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Abstract: Many heat shock proteins are essential molecular chaperones that 
safeguard proteome integrity (proteostasis) under both normal and stress conditions. 
These chaperones, especially heat shock protein 70 (Hsp70) and heat shock protein 
90 (Hsp90), and their associated cochaperones, play central roles in cellular protein 
quality control (PQC) pathways, assisting in the folding of nascent polypeptides, 
refolding of stress-denatured proteins, and prevention of toxic aggregation. 
Dysregulation of this proteostasis network is implicated in numerous diseases, from 
neurodegenerative proteinopathies to cancer. Biocondensates are dynamic, 
membraneless phase-separated compartments that are emerging as major components 
of the PQC system. In this review, we discuss how the regulatory networking of 
chaperones by cochaperones, particularly J domain proteins (JDPs; also called Hsp40 
or DNAJ proteins), contributes to biocondensate formation and protein 
disaggregation to maintain proteostasis. Furthermore, we highlight new mechanistic 
insights into phase separation and aggregate clearance with therapeutic potential.  

 Keywords: heat shock protein; Hsp70; Hsp90; molecular chaperone; cochaperone; 
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1. Introduction 

Stress responses are fundamental to life, spanning effects from the cellular level to whole-organism health. 
A key element of the cellular stress response is the maintenance of protein homeostasis (proteostasis) by molecular 
chaperones, notably the heat shock protein families. The major chaperones heat shock protein 70 (Hsp70) and heat 
shock protein 90 (Hsp90) facilitate the proper folding, assembly, trafficking, and degradation of other proteins, 
thereby preserving the integrity of the proteome under normal and stress conditions [1,2]. When cells are exposed 
to physiological stress (e.g., heat, oxidative stress, infection), the resulting protein unfolding and misfolding can 
overwhelm the protein quality control (PQC) system. If mismanaged, this leads to toxic protein aggregates and 
loss of proteostasis, contributing to diseases often termed “proteinopathies”, including neurodegenerative disorders 
like Alzheimer’s disease and Parkinson’s disease [3]. 

Molecular chaperones function as multiprotein complexes composed of proteins with defined functions. 
Hsp70 and Hsp90 are ATP-regulated molecular machines that undergo substantial conformational changes to 
function as holdases that prevent protein aggregation, and foldases that catalyse de novo or stress-related protein 
(re)folding [4]. Chaperones are regulated by a cohort of diverse proteins known as cochaperones that modify their 
function by regulating ATP hydrolysis, nucleotide exchange or mediating client protein delivery [5]. Cochaperones 
outnumber chaperones, and play a pivotal role in diversifying and tailoring chaperone function to a specific context 
or subcellular location [6]. Hsp70 has the largest class of cochaperones in the J-domain containing proteins (JDPs; 
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also known as Hsp40 or DNAJ proteins), which regulate the rate of ATP hydrolysis and hence the chaperone 
activity of Hsp70s [7,8]. Multiple JDPs are distributed across all cellular compartments and provide an extensive 
network by which to regulate Hsp70 [8]. In addition, Hsp70s are regulated by nucleotide exchange factors (NEFs) 
that function after ATP hydrolysis to permit the exchange of ADP for ATP necessary for the Hsp70 folding cycle 
to progress [7]. Therefore, chaperone function involves the formation of multiple complexes involving protein-
protein interactions between chaperones, cochaperones and client proteins. This higher order networking is critical 
for maintenance of proteostasis, including in the context of biomolecular condensates [9]. 

Biomolecular condensates (to be referred to as biocondensates), dynamic, phase-separated compartments that 
concentrate proteins and RNA without a delimiting membrane, are emerging as major components of the cellular 
PQC system. These biocondensates, formed via liquid-liquid phase separation (LLPS), act as transient organelles 
where specific biochemical reactions are organized and accelerated [10]. Physiological biocondensates play 
important roles in a range of cellular processes, including regulation of splicing, ribosome assembly and pathogen 
responses [11–26] (Table 1; Figure 1). Physiological biocondensates are responsive, often associated with cellular 
stress, and represent an important cellular reaction to maintain protein homeostasis. Pathological biocondensates 
develop from physiological biocondensates due to aging, mutations or perturbation of the cellular environment. In 
contrast to the dynamic, responsive and reversible nature of physiological biocondensates, pathological 
biocondensates are associated with protein aggregation and become static and irreversible, culminating in disease 
if not resolved [27] (Figure 1). In this review, we discuss mechanistic aspects of cochaperone networking of 
molecular chaperones in the formation of physiological biocondensates, and their roles in disaggregating proteins 
within pathological biocondensates to maintain proteostasis. 

 

Figure 1. Cochaperone-networked chaperones regulate cellular biocondensates. Chaperone networks including the 
major chaperones, Hsp70 and Hsp90, and associated cochaperones, Hsp70/Hsp90 organising protein (Hop), J-domain 
containing proteins (JDPs) and Hsp110 nucleotide exchange factors (NEFs) regulate biocondensates. JDPs are central 
to physiological biocondensates, functioning to network biocondensates to chaperone folding cascades through their 
primary association with client proteins (i.e., unfolded proteins; or misfolded proteins formed through various stress 
or disease states). JDPs and Hop undergo liquid-liquid phase separation into stress-induced condensates (stress 
biocondensates), where they function as holdases until chaperones can be recruited to triage clients towards folding 
pathways. JDPs are able to bind stably to pathological biocondensates consisting of highly ordered large protein 
aggregates (e.g., amyloid fibres), and then recruit chaperone systems to promote disaggregation and disassembly 
(Hsp100 and Hsp110). However, production of smaller oligomers from such pathological biocondensates can act as 
seeds to promote further large aggregates. Image created in Biorender.com. 



Blatch and Edkins   Biomol. Mech. Innov. 2026, 1(1), 3 

  3 of 13  

Table 1. Examples of physiological biocondensates. 

Name Cellular Location Function Reference  

Stress granule (SG) Nucleus and Cytoplasm 
mRNA storage and translational repression 
(in cytoplasm); transcription and splicing 

regulation during stress (in nucleus) 
[11,12] 

U bodies Cytoplasm Storage and assembly of small nuclear 
ribonucleoproteins (snRNPs) [13] 

Nucleolus Nucleus Ribosome assembly [14] 

P bodies Nucleus and Cytoplasm Post-transcriptional regulation, translational 
repression and mRNA decay [11,12,15] 

Cajal body Nucleus 

snRNPs and small nucleolar 
ribonucleoproteins (snoRNPs) assembly 

and processing; required for splicing, 
ribosome biogenesis and  

telomere maintenance 

[16,17] 

Gems Nucleus Enriched in SMN; participate in snRNP 
assembly with Cajal bodies [18,19] 

PML bodies Nucleus 
Protein SUMOylation; transcriptional 

regulation, genome integrity,  
antiviral responses  

[20] 

Nuclear speckles Nucleus Splicing and mRNA processing [16,21,22] 

Paraspeckles Nucleus 
Regulation of gene expression by selective 
RNA sequestration; cellular responses to 

viral infection  
[16,22–24] 

Purinosomes Cytoplasm De novo purine biosynthesis [25,26] 

2. Molecular Chaperones and Physiological Biocondensates 

Recent studies suggest that biocondensates serve as “central clearing houses” for proteostasis, sequestering 
misfolded proteins and coordinating their refolding or degradation [28]. Molecular chaperones are prominently 
involved in both the formation and function of such biocondensates. For example, Hsp90 and Hsp70, together with 
their cochaperones, can partition into stress-induced biocondensates (e.g., stress granules, SGs) that store and 
manage misfolded proteins [11,12,29,30] (Table 1; Figure 1). Important Hsp90 cochaperones include Aha1, 
responsible for stimulation of Hsp90 ATPase activity required for client protein release [31], Cdc37, a kinase 
specific cochaperone for Hsp90, and Hsp70/Hsp90-organizing protein, Hop (also called stress-inducible protein 
1, Sti1; or stress-inducible phosphoprotein 1, Stip1), that acts as a scaffold for transfer of client proteins between the 
Hsp70 and Hsp90 chaperones [32]. The pro-folding Hsp70 and Hsp90 complexes can be diverted to target proteins 
for degradation via the action of cochaperones like C-terminal Hsp70-binding protein (CHIP/STUB1) [33]. The JDP 
cochaperones of Hsp70 all contain the signature J domain, and in addition, type I/class A JDPs include a 
glycine/phenylalanine (G/F) rich region, a C-terminal substrate-binding domain I (CTD-I) with an embedded zinc-
finger-like region (with 4 repeats of the cysteine repeat motif CXXCXGXG), and a C-terminal substrate-binding 
domain II (CTD-II). Type II/Class B JDPs lack the zinc-finger-like region, while type III/class C JDPs only contain 
the J domain in addition to other specialised domains [7,34]. JDP isoforms all use the J domain to stimulate the 
basal ATP hydrolysis activity of Hsp70 that is required for protein folding, in addition to other functions that are 
dictated by the combination of domains in the JDP isoform 

Mechanistically, chaperones can drive biocondensate formation by multivalent interactions. Hsp90 can 
undergo LLPS under certain conditions, and a recent study found that Hsp90α can form biocondensates through 
interactions with client proteins containing repetitive RG-rich motifs [35]. This condensation of Hsp90 may 
concentrate specific client proteins and chaperones together, creating a localized environment for efficient folding 
or refolding [35,36]. Hsp70 can undergo LLPS in vitro, while studies in cells have revealed that Hsp70 is involved 
in the formation and dynamics of certain biocondensates, such as nuclear bodies and SGs [37]. The LLPS property 
of Hsp70 may drive its association with biocondensates, a process that appears to involve the interaction of its C-
terminal substrate-binding domain with certain clients (e.g., fused in sarcoma, FUS) [37]. Furthermore, there is 
increasing evidence that cochaperones of Hsp70 and Hsp90 are also capable of sequestering misfolded proteins 
under stressful conditions, independently from their chaperone partners, and potentially as the primary components 
in the genesis of biocondensates. Hop was recently found to phase-separate and sequester misfolded proteins 
during stress, effectively nucleating protective biocondensates independently of chaperone machinery, with Hsp90 
being recruited later in the process to aid in protein refolding [30] (Figure 1). Indeed, Hop has been identified as a 
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component of SGs and P granules and has been listed as a core component in the RNA granule database [38]. Hop 
has also been reported to be a major component of purinosomes, liquid-like biocondensates implicated in de novo 
purine biosynthesis [39,40]. Interestingly, Hop is predicted to have a high propensity for phase-separation (so-called 
droplet forming capability), and this was recently experimentally confirmed using a novel intracellular assay [41]. 
Furthermore, the N-terminal tetratricopeptide repeat (TPR)-aspartic acid-proline (DP) domains (the TPR1-DP1 
domains) were critical for droplet formation, suggesting that this region could adopt a suitably disordered 
conformation, enabling multiple multivalent weak interactions necessary for phase separation. 

Biocondensates appear and dissolve in a tightly regulated spatiotemporal manner. Under proteotoxic stress 
(e.g., heat shock), cells rapidly assemble SGs enriched in mRNAs, translation factors, and chaperones, pausing 
translation and preventing aggregation of unfolded proteins [29]. The JDP family of Hsp70 cochaperones appear 
to act early and potentially drive the formation of biocondensates through their ability to bind unfolding proteins 
and sequester them into biocondensates, while Hsp70 and Hsp90 are upregulated to handle downstream refolding 
tasks [42] (Figure 1). These biocondensates function as hold-in-place repositories; they are not mere deposits of 
damaged proteins, but rather are active sites where misfolded proteins await triage (refolding by chaperones, or 
degradation via autophagy/proteasomes). Indeed, experimental disruption of biocondensate assembly has 
pathological consequences. For example, when key scaffold proteins or chaperones are mutated such that 
biocondensates cannot form properly, cells show heightened sensitivity to stress and may develop features of 
neurodegenerative disease [10]. Such “biocondensatopathies” have been proposed as a category of disease where 
aberrant phase transitions (either failure to form beneficial biocondensates, or formation of toxic, irreversible 
aggregates) underlie pathology [43]. Hence, cochaperones and their associated chaperones involved in biocondensate 
formation and dynamics could be targets for intervention; either to enhance their function (in diseases of protein 
aggregation) or to inhibit their hijacking by disease processes (such as cancer and viral infections). 

There is increasing evidence that JDPs, together with their partner Hsp70s, not only suppress protein 
aggregation through the formation of biocondensates but also play an important role in the dispersal of 
biocondensates when the stress is removed [44–47] (Table 2; Figure 1). For example, cellular genetic studies on 
the yeast chaperone machinery, showed that an Hsp70 (Ssa1), a JDP (Sis1) and an Hsp100 (Hsp104) were able to 
suppress the aggregation of poly(A) binding protein (Pab1) and promote the disassembly of Pab1-containing 
biocondensates and aggregates [44]. In addition, biochemical studies on the yeast system showed that an Hsp70 
(Ssa2), a JDP (Sis1, but not Ydj1) and an Hsp100 (Hsp104), were able to rapidly dissolve heat-induced Pab1-
containing biocondensates [45]. Indeed, a considerable body of research has shown that JDPs (especially class B 
JDPs, the DNAJBs) are key components of biocondensates, playing an important role in the sequestration of 
specific client proteins into biocondensates during stressed and disease states, and then working with Hsp70 and 
other chaperone machinery (Hsp90, Hsp100 and Hsp110) to dissolve the biocondensates and promote the 
(re)folding (or degradation) of such proteins [44–60] (Table 2; Figure 1). This disassembly activity of chaperones 
is ATP-dependent and crucial for rebooting normal cellular organization after stress. Consequently, chaperones 
have two major roles in biocondensate biology: they not only assist in the genesis of protective biocondensates 
during stress but also help dismantle them when they are no longer needed, thus resetting cellular proteostasis. 
Interfering with either function can be detrimental; prolonged biocondensate existence might sequester needed 
proteins and stall cell growth, whereas inhibition of biocondensate formation could leave cells unprotected 
during acute stress [27]. 

The ability of this network of cochaperone-regulated chaperones to modulate phase-separated compartments 
also opens new possibilities for drug discovery. Some researchers speculate that tuning biocondensate behavior 
(for example, using small molecules to enhance or inhibit specific biocondensate-associated chaperones) could 
combat diseases characterized by aberrant protein aggregation [43,61]. For instance, promoting the formation of 
chaperone-rich biocondensates might help cells cope with toxic misfolded proteins in neurodegeneration, whereas 
preventing cancer cells from forming pro-survival biocondensates (sometimes called “stress granule addiction” in 
tumor cells) could make them more vulnerable to therapy. Indeed, targeting the biocondensate pathway has been 
suggested as a novel therapeutic approach [61]. Overall, the interplay between chaperones and biocondensates is 
a new frontier in cellular stress biology, where further research into the mechanistic details will undoubtably lead 
to the development of therapeutic interventions against so-called biocondensatopathies. 
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Table 2. J-domain proteins (JDP) associated with biocondensates. 

Name Cell Type Biocondensate Type * Function * Disease Context * Reference 

DNAJA1/Hdj2 
HeLa SGs Phase separates with FUS, stabilizing it against  

amyloid aggregation 
ALS and FTLD; in vitro model of 

amyloid aggregation [48] 

U2OS SGs Identified in SGs by proteomics - [49] 
HeLa Nuclear paraspeckles Colocalizes to FUS-containing nuclear paraspeckles ALS [46] 

DNAJB1/Hdj1 
HeLa SGs Phase separates with FUS, stabilizing it against  

amyloid aggregation 
ALS and FTLD; in vitro model of 

amyloid aggregation [48] 

QBI-293, Neuro2A, NSC-34, 
skeletal muscle Pathological condensates Prevents TDP-43 aggregation ALS and FTLD [50] 

DNAJB2a/Hsj1a HEK293T Pathological condensates Prevents TDP-43 aggregation; involves J-domain  
and Hsp70 ALS [51] 

DNAJB5 HEK293T and neurons Pathological condensates Protects against TDP-43 aggregation ALS and FTLD; mouse model [52] 

DNAJB6 

HEK293T Cytosolic Suppresses poly-Q aggregation (huntingtin-derived) Huntington’s disease [53] 

HeLa, 293T Nuclear bodies Suppresses TDP-43 aggregation during heat shock; 
involves J-domain and Hsp70/HSPA1A ALS and FTLD [54] 

Fly muscle and S2 cells, 
human brain Pathological condensates Suppresses aggregation of hnRNPA2B1 hIMB and LGMD [55] 

DNAJB6b HEK293 Pathological condensates Suppresses poly-GA aggregation (C9orf72-derived) ALS and FTD [56] 
DNAJB12 HEK293T and neurons Pathological condensates Protects against FUS aggregation ALS [57] 
DNAJB14 HEK293T and neurons Pathological condensates Protects against FUS aggregation and restores proteostasis ALS [57] 

DNAJC7 

HEK293T SGs Identified in SGs by proteomics ALS and FTD [58] 

HeLa Nuclear paraspeckles Colocalizes to FUS-containing nuclear paraspeckles; 
promotes disassembly ALS [46] 

HEK293A Pathological condensates Colocalizes to pathological TDP-43 condensates ALS [59] 

Ydj1 Yeast 
Osmotic shock foci Forms cytoplasmic foci in response to hyperosmosis - [60] 

SGs Identified in SGs by proteomics - [49] 
SG disassembly to promote recovery of translation - [47] 

Sis1 Yeast 

Osmotic shock foci Forms cytoplasmic foci in response to hyperosmosis - [60] 
SGs SG disassembly to promote clearance by autophagy - [47] 

Pab1 condensates Dispersal of Pab1 condensates - [45] 
Pab1 condensates Suppression of Pab1 aggregation; promotes disassembly  - [44] 

Cytosolic Suppresses poly-Q aggregation (huntingtin-derived) Huntington’s disease [53] 
* Abbreviations: ALS, amyotrophic lateral sclerosis; C9orf72, chromosome 9 open reading frame 72; FTD, frontotemporal dementia; FTLD, frontotemporal lobar degeneration; FUS, fused in 
sarcoma; hIBM, Hereditary inclusion body myopathy; hnRNPA2B1, heterogeneous nuclear ribonucleoproteins A2B1; LGMD, limb-girdle muscular dystrophy; Pab1, poly(A) binding protein; 
SG, stress granules; TDP-43, transactive response DNA-binding protein of 43 kDa (TDP-43). 
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3. Molecular Chaperones and Pathological Biocondensates 

A critical function of these cochaperone-chaperone networks is to prevent proteins from aggregating or to 
rescue proteins that have fallen into aggregated states. Stressful conditions, including disease states, can readily 
cause unprotected non-sequestered proteins to aggregate. While proteins sequestered into biocondensates are 
protected, certain stress conditions, especially chronic disease states, can promote conversion of condensates from 
a dynamic liquid-like droplet state into a pathological gel-to-solid-like aggregated state which are recognised as 
pathological condensates (Table 2; Figure 1). These protein aggregates come in broadly two forms: amorphous 
aggregates, which are relatively disordered clumps of misfolded proteins, and amyloid fibrils, which are highly 
ordered, beta-sheet-rich aggregates [62]. Both types can be toxic to cells, but they pose different challenges for 
disaggregation. Amorphous aggregates often result from acute stress (heat shock, oxidative damage) and can 
sometimes be resolubilized by chaperones. Amyloid fibrils, by contrast, are associated with chronic diseases (e.g., 
amyloid-β in Alzheimer’s disease, and α-synuclein in Parkinson’s disease) and are notoriously stable and resistant 
to unfolding [63]. 

Cells have evolved dedicated disaggregase machines to resolve and clear aggregates. In bacteria and yeast, 
this role is performed by a two-component system: an Hsp70 chaperone (with its JDP cochaperones) recognizes 
and binds aggregates, and a powerful AAA+ ATPase (Hsp100 family, e.g., ClpB in bacteria or Hsp104 in yeast) 
applies mechanical force to pull apart aggregated polypeptides [64,65]. Early landmark studies demonstrated that 
Escherichia coli ClpB, working in concert with DnaK (Hsp70) and DnaJ (JDP), could reverse protein aggregation 
and reactivate proteins, effectively “unboiling an egg” at a molecular level [66,67]. Likewise, seminal studies in yeast 
showed that Hsp104 was required for thermotolerance by disassembling protein aggregates [68]. Furthermore, recent 
evidence suggests that in yeast the class B JDP, Sis1, is highly effective at recognizing aggregates and recruiting 
Hsp70 (Ssa1/2) and Hsp104 to promote disaggregation [69,70]. The Hsp100 disaggregase hexamers thread 
polypeptides through a central pore, using ATP-driven conformational changes to exert pulling forces, while 
Hsp70/JDP hold onto the aggregate and feed it to the Hsp100, like a rope into a winch [64,67,71] (Figure 2). Using 
this mechanism, a number of different types of aggregates can be disassembled in yeast, including: phase-
transitioned gels; pre-amyloid oligomers; amyloids; and prions [71,72]. Unfolded polypeptides released by 
Hsp100 can then refold spontaneously or with the assistance of molecular chaperones, most likely a class A JDP 
and Hsp70 (e.g., Ydj1 and Ssa1/2 in yeast) [73] (Figure 2). However, the fate of the fragmented aggregate remains 
controversial, particularly in the case of yeast prion amyloids. Paradoxically, while Hsp104 has been reported 
under certain conditions to cure cells of prions when overexpressed, at normal expression levels it has been shown 
to fragment prion amyloids into multiple smaller pieces that seed prion propagation and accelerate prion 
conversion [72] (Figure 2). Interestingly, unlike the propagation activity that requires Hsp70 and a JDP, the curing 
activity requires Hsp90 and the co-chaperone Hop (Sti1 in yeast) [70,74]. 

Intriguingly, the metazoan cytosol and nucleus lack an Hsp100 homolog; animals do not encode an 
Hsp104/ClpB equivalent for these compartments [75]. Yet, metazoan cells can still clear aggregates, implying that 
Hsp70-based systems have evolved an augmented capability. Indeed, in higher eukaryotes, the disaggregation 
machinery consists of Hsp70 (particularly inducible Hsp72 and constitutive Hsc70), working with certain JDPs 
and NEFs (Figure 2). Key NEFs in mammals include Hsp110 family members (e.g., human HSPH family; [76]) 
which not only recharge Hsp70’s ATP cycle but also act as holdases that bind unfolded polypeptides. The 
cooperation of Hsp70, JDP, and Hsp110 can dissolve amorphous aggregates and has some activity even against 
amyloids [75]. Metazoan cells evolved an Hsp110-dependent disaggregase complex, repurposing the Hsp70 
system for disaggregation in the absence of Hsp100. In essence, JDPs can recognize and bind specific aggregates 
leading to recruitment of multiple Hsp70s, and then with the assistance of NEFs that help recycle Hsp70s, this 
JDP-Hsp70-NEF machinery collaboratively pulls apart the aggregated proteins (Figure 2). The JDPs from class B 
(such as DNAJB1 or DNAJB4) play a central role by binding first to amyloid fibres with nanomolar affinity and 
high density [77,78]. Biophysical studies have determined that the amyloid binding site is the CTD-II domain 
within DNAJB1 [79–81]. The JDPs then recruit ATP-bound Hsp70s to the amyloid fibres using a bidentate 
mechanism involving their J domain and the CTD-I domain, with the C-terminal EEVD motif of the Hsp70 
releasing the auto-inhibition of the J domain by CTD-I [78,80,82,83]. Once bound to the JDP and amyloid, Hsp70 
is stimulated to hydrolyse its ATP, resulting in even tighter binding to the complex [77,78,84]. The resultant cluster 
of tightly bound Hsp70/JDP molecules at the core of the amyloid is proposed to generate significant entropy loss due 
to excluded volume effects (and a more ordered state). However, the tight clusters will be prone to increased random 
collisions of the Hsp70s against one another and the amyloid fibre, triggering an increase in entropy and net 
movement away from the aggregate. This generates a pulling force on the amyloid fibre, gradually freeing it from the 
aggregate, with the resulting further increase in entropy (freedom of movement of all moving parts) [78,82,84,85] 
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(Figure 2). The formation of the Hsp70/JDP cluster is necessary but not sufficient for optimal disaggregase activity, 
and Hsp110 is also required to enable efficient disaggregation (Figure 2). Hsp110 appears to function not as a 
general NEF, but rather as a selective NEF that uses its bulk to boost the entropically-driven disaggregase activity 
of the aggregate-bound Hsp70/JDP cluster, and two theories have been proposed in this regard: (i) selective 
association of Hsp110 with loosely-bound inactive Hsp70s promotes disaggregase activity [86]; and (ii) selective 
association of Hsp110 with the tightly-bound active Hsp70/JDP clusters promotes disaggregase activity [87]. 
Theory (i) assumes that bulky Hsp110 would selectively target isolated loosely-bound inactive Hsp70s due to 
reduced steric hinderance compared to the tightly-bound active Hsp70-JDP clusters [86]. In this model, the 
unproductive Hsp70s would be recycled for further cluster formation, or to create clearings around clusters, 
promoting their growth and associated enhanced disaggregase activity. On the other hand, theory (ii) makes the 
counter assumption that the Hsp70/JDP clusters form where there is reduced steric hindrance, making such clusters 
more favorable to Hsp110 binding [87]. Hence, in this model the binding of Hsp110 directly to Hsp70/JDP clusters 
would increase their effective size, which would enhance the entropic pulling strokes and associated disaggregase 
activity. Whatever the precise mechanism, it is clear that class B JDPs enable targeting of specific aggregates and the 
recruitment of a partner Hsp70 that is the engine room of entropic force generation, and that the bulky NEF, Hsp110, 
is the regulatory component ensuring that the disaggregation machinery operates efficiently. Both models are 
compatible with subsequent spontaneous or chaperone-assisted folding (e.g., Hsp70/JDP) of unfolded proteins [53] 
(Figure 2). However, Hsp110-dependent disaggregases have also been reported to fragment amyloid fibres (e.g., 
α-synuclein and amyloid-β) into small seeding-competent oligomers that are capable of spreading pathology, as 
outlined in the following sections (Figure 2). 

 

Figure 2. Comparison of the mechanisms of Hsp100-dependent and Hsp110-dependent disaggregases in 
biocondensate processing. A. In bacteria and yeast, Hsp100 chaperones collaborate with Hsp70 and JDP to unfold 
aggregated proteins. The Hsp70/JDP complex delivers the aggregate to the Hsp100 disaggregase, where the protein is 
unfolded via threading through the central channel of the Hsp100 hexamer. Thereafter, the unfolded protein can refold 
spontaneously or via chaperone-mediated pathways (e.g., via the Hsp70/JDP pathway). However, in the context of 
specific aggregates (e.g., prions in yeast), two different fates of the fragmented aggregates have been reported: elevated 
levels of Hsp100 can result in aggregate removal (via the Hsp90-Hop pathway); while normal levels of Hsp100 can 
generate small fragments that seed further aggregation (via the Hsp70/JDP pathway). B. In metazoans, Hsp110s 
function as selective nucleotide exchange factors (NEFs) for disaggregation catalysed by Hsp70/JDP complexes. In 
this case, JDP proteins, particularly the class B type (DNAJB), accumulate within the aggregates and recruit ATP-
bound Hsp70. Stimulation of Hsp70 ATP hydrolysis results in ADP-bound Hsp70 that has high affinity for aggregates 
and results in entropic pulling required for disaggregation. Hsp110 fulfils a specific NEF function that is critical to 
promote entropic pulling and permit disaggregation. Unfolded proteins emerging from the aggregate can refold 
spontaneously or via chaperone-mediated pathways (e.g., via Hsp70/JDP pathways). Alternatively, it has been reported 
that Hsp110-dependent disaggregases can fragment amyloid fibres (e.g., α-synuclein and amyloid-β) into small 
seeding-competent oligomers that are capable of spreading pathology. Image created in Biorender.com. 
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Effectively measuring disaggregation activity in complex cellular environments is non-trivial, and outcomes 
can depend on the context. For example, in actively dividing cells, the “success” of disaggregation might be 
reflected in restored cell proliferation or prevention of cell death. In non-dividing, long-lived cells like neurons, 
other readouts, such as recovery of synaptic function or neurite outgrowth, are more relevant, since neuronal death 
may not occur until very late even if aggregates cause dysfunction. Studies in neurodegenerative disease models 
have shown that if expression of an aggregation-prone protein is halted early enough, cells (and even whole 
organisms) can often clear existing aggregates over time and recover function [88,89]. Using a Huntington’s 
disease mouse model, it was shown that turning off the mutant huntingtin gene led to the gradual disappearance 
of aggregates and reversal of neurological symptoms [89]. Similar results have been observed in models of 
spinocerebellar ataxia and tauopathies; early intervention allowing endogenous chaperones and proteolytic 
systems to catch up and clear the aggregates to restore near-normal cellular function [90–92]. These findings 
underscore that timing is critical; once aggregates inflict irreversible damage (such as neuron loss or widespread 
synapse destruction), merely disaggregating proteins may not bring back lost cells or connections. Thus, any 
therapeutic strategy aiming to enhance disaggregation must be deployed sufficiently early in the disease course, 
before the “point of no return” where functional deficits become permanent. 

Another challenge in the condensate disaggregation field is identifying the truly toxic species of aggregates. 
It is now well appreciated that large, insoluble inclusion bodies (visible aggregates) may actually be less toxic than 
smaller, soluble oligomers of misfolded proteins [93,94]. In Alzheimer’s disease, for example, diffusible oligomers 
of amyloid-β correlate better with neurotoxicity than the final amyloid plaques [94,95]. The same is true for α-
synuclein in Parkinson’s disease. These small aggregates can evade quality control and travel between cells, 
spreading pathology. From a therapeutic standpoint, we must ask: can chaperone systems disaggregate these 
oligomeric species effectively, and if so, do they neutralize or worsen the threat? Disaggregation of amyloid fibrils 
or oligomers might inadvertently generate more toxic, seeding-competent species if conducted in an unregulated 
manner. The Hsp70/Hsp110 disaggregase can fragment amyloid fibres of α-synuclein, producing smaller 
oligomers that are capable of propagating pathology in cell and animal models [96] (Figure 2). It was demonstrated 
that while Hsp70/Hsp110 can break down α-synuclein fibrils, the resulting species were more toxic and could 
spread between cells, effectively exacerbating the proteopathic seed load. Hence, the chaperone disaggregase 
system is “a double-edged sword”; essential for clearing aggregates, but also potentially involved in generating 
harmful oligomers as by-products [96]. This also implies that sequestration of aggregates into stable condensates 
is, at least to some extent, cytoprotective by confinement that prevents dissemination of these pathological species. 

Therefore, any therapeutic approach to enhance disaggregation must be coupled with strategies to safely 
dispose of the disaggregated proteins. Ideally, disaggregation of pathogenic amyloids should be followed 
immediately by proteolytic degradation or neutralization of the released monomers/oligomers. Cells do have 
chaperone-mediated mechanisms for the removal of disaggregated proteins: the ubiquitin-proteasome system and 
autophagy [97–102]. For instance, Hsp70 and its cochaperones can target protein aggregates for proteasomal 
degradation by facilitating ubiquitin ligase-mediated recruitment of the 26S proteasomal machinery. Alternatively, 
enhancing autophagy might be used in tandem with chaperone upregulation to ensure that once aggregates are 
disassembled, the proteins are promptly cleared. Recent studies have revealed a specialized type of autophagy, 
termed aggrephagy, which appears to involve the selective autophagic degradation of protein aggregates [103]. 
Interestingly, aggrephagy requires fragmentation of aggregates followed by compaction, before their autophagic 
disposal, with DNAJB6, Hsp70 and Hsp110 being crucial for aggregate fragmentation, but also requiring the 
activity of a component of the 26S proteasomal machinery (the 19S regulatory particle) [103]. 

In summary, protein disaggregases (whether Hsp70/JDP/Hsp100-based in yeast/bacteria or 
Hsp70/JDP/Hsp110-based in metazoans) are crucial for proteostasis, especially under stress and in the context of 
pathological condensates. These systems have proven benefits, as seen in models where boosting chaperone 
expression alleviates proteotoxicity. But their operation in the context of amyloid disease requires a nuanced 
approach to avoid collateral damage. Ongoing research is dissecting how disaggregase activity is regulated in cells. 
For example, cells might suppress disaggregation of certain amyloids to avoid generating seeds, opting instead to 
sequester them in inclusion bodies. A deeper understanding of these regulatory circuits will inform how 
disaggregases can be safely harnessed in therapy. With careful tuning, it might become possible to coax cells to 
dismantle toxic aggregates in diseases like Alzheimer’s disease, while simultaneously preventing the rebound of 
toxicity by promoting downstream clearance. This balance of timing, targeting, and tandem clearance will define 
the success of future interventions aimed at toxic protein aggregates. 
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4. Conclusions 

Stress response pathways at the molecular level offer a compelling yet complex arena for therapeutic 
intervention. Here, we examined how cochaperone-regulated molecular chaperones, the central players in 
proteostasis, present both opportunities and challenges for the therapeutic modulation of biocondensates. 
Cochaperones such as Hop, JDPs and NEFs in concert with their chaperone partners Hsp70 and Hsp90, are integral 
to maintaining protein homeostasis in biocondensates through the regulation of physiological biocondensate 
cycling, and the disaggregation-based resolution of pathological condensates. These cochaperone-chaperone-
driven processes enable cells to survive various stresses and disease states by isolating and resolving misfolded 
proteins, with finely tuned regulation required to avoid pathological outcomes. Understanding these regulatory 
mechanisms in greater detail will enable the development of therapeutic strategies to enhance beneficial aspects 
(e.g., boosting adaptive SG responses in neurodegeneration) or inhibit detrimental ones (e.g., SG overuse by cancer 
cells to resist chemotherapy). Moreover, our expanding knowledge of cellular stress networks, for instance, how 
cochaperones and chaperones interface with proteolysis, immune signaling, and cell death pathways, will lead to 
more holistic therapeutic strategies. Indeed, any therapeutic intervention targeting toxic aggregates should be 
tightly coupled to enhancement of aggregate clearance processes (e.g., the ubiquitin-proteasome system and 
autophagy). In some cases, combining a cochaperone-chaperone inhibitor with another agent (like an autophagy 
inducer or an immune checkpoint inhibitor) could yield synergistic outcomes, attacking the disease on multiple 
fronts. In conclusion, cochaperone-chaperone networks sit at a crossroads of pathways critical for cell survival 
under duress, and hence by deepening our understanding of their role in biocondensate dynamics, novel 
intervention points will be revealed for sustainable therapeutic solutions to biocondensatopathies. 
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