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Abstract

Liquid-liquid phase separation (LLPS) has recently emerged as a possible mechanism that enables 

ubiquitin-binding shuttle proteins to facilitate the degradation of ubiquitinated substrates via 

distinct protein quality control (PQC) pathways. Shuttle protein LLPS is modulated by multivalent 

interactions among their various domains as well as heterotypic interactions with polyubiquitin 

chains. Here, the properties of three different shuttle proteins (hHR23B, p62, and UBQLN2) are 

closely examined, unifying principles for the molecular determinants of their LLPS are identified, 

and how LLPS is connected to their functions is discussed. Evidence supporting LLPS of other 

shuttle proteins is also found. In this review, it is proposed that shuttle protein LLPS leads to 

spatiotemporal regulation of PQC activities by mediating the recruitment of PQC machinery 

(including proteasomes or autophagic components) to biomolecular condensates, assembly/

disassembly of condensates, selective enrichment of client proteins, and extraction of ubiquitinated 

proteins from condensates in cells.
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1. Introduction

Cells contain multiple compartments to modulate distinct physiological processes. Aside 

from well-known membrane-bound structures, there also exist membraneless organelles or 

biomolecular condensates, including cytoplasmic stress granules, processing bodies (P-

bodies), the nucleolus, and PML (promyelocytic leukaemia) bodies.[1–4] Condensates form 

via liquid-liquid phase separation (LLPS) (Box 1).[5] Condensates can perform biological 
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functions such as concentrating, sequestering, and buffering components. Moreover, with 

their microenvironments exhibiting characteristics distinct from the rest of the cell, some 

condensates serve as active centers of increased biochemical activity.[6] The absence of a 

membrane surrounding biomolecular condensates enables cells to rapidly respond to 

changes in their environment.

Dysregulated condensates can be precursors of protein inclusions commonly found in 

diseased neurons of patients with neurodegenerative disorders.[7–9] Many of these inclusions 

contain components of protein quality control (PQC) pathways, such as ubiquitin (Ub), 

polyubiquitin (polyUb) chains, Ub-binding shuttle proteins, autophagic components, and 

proteasome subunits, suggesting that dysregulation of Ub-mediated PQC pathways 

contributes to disease pathology.[10–13] Here, we focus on Ub-binding shuttle proteins which 

bind both polyUb chains and proteasome/autophagy-related components, to facilitate 

transport of ubiquitinated substrates to degradation centers. Notably, Ub-binding shuttle 

proteins UBQLN2, p62, and hHR23B undergo LLPS in vitro and in cells.[14–17] Exogenous 

UBQLN2 forms stress-induced puncta and endogenous UBQLN2 colocalizes with stress 

granules (SGs).[15,18] UBQLN2 phase separates alone, and polyUb chain interactions 

disassemble UBQLN2 droplets in vitro.[15] By contrast, p62 and hHR23B phase separate 

with polyUb chains.[17,19,20] Importantly, in each of these cases, polyUb chains directly 

affect the ability of shuttle proteins to form condensates.

In this essay, we propose that shuttle protein LLPS leads to spatiotemporal control of 

degradation of ubiquitinated substrates. First, we discuss unifying molecular properties of 

shuttle proteins that have been shown to phase separate. Importantly, we discriminate 

between those shuttle proteins that require polyUb chains to phase separate, and those that 

do not. These two types of phase-separating systems exhibit different cellular functions and 

confer richness to how protein interactions modulate LLPS. Moreover, we hypothesize that 

other shuttle proteins may also undergo LLPS and present evidence accordingly. We then 

link shuttle protein LLPS to their biological functions and propose several mechanisms for 

how LLPS is beneficial for PQC activities. We aim to bridge recent discoveries of shuttle 

protein LLPS for both the ubiquitin-proteasome system (UPS) and autophagy fields. We 

propose that LLPS contributes mechanistically to maintaining protein homeostasis and 

proper PQC in cells.

2. Shuttle Proteins Differ in Binding Affinities to Ub, Domain 

Architectures, Cellular Functions, and Localization

To date, three Ub-binding shuttle proteins, UBQLN2, hHR23B, and p62, are known to 

undergo LLPS. All three proteins contain folded N-terminal Ub-like (UBL) and C-terminal 

Ub-associating (UBA) domains connected by intrinsically disordered regions (IDRs), such 

as STI1 domains (Figure 1A). The UBL domains all interact with the proteasome, consistent 

with the roles of these shuttle proteins in proteasomal degradation.[40–42] p62 UBL (named 

PB1) also has a competing ability to form an oligomeric scaffold essential for the role of p62 

in autophagy.[43] The UBA domains interact with Ub, polyUb chains, and ubiquitinated 

substrates. Different polyUb chain types, distinguished by covalent linkage of lysine side 
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chain or N-terminal amine of one Ub to the C-terminus of another Ub, signal for different 

cellular processes.[44,45] Different chain types can exhibit significantly varied binding 

affinities to the three proteins and, therefore, differ in their abilities to drive shuttle protein 

LLPS, as discussed below. The IDRs interact with PQC components, such as HSP70, LC3, 

as well as client proteins marked for degradation.

The functionalities of hHR23B, UBQLN2, and p62 are different (Figure 2). hHR23 proteins 

participate in DNA damage response and proteasomal degradation pathways.[46–48] hHR23s 

typically exist in the nucleus, but their subcellular localization is cell-cycle dependent. 

UBQLN2 functions in cellular stress response via both proteasomal degradation and 

autophagy pathways, and may act as chaperones for misfolded proteins via HSP70-mediated 

interactions.[49–51] Like hHR23B, UBQLN2’s subcellular localization is cell-cycle 

dependent, although UBQLN2 is primarily found in the cytoplasm. Cytoplasmic p62 is best 

known to participate in selective autophagy, whereby cellular components are brought into 

autophagosomes, double membrane-bound structures that fuse with lysosomes for 

degradation. p62 directly interacts with polyubiquitinated cargo to localize them into 

autophagosomes.[43]

Interestingly, prior to the discoveries that each protein undergoes LLPS, all three proteins 

were shown to localize to round punctate structures in cells.[52,53] The challenge in 

analyzing LLPS of these proteins in vivo stems from the heterogeneity in punctate structures 

and dynamics, and the need for careful experimental controls to evaluate the biophysical 

properties of the cellular compartment (e.g., membrane-bound vs membraneless). This 

problem is exemplified by p62, which is found in both autophagosomes and condensates. 

Sun et al. cleverly used autophagy-deficient cells that lack autophagosomes and lysosomes 

to observe overexpressed p62 in membraneless compartments.[19] UBQLN2 is found in both 

autophagosomes and condensates (SGs when endogenously expressed or stress-induced 

puncta when overexpressed).[54–56] Therefore, techniques like that used by Sun et al. will be 

necessary to isolate different UBQLN2 populations for study. These observations highlight 

the need to revisit literature for evidence of LLPS in other systems.

3. Oligomerization Contributes to LLPS of Ub-Binding Shuttle Proteins

Oligomerization propensity has emerged as a common molecular determinant underlying 

shuttle proteins LLPS (Box 1). Shuttle protein oligomerization is mediated by both folded 

domains and IDRs, which are highly conserved in mammals, consistent with their functional 

importance (Figure 1B). Here, we discuss specific contributions of each domain to the 

abilities of UBQLN2, hHR23B, and p62 to undergo LLPS.

3.1. UBQLN2 LLPS Is Driven by Its STI1-II Region and Modulated by UBL and UBA 
Domains

Secondary structure and disorder algorithms predict middle segment of UBQLN2 (residues 

110–580) to be intrinsically disordered, whereas the UBL and UBA domains are well-

folded.[15] Via biophysical experiments including small-angle scattering and size exclusion 

chromatography, we showed that UBQLN2 STI1-II (Figure 1), containing residues 379–462, 

was necessary for both oligomerization and LLPS.[15] The STI1-II segment exhibits a prion-
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rich and low-complexity amino acid composition characteristic of other phase separating 

IDRs. Exclusion of STI1-II rendered UBQLN2 monomeric and unable to phase separate. We 

created a minimal construct (450–624) that oligomerized and underwent LLPS in vitro. 

Nuclear magnetic resonance (NMR) studies revealed that resonances for STI1-II residues 

450–470 exhibited extensive exchange broadening with increasing protein concentration, 

consistent with oligomerization behavior. Importantly, NMR revealed that residues 450–580 

are intrinsically disordered, confirming secondary structure predictions.[15]

Important to UBQLN2 self-association are also the proline-rich (PXX) and UBA domains 

that transiently contact the STI1-II region.[15,21] The PXX region harbors most of the 

disease-linked mutations.[57] Disease-linked UBQLN2 450–624 mutants exhibiting 

increased oligomerization propensity phase separate at lower protein concentrations than 

WT, and undergo liquid-to-solid phase transitions in vitro.[21] Deletion of the UBA domain 

significantly affects the ability of UBQLN2 to phase separate in vitro and when 

overexpressed in cells.[15] The UBL domain also modulates UBQLN2 LLPS since UBQLN2 

379–624, which lacks the UBL domain, phase separates to a lesser extent when UBL is 

added in trans. We hypothesize that UBL effects on LLPS are mediated via weak UBA-UBL 

interactions with a binding affinity around 175 μm.[58] Therefore, we suggest that the STI1-

II is the main driver of UBQLN2 oligomerization and LLPS with further modulation by the 

PXX region and UBL and UBA domains.[59–61]

3.2. hHR23B LLPS Is Driven by Interactions between Its UBA Domains and Polyub Chains 
and Modulated by Its UBL Domain

In contrast to UBQLN2, in vitro experiments show that hHR23B does not phase separate 

alone, but via interactions between hHR23B UBA domains and polyUb chains (Figure 2).
[17] For hHR23B, the UBA domains are essential for LLPS with polyUb. hHR23B exists in 

an inactive dimeric state such that two copies of the UBL-UBA protein interact in a head-to-

tail fashion.[62,63] NMR studies of homologous hHR23A show that the UBL interacts with 

each of the two UBA domains.[63] A NMR dynamics study revealed that hHR23A did not 

behave as a monomer unless the UBL domain was deleted.[63] Notably, removal of the UBL 

domain also altered hHR23B-polyUb LLPS in vitro.[17] Instead of being round and liquid-

like, hHR23B-polyUb droplets appeared amorphous and aggregated. This suggests that the 

UBL domain modulates hHR23B/polyUb LLPS without directly interacting with polyUb. 

Furthermore, hHR23A UBA2 interacts with UBQLN2 UBL,[64] thus providing a possible 

multivalent platform for LLPS involving multiple UBL and UBA domains across Ub-

binding shuttle proteins (Figure 1C).

3.3. p62 LLPS Can Be Driven by Oligomerization of Its UBL Domain and Interactions 
between Its UBA Domain and PolyUb Chains

The molecular basis for p62/polyUb LLPS lies with the ability of its structured p62 PB1 

domain to homo-oligomerize to form a filamentous scaffold.[65,66] Without this domain, 

overexpressed p62 does not form filaments or condense with polyUb.[19] It is proposed that 

the PB1 oligomeric scaffold in p62 filaments allows the C-terminal UBA domains to extend 

out of the scaffold, enabling dynamic interactions with polyUb to mediate p62/polyUb 

LLPS.
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p62 can also phase separate without its PB1 domain and polyUb.[67] Histone chaperone 

DAXX interacts with p62 at intrinsically-disordered residues 246–300 to promotes p62 

oligomerization and LLPS in vitro and in cells. Therefore, p62 can readily phase separate 

with interacting partners that significantly enhance the multivalency needed for LLPS (Box 

1). Since the LLPS-promoting interactions between p62 and its binding partners (i.e., 

polyUb and DAXX) occur at separate p62 regions, it is likely that simultaneous interactions 

lower the p62 concentration needed for LLPS (Box 2). Having multiple LLPS-driving 

binding partners also enables rapid formation of p62 condensates in response to different 

cellular stimuli.

3.4. Identification of “Sticker” Regions Is Key to Elucidating Determinants of Shuttle 
Protein LLPS

We suggest that folded domains and IDRs that mediate shuttle protein oligomerization are 

LLPS-promoting “stickers” (Box 1). Identifying “stickers” in shuttle proteins via 

experimental and computational methods will be important to further test this hypothesis.[31] 

NMR has proven to be a powerful approach to examine sites of self-association on a residue-

by-residue basis for UBQLN2.[15,21,31] Additionally, the domains contributing most to 

mediating LLPS differ among shuttle proteins, given the variations in shuttle protein 

multidomain architecture and whether polyUb is necessary for LLPS. However, polyUb 

chains do not have to be the only promoter of p62 or hHR23B LLPS, as p62 interactions 

with DAXX can also promote p62 LLPS. This raises the important point that both p62 and 

hHR23B could condense with other proteins or even small molecules that increase 

oligomerization propensity and promote LLPS. While our focus here has been on “stickers,” 

“spacers” may also modulate shuttle protein LLPS. In general, we found substitutions to 

“spacer” residues to have little effects on the overall UBQLN2 phase diagram. However, 

certain single amino acid substitutions, such as Asp and Glu, at both “sticker” and “spacer” 

sites substantially increase the UBQLN2 concentrations needed to promote LLPS.[31]

4. PolyUb Induces Phase Transitions

The effects of polyUb on UBQLN2, hHR23B, and p62 phase transitions are examples of 

polyphasic linkage, defined as ligand binding that changes the equilibrium between phases, 

for example, phase-separated and miscible states.[74] For UBQLN2, in vitro Ub or K48-

linked polyUb binding favors the diffuse, miscible state.[15] In other words, the UBQLN2 

saturation concentration (csat) required for LLPS is shifted to higher values (Figure 3C). 

UBQLN2 is unique as it is the only known system whose condensates are disassembled via 

noncovalent interactions with Ub. For hHR23B and p62, polyUb binding favors the phase-

separated state.[17,19,20] Other examples of polyphasic linkage include profilin interacting 

with huntingtin fragments to shift csat for huntingtin LLPS and assembly formation[75] and 

Karyopherin-β1 interacting with nuclear localization sequences on RNA-binding proteins to 

disassemble RNA-binding protein aggregates.[76]
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4.1. How Does PolyUb Drive Both Assembly and Disassembly of Shuttle Protein 
Condensates?

This phenomenon occurs due to the differences in the mechanisms that drive shuttle protein 

LLPS. UBQLN2 phase separates independently of polyUb, but noncovalent interactions 

with polyUb chains disassemble UBQLN2 droplets in vitro.[15] By contrast, p62 and 

hHR23B require polyUb chains to undergo LLPS. We classify these different phase 

behaviors as driven by homotypic (UBQLN2) and heterotypic (p62 and hHR23B) 

interactions (Figures 2 and 3, Box 2). For UBQLN2, Ub interactions with two “sticker” 

regions (residues 592–594, 616–620) in the UBQLN2 UBA effectively reduces the number 

of “stickers” needed for LLPS by homotypic interactions.[15] Consequently, this drives the 

csat required for LLPS to higher values (Figure 3C).[30] By contrast, polyUb interactions 

with hHR23B or p62 are necessary to provide emergent “stickers” for LLPS. Furthermore, 

the conditions for LLPS no longer necessitate that a component’s concentration is above a 

fixed csat but depend on the concentrations of both hHR23B (or p62) and polyUb, as 

expected of LLPS by heterotypic interactions (Figure 3B, Box 2). High valency of the 

components (provided by the two UBA domains in hHR23B and/or long polyUb chains of 

six or more Ub) promotes LLPS driven by heterotypic interactions.[17,19,20] Importantly, the 

driving forces for LLPS can be switched from heterotypic to homotypic and vice versa, and 

this has major implications for how condensates function in vivo.[70,77] For example, polyUb 

chains of different linkages (K48 vs K63) could bind differently to shuttle proteins or induce 

conformational changes that alter the driving forces for LLPS (see below).

Systems phase separating via heterotypic interactions are subject to reentrant phase behavior 

(Figure 3B).[78,79] At a given [B] (e.g., hHR23B or p62), the system transitions into two-

phase behavior (i.e., phase separates) as [A] (e.g., polyUb) increases. However, as [A] 

increases significantly beyond [B], there are not enough [B] molecules to promote two-phase 

behavior, and thus the system becomes single-phase again.[21] While reentrant phase 

behavior has not yet been shown for hHR23B-polyUb condensates, this principle is 

somewhat illustrated in vitro by polyUb effects on the morphology of p62 clusters. Without 

polyUb, p62 forms filaments. At substoichiometric ratios of octaUb to p62, p62 filaments 

shorten and form roundish 20 nm-sized clusters.[65] However, excess amounts of polyUb 

dissolve p62 filaments.[65] Therefore, increasing polyUb concentration promotes a p62 

phase transition from filamentous structures into spherical assemblies, but as polyUb 

concentration is further increased to excess, the system becomes single phase again, 

consistent with reentrant behavior.

4.2. What Are the Functional Consequences of Shuttle Protein LLPS Driven by 
Homotypic or Heterotypic Interactions?

We hypothesize that the ability of UBQLN2 to phase separate via homotypic interactions 

enables it to be a scaffold in assembling stress-induced condensates. We find the UBQLN2 

constructs that phase separate in vitro are also ones that form stress-induced condensates 

when overexpressed in cells, and vice versa.[15] Additionally, UBQLN2 condensates could 

potentially fuse with other biomolecular condensates, as we and others find endogenously 

expressed UBQLN2 in SGs.[15,18] Upon engagement with a polyubiquitinated substrate 
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(e.g., covalently modified with a K48-Ub4 tag), UBQLN2 may remove substrate from the 

condensate as polyUb dissolves UBQLN2 condensates in vitro.

Unlike UBQLN2, hHR23B and p62 require ubiquitinated substrates to form condensates, 

suggesting an important signaling mechanism for condensate assembly only when enough 

polyubiquitinated proteins are present, and for condensate dissolution when 

polyubiquitinated proteins are degraded.[17] This property enables interactions between 

endogenously expressed hHR23B and polyUb to drive rapid assembly of osmotic stress-

induced nuclear foci, which fail to form in hHR23B knockout cells or when 

polyubiquitination is impaired. Aside from hHR23B and polyubiquitinated substrates, these 

foci also contain protein degradation machinery, including the p97 segregase, 26S 

proteasome, and UBE3A ligase, consistent with their role as active proteolytic 

compartments. Indeed, proteasomal inhibition significantly delays clearance of these nuclear 

foci. Similarly, overexpressed p62 forms condensates that sequester polyubiquitinated cargo 

and signal cargo’s degradation by selective autophagy. p62/polyUb condensates may act as 

scaffolding to recruit LC3 and other autophagy-related proteins to form autophagosomes, 

which later fuse with lysosomes to degrade the material inside.[19,20] Removal of p62 UBA 

eliminated LLPS with polyUb and reduced the number of p62 puncta seen in cells.[20] 

Therefore, the heterotypic interactions that form hHR23B and p62 condensates are critical to 

the beginning stages of PQC, specifically proteasome-mediated degradation in the nucleus, 

as well as selective autophagy mechanisms in the cytoplasm. While we presented evidence 

that suggests shuttle proteins can be scaffolds of condensates, we must emphasize that 

shuttle proteins can be both scaffolds and clients of condensates, depending on the cellular 

conditions and compositions (e.g., UBQLN2 as a client in being recruited to SGs).

4.3. How Is Shuttle Protein LLPS Regulated?

We postulate that there are many layers of controls, including 1) binding affinity, 2) polyUb 

chain linkage and length, 3) conformational changes, and 4) post-translational modifications 

(PTMs). Dissociation constants (Kd) between Ub and UBA domains vary substantially (1–

500 μm), adding complexity to how Ub-binding drives shuttle protein oligomerization and 

LLPS. For example, p62 UBA exists as monomers or homodimers, which bind monoUb 

with significantly different Kd’s of ≈40 and 500 μm, respectively,[80] suggesting that 

polyUb-mediated p62 LLPS is more efficient when p62 UBA domain is monomeric.

Longer polyUb chains increase valency of polyUb, but linkage type modulates binding 

affinity with UBA domains. Binding preferences for polyUb chain types vary significantly 

among the three proteins. hHR23A UBA2 domain (91% identity with hHR23B UBA2) 

binds monoUb, K48- and K63-linked Ub4 with Kd’s of 540, 8, and 28 μm, respectively.
[81,82] Structurally, a single UBA2 engages two Ub units in K48-linked chains in a 

sandwich-like mode, whereas Ub units in K63-linked chains and UBA2 interact with 1:1 

stoichiometry.[81] Consistent with binding affinities, lesser amounts of K48- than K63-linked 

polyUb were required to induce in vitro hHR23B LLPS.[17] Binding preference of p62 UBA 

for polyUb chain linkages is M1 > K63 > K48.[42,83,84] Correspondingly, purified p62 phase 

separates more readily with K63-linked polyUb compared to K48-linked polyUb.[19] The 

binding preferences of hHR23B and p62 for K48-and K63-linked chains, respectively, are 
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consistent with the roles of hHR23B in proteasomal degradation and p62 in autophagy. 

However, we note that K48- and K63-linked polyUb chains do not exclusively determine 

pathway choice between UPS and autophagy, which is far more complex and highly 

dependent on the oligomerization states of shuttle proteins.[84,85] Unlike hHR23B and p62, 

UBQLN2 does not exhibit preferences to either chain in studies that used isolated UBA 

domains rather than full-length proteins.[82,86] Recently, full-length UBQLN1, a UBQLN2 

paralog, was found to exhibit a preference for K63-linked polyUb, although the authors 

cautioned against overinterpretation of these results as GST-UBQLN constructs were 

employed and GST is known to dimerize.[87] In light of observations made for hHR23B and 

p62 and involvement of UBQLN2 in both proteasomal degradation and autophagy, it is 

important to compare the effects of K48- and K63-linked chain on UBQLN2 LLPS. We 

showed that K48-linked Ub4 eliminates UBQLN2 LLPS in vitro at equimolar ratios.[15] 

Depending on the binding affinity and mode of binding (see below) between UBQLN2 and 

K63-linked chains, K63-linked chains could eliminate UBQLN2 LLPS in a similar manner 

as K48-linked polyUb, or engage in heterotypic interactions with UBQLN2 to enhance 

UBQLN2 LLPS at low molar ratios before eliminating LLPS at high molar ratio due to 

reentrant phase behavior (Box 2, Figure 3B).

PolyUb chains of different linkages also adopt dynamic but distinct conformations.[45] Ub 

units on K63-linked polyUb arrange in a beads-on-string scaffold that could promote LLPS, 

whereas K48-linked polyUb can be compact and sequester Ub “sticker” regions.[44,45] These 

different chain conformations can impact mode of binding between Ub units and shuttle 

proteins to either promote or inhibit LLPS. Moreover, shuttle proteins may undergo polyUb-

induced conformational changes that modify the multivalent scaffold necessary for LLPS. 

hHR23A exhibits binds conformational changes upon binding to proteasomal subunit s5a.
[63] UBQLN2 is postulated to switch conformations between its substrate-unbound 

(“inactive”) and substrate-bound (“active”) states.[60] The effects of different polyUb chains 

on shuttle protein LLPS are likely sensitive to affinities between shuttle proteins and chains, 

chain conformation, and conformational changes of shuttle proteins upon binding polyUb. A 

systematic, quantitative mapping of polyUb/shuttle protein phase diagrams with cdilute and 

cdense of all components as well as detailed structural and dynamic studies using methods 

like NMR could shed light on the contributions of these different factors.

Last, PTMs can also regulate LLPS.[88,89]Domains important for shuttle protein LLPS can 

be phosphorylated (p62 UBA, hHR23A/B UBL) or ubiquitinated (p62 UBA).[90,91] 

Phosphomimetic substitution (S403E) on p62 UBA promotes stronger binding to polyUb 

and LLPS.[19] We are only just beginning to determine how these four (or more) parameters 

regulate shuttle protein LLPS. Deeper understanding of these regulatory mechanisms 

requires work on both experimental and theoretical levels.

5. Do Other Ub-Binding or Ub-Like Binding Shuttle Proteins Function via 

LLPS?

Prior to the appreciation of LLPS in driving condensate formation, certain Ub-binding 

shuttle proteins were found in liquid-like assemblies. We presented evidence above that 

Dao and Castañeda Page 8

Bioessays. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



UBQLN2, hHR23B, and p62 all form puncta in cells prior to their recent classification as 

phase-separating proteins. Many Ub-like proteins exist in cell, including NEDD8, FAT10, 

SUMO, among others. Some of these proteins are also covalently-linked together via 

enzymatic cascades similar to how polyUb is made. Therefore, we explore the possibility 

that these systems also undergo LLPS for cellular functions. Upon close examination, we 

propose that four Ub/Ub-like binding shuttle proteins, UBQLN1, UBQLN4, NUB1, and 

HYPK, may undergo LLPS with other components in cells. UBQLN1 and UBQLN4 are 

UBQLN2 paralogs and bind to Ub. HYPK and NUB1 both comprise UBA domains that are 

distinct from Ub-binding UBA domains but bind specifically to NED D8 and neddylated 

substrates to mediate PQC. Interestingly, neddylation parallels ubiquitination in that they 

both signal for proteasomal degradation and autophagy, among other pathways. Based on 

their functions, HYPK and NUB1 may be the equivalents of p62 and UBQLN2, respectively, 

in targeting neddylated substrates for degradation pathways.

5.1. Do UBQLN1 and UBQLN4 Phase Separate?

UBQLN1 and UBQLN4 are 74% and 56% identical to UBQLN2, respectively. The largest 

difference between UBQLN2 and UBQLNs is the presence of the PXX region between the 

STI1-II and UBA domains (Figure 1). Importantly, UBQLN2 still phase separates without 

the PXX region.[15] Moreover, like UBQLN2, UBQLN1 and UBQLN4 localize into puncta 

in cells.[92,93] Given these observations, we propose that UBQLN1 and UBQLN4 undergo 

LLPS and form membraneless condensates in cells. However, UBQLNs also associate with 

membrane-bound autophagosomes; UBQLN4 and UBQLN1 colocalize with 

autophagosomal marker LC3.[94] UBQLN4 colocalizes with polyUb in aggresome 

structures[95] and is recruited to sites of DNA damage,[96] where UBQLN4 form puncta that 

colocalize with 53BP1. Therefore, UBQLNs are found in diverse types of cellular structures. 

While we hypothesize that all UBQLNs can condense into membraneless structures, careful 

work is necessary to delineate which puncta are liquid-like condensates, aggresomes, 

autophagosomes or others.

Notably, UBQLN paralogs have different subcellular localizations depending on cellular 

conditions. UBQLN2 is generally cytoplasmic; UBQLN1 is in the nucleus and cytosol; 

UBQLN4 is in the nucleus, ER, and cytoplasm.[49,92] Therefore, different spatial 

arrangements and expression levels under certain cellular signals could be ways to control 

when and where UBQLN condensates form. UBQLN STI1-I and STI1-II domains interact 

with many clients including RNA-binding proteins, autophagosome marker LC3, and 

membrane proteins.[18,61,95,97] Therefore, UBQLN condensate behavior could be regulated 

by different client protein interactions, depending on the UBQLN paralog. Moreover, 

UBQLN2 forms heterodimers with UBQLN1 and UBQLN4.[59,94] It remains to be seen how 

interactions among UBQLN paralogs modulate UBQLN LLPS in cells. Interactions among 

client proteins and UBQLNs may lead to client sequestration into UBQLN condensates 

where clients are protected from degradation before possible recruitment of PQC machinery 

to enable client degradation (see below).
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5.2. HYPK Could Phase Separate to Form Autophagosomes around Polyneddylated 
Aggregates

HYPK is a multifunctional protein that binds and sequesters Htt97Qexon1, SOD1-G93A, 

and α-Syn-A53T aggregates, acts as a chaperone to reduce aggregates and apoptosis, and 

drives the formation of autophagosomes to clear huntingtin aggregates via autophagy, 

among other aggregation-reducing roles.[98–101] HYPK is a small, mostly disordered protein 

comprising LIR and UBA domains that bind to LC3 and NEDD8, respectively (Figure 1).
[101] HYPK self-associates via its UBA domain.[100,102] UBA domain exists as metastable 

seeds that drive formation of nanometer-sized HYPK annular structures, which resemble in 

vitro protein droplets.[100,103] Interestingly, overexpressed HYPK UBA forms highly 

dynamic cytoplasmic bodies.[97] Although these results suggest that HYPK could undergo 

LLPS, more stringent studies are needed to test this hypothesis.

HYPK is involved in many pathways, but mechanisms by which HYPK carries out its 

functions are still largely unknown. Ghosh and colleagues proposed that HYPK binds to 

polyneddylated protein aggregates and recruits LC3 to form autophagosomes around 

aggregates to initiate aggrephagy.[101] In yeast, several autophagy proteins undergo LLPS to 

form preautophagosomal structures.[104] HYPK might form condensates with other 

autophagy proteins and then recruit polyneddylated aggregates or vice versa, akin to how 

p62 condenses with polyubiquitinated proteins (see above). It will be interesting to 

determine the effects of polyNEDD8 chains on HYPK and its oligomeric structures.

5.3. NUB1 Could Phase Separate to Facilitate Both Proteasomal Degradation and 
Autophagy

NUB1 binds to and reduces cellular levels of NEDD8 and neddylated subtrates.[105] Its 

longer splicing variant, NUB1L, also binds to and facilitate FAT10 degradation.[106] NUB1 

and NUB1L contain two and three UBA domains, respectively, and an N-terminal 

proteasome-binding UBL domain (Figure 1).[107,108] These properties enable NUB1/L to 

facilitate proteasomal degradation of NEDD8, FAT10, and their substrates.[109,110] NUB1 

specifically interacts with p97/VCP to join p97UFD1/NPL4 complex and mediate the delivery 

of NEDD8 to the proteasome.[110] Interestingly, upon proteasomal inhibition, increased 

NUB1 expression leads to increased LC3B and p62 levels, and autophagosome size and 

number, suggesting a role for NUB1 in facilitating a switch from proteasomal degradation to 

autophagy.[111] Moreover, NUB1 and p62 interact and colocalize into cytoplasmic puncta. 

As discussed above, p62 phase separates and both p97 and p62 are recruited to SGs, 

suggesting that NUB1 could also phase separate, and potentially use LLPS as a mechanism 

to partition into other condensates to carry out its functions.

NUB1 also directly interact with substrate proteins, independent of NEDD8 or FAT10, 

reminiscent of how UBQLNs interact with clients (see above). NUB1 colocalizes with 

synphilin-1 and α-synuclein in Lewy bodies in brains of patients with dementia or 

Parkinson’s disease.[112,113] In HEK293 cells, NUB1 is found in synphilin-1-positive foci 

and NUB1 overexpression lowers synphilin-1 level. NUB1 interacts directly with and might 

shuttle synphilin-1 to the proteasome for degradation.[112] NUB1 interacts with tau and is 

recruited to tau-positive microtubule bundles and inclusions, reducing tau aggregation.[114] 
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Moreover, NUB1 specifically interacts with telomeric protein TRF1 to facilitate its 

proteasomal degradation.[115] Interestingly, the NUB1 binding proteins just described are all 

found in phase-separated compartments: synphilin-1 and α-synuclein undergo LLPS before 

maturing into insoluble Lewy bodies-like aggregates[116,117]; tau LLPS may be an 

intermediate step toward aggregate formation[118]; telomeres and TRF1 cluster in a class of 

PML bodies specialized in telomere length maintenance.[119] NUB1 comprises multiple 

UBA domains and 13 cysteines, providing the mulitivalency and oligomerization (from 

potential disulfide bonds) needed for LLPS. Therefore, NUB1 might undergo LLPS to be 

recruited to condensates where it interacts with and shuttle aggregated proteins to the 

proteasome for degradation.

While evidence supporting NUB1 LLPS is indirect, NUB1 shares properties of other phase-

separating Ub/Ub-like binding shuttle proteins, such as the potential to oligomerize/self-

associate and colocalize with proteins found in condensates. Indeed, there exists crosstalk 

among ubiquitination, neddylation, and FATylation signaling pathways and components. The 

ease and speed at which biomolecular condensates can form, disassemble, and change would 

be efficient mechanisms for cells to communicate different signaling events.

6. What Are the Functional Consequences of Ub-Binding Shuttle Protein 

LLPS?

Above, we established that many Ub-binding shuttle proteins undergo LLPS, either 

independently or facilitated by interactions with polyUb (and ubiquitinated substrates). 

Insights from other systems show that LLPS enables finelytuned responses to cellular 

stresses under which levels and subcellular organization of macromolecular components can 

quickly change. What are the unique functions that LLPS imparts on Ub-binding shuttle 

proteins? Below, we speculate on four potential biological functions of shuttle protein-

containing condensates.

6.1. Shuttle Protein LLPS May Lead to Recruitment of PQC Components to Condensates

Instead of ubiquitinated cargo being “shuttled” to the proteasome or autophagosomes, 

shuttle protein LLPS can selectively enrich cargo and PQC components inside condensates, 

as shown for p62 and hHR23B. Overexpressed p62 condenses with ubiquitinated proteins to 

initiate a liquid-like structure that subsequently recruits LC3 to form autophagosomes.[19,20] 

Under osmotic stress, endogenous hHR23B phase separates with ubiquitinated substrates 

and recruits proteasomes to condensates which effectively act as active degradation centers.
[17] These proteasome condensates fail to form in the absence of hHR23B, leading to 

apoptosis under mild hyperosmotic stress. In this case, hHR23B is essential for cell survival 

under stress.

Green alga Chlamydomonas reinhardtii also contains proteasome clusters that reside at the 

ER membrane, have liquid-like properties, are surrounded by Cdc48 and hypothesized to 

facilitate direct degradation of protein components translocated from the ER lumen.[120] 

Other examples of proteasome clusters include cytoplasmic proteasome storage granules 

(PSGs) that form in yeast and Arabidopsis in response to carbon starvation and are proposed 
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to protect proteasomes from proteaphagy.[121,122] The driving forces for the formation of 

ER-associated proteasome clusters and PSGs are currently unknown, but we speculate that 

Ub-binding shuttle proteins may also be enriched at these locations.

Last, overexpressed adaptor protein SPOP phase separates with substrates, such as DAXX, 

to form nuclear condensates and recruit Ub E3 ligases into condensates to ubiquitinate 

substrates fated for degradation.[36] E3 ligase E6AP interacts with UBQLN1, UBQLN2, and 

hHR23A.[49,123] We speculate that interaction with these shuttle proteins enables 

recruitment of E6AP into condensates, where E6AP or another E3 ligase ubiquitinates 

substrate proteins. Depending on spatiotemporal cellular signals and condensate 

composition, these condensates could serve as sequestration compartments and/or active 

protein degradation centers.

6.2. Shuttle Protein LLPS Could Regulate Condensate Assembly or Disassembly

Dysregulation of assembly/disassembly processes results in persistent and/or aberrant 

membraneless organelles linked to neurodegenerative disease states.[124,125] p62 and 

UBQLN2 are associated with stress granules (SGs), along with many other PQC 

components including chaperone proteins (e.g., HSP70).[125,126] The ability of p62 and 

UBQLN2 to phase separate may enable them to partition into and mix with SGs. p62 

interacts with C9orf72 to promote autophagic degradation of SGs.[127] Persistent SGs, which 

can be modeled by long light-induced oligomerization of a modified version of the SG 

scaffold protein G3BP, recruit p62 and VCP/p97 at late times.[9] UBQLN2 also negatively 

affects SGs as depletion of UBQLN2 increased SG number and size.[18] Moreover, UBL-

containing multidomain protein ZFAND1 regulates SGs by interacting with the 26S 

proteasome and p97, and recruiting them to facilitate clearance of arsenite-induced SGs.[128] 

Therefore, shuttle proteins may partition into condensates to efficiently recruit PQC 

components to enable condensate disassembly by autophagy or to selectively remove 

condensate components by the UPS. Lack of condensate regulation by shuttle proteins can 

lead to persistent or less liquid-like SGs that can mature into toxic aggregates.

In contrast, other proteins, such as Ub-binding UBAP2L, can positively regulate SG 

formation.[37,129] UBAP2L knockdown results in smaller SGs, possibly inhibiting the 

sequestration of some cellular components that contribute to SG functionality and/or that 

need to be protected against degradation. UBAP2L contains a N-terminal UBA domain 

followed by long IDRs. RGG motifs and the C-terminal IDR of UBAP2L mediate SG 

recruitment and self-association.[37,130] The UBA domain appears dispensable for SG 

assembly from deletion studies,[130] but UBAP2L is enriched in Ub-containing aggregates 

after proteasome inhibition.[131] Therefore, we speculate that polyUb chain association with 

UBAP2L could further regulate maturation processes of condensates, such as liquid-to-solid 

changes in condensate material properties.

6.3. Shuttle Protein LLPS Could Enable Non-Ubiquitinated Client Proteins to Undergo 
Phase Separation and Be Sequestered inside Condensates

UBQLN1 engages with mitochondrial protein BCLb via its STI domains.[61] The middle 

region of UBQLN4 interacts with hydrophobic domains of mitochondrial proteins.[95] The 
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middle region of UBQLN2 interacts with RNA-binding proteins,[18] including hnRNPA1, 

which phase separates and localizes to SGs.[23] Moreover, hHR23s can engage client 

proteins to protect them from degradation.[132] These findings illustrate the multifaceted 

features of shuttle proteins, particularly those functions not necessarily affiliated with 

protein degradation, but rather protein stabilization and/or chaperone-like abilities.[97] With 

the new knowledge that these shuttle proteins phase separate, we hypothesize that shuttle 

proteins condense with specific client proteins to shield them from degradation. Based on 

different binding and/or conformational states of shuttle proteins in response to cellular 

signals, these condensates could later recruit PQC machinery to mediate client protein 

degradation.[60,97] The concept of client protein sequestration is not without precedent. 

Nuclear phase-separating protein NPM1 interacts with misfolded proteins to convert the 

nucleolus into a PQC compartment.[133]

6.4. Shuttle Protein LLPS May Mediate Extraction of Ubiquitinated Proteins from 
Condensates

Ub and K48-linked polyUb disassemble UBQLN2 condensates in vitro.[54] We speculate 

that substrate proteins could be ubiquitinated with K48-linked polyUb inside UBQLN2-

containing condensates and extracted from condensates upon noncovalent interactions 

between the polyUb chain and UBQLN2. This process resembles a versatile mechanism for 

UBQLN2 to transport cargo out of condensates for subsequent processing or other functions. 

While not entirely analogous, RNA-binding protein hnRNPA2 may use a similar PTM-

driven mechanism to release mRNA cargo from hnRNPA2-containing transport granules.
[134] hnRNPA2 undergoes LLPS, and tyrosine phosphorylation promotes disassembly of 

hnRNPA2 condensates.

In summary, we are just beginning to realize the existence of shuttle protein condensates in 

cells and determine their functions in PQC. We presented evidence that highlights how 

engagement of shuttle proteins with polyUb can both assemble and disassemble 

condensates, depending on whether LLPS is mediated by heterotypic or homotypic 

interactions. Similar principles likely apply to other PQC-related proteins that interact with 

Ub-like proteins such as NEDD8 and SUMO. Importantly, the myriad of interactions among 

shuttle proteins, PQC components, and client proteins offer a rich, energetic landscape that 

likely tunes condensate formation and dissolution in cells. Shuttle protein LLPS could 

therefore be an elegant spatiotemporal mechanism for executing a dynamic PQC response, 

particularly in times of cell stress or in cell types with unique protein homeostasis needs 

such as neurons.

7. Conclusions and Future Perspectives

Important, but seemingly unconnected, recent observations in the autophagy and UPS 

subfields of PQC highlight the emerging principle that LLPS drives formation of 

condensates specialized in PQC activities, such as proteasome-enriched active protein 

degradation centers and autophagosomes. Here, we highlight the common theme that 

Ub/Ub-like binding shuttle proteins undergo LLPS mediated by both folded UBA/UBL 

domains and IDRs. This ability to phase separate enables recruitment of shuttle proteins or 

Dao and Castañeda Page 13

Bioessays. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PQC components to condensates. Shuttle proteins exhibit different expression levels and 

subcellular localizations, enabling spatiotemporal behavior of condensates and dynamic 

PQC response to different cellular stresses.

What is the connection between LLPS and mechanisms by which shuttle proteins perform 

their functions? Most shuttle proteins exhibit preferences for client proteins, suggesting that 

clients can modulate shuttle protein LLPS. We speculate that client-binding domains of 

shuttle proteins can affect LLPS, condensate material properties, and assembly/disassembly 

processes. The combination of clients and different polyUb linkages offers a rich landscape 

for protein–protein interactions to dynamically regulate shuttle protein LLPS. Resolving 

protein–protein interactions at a single-molecule level will contribute to quantification of 

multicomponent phase diagrams. The concepts of polyphasic linkage and theory concerning 

multi-component LLPS are important to elucidate how these systems respond to different 

interactions.

It is also critical to determine the structures that shuttle proteins can form in cells. 

Improvements in super-resolution microscopy and cryo-EM/cryo-ET technologies will help 

reveal the organization of these condensates. These experiments are increasingly powerful as 

more interacting partners are identified and labeled for imaging. These experiments will 

determine if condensates form via LLPS or other mechanisms and if shuttle protein LLPS is 

a requirement for their functions or just a general phenomenon. Regardless, to fully 

understand the role and mode of action of shuttle proteins in PQC, a multifaceted approach 

on cellular, molecular, and computational levels is needed.
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Box 1.

Molecular Origins of Liquid-Liquid Phase Separation

LLPS is a thermodynamic process that drives a solution of macromolecules (e.g., RNA, 

DNA, proteins, or a mixture of these) to demix into at least two distinct liquid phases. 

Conditions for LLPS can be modulated by physiochemical parameters, such as pH, salt, 

and temperature. Dysregulation of LLPS can lead to malfunctions in cells, such as 

disease-linked mutations that “mature” condensates into irreversible aggregated states 

found in disease or that mislocalize condensates from the nucleus to the cytoplasm.[21–23]

It is best to study LLPS by observing endogenously-expressed proteins in cells. More 

commonly, for the convenience of studying effects of disease-linked mutations on LLPS 

in live cells, overexpressed proteins in transfected cells are used. However, as LLPS is 

highly sensitive to protein concentration (Box 2), overexpression can lead to formation of 

non-native condensates. LLPS is also investigated using purified protein, enabling better 

control of experimental parameters and access to a wider range of experimental 

techniques, both of which lead to detailed understanding of the molecular driving forces 

of LLPS. However, properties elucidated through in vitro studies of LLPS might not 

correlate with in cell observations. Hence, there exists a need for careful examination of 

both in cell and in vitro LLPS findings.[24]

One useful approach to study molecular origins of LLPS employs associative polymer 

theory to describe macromolecules as biopolymers containing “sticker” and “spacer” 

segments.[25–28] “Stickers” are sites of multivalent interactions that drive LLPS, whereas 

the sequence and length of connecting “spacers” can modulate condensate material 

properties.[29–31] For proteins, “stickers” can be either short segments in intrinsically 

disordered regions (IDRs), interaction patches on globular proteins, or folded domains in 

multidomain proteins.[30,32–34] With at least 30% of the human proteome comprising 

IDRs,[35] and a significant population composed of multidomain proteins, it is expected 

that many systems phase separate under certain cellular conditions.

The extent to which a system undergoes LLPS increases with multivalency. One common 

mechanism for proteins to achieve multivalency is through oligomerization, which can 

give rise to emergent “stickers” that further drive LLPS.[26] Examples include the folded 

NTF2L domain of G3BP1 and BTD and BACK domains of SPOP.[36–38] 

Oligomerization domains can alsobe encoded in IDRs, such as the transient helical region 

in the C-terminal segment of TDP-43.[39] Oligomerization provides a scaffold that 

enhances the multivalency needed to mediate LLPS under physiological conditions. 

Indeed, light-induced oligomerization of RNA-binding proteins drives technologies to 

form membraneless organelles in cells, such as optoSGs.[9]
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Box 2.

Principles of Phase Separation by Homotypic and Heterotypic Interactions

Phase separation by homotypic interactions occurs when a single macromolecular 

component spontaneously undergoes LLPS in response to physicochemical changes. 

These interactions can be driven by self-associating “sticker” IDRs and folded domains, 

as observed for the UBQLN2 system described here. Phase separation by homotypic 

interactions is characterized by a saturation concentration (csat) threshold above which 

the system phase separates, such that the dense phase concentration (cdense) is 

significantly higher than that of the dilute phase (cdilute = csat) (Figure 3A).[68] Below csat, 

the protein solution exists in a single, miscible phase. At a single temperature, as the total 

protein concentration is increased, cdilute and cdense remain fixed, while the relative 

volumes of the dilute and dense phases change. This is reflected in a horizontal tie line 

(Figure 3A). This behavior is further confirmed in cells.[69]

In contrast, phase separation by heterotypic interactions requires binding between two or 

more distinct macromolecular components, such as DNA-protein, RNA-protein 

coacervates, or the hHR23B-polyUb and p62-polyUb systems described here (Figure 

3B). Unlike what is observed for homotypic LLPS, there is no fixed csat for each 

component to phase separate.[25,70] Instead, multicomponent LLPS depends on binding 

stoichiometry and the strengths of the self- and cross-interactions among the components.
[71] These interaction strengths are reflected both in the shapes of the concentration-

concentration phase diagrams and the slopes of the tie lines. Important to LLPS driven by 

heterotypic interactions is reentrant phase behavior, whereby increasing concentration of 

one component can drive both assembly and dissolution of the condensate (Figure 3B). 

LLPS can be hindered if the number of binding sites on one component matches or is an 

integer multiple of the number of binding sites on the other, inhibiting the formation of 

networks of interconnected molecules.[72,73] These principles have been illustrated in the 

Rubisco-EPYC1 system,[72] but likely extend to the shuttle proteins discussed here.
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Figure 1. 
Structures and conservation of ubiquitin-binding shuttle proteins. A) Domain architecture 

map of shuttle proteins. UBL, ubiquitin-like domain; STI1 (STI1-like region); UBA, 

ubiquitin-associating domain (red) with Nedd8-associating domain (dark red); PXX, 

proline-rich domain; PB1 (UBL domain); LIR, LC3-interacting region. Red pound (#) signs 

and black asterisks (*) denote proteins that are known and hypothesized, respectively, to 

undergo LLPS. Regions boxed in red and black are known and hypothesized, respectively, to 

be necessary for promoting multivalency and phase separation of the system. B) Amino acid 

sequence conservation is shown for the UBQLN2, HR23B, and p62 domains that promote 

multivalency and LLPS for representative species in each of the five orders in the mammalia 

class. C) A model for how UBQLN2 and hHR23B bind to one another, adapted with 

permission.[64] Copyright 2007, Elsevier.
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Figure 2. 
Ub-binding shuttle proteins localize to condensates for PQC functions. (Top) UBQLN2 

phase separates and colocalizes with stress-induced condensates in the cytoplasm. 

Interactions between UBQLN2 and Ub/polyUb disassemble UBQLN2-containing 

condensates, perhaps providing a mechanism whereby UBQLN2 can shuttle ubiquitinated 

substrates out of condensates. (Middle) Proteasomal shuttle protein hHR23B condenses 

mainly with K48-linked polyUb. hHR23B colocalizes with polyubiquitinated substrates and 

proteasomes in stress-induced nuclear condensates. These proteasome-containing foci are 

active degradation centers. (Bottom) Autophagy adaptor p62 condenses mainly with K63-

linked polyUb chains to form cytoplasmic condensates that may serve as precursors of 

autophagosomes. In the case of hHR23B and p62, shuttle proteins may provide multivalent 

interactions to promote formation of condensates with polyUb.
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Figure 3. 
Mapping LLPS behavior of Ub-binding shuttle proteins. A) Temperature-concentration 

phase diagram of UBQLN2. UBQLN2 phase separates as temperature increases,[15] 

characteristic of systems with LCST (lower critical solution temperature) phase behavior. 

Colored dots on cdilute and cdense arms of phase diagram indicate protein concentrations in 

dilute and dense phases, respectively, as a function of temperature. Red dashed lines are tie 

lines connecting cdilute and cdense at a specific temperature. Example depictions of protein 

solution behavior are indicated by colored dots on black dashed line as overall UBQLN2 

concentration is increased. B) Concentration-concentration phase diagram for shuttle 

protein/polyUb condensates driven by heterotypic interactions (e.g., hHR23B or p62) at a 

particular temperature. Red dashed tie lines do not need to be horizontal to determine dilute 
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and dense phase concentrations of components. Positive slopes indicate mutual interactions 

between components that drive both components into the phase-separated state. For details, 

refer to ref. [25]. Based on current knowledge, neither component (polyUb or shuttle 

protein) is able to phase separate on its own. Example depictions of protein solution 

behavior are indicated by colored dots on black dashed line as overall polyUb concentration 

is increased at specified shuttle protein concentration and temperature. C) Illustration of 

polyphasic linkage, that is, the effect of Ub (or K48-linked polyUb) binding on shifting the 

LLPS phase boundaries of UBQLN2. As polyUb is titrated into UBQLN2 solution, the 

UBQLN2 concentration needed for LLPS is increased to higher values.
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