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Abstract

Biomolecular condensates are two- and three-dimensional compartments in eukaryotic cells that 

concentrate specific collections of molecules without an encapsulating membrane. Many 

condensates behave as dynamic liquids and appear to form through liquid-liquid phase separation 

driven by weak, multivalent interactions between macromolecules. In this review, we discuss 

current models and data regarding the control of condensate composition and we describe our 

current understanding of the composition of representative condensates including PML nuclear 

bodies, P-bodies, stress granules, the nucleolus, and two-dimensional membrane localized LAT 

and nephrin clusters. Specific interactions, such as interactions between modular binding domains, 

weaker interactions between intrinsically disorder regions and nucleic acid base pairing, and 

nonspecific interactions, such as electrostatic interactions and hydrophobic interactions, influence 

condensate composition. Understanding how specific condensate composition is determined is 

essential to understanding condensates as biochemical entities and ultimately discerning their 

cellular and organismic functions.

Biomolecular condensates are two- and three-dimensional compartments in eukaryotic cells 

that concentrate specific collections of molecules without an encapsulating membrane. 

Condensate formation has emerged as a fundamental mechanism for the organization of 

biomolecules within the nucleus and cytosol, and at membranes [1–4]. Many condensates 

behave as dynamic liquid, and appear to form through liquid-liquid phase separation (LLPS) 

driven by weak, multivalent interactions between macromolecules. There are numerous 

manifestations of this multivalency, including arrays of modular protein domains [5–10], 

distributed weakly adhesive motifs in intrinsically disordered regions (IDRs) of proteins 

[11–16], and repetitive base-pairing elements in RNA and DNA [17,18]. Recent reviews 

have focused on how these features of biomolecules drive LLPS, enable regulation of the 

process, dictate condensate material properties, and potentially give rise to new biochemical 

and cellular functions [1–4]. Here we will discuss current models and data regarding a less 

well-understood aspect of biomolecular condensates—their compositions. That is, for any 
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given condensate, which molecules are concentrated within the structure and which are 

depleted (and to what quantitative degree for both), what physical factors determine 

concentration/depletion, and how can the collection of molecules be regulated? Such 

information is essential to understanding condensates as biochemical entities and ultimately 

discerning their cellular and organismic functions.

Models for compositional control of condensates

Individual condensates can contain hundreds of distinct molecular components. For 

example, PML bodies can contain over 200 unique proteins [19], the nucleolus can contain 

over 4500 unique proteins [20], and stress granules can contain over 100 proteins as well as 

over 1,000 RNA transcripts [21–24]. Some of these components are unique to a specific 

condensate, but others can be shared between different types, particularly among the various 

RNA-containing structures [18,23–26]. Composition can vary dramatically under different 

cellular conditions [23,24,26,27] and can rapidly change in response to signals [24,28]. Even 

in the absence of stimuli, most (but not all) residents rapidly exchange between the 

condensate and the surrounding cytoplasm or nucleoplasm [14,29–32].

Where studied, only a few residents are typically necessary to form the condensate. Deletion 

or depletion of these molecules decreases the size and/or number of the structures in a cell, 

and sometimes overexpression has the opposite effect [33–36]. We refer to these elements as 

scaffolds (For reference, see the black and yellow nucleic acids and the gray proteins with 

black disordered tails bound to nucleic acids in the schematic in Figure 1). An example of a 

scaffold is PML; knocking out PML abolishes PML nuclear body formation [34,37] while 

increasing PML expression results in an increased number of PML nuclear bodies [38]. 

Other condensate residents are concentrated within the structure, often by direct interactions 

with scaffolds, but are not required for condensate formation. We refer to these elements as 

clients (For reference, see the colored nucleic acids and proteins that bind to the nucleic 

acid / protein scaffold in Figure 1). Examples of clients include PML nuclear body proteins 

Sp100 and BLM; knocking out either protein does not ablate PML nuclear body formation 

[34,39]. Since there are few scaffolds and generally many more clients, scaffolds should be 

present at a higher concentration than clients within condensates. In this context, the 

question of compositional specificity becomes one of understanding, for a given set of 

scaffolds, what clients are recruited and to what degree. In the engineered model 

condensates described below, the distinction between scaffold and client was stark, by 

design. But in natural condensates, the distinction between scaffold and client may be 

blurred for some molecules and could vary with cellular conditions. Nevertheless, the 

scaffold-client distinction is useful in considering condensate composition.

Modular domains

Using a two scaffold model system, Banani and colleagues [40] combined biochemical and 

cellular experiments with computational modeling to provide an initial conceptual 

framework to explain how specific clients can be recruited to phase separated droplets 

generated by modular protein domain interactions. The biochemistry was based largely on 

engineered scaffolds composed of multiple repeats (5-10) of modular binding domains, 
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which underwent LLPS when mixed with complementary scaffolds composed of repeated 

(5-10) interaction motifs. The resulting condensates then recruited clients containing a lower 

valency (1-3 repeats) of the same domains or motifs.

Several systems were examined: small ubiquitin like modifier (SUMO) domains binding to 

SUMO interacting motifs (SIMs); Src Homology (SH) 3 domains binding to proline rich 

motifs (PRMs); and RNA recognition motif (RRM) domains binding to the RNA element, 

UCUCU. In all cases, when the total solution concentration of the first scaffold exceeded 

that of the second, the resulting condensates recruited only clients that would bind the first 

(e.g. when polySUMO > polySIM, droplets recruited only SIM-containing clients). When 

the scaffold concentrations were reversed, the opposite client was recruited. Thus, clients 

partition into condensates only when their cognate scaffold is present in stoichiometric 

excess. Mathematical modeling based on simple mass action showed that this result is less 

obvious than it might seem at first, since it required concentration of both scaffolds into the 

droplets to equal degrees. If the two scaffolds are concentrated to slightly different degrees, 

the model predicted client partitioning to show non-intuitive behavior in some regions of the 

phase diagram (e.g. extremely high client partitioning near stoichiometric equality of the 

scaffolds), as was observed experimentally. In addition to scaffold ratio, the valency of the 

clients also dictated their recruitment. Higher valency of SIM or SUMO in clients increased 

their recruitment into polySUMO-polySIM droplets, likely due to avidity effects producing 

higher affinity. In general, mass action would predict that clients with a higher affinity for 

scaffolds should be recruited into droplets to a greater degree.

A final aspect of the framework is that molecules that bind to the scaffolds through regions 

that are not involved in scaffold-scaffold contacts (e.g. at other discrete binding sites or 

through non-specific interactions) should be recruited similarly across the entire phase 

diagram without regard for scaffold ratio. The combination of relevant parameters—scaffold 

ratio, client valency, client affinity, interactions with different domains, and non-specific 

interactions—provides a rich space of compositions achievable for a condensate generated 

by a modest number of scaffolds. As described below, this framework was borne out in 

studies of mammalian PML nuclear bodies and yeast P-bodies.

Intrinsically Disordered Regions

Like multivalent modular domains, protein IDRs can act as scaffolds to generate 

condensates and/or specify client recruitment. Many groups have shown that IDRs of some 

RNA binding proteins can undergo phase separation at high concentrations or when mixed 

with scaffold RNA [11,14,16,41,42]; whether this is a general principle that applies to the 

IDRs of all RNA binding proteins has not been determined. A variety of sidechain 

interaction types can promote IDR phase separation, including pi-pi (e.g. aromatic-

aromatic), cation-pi (e.g. arginine-aromatic), polar-polar (e.g. poly-glutamine) and charge-

charge [43,44]. Amyloid-like β-strand interactions of the polypeptide backbone also play 

important roles [41,45,46]. Additionally, other IDRs contain specific multivalent binding 

sequences, such as RGG motifs on Fus and Ews that bind Tudor domains when methylated 

on arginines [47]. Together, these interactions provide the weak, distributed adhesions 

necessary to promote phase separation of IDRs. The properties of an IDR scaffold that cause 
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it to recruit specific clients should be related to those promoting phase separation, but have 

been less well studied. As in the modular domain systems described above, the valency of 

interaction motifs in IDRs appears to play an important role in client recruitment. For 

example, Kato and colleagues demonstrated that the N-terminal low complexity IDR of FUS 

forms hydrogels through a series of tyrosine motifs that promote formation of amyloid-like 

fibers [41]. The authors examined the rate of client loss from hydrogels following 

replacement of the surrounding buffer to learn how the number of tyrosine residues in the 

FUS IDR affected its retention by hydrogel. They observed that the half-life of FUS IDRs 

was correlated with the number of tyrosine residues in the IDR; IDRs that contained a full 

compliment of tyrosine residues (fraction of mutated tyrosine residues = 0 / 27) were not 

depleted following buffer replacement, IDRs in which 5 tyrosines (5 / 27) were mutated to 

serine had a halflife of ~16 s, IDRs in which 9 tyrosines (9 / 27) were mutated to serine had 

a half-life of ~9 s, IDRs in which 15 tyrosines (15 / 27) were mutated to serine had a half-

life of ~7 s, and IDRs in which all tyrosines (27 / 27) were mutated to serine had a half-life 

of ~3 s. Similar observations were made in cells, where the number of tyrosines in the N-

terminal IDR of a panel of FUS mutants correlated with recruitment of the proteins into 

stress granules; mutants with 27 or 22 tyrosines (0 / 27 or 5 / 27, respectively) partitioned 

efficiently, a mutant with 18 tyrosines (9 / 27) moderately partitioned, and those containing 

12 or 0 tyrosines (15 / 27 or 27 / 27, respectively) did not measurably partition.

However, other experiments by Kato and colleagues demonstrated that the recruitment of 

IDRs into condensates is not simply determined by the number of tyrosine residues within a 

given client. Using hydrogel depletion assays to test whether hydrogels differentially retain 

client IDRs derived from other RNA binding proteins, they reported that the clients RBM3 

and hnRNPA2 had half-lives in FUS hydrogels >10 s, CPEB2 and Tia1 had half-lives ~5 s, 

and hnRNPA1 had half-life <5 s. It is difficult to rationalize these retention times based 

simply on interactions between client tyrosine motifs and those of the FUS scaffold, as 

RMB3, hnRNPA2, and hnRNPA1 IDRs are tyrosine-rich while CPEB2 and Tia1 IDRs are 

composed of polyQ elements. Thus, straightfoward correlations of like-recruits-like may be 

more difficult to make when comparing between different proteins.

Lin and colleagues performed similar experiments to examine how adding the FUS N-

terminal low complexity sequence to a modular, multivalent scaffold could affect 

recruitment of client IDRs to condensates [11]. Polypyrimidine tract-binding protein (PTB) 

contains four RNA recognition motifs (RRMs) and forms liquid droplets when mixed with 

RNA containing five RRM binding elements in vitro. Fusing the FUS IDR to PTB (PTB-

FUS) enhanced the recruitment of certain client IDRs into these protein-RNA droplets. 

Recruitment of FUS and Tia1 IDRs was appreciably enhanced (approximately 2-fold), 

recruitment of the Lsm4 IDR was slightly enhanced (approximately 1.1-fold) and 

recruitment of the Pub1 and eIF4GII IDRs was unchanged. As in the FUS hydrogel 

recruitment above, the differences here do not simply reflect like-recruiting-like, as the FUS 

and eIF4GII IDRs are tyrosine-rich, Lsm4 is asparagine-rich, while the Tia1 and Pub1 IDRs 

are glutamine-rich. The differences in recruitment pattern enhancement may be related to the 

pI of each IDR. The theoretical pI of the Fus and Tia1 IDRs is 4.7 and 5.8, respectively, 

while the theoretical pIs of Lsm4 IDR, Pub1 IDR, and eIF4GII IDR range from 9.6 to 11.5. 

Thus the enhanced recruitment does appear to favor acidic clients, although this is not 
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straightforward to reconcile with the acidic nature of the FUS IDR in the FUS-PTB scaffold. 

Together, these data suggest that IDR scaffolds can differentially recruit IDR clients, 

although the relationship between scaffold sequence, or amino acid composition, and client 

sequence/composition remains to be understood.

Some work has been done to understand the recruitment of nucleic acids into IDR-based 

condensates. Ddx4, a scaffold found in nuage and germ granules, contains disordered 

regions that are composed of alternating positively and negatively charged groups of 

residues as well as cation-pi interactions between arginine and phenylalanine residues. 

Interactions between these charge blocks promote LLPS of Ddx4 [12]. The Ddx4 droplets 

recruit ssDNA while excluding dsDNA, an effect the authors suggest may arise from pairing 

of arginine sidechains with the bases of flexible single-stranded polynucleotides [12]. In 

work to further investigate nucleic acid partitioning into Ddx4 condensates, Nott and 

colleagues observed that short, stem-loop structured RNA and DNA, as well as unstructured 

RNA and ssDNA, strongly partitioned into Ddx4 condensates while rigid dsDNA, dsRNA, 

and hybrid dsRNA/dsDNA oligonucleotides of longer than 20 bases were excluded [48]. 

They suggest that the interior of the Ddx4 condensates may act like an organic solvent that 

could destabilize and melt short dsDNA into ssDNA that could be stabilized by arginine – 

nucleotide interactions. The authors also posit that shorter, more compact nucleic acid 

structures are preferred over longer, rigid structures because smaller nucleic acids do not 

disrupt the structure of the condensate.

Despite a variety of data indicating that IDRs can promote phase separation in vitro and in 

cells, it was recently shown that phase separation of several IDRs can be inhibited by non-

specific competitors such as BSA, lysozyme, and RNaseA in vitro [49]. These agents 

decrease the concentration of IDR within the droplet phase and also increase the critical 

threshold for droplet formation. Such observations suggest that the weak, non-specific 

interactions that promote LLPS of IDRs may be particularly susceptible to non-specific 

competition, and thus that IDRs may not strongly contribute to condensate composition in 
vivo, where competitors are abundant. Consistent with this idea, the IDR fragments of Lsm4, 

Dhh1, Pop2 and Ccr4 were not strongly recruited into yeast P-bodies, and only Pop2 showed 

a substantial decrease in recruitment when its IDR was deleted [49]. Note, however, that this 

study did not quantify protein concentrations in P-bodies, only the fraction of P-bodies that 

contained the proteins above an arbitrary threshold intensity. So it remains possible that 

deletion of the IDRs did decrease the strength of recruitment into P-bodies. Thus, although 

IDRs can contribute to recruitment specificity into phase separated structures in vitro, it is 

unclear how strongly they affect compositional specificity relative to modular domain 

interactions in vivo. Nevertheless, IDRs are clearly important to condensates, since some 

IDRs do phase separate to form novel structures in cells [12,48,50], and both in vitro and in 
vivo data have shown that when IDRs are fused to modular domains that drive LLPS 

through more specific interactions, the IDRs act cooperatively with the modular domains to 

promote phase separation in the presence of competitors [49,51].
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RNA-based compositional control

While RNAs are important scaffolds and clients in many condensates, little was known until 

recently about how RNA might regulate the specific molecular composition of condensates. 

Langdon and colleagues [18] recently observed that secondary structure controls 

complimentary base pairing in mRNA molecules and dictates the specificity of RNA 

incorporation into condensates in vitro and in vivo. This study provides a framework for 

understanding how RNA-RNA interactions can specifically modulate condensate 

composition.

Whi3 is a Poly-Q containing RNA binding protein that forms RNA-containing liquid-like 

condensates in fungal cells. Both RNA and Whi3 act as scaffolds and are required for proper 

condensate formation in vivo [42,52]. However, Whi3 can assemble into spatially and 

compositionally distinct condensates within the same cell. Polarity Whi3 condensates 

located at cell tips contain BNI1 and SPA2 mRNA transcripts, while perinuclear Whi3 

condensates lack BNI1 and SPA2 but contain CLN3 mRNA transcripts that regulate cell 

cycle progression. In addition to having distinct molecular identities, these two distinct Whi3 

condensates also have different biophysical properties in vivo. Polarity condensates are more 

dynamic, less viscous, and have a higher protein to RNA ratio than perinuclear condensates 

[42].

To determine how the same protein scaffold (Whi3) could form distinct condensates with 

different RNA scaffolds (SPA2 versus CLN3), Langdon et al. reconstituted Whi3 

condensates in vitro. Droplets were formed with BNI1 and Whi3, and then SPA2 or CLN3 
mRNA was added to solution. While SPA2 was rapidly incorporated into BNI1 droplets, 

CLN3 was not recruited to BNI1 droplets. Rather, CLN3 competed Whi3 away from BNI1 
to form a distinct class of droplets, reducing the number and size of BNI1 droplets. In the 

absence of Whi3, the mRNA transcripts were able to phase separate in the presence of 

spermine, analogous to recent observations with RNAs generated in nucleotide-repeat 

expansion diseases [17]. Moreover, they showed a similar pattern of self-organization as the 

Whi3-containing droplets: CLN3 only localized with itself, while SPA2 and BNI1 
colocalized in the same gel-like condensates. Thus, intermolecular RNA-RNA interactions 

were sufficient to sort mRNA into distinct phase separated compartments. Finally, using 

several different perturbations Langdon and colleagues showed that secondary structure was 

the key feature that determined whether RNA transcripts would interact and coassemble in 

Whi3 droplets, since disruption of secondary structure eliminated segregation of CLN3 from 

BNI1. Thus, RNA secondary structure plays a critical role in determining the specific 

molecular composition of RNA-containing condensates. An interesting inference from this 

work is that the inability of Whi3-RNA interactions to recruit both CLN3 and BNI1 (which 

both contain Whi3-binding elements) into both droplet classes suggests that RNA oligomers/

aggregates may be kinetically trapped in the droplets in which they initially assemble 

(otherwise free RNA binding sites on the Whi3 in one class of droplet should be able to 

recruit at least some of the other RNA). Such non-equilibrium behavior could play an 

important role in cells, where local transcription and oligomerization of certain founder 

RNAs could produce specific structures, whose identities are defined by those RNAs and 

maintained by their extremely slow kinetics of dissociation.
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A unified model of condensate composition

Figure 1A shows a model that brings together our current understanding of how interactions 

of modular domain, IDRs and RNA molecules may promote formation of an RNA and 

protein containing condensate and define its composition. The figure shows a model 

condensate formed from a protein scaffold with multivalent RNA binding domains (RBDs) 

linked to an IDR and an RNA scaffold with multiple RBD recognition elements and specific 

secondary structure elements. The protein and RNA scaffolds interact through specific 

protein:RNA interactions (and also through potentially less specific IDR:RNA interactions, 

not shown in the figure). The protein scaffolds can also further interact through their IDRs. 

Thus, both modular domain interactions and IDRs contribute to phase separation. The 

resulting condensate can recruit client proteins or client RNAs depending on the specific 

molecular features of the clients. Client RNA with compatible sequence and secondary 

structure partitions into the condensate by complementary base pairing with scaffold RNA, 

while RNA lacking the compatible sequence and secondary structure does not. Some 

RNA:RNA interactions may be kinetically trapped, keeping the system out of equilibrium. 

RNA clients can also be recruited via multivalent interactions with the protein scaffold. 

Several molecular features promote client protein partitioning into the condensates. Client 

proteins with higher RBD valency partition more than monovalent clients due to increased 

interactions with the RNA scaffold. Client proteins that contain an IDR with certain 

sequence or charge features will preferentially partition over client proteins with IDRs 

lacking these sequence features. The effects of modular binding domains and IDRs on client 

recruitment are cooperative, such that clients containing both multivalent RBDs and a 

compatible IDR will most strongly partition to the condensate. Neither monovalent RNA-

binding domains, nor incompatible IDRs partition strongly into the model condensate. 

Composition can be tuned by modifying either scaffolds or clients (Figure 2). Combined, 

these models can serve as a conceptual framework to understand how the composition of 

biomolecular condensates is defined and can be dynamically regulated (see below).

Dynamic regulation of condensate composition

Recent studies that used either model engineered systems or specific cellular examples have 

suggested several mechanisms by which condensate composition can be dynamically 

altered. Some of these hinge on dynamic regulation of scaffold or client valency through 

changes in post-translational modifications that mediate scaffold-client interactions. For 

example, Banani and colleagues [40] showed that a multivalent scaffold composed of both 

SUMO and SIM modules, with the former in excess, will recruit SIM-containing clients, but 

not SUMO-containing clients. However, after removal of some SUMO modules by addition 

of the deSUMOylating enzyme ULP-1, the SUMO:SIM ratio in the scaffold is inverted, and 

SIM-containing clients leave the condensate while SUMO-containing clients are recruited to 

it (Figure 2B). Thus, by altering the relative valency, post-translational modification of 

multivalent scaffolds can reverse client composition, a behavior that should be general for 

condensates based on molecular interactions with post-translational modifications. In such 

systems, addition or loss of post-translational modifications from clients should also increase 

or decrease their partitioning, respectively, in dynamic fashion.
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The post-translational modification of IDRs can also modulate condensate composition 

through changing chemical properties and interactions of the polypeptide chain. For 

example, phosphorylation can decrease self-association of IDRs [53,54], causing dissolution 

of IDR-based condensates [46,53,54] and/or release of IDRs from condensates [45]. 

Similarly, arginine methylation of the IDR of Ddx4 [12] and Fus [55] can also attenuate 

condensate formation.

Finally, the work of Langdon and colleagues suggests additional RNA-based mechanisms of 

regulation. These authors show that RNA secondary structure can be regulated by protein 

binding. For example, when Whi3 binds to CLN3, the transcript extends. Whi3 binding to 

BLN1 increases the conformational dynamics of the RNA. These changes could in turn 

influence recruitment of additional RNAs or proteins, altering condensate composition and 

function [18].

Compositions of natural condensates

In the sections below we describe our current understanding of the composition of 

representative condensates—PML nuclear bodies, P-bodies, stress granules, the nucleolus, 

and two-dimensional membrane localized LAT and nephrin clusters—through the lens of the 

models above.

PML Nuclear Bodies

The Promyelocytic leukemia protein (PML) forms biomolecular condensates termed PML 

nuclear bodies (PML NBs) in the nuclei of mammalian cells. As described earlier, PML is 

the only protein known to be required to form PML NBs [34]. PML is a member of the 

tripartite motif (TRIM) family of proteins, and as such contains an N-terminal Ring domain, 

two B-box domains and a coiled-coil region. There are numerous isoforms of PML, which 

are distinguished by distinct C-terminal elements. PML condensate formation is driven by 

PML:PML interactions involving at least the first B-box domain [56] and the coiled-coil 

domain [57], PML is also SUMOylated at three main positions and several minor sites 

[58,59]. These modifications, as well as a C-terminal SIM element found in most isoforms, 

contribute to the formation and ultrastructure of the bodies [60,61]. Approximately 200 PML 

NB client proteins have been reported [19] and body composition changes under different 

conditions [28,62,63]. Posttranslational modification of both the PML scaffold and clients 

can regulate client recruitment to PML NBs. SUMOylation of PML is essential for 

recruitment of numerous cellular SIM-containing clients including Daxx, Sp100, HIPK2, 

BLM, and IKKε [28,34,64,65]. Similarly, engineered clients composed of repeated SIMs 

localize to PML NBs formed by wild-type PML but not to bodies formed by a mutant PML 

that cannot be SUMOylated. Thus, the SUMOylation of the PML scaffold promotes the 

recruitment of clients containing SIMs. Interestingly, engineered clients composed of 

repeated SUMO domains do not localize to PML NBs formed by wild-type PML, but do 

localize to bodies generated by a mutant PML lacking the three main SUMOylation sites 

[40]. The combined data suggest that wild type PML NBs lie on the SUMO-excess side of 

the SUMO-SIM phase diagram and that mutation of the main SUMOylation sites in PML 

moves the bodies to the SIM-excess side, inverting their recruitment profile. 

Ditlev et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2019 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Posttranslational modification of client SIMs can increase SIM affinity for SUMO [66,67]. 

For instance, phosphorylation of the Daxx SIM increases its affinity for SUMO-1 [66] and, 

presumably, SUMOylated PML. Together, these data illustrate how SUMOylation of PML 

and SUMOylation or phosphorylation of clients can regulate the composition of PML NBs 

through modulating scaffold-client interactions.

The composition of PML NBs changes as cells progress through the cell cycle or 

differentiate [62,63,68]. Dellaire and colleagues [62] investigated the cell-cycle dependent 

recruitment of two PML NB clients, Sp100 and Daxx. During G1 phase, most PML NBs are 

enriched with both Sp100 and Daxx. During metaphase, both Sp100 and Daxx rapidly 

disperse from PML NBs so that by the time cells enters prometaphase, very few PML NBs 

contain Sp100 or Daxx. SUMO-1 levels within PML NBs also decrease during 

prometaphase, indicating that PML is actively deSUMOylated as the cell moves from 

prophase to prometaphase. Thus, as a cell progresses through the cell cycle, the 

SUMOylation state of the PML scaffold is altered and this may modulate scaffold:client 

interactions. While the scope of this study was limited to only two clients during the cell 

cycle, it may provide a lens to understand how the overall composition of PML NBs is either 

maintained or altered at any given time.

Much work needs to be done to fully understand how the composition of PML NBs is 

regulated. For instance, although engineered polySUMO clients do not strongly partition 

into interphase PML NBs [40], all three SUMO isoforms are highly concentrated in the 

structures [57]. Does this SUMO consist of long polySUMO chains attached to PML, as has 

been suggested [57,60,69,70], or if not, what are the SUMOylated clients and how do they 

concentrate in the bodies while an engineered polySUMO client does not? What clients 

remain in PML NBs during mitosis, when many SIM-containing clients depart? How are the 

activities of SUMO ligases and SUMO proteases, which SUMOylate and deSUMOylate 

targets respectively and are both concentrated within PML NBs [71,72], balanced 

dynamically to control the SUMOylation status of PML and other components of the 

bodies? Although the biochemical functions of PML NBs remain unclear, changes in 

composition during the cell cycle could alter such functions. Future work to address these 

questions will likely reveal additional levels of PML body compositional control and 

promote additional studies to understand how other modifications, such as phosphorylation, 

acetylation, and ubiquitinylation [73] also regulate PML body dynamics and composition.

P-bodies

P-bodies (short for “processing bodies”) are RNP granules found in the cytoplasm of 

eukaryotic cells that concentrate translationally repressed mRNA and mRNA processing 

enzymes (see review [74]). P-bodies serve as sites of both RNA degradation and RNA 

storage, and thus are thought to have an important role in regulating translation [75]. 

Inhibiting translation initiation with cycloheximide inhibits P-body formation, and treating 

partially purified P-bodies with RNAase is sufficient to dissolve them [76]. Thus, mRNA is 

an important scaffold in P-bodies. Genetic screens to identify the protein scaffolds of yeast 

P-bodies have shown that among the numerous residents of P-bodies (see below) only 

deletion of Edc3, Dcp2, Dhh1, Pat1 or Lsm4 causes substantial decreases in P-body size, 
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number, and client recruitment [35,36,51]. In addition to Dhh1, Lsm1, and Lsm4, GW182, a 

protein not found in yeast, was identified in an RNAi screen for proteins required to form P-

bodies in human U20S cells [77]. There appears to be redundancy between the protein 

scaffolds, since loss of a single scaffold does not completely abolish P-body formation, but 

reduces their number and size [35]. The deletion of multiple scaffolds, such as Edc3 and 

Lsm4, abolishes P-body formation in yeast (i.e. no condensates containing Dcp1 or Dhh1 

are observed), but even this can be rescued by overexpressing additional proteins with 

multivalent protein and RNA binding domains, including Psp2, Pby1, and Dhh1 [36]. Recent 

in vitro reconstitutions have also provided evidence for the importance of multivalent protein 

and RNA scaffolds in P-bodies [6]. Minimal LLPS droplets can be formed in vitro with 

Edc3, Dcp1, and Dcp2, but adding either the multivalent protein Pdc1 or RNA with a length 

of greater than 30 nucleotides greatly reduces the critical concentration for phase separation 

[78]. Thus, although P-body scaffolds are redundant, multivalent interactions between 

protein scaffolds and RNAs are essential for P-body assembly [36].

In addition to these scaffolds, there are numerous protein clients that localize to P-bodies. 

While previous studies have identified dozens of P-body components including Lsm1-7, 

Xrn1, and Pop2 [51], recent proteomics studies provide a more comprehensive list of P body 

components [24,79]. In one study, P-bodies were purified from human epithelial cells 

(HEK293T) using a method involving cell disruption followed by isolation of GFP-Lsm14a-

labeled particles with a novel flow cytometry approach [79]. Mass spectrometry analysis of 

the collected particles revealed 125 proteins enriched in Lsm14a-labeled particles including 

translation repression and mRNA decay factors (4E-T, LSM14A, LSM14B, and IGF2BP2), 

components of the miRNA pathway (AGO1, AGO2, MOV10, and ZCCHC3), decapping 

complex components (DCP1A, DCP1B, DCP2, and EDC4), nonsense-mediated mRNA 

decay factors (UPF1 and SMG7), and, unexpectedly, myosin motors (MYO1C, MYO6, and 

MYH10). In another study, proximity-dependent biotinylation (BioID) was performed to 

label P-body components in human epithelial cells (HEK293T) using either BirA*-PatL1 or 

BirA*-Dcp2a as baits. Biotinylated proteins were immunoprecipitated and identified with 

mass spectrometry. Over 100 proteins were identified, including many proteins involved in 

mRNA decapping (DCP1A, DCP1B, PNRC1, EDC3, and EDC4), components of the 

miRNA pathway (AGO1, AGO2, AGO3, TRNC6A, and ZCCHC3), nonsense-mediated 

mRNA decay factors (SMG5 and SMG7), and, unexpectedly, proteins involved in COP-II 

vesicle budding (SEC16A, SEC23B, SEC24B) and mitotic spindle organization (CEP192 

and WDR62). Both proteomics studies found that P-bodies only share 10-25% of their 

components with stress granules, suggesting that the two condensates are compositionally 

and functionally distinct [24,79].

Only seven proteins (Ago1, Ago2, Dcp1b, Ddx6, Edc4, EIF4ENIF1, and SMG7) were 

identified in all 3 proteomics screens (i.e. isolation of Lsm14a particles, and BioID with 

PatL1 and Dcp2). These proteins are likely constitutive components of mammalian P-bodies, 

and all of them are capable of binding RNA. 21 proteins were identified in 2 or more 

screens, while over 100 proteins were only identified in a single screen. However, all screens 

returned some subset of proteins involved in mRNA decapping, miRNA processing, and 

nonsense-mediated mRNA decay.
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The discrepancy between the mass spectrometry results could be due to the different 

techniques or bait proteins used. Partial purification of P-bodies likely introduces some 

artifacts, similar to artifacts observed during partial purification of stress granules [22]. In 

cells, P-bodies are liquid-like and many components rapidly exchange with the cytoplasm. 

By isolating P-bodies from the cytoplasm, many of the dynamic components are likely lost, 

resulting in a bias towards purification of more solid-like particles. Therefore, this approach 

is more likely to identify components that reside stably in the P-body. In contrast, proximity-

dependent biotinylation is excellent for identifying the more dynamic components of P-

bodies. However, with this approach, it is more difficult to differentiate between interactions 

that specifically occur in P-bodies from those that occur in the cytoplasm. Furthermore, 

BirA*-PatL1 and BirA*-Dcp2a shared less than 40% of interacting components, suggesting 

that no one bait is sufficient to identify the complete P-body interactome with BioID.

While RNA is required for P-body formation, it is unclear which mRNA transcripts act as 

scaffolds and which act as clients, or whether there is a clear distinction for these in P-

bodies. Several studies have demonstrated that P-bodies are enriched with translationally 

repressed mRNA [76,79]. Transcriptomic analysis of the Lsm14a-labeled, partially purified 

P-bodies identified thousands of mRNA transcripts in P-bodies [79]. While 89% of P-body 

enriched transcripts are protein-coding RNAs, they are poorly translated and exhibit very 

heterogeneous Poly(A) tail length, two characteristics of translationally repressed mRNA. P-

bodies are enriched with mRNA transcripts that encode regulatory processes, such as 

chromatin remodeling, RNA processing, cell division, and morphogenesis, but are generally 

lacking in mRNA transcripts encoding housekeeping functions, such as histones, translation 

machinery, and catabolic and metabolic pathways. Furthermore, transcripts for protein 

complexes, such as the cohesion complex, are enriched together. The authors speculate that 

regulatory mRNA transcripts are temporarily stored in P-bodies to repress translation, and 

that release of transcripts from P-bodies allows for posttranscriptional regulation of protein 

expression. However, this model remains to be experimentally tested.

Since P-bodies are enriched with specific classes of mRNA, the targeting of mRNAs to P-

bodies must be a carefully regulated process. However, the mechanisms that regulate mRNA 

localization to P-bodies remain poorly understood. The RNA-targets of P-body enriched 

RNA binding proteins were significantly enriched in P-bodies [79], suggesting that RNA-

protein interactions regulate RNA composition. However, it is likely more complicated than 

RNA binding proteins simply recognizing the primary sequence on mRNA transcripts. For 

example, mRNAs bound to Ago2 in their UTR were enriched in P-bodies, while those 

bound to Ago2 in their coding sequence were not enriched in P-bodies [79]. As described 

above, RNA-RNA interactions, RNA sequence, and secondary structure can determine the 

ability of RNAs to phase separate and partition into RNP condensates [17,18]. Thus, many 

features of RNA, including sequence, length, and secondary structure could influence the 

propensity for transcripts to partition into P-bodies. Since P-bodies are also enriched with 

mRNA helicases, such as UPF1 and DDX6, RNA secondary structure or length is likely 

actively changed within the P-bodies [79]. Consistent with the idea of active RNA 

processing within condensates, RNAs that form static, solid-like structures in vitro are able 

to form dynamic, liquid droplets in vivo, whose dynamic properties depend on cellular ATP 

levels [17].
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While recent proteomics and transcriptomics studies have contributed to a more complete 

understanding of P-body composition, it remains poorly understood how this composition is 

regulated. P-bodies disassemble during mitosis, reform after cytokinsesis, and then increase 

in number and size during S phase [80]. However, it is not known how P-body composition 

might change throughout the cell cycle. During stress, P-body size and number increase and 

their composition changes [24,77]. For example, P-bodies become enriched with 

ubiquitination-related proteins under arsenite stress [24]. However, specific mechanisms that 

regulate client recruitment under these different conditions are currently unknown.

Stress Granules

Stress granules are cytoplasmic RNP granules that form in response to diverse cellular 

stresses including heat shock, hypoxia, starvation, and viral infection (see [81] for an in 

depth review). Stress granule formation is required for cellular survival during stress [82–

84], although how stress granules specifically promote cell survival is not completely 

understood. Recent proteomics studies reveal that stress granule composition changes under 

different stresses (as discussed below), suggesting that stress granule composition and 

function is tuned depending on the specific cellular stress [23,24]. Yeast stress granules are 

more solid-like than the liquid-like yeast P bodies, while both mammalian stress granules 

and mammalian P bodies behave like liquid droplets [85]. Mammalian stress granules are 

composed of a stable, solid-like core surrounded by a dynamic, liquid-like shell [22]. ATP is 

required to maintain the liquid-like properties of the shell, suggesting that the localization of 

ATPases, such as RNA helicases, to stress granules could promote the turnover of 

components [22]. However, the drop in cytoplasmic pH that occurs when ATP is depleted in 

yeast might also explain these observations [86]. ATP depletion rapidly acidifies the cell, 

which causes the cytoplasm to solidify and reduces protein mobility [86].

Like P-bodies, stress granules are organized around both protein and RNA scaffolds. Non-

translating mRNAs are thought to be an important scaffold for stress granule formation, 

since stress granules contain Poly(A) binding protein (PABP), stain positive for Poly(A) 

mRNA, and form when translation initiation is inhibited [87,88]. Transcriptomics of purified 

cores found that mRNA make up over 80% of the RNA in stress granules and suggests that 

mRNAs with longer coding regions and 3’ UTRs are more likely to localize to stress 

granules [21], In addition to mRNA, stress granules also require different protein scaffolds 

depending on the type of stress. Phosphorylated eukaryotic initiation factor (elF)2a is 

required for mammalian stress granules to form in response to arsenite [89], since cells fail 

to form elF3/TIAR/G3BP positive foci when the WT elF2a allele is replaced with a non-

phosphorylatable mutant. Additionally, deleting either UBAP2L or CSDE1 with CRISPR/

CAS9 significantly reduced the number of G3BP foci formed during arsenite stress [24]. 

Deletion, truncation, or cleavage of G3BP prevents stress granule formation during arsenite 

stress [90] and viral infection [91], but not during osmotic stress or heat shock [92]. Thus, 

like P-bodies, there appears to be some redundancy between the protein scaffolds required 

for stress granule formation. Previous cell biology and genetics studies have identified 

numerous stress granule clients including translation initiation factors, aa tRNA-synthases, 

and RNA binding proteins, such as TIA1, Fus, and Ews [89,93,94].
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Recent proteomics studies have contributed to a more complete understanding of stress 

granule composition [22–24]. The stable, stress granule cores of yeast and mammalian cells 

treated with arsenite were isolated and analyzed by mass spectrometry. Both yeast and 

mammalian stress granules were enriched with tRNA sythases, ribosome biogenesis factors, 

protein chaperones, and RNA/DNA helicases [22]. Proximity labeling approaches using 

G3BP1 as bait found that many G3BP1 interactions were stress independent [23,24], 

suggesting that many of the identified interactions were not specifically happening in the 

stress granule but also occurring in the unstressed cytoplasm. Stress granule proteins 

identified by proximity labeling include those involved in regulating RNA stability, 

translation initiation, viral translation, and RNA splicing [23,24]. However, as with P-body 

component analysis, proteomics results from purified stress granules versus proximity 

labeling are not expected to be exactly the same. Because stress granules are composed of a 

stable core and dynamic shell, many rapidly exchanging shell components will be lost 

during the purification process leaving stress granules that are enriched in only stable core 

proteins for mass spectrometry analysis. Proximity-labeling, on the other hand, does not 

distinguish between interactions that occur in stress granules from those that occur in the 

surrounding cytoplasm. Additionally, stress granule composition was found to vary between 

different cell types and different stresses, making direct comparisons between different 

proteomics studies difficult [23]. Furthermore, additional protein baits may be required to 

visualize the entire stress granule interactome with proximity labeling.

There is evidence that stress granule composition changes depending on the type of stress, 

suggesting that stress granule scaffolds and clients are stress specific [90,92,93,95,96]. For 

example, unlike yeast stress granules formed during glucose starvation, yeast stress granules 

formed in response to arsenite contain components associated with later stages of translation 

initiation such as eIF3, eIF4A/B, eIF5B and eIF1A [97]. Recent screens have begun to 

provide a more comprehensive view of these composition changes. Comparing stress 

granules formed with arsenite to those formed with heat shock revealed that 23% of 

components are stress specific [23]. Arsenite stress granules recruit additional proteins 

involved in translation initiation (EIF4G3, ABCF1, EIF3A), RNA splicing (DAZAP1), and 

RNA binding (Fus and SLBP), while heat shock stress granules recruit additional proteins 

involved in RNA silencing (DDX4 and EIF2C1) and RNA splicing (SF1). However, more 

comprehensive studies are required to understand how stress granule composition changes 

under other cellular stresses such as glucose starvation, hypoxia, and viral infection.

Although stress granule composition is known to be both cell type and stress dependent [23], 

the mechanisms that regulate client recruitment are not clear. Both yeast and mammalian 

stress granules are enriched with proteins that add or remove post-translational 

modifications, including kinases, phosphatases, E3 ligases, and methyl-transferases [22], and 

there is some evidence that stress granule composition can be regulated by changes in post-

translational modifications. For example, phosphorylation of G3BP impairs stress granule 

assembly [90], while O-Glc-NAc glycosylation of proteins enhances stress granule assembly 

[77]. The methylation of RGG motifs on RNA binding proteins, such as Fus and Ews, can 

recruit Tudor domain containing proteins, such as TDRD3, to stress granules [47]. NEDD8 

(neural precursor cell expressed developmentally downregulated protein 8) is a small 

ubiquitin-like protein that is covalently conjugated to Lys residues on protein substrates [98]. 
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Inhibiting NEDDylation prevents stress granule assembly in response to arsenite treatment, 

and NEDDylation of the stress granule component SRSF3 is required for its interaction with 

TIA1 but not G3BP1. Thus, NEDDylation could regulate specific protein-protein 

interactions at stress granules. Polymers of ADP-ribose are covalently attached to proteins in 

a process called PolyADP-ribosylation (PARylation). Poly(ADP-ribose) polymerases 

localize to stress granules, and Ago2, G3BP1 and TIA-1 are all PARylated on their RNA 

binding domains upon stress with pateamine A [99]. Whether this alters their ability to bind 

RNA is not clear.

There is also evidence that the post-translational modification of stress granule components 

can be regulated in a stress specific manner. For example, eIF4A2 is SUMOylated in 

response to arsenite and ionising radiation, but not in response to heat shock or 

hippuristanol, and elF4A2 SUMOylation correlates with its localization to stress granules 

(through a still unknown mechanism) [100]. Additionally, different elF2a kinases are 

required for mammalian cells to form G3BP1 foci when exposed to arsenite, heat shock, 

thapsigargin, or MG132 [101], suggesting that different signaling pathways are used to 

initiate stress granule formation in response to different stresses. While these are a few 

examples of how specific clients may be recruited to stress granules under certain 

conditions, we lack a comprehensive understanding of how stress granule composition is 

regulated. Understanding how stress granule composition changes in response to specific 

stresses is important and may even reveal general principles of how RNP granules are able to 

adjust their composition to meet cellular needs.

The Nucleolus

The nucleolus is an RNP condensate that self-organizes around tandemly repeated ribosomal 

DNA sequences in the nucleus and functions to guide ribosome biogenesis [20]. Nucleoili 

are composed of three distinct subregions: the fibrillar center (FC), the dense fibrillar 

components (DFCs), and the granular components (GCs). Each subregion of the nucleolus 

contains specific proteins that regulate subsequent stages of ribosomal RNA production, 

processing, and assembly [102]. RNA polymerase I localizes to repeated rDNA elements to 

initiate transcription of rRNA in the interior FC [103]. rRNA transcripts are spliced and 

modified by small nucleolar ribonucleoproteins (snoRNPs) within the middle DFC and then 

assembled into mature ribosomal subunits in the outer GC [104]. Processed ribosomal 

subunits exit the nucleolus and are assembled into the ribosome in the cytoplasm.

The nucleolus exhibits properties consistent with a condensate formed through LLPS 

[29,105–107]. Solubilized nucleoli components can re-assemble and self-organize into 

nucleolar-like structures in vitro [108]. Purified fibrillarin (FIB1), a component of the DFC, 

and nucleophosmin (NPM1), a component of the GC, can each undergo LLPS in vitro at 

physiologic concentrations when combined with physiologic concentrations of salt and 

ribosomal RNA (rRNA) [107,109]. However, FIB1 droplets and NPM1 droplets each exhibit 

distinct biophysical properties. Droplets of fluorescently-labeled FIB1 recover more slowly 

following photobleaching than those of fluorescently-labeled NPM1, similar to the dynamics 

of these proteins within Xenopus laevis nucleoli [107]. When combined in the same in vitro 

assay at appropriate relative concentrations, the two proteins form multilayered droplets. In 
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these, FIB1 is enriched in a central compartment and NPM1 is enriched in an outer layer, as 

in Xenopus laevis nucleoli. This organization arises from the different surface tensions of the 

two subcompartments [107]. Although the FC has not been reconstituted, neighboring FCs 

have been observed to undergo fusion during G1 phase, suggesting that the FC is a third 

liquid-like phase within the nucleolus [105]. Thus, within each nucleolus, the phase 

separated FC, DFC, and GC form from different components, are maintained by biophysical 

properties that emerge as a result of their ability to phase separate, and perform different 

functions in ribosome biogenesis [102].

Recently, potential nucleolar scaffolds have been identified, including both proteins and 

nucleic acids. The FC contains concentrated RNA polymerase I organized around repeated 

rDNA elements, similar to transcription condensates seen elsewhere in the nucleus 

[110,111]. Thus, rDNA may be a scaffold for the FC. rRNA and non-coding RNAs are likely 

nucleic acid scaffolds in the DFC and GC [112]. The nucleolus is enriched in RNA 

polymerase II-generated, non-coding RNAs that are rich in Alu elements [112]. Antisense-

oligo-mediated depletion of Alu-containing RNA or RNA polymerase II inhibition disrupts 

the nucleolus and inhibits rRNA transcription, suggesting that Alu-containing RNAs 

function as a scaffold within the nucleolus. In addition to nucleic acids, WDR46 and NPM1 

have been identified as potential protein scaffolds of the GC. WDR46 localizes to the GC 

subregion and contains an IDR that facilitates interactions with other IDR-containing 

proteins [113]. Knockdown of WDR46 to 40% of wild-type levels results in the mis-

localization of potential client proteins nucleolin and DDX21 from the GC to the outer 

surface of the nucleolus. Other binding partners, NOP2 and EBP2, localize to the GC 

regardless of WDR46 expression levels. NPM1 also localizes to the GC subregion and is 

composed of an N-terminal pentamerization domain, an amphiphilic IDR and a folded C-

terminal nucleic acid binding domain (NBD) [114]. The pentamerization domain and the 

IDR each contain acidic elements that bind to proteins containing arginine-rich motifs (R-

motifs) [109]. Deletion of NPM1 results in a disruption of nucleolar morphology and 

rearrangement of perinucleolar heterochromatin when compared with cells expressing 

NPM1. NPM1 also regulates the localization of viral [115], tumor suppressor [116], and 

ribosomal proteins [117] within the nucleolus. R-motifs within nucleolar proteins have been 

identified as nucleolus-targeting sequences, and NPM1 is likely the scaffold for these R-

motif clients [109,118,119]. Thus, WDR46 and NPM1 are two protein scaffolds localized 

within the GC that can recruit IDR-containing or R-motif-containing clients, respectively. 

More research is required to determine additional protein scaffolds within each of the 

nucleolar subregions. Each subregion could even contain redundant protein scaffolds, similar 

to P bodies and stress granules.

Early research into the composition of the nucleolus used quantitative mass spectrometry 

and quantitative western blotting to analyze isolated, intact nucleoli from cultured HeLa 

cells [120]. Real-time fluorescence microscopy corroborated mass spectrometry and western 

blot results. Through the combination of these techniques, the authors found that the 

inhibition of rRNA transcription causes some dead box helicases, such as DDX3X, DDX59, 

and DDX17, to accumulate in the nucleolus while other dead box helicases, such as DDX 

18, DDX51, and DDX54 disperse out of the nucleolus. rRNA processing proteins, such as 

Upt1 1, Upt1 4, and Upt7, and RNA Polymerase I also disperse from the nucleolus upon 

Ditlev et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2019 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibition of rRNA transcription. While mass spectrometry studies can provide a list of 

nucleolar components, they do not provide insight into subnucleolar localization of these 

proteins. Future studies should link specific proteins to specific subregions. For instance, 

RNA Pol I subunits localize to the FC, fibrillarin and other snoRNPs localize to the DFC, 

and NPM1 and WDR46 localize to the GC. Similar localization for other identified 

nucleolar proteins would improve compositional and functional understanding of the 

condensate.

Given that the nucleolus is a multi-layered condensate, each subregion likely contains 

distinct scaffolds and clients, and much work is required to understand how the composition 

of each subregion might be regulated through RNA processing or post-translational 

modification of proteins. The mass spectrometry experiments described above show that the 

nucleolus composition can fluctuate, but it is unknown how composition is regulated in vivo. 
In addition to ribosome biogenesis, the nucleolus is involved in cell-cycle control [121,122], 

genome stability [123], and the stress response [124,125], and it is unclear how the 

composition of each subregion regulates these processes. Infection of cells with virus also 

induces compositional changes in the nucleolus, however the mechanism by which these 

changes occur is not understood [126,127]. More work is required to understand how 

compositional changes in the nucleolus are regulated, whether each subregion is individually 

regulated or whether changes in one subregion lead to changes in all subregions, and how 

compositional changes alter nucleolar function.

Membrane Clusters

Many transmembrane receptors, including growth factor receptors, adhesion receptors, and 

immune receptors, form higher-order clusters that are essential for downstream signaling 

[128–130]. There is growing evidence that many of these clusters are membrane-associated 

condensates that form through LLPS. Currently, two analogous signaling systems have been 

shown to form membrane-associated condensates through LLPS [5,7,9]. Nephrin is a 

disordered transmembrane receptor that regulates cell-cell adhesion in podocyte cells of the 

kidney [131]. The protein Linker for the Activation of T cells (LAT) is a disordered 

transmembrane protein that regulates signaling in activated T cells [132]. Both Nephrin and 

LAT are phosphorylated on multiple tyrosine residues in response to upstream stimuli 

[133,134]. Their phosphorylated cytoplasmic tails then interact with collections of 

cytoplasmic, multivalent adaptor proteins containing SH2 domains, SH3 domains, and 

proline-rich motifs (PRMs). Multivalency in these molecules enables their assembly and 

concomitant phase separation, forming micron-scale signaling clusters on supported lipid 

bilayers (SLBs) in vitro and at the plasma membrane of cells [7,9]. The formation of these 

clusters is correlated with downstream signaling events such as actin polymerization and the 

phosphorylation of Erk [9]. Thus, it is important to understand how the composition of 

membrane-associated condensates is regulated to tune downstream signaling activities.

Phosphorylated nephrin will phase separate when combined with fellow scaffolds Nek and 

N-WASP [5,7]. Unlike nephrin clusters, LAT clusters have redundant scaffolds. 

Phosphorylated LAT will phase separate when mixed with Grb2 and Sos1, Gads and 

SLP-76, or combinations of these four scaffolds [9], Thus, the stoichiometry of Grb2, Gads, 
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Sos1, and SLP-76 potentially varies within any given LAT cluster. Whether the 

stoichiometry of the scaffolds within LAT clusters is regulated by local cellular conditions is 

unknown. In LAT clusters, unlike in nephrin clusters, Nek and WASP family proteins act as 

clients that are not required for phase separation but are recruited through phosphotyrosine 

sites on SLP-76, which bind Nck. Recruitment of Nck, N-WASP and Arp2/3 complex then 

promotes actin assembly at LAT clusters, likely in a manner similar to that observed at 

nephrin, Nck, and N-WASP clusters.

In addition to specific binding, electrostatic sorting of client proteins is another mechanism 

by which LAT condensates tune their composition. Following phase separation of the 

scaffolds LAT, Grb2, and Sos1 on supported lipid bilayers, engineered client proteins that 

are negatively charged, such as the intracellular domain of CD45, the native phosphatase for 

LAT, and engineered SNAP protein fused to polyglutamate, were excluded from clusters. 

Conversely, positively charged model clients, such as SNAP fused with polyarginine or 

modified GFP [135], are enriched within clusters [9]. In this system, the size of client 

proteins does not appear to be a factor controlling partitioning into condensates (at least up 

to ~106 kDa). Thus, while not yet examined in cells, electrostatic sorting is likely a 

significant mechanism by which cluster composition is regulated. It remains to be 

determined whether analogous charge effects play significant roles in defining the 

composition of three-dimensional condensates.

Recent work has demonstrated that in the nephrin and LAT systems, the composition of 

membrane-associated clusters has important influence on biochemical and cellular 

functions, respectively [136]. In both systems, clusters locally generate actin filaments 

through the adaptor protein Nck, its ligand N-WASP, and the Arp2/3 complex, which 

nucleates new actin filaments from the sides of existing mother filaments [137]. Moreover, 

LLPS increases the specific activity of molecules in the pathways toward the Arp2/3 

complex [9] (L.B. Case, M.K. Rosen, unpublished). The mechanism of this increase has 

recently been elucidated, and has novel implications for cluster composition (L.B. Case, 

M.K. Rosen, unpublished). Grb2 and Sos1 (in LAT clusters), and N-WASP (in nephrin 

clusters) all have both increased density and increased membrane dwell time within phase 

separated condensates on supported lipid bilayers in vitro [138] (L.B. Case, M.K. Rosen, 

unpublished). In nephrin clusters, the specific activity of N-WASP toward the Arp2/3 

complex positively correlates with the membrane dwell time of N-WASP, but is independent 

of N-WASP density. Thus, LLPS increases Arp2/3-dependent actin assembly by increasing 

the membrane dwell time of upstream signaling proteins. Theoretical analyses of the LAT-

Grb2-Sos1 pathway suggest that this effect is likely to be generally observed for signaling 

pathways that, like the Arp2/3 and Sos1 pathways, are slow, multi-step and driven out of 

equilibrium by irreversible steps [138]. Additionally, since membrane dwell time is strongly 

influenced by the multivalent connectivity within clusters, and connectivity is determined by 

the relative stoichiometry of the components, dwell time is controlled by stoichiometry. In 

turn, specific activity of the pathway is controlled by stoichiometry. Thus, the biochemical 

function of condensates is not only dependent on the types of molecules that they 

concentrate, but also on the stoichiometries of those components. This mechanism of 

regulating protein activity is unique to biomolecular condensates, which can form across a 
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range of component stoichiometries, unlike molecular machines, which assemble with 

specific compositions.

The composition of LAT clusters has significant consequences on the cell biology of T cell 

activation [132,139]. In Jurkat T cells, following engagement of the T cell receptor by an 

MHC-peptide complex on an antigen-presenting cell, LAT clusters form at the edge of the 

cell-cell junction, termed the immune synapse (IS; [140]). Over time, the LAT clusters 

migrate toward the center of the IS through the actions of cortical actomyosin. During this 

process the clusters traverse two distinct actin networks, a branched network at the periphery 

of the IS that moves in a radial direction, and a more central network of actin arcs that 

appear to move in a telescoping fashion with both radially and circularly directed 

components [141,142]. We recently showed that the composition of LAT clusters may 

control their interactions with and movement by these two actin networks [136]. Nck is 

enriched in LAT clusters when they are in the peripheral region of the IS. However, Nck 

dissipates as the clusters move across the boundary between the two distinct actin networks. 

Through in vitro biochemical reconstitution of LAT clustering in motile actomyosin 

networks on supported lipid bilayers, we found that LAT clusters containing Nck and WASP 

family proteins bind to and are dragged by motile actin filaments. In contrast, LAT clusters 

lacking these proteins do not bind filaments and are instead pushed (less efficiently) by 

physical collisions with moving actin filaments. Together the in vitro and in vivo 
observations led to a model in which LAT clusters in the periphery bind the branched actin 

network tightly through Nck and WASP, and move with its radial movement. Near the 

junction with the actin arcs, Nck (and likely WASP) is released from the clusters, weakening 

their binding to actin and enabling them to be moved by the radial component of the arc 

movement, while the randomly directed circular component averages away. Thus, changes in 

composition enable LAT clusters to migrate radially through differential engagement with 

the two differently moving actin filament networks found at the IS. Future work to 

determine the mechanisms that regulate LAT cluster composition in different regions of the 

IS and how composition determines downstream signaling outputs will be essential toward 

understanding function of LAT clusters in the broader context of T cell activation.

Future Perspectives

Here we have reviewed recent advances in our understanding of condensate composition, 

and proposed a unified framework to explain how the protein and RNA components of 

condensates may be defined and dynamically regulated. However, there remains much that 

we do not understand in this area, and this framework will need to be updated as the field 

advances.

Most of the data we have presented show how specific intermolecular interactions can 

control condensate composition. However, nonspecific electrostatic interactions have also 

been shown to significantly impact composition in biochemical reconstitutions [9,12,48]. 

The relative importance of specific binding and non-specific electrostatics has not been 

examined in detail, and may be different in simplified in vitro model systems from the more 

complex cellular environment [49]. Moreover, quantitative models relating binding affinity 
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between clients and scaffolds to the degrees of client concentration in condensates are 

lacking.

Current proteomic studies of condensate composition have necessarily probed average 

behaviors across many individual condensates in large numbers of cells [23,24]. However, 

these approaches cannot address the possibility that condensates within the same cytoplasm 

could have heterogeneous compositions that are regulated by their local, subcellular 

environment. Such non-equilibrium behavior is indeed demonstrated in fungal cells, where 

perinuclear condensates formed by the Whi3 protein scaffold contain different RNA clients 

than peripheral polarity condensates formed by the same Whi3 scaffold [18,42]. Similarly, 

TDP-43 RNA neuronal granules in a single axon exhibited differences in material properties 

depending on their location relative to the cell body [25]. LAT clusters also have different 

compositions depending on their position in the IS [136]. It seems likely that other 

condensates, such as P bodies or stress granules, could exhibit changes in composition 

depending on subcellular localization or local environmental fluctuations. Careful, 

quantitative live-cell imaging of condensate composition will be necessary to understand the 

level of heterogeneity found within cells.

Addressing these issues will require quantitative imaging of in vitro model systems and 

natural condensates in live cells, additional proteomics analyses and deep mechanistic 

studies of individual molecules, as well as complementary development of theories to 

explain both passive and active compositional control. Ultimately, a predictive understanding 

of condensate composition will provide the foundation for understanding the biochemical 

and cellular functions of these fascinating cellular compartments.
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Highlights

Composition plays an essential role in the function of biomolecular condensates

Condensate components can be roughly classified as scaffolds or clients

Some aspects of client recruitment by scaffolds are known, but much remains unknown

Composition is increasingly understood through proteomics and mechanistic studies
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Figure 1. 
A unified model of condensate composition

A model condensate formed from a protein scaffold with multivalent RNA binding domains 

(RBDs - grey) linked to an IDR (black) and an RNA scaffold with multiple RBD recognition 

elements (yellow) and specific secondary structure elements. Client protein recruitment is 

dependent on both the number of RBDs and the sequence of the IDR. Different IDR 

sequences are represented by the different colors of the client proteins. Client RNA 

recruitment is dependent on the RNA secondary structure and valency of RBD recognition 

elements (orange). For more detailed description of model, see the text.
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Figure 2. 
Compositional control of condensates formed from scaffolds with modular domains

(A) Model of client recruitment with different scaffold stoichiometries. Client recruitment is 

dependent on the availability of binding sites on the scaffolds and the valency of the clients. 

(B) Droplets were formed with 6 μM of a (SUMO)9-(SIM)8 scaffold containing Ulp1 

cleavage sites after only the two N-terminal SUMOs and were equilibrated with 50 nM of 

GFP-(SIM)2 (Client 1, green) and RFP-(SUMO)2 (Client 2, magenta). At time 0, 10 nM of 

Ulp1 was added. Pseudocolored images of the merged fluorescent signals from the two 

clients are shown. Figure reproduced with permission from [40].
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