluorescent protein (GFP, PDB: 1GFL), SYNZIP1/SYNZIP2 (SZ1/SZ2) 
coiled-coil heterodimer (PDB: 3HE5) and Maltose-binding protein (MBP, PDB: 1URD) are 
shown. B. A cargo protein such as GFP can be recruited to tandem (RGG)2 droplets by either 
attaching it to a RGG domain that can co-phase separate with (RGG)2 or C., by utilizing the 
SZ1-SZ2 interaction motifs. D. Structural properties of (RGG)2 condensates can be controlled 
using MBP-based amphiphiles which form enveloped condensates, behave as surfactants and 
limit droplet size with increasing concentration.  

 

 

 



   
 

   
 

 

Computational modeling approaches to study the phase separation of multi-domain 

proteins 

Evidently, the formation, structuring, and dissolution of biomolecular condensates is a tightly 

regulated process. It is quintessential to unravel the sequence-dependent molecular driving 

forces involved in the formation and stabilization of such condensates to be able to regulate 

their function as needed. However, due to the vast chemical phase space, uncovering such 

sequence-to-function relationships necessitates a computationally-driven approach.116 ⁠ 

Molecular simulations provide the ability to investigate how the cooperativity between multiple 

domains affects the phase behavior of proteins (Fig. 4).  

 Protein simulations with fully atomistic details54,117,118 and coarse-grained (CG) models 

(e.g., Martini model119 with 2-4 heavy atoms per amino acid) provide chemically detailed 

representations at the single-chain level but they are not computationally efficient to simulate 

large assemblies such as multi-domain protein condensates.35,120–122 To simulate large-scale 

assemblies of multi-domain proteins at a reasonable computational cost, CG models that utilize 

a coarse representation of amino acids as a single bead offer an efficient route and have been 

successfully used to uncover the sequence determinants of phase behavior for IDPs.123–126 A 

detailed description of the residue-specific, HPS model and coexistence sampling technique 

developed in our group for studying the phase behavior of IDPs using molecular dynamics (MD) 

simulations is provided elsewhere.127 The HPS model was also extended to assess the effect of 

post-translational modifications such as phosphorylation and acetylation on LLPS.128⁠ 

Furthermore, we also developed a nucleotide-specific, CG model for RNA which was utilized to 

study LAF-1 RGG/RNA interactions during co-phase separation and structure formation in the 

condensed phase.129⁠ Despite efforts in designing residue-level CG models for disordered and 

folded130 proteins separately, there are two main challenges that arise in CG simulations of 

multi-domain proteins: (i) accurate modeling of inter-domain interactions between 

folded/disordered regions and (ii) lack of secondary structure potentials that allow for the 

accurate simulation of both globular proteins and flexible IDPs.  

 Numerous groups have leveraged different CG simulation approaches for proteins with 

both folded130⁠ and disordered domains thus far. One approach to simulate multi-domain proteins 

uses rigid body dynamics by constraining the structure of folded domain as a rigid body.48,123 

Alternatively, the folded domains can also be represented with the Go-like force field131, allowing 



   
 

   
 

increased conformational flexibility compared to rigid constraints. Even though both methods 

require an experimental structure for folded domains, the usage of rigid body dynamics renders 

computational efficiency. A new strategy to generalize the CG model for both folded and 

disordered proteins has been introduced by the Zhang group132 using a combination of 

maximum entropy optimization and energy gap constraint to capture the conformational 

dynamics of both folded and disordered proteins while maintaining the structural stability of the 

former. However, this force field relies on a protein-specific and non-transferable secondary 

structure potential. More accurate secondary structure potentials are required for folded 

domains as well as IDPs which may also exhibit transient secondary structure. Therefore, there 

is a need to develop transferable CG model(s) that provide a reasonable description of both 

inter-domain interactions and structural features without the need for system-specific, 

experimental information.133⁠ Such transferable models would greatly benefit from rigorous 

benchmarks performed against biophysical experiments134,135⁠ (e.g. NMR, SAXS and FRET) 

which provide valuable information regarding the inter-domain dynamics and interactions of 

multi-domain proteins.   

             

Challenges and future outlook                     

Over the last decade, LLPS has emerged as a principal mechanism for the organization of 

cellular biochemistry and response to changing environmental conditions. Of considerable 

importance is the emerging link between LLPS and pathological aggregation136⁠ of various 

proteins implicated in cancer and neurodegenerative diseases, which provides numerous 

opportunities for the development of novel therapeutics. Therefore, it is critical to achieve a 

deeper understanding of the intramolecular conformational transitions which are associated with 

droplet formation and liquid-to-solid transitions which lead to the formation of aggregates.137⁠  

 As evident from the examples discussed in this perspective, the formation and regulation 

of multi-domain protein condensates often involves a complex interplay among the constituent 

domains which may either be synergistic or antagonistic towards LLPS. The stereospecificity 

and affinity of  inter-domain interactions exhibit a wide range of variation and can be tuned 

through both post-translational modifications and heterotypic interactions (e.g. ubiquitin, nucleic 

acids). In this regard, biophysical experiments aimed at uncovering the network of inter-domain 

interactions and the relative contributions of individual domains towards phase separation37⁠ 

provide much-needed insights and serve as a foundation for the development of accurate 



   
 

   
 

computational models to study LLPS. Furthermore, open questions remain regarding how 

domain architecture and inter-domain interactions may influence the structural organization and 

material properties of multi-domain protein condensates.  

 

Figure 4. Modeling the phase behavior of multi-domain proteins at various length and 
time scales using molecular simulations. Molecular simulations performed at atomistic and 
CG resolution can provide insights into the influence of domain-level interactions in dilute and 
droplet phases. Together with biophysical experiments, molecular simulations enhance our 
understanding of the structure, dynamics and function of multi-domain protein condensates.  

  

 

 Future efforts which aim to uncover the underlying mechanisms of multi-domain protein 

LLPS would benefit greatly from the availability of transferable, CG computational models that 

afford an accurate yet cost-effective description of structure and dynamics of inter-domain 

interactions. As evident from studies of IDP/IDRs, a closer synergy between such computational 

models and biophysical experiments can provide rich and complementary insights into the 

formation, structure and dynamics of multi-domain protein condensates and their regulation. 



   
 

   
 

Such insights have the potential to inspire the utilization of folded and disordered domains in 

unique ways to design synthetic condensates with desired assembly and material properties.  
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