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Misfolded proteins and insoluble aggregates are continuously produced in the cell and can result in severe stress that threatens cellular fitness and viability if not managed effectively. Accordingly, organisms have evolved several protective protein quality control (PQC) machineries to address these threats. In eukaryotes, the ubiquitin–proteasome system (UPS) plays a vital role in the disposal of intracellular misfolded, damaged, or unneeded proteins. Although ubiquitin-mediated proteasomal degradation of many proteins plays a key role in the PQC system, cells must also dispose of the proteasomes themselves when their subunits are assembled improperly, or when they dysfunction under various conditions, e.g., as a result of genomic mutations, diverse stresses, or treatment with proteasome inhibitors. Here, we review recent studies that identified the regulatory pathways that mediate proteasomes sorting under various stress conditions, and the elimination of its dysfunctional subunits. Following inactivation of the 26S proteasome, UPS-mediated degradation of its own misassembled subunits is the favored disposal pathway. However, the cytosolic cell-compartment-specific aggregase, Hsp42 mediates an alternative pathway, the accumulation of these subunits in cytoprotective compartments, where they become extensively modified with ubiquitin, and are directed by ubiquitin receptors for autophagic clearance (proteaphagy). We also discuss the sorting mechanisms that the cell uses under nitrogen stress, and to distinguish between dysfunctional proteasome aggregates and proteasome storage granules (PSGs), reversible assemblies of membrane-free cytoplasmic condensates that form in yeast upon carbon starvation and help protect proteasomes from autophagic degradation. Regulated proteasome subunit homeostasis is thus controlled through cellular probing of the level of proteasome assembly, and the interplay between UPS-mediated degradation or sorting of misfolded proteins into distinct cellular compartments.
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INTRODUCTION

Protein homeostasis encompasses all aspects of a cell's requirements for coordinating protein synthesis, folding, conformational states, localization, stoichiometry of complexes, subcellular distribution, and proteome degradation (Powers et al., 2009; Sontag et al., 2017; Klaips et al., 2018).

Maintaining protein homeostasis is vital to cells as the accumulation of misfolded proteins and the formation of insoluble aggregates can be toxic, and ultimately may even induce cell death. Indeed, the presence of protein aggregates is characteristic of various aggregation diseases such as multisystem proteinopathy (Watts et al., 2004; Brandmeir et al., 2008), and Amyotrophic Lateral Sclerosis (ALS) (Johnson et al., 2010). Cells therefore evolved several protective protein quality control (PQC) machineries that survey proteins both during and after synthesis to detect potentially harmful misfolded proteins, prevent their aggregation, promote refolding, and target those that are terminally misfolded to proteolytic degradation (Chen et al., 2011; Shaid et al., 2013; Willmund et al., 2013; Mogk and Bukau, 2017). Eukaryotic PQC degradation is generally mediated by the ubiquitin-proteasome system (UPS) or by autophagy. While the selective degradation of soluble proteins is usually conducted by the UPS (Finley, 2009), tightly folded proteins, which are resistant to proteasomal degradation, are recognized by the autophagy pathway (Mizushima et al., 2011).

The UPS is a highly conserved 2.5-MD multi-subunit complex that catalyzes the degradation of a large fraction of intracellular soluble proteins (Hershko and Ciechanover, 1998; Finley, 2009; Bhattacharyya et al., 2014). It is comprised of a 20S cylindrically shaped proteolytic core particle (CP), and one or two 19S regulatory particles (RP) that are further divided into lid and base complexes (Coux et al., 1996). The RP together with the CP form the proteasome holoenzyme complex and are localized primarily in the nucleus (Tanaka, 2009; Enenkel, 2014a,b). Ubiquitin–Proteasome System substrates are first tagged with a poly-ubiquitin chain through an enzymatic cascade mediated by enzymes known as E1, E2, and E3 family members. The poly-Ub tag facilitates protein recognition and degradation by the 26S proteasome (Fredrickson and Gardner, 2012; Kästle and Grune, 2012; Amm et al., 2014). In contrast, autophagy is uniquely designed to eliminate larger structures, which are encapsulated, and delivered in bulk from the cytoplasm to either vacuoles (plants and fungi) or lysosomes (mammals) for breakdown and disposal (Reggiori and Klionsky, 2013; Klionsky and Schulman, 2014).

The regulated aggregation of misfolded proteins by chaperones with aggregase activity was recently described as an additional proteostasis strategy (Escusa-Toret et al., 2013; Kumar et al., 2016; Sontag et al., 2017). This pathway was described following the identification of specific deposition sites for misfolded proteins in a variety of cells (Johnston et al., 1998; Kaganovich et al., 2008), suggesting that aggregation is an organized process. Several classes of protein aggregates were identified in the yeast Saccharomyces cerevisiae, which are referred to using non-uniform nomenclature. Here, we will use the nomenclature that was recently defined by Bukau and colleagues (reviewed in Mogk and Bukau, 2017). Aggregates that form in the cytosol as a result of proteotoxic stress, under the control of the compartment-specific aggregase, Hsp42 (see below), were originally termed cytosolic aggregates (Specht et al., 2011), stress foci (Spokoini et al., 2012), or Q-bodies (Escusa-Toret et al., 2013); here, we will refer to them as CytoQ. For the large aggregate that localizes next to the vacuole, and was originally described as the deposition site for amyloidogenic proteins, including the yeast prions Rnq1 and Sup35, we will use the original term, the insoluble protein deposit (IPOD) (Kaganovich et al., 2008; Kumar et al., 2016).

The family of small heat shock proteins (sHsps), which exhibit ATP independent chaperone activity, plays an important role in orchestrating the aggregation of misfolded proteins. During unfolding stress, the S. cerevisiae Hsps, Hsp42, and Hsp26, associate with substrates in a partially unfolded intermediate state, maintaining them in a ready-to-refold conformation close to the native structure (Haslbeck et al., 2004, 2005). Hsp42 co-aggregates with diverse misfolded substrates under different stress conditions, including heat stress (Specht et al., 2011), proteasome inhibition (Peters et al., 2015, 2016; Marshall et al., 2016), cellular quiescence (Liu et al., 2012), and cellular aging (Saarikangas and Barral, 2015; Lee et al., 2018). Such co-aggregation is employed to actively control the formation of CytoQs and promote the coalescence of multiple small CytoQs into a small number of assemblies of larger size at specific cellular sites (Specht et al., 2011; Escusa-Toret et al., 2013). Substrate sequestration at CytoQs can facilitate their subsequent refolding by ATP-dependent Hsp70-Hsp100 disaggregating chaperones, for subsequent triage between the refolding, and degradation pathways (Mogk and Bukau, 2017).

Since the proteasome is vital for maintaining proteostasis as a part of the PQC, it is involved in nearly all cellular processes. Therefore, elucidating the mechanisms of proteasome turnover and its consequences are of major importance and significance in understanding human diseases caused by protein aggregation (aggregation pathologies).

Here, we review the important recent advances, and the current stage in our understanding of the principles and mechanisms by which these PQC regulatory pathways regulate the spatial organization or elimination of proteasome subunits under various conditions (see Figure 1 for schematic representation of these pathways).
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FIGURE 1. Schematic representation of proteasome fate under various stress conditions. (A) Autophagic turnover of inactive proteasome. Following proteasome inactivation, Hsp42 mediates the accumulation of inactive subunits at the IPOD. Proteasomes also become extensively modified with poly-ubiquitin chains in a process mediated by an as yet unidentified E3 Ub ligase. Moreover, it remains unclear whether this ubiquitination step occurs before or after entry to the IPOD. Ubiquitinated proteasomes then associate with the ubiquitin receptor, Cue5, which simultaneously binds to Atg8, leading to their targeting to the autophagic membrane, and proteophagy. Chemical inactivation of proteasomes using the reversible proteasome inhibitor, MG132, stimulates autophagy of both the core particles (CP) and regulatory particles (RP) at similar rates. A genetically compromised RP subunit did not stimulate proteophagy of the CP, and the other way around. Thus, proteaphagy is not restricted to the holo-complex, and RP or CP can be degraded individually. (B) Proteasome homeostasis during carbon deprivation. Upon glucose starvation, intracellular ATP levels and pH decrease. This triggers the dissociation of the proteasome holo-complex to CP and RP subcomplexes, migration to the nuclear periphery and a stepwise export from the nucleus to the cytoplasm to form PSGs, membrane-less assemblies of soluble proteins. The first step in the CP and RP cytoplasmic delivery is mediated by Blm10 and Spg5, respectively. This step results in transient association of proteasomes with the IPOD, together with other IPOD proteins, such as Hsp42, to form inclusions termed early PSGs. While mutated inactive proteasomes are retained in these inclusions, the functional CP and RP particles are targeted to form the mature PSGs, which protects functional proteasomes from autophagy. Mature PSG assembly requires the proteasome associated protease, Ubp6, to release free ubiquitin from branched ubiquitin chains on nuclear proteasomes, resulting in a compact granule containing RP, Blm10-CP, and free ubiquitin moieties. This process is reversible; when glucose again becomes available, PSGs disperse, allowing cells to quickly re-enter the cell cycle without waiting for new de novo proteasome assembly. (C) Proteaphagy induced by nitrogen starvation stress. Upon nitrogen starvation, similarly to carbon depletion, proteasomes are exported from the nucleus to the cytoplasm most likely when the holo-complex is dissociated to CP and RP complexes. Then, each RP and CP is separately targeted to the Atg8-autophagosomes for vacuolar degradation. This process may involve as yet unknown autophagy adaptors and signals. For the CP complex, the role of ubiquitination is still unclear; however, the Ubp3-Bre5 deubiquitinase complex seems to be involved. This autophagy pathway is distinct from the pathway required for inactive proteasomes, since it does not involve Cue5 or Hsp42 proteins. This route depends on Atg1-Atg13 complex, Atg8, Atg9, and Atg15, and the sorting nexins Snx4/Atg24 and Snx41 or Snx42.




AUTOPHAGIC TURNOVER OF INACTIVE PROTEASOME

Proteasomes assemble into very stable complexes (Hendil et al., 2002; Pack et al., 2014); nevertheless, cells need to dispose of them when their subunits are assembled improperly as a result of transcriptional and translational failures, or dysfunction under various conditions, e.g., as a result of genomic mutations, diverse stress conditions such as damage induced by oxidation, or treatment with proteasome inhibitors, such as those now widely used to treat multiple myeloma and other malignancies (Goldberg, 2012). Moreover, non-functional proteasomes can also form during their own assembly, an error-prone process that requires the coordinated activity of numerous assembly chaperones (Enenkel et al., 1999; Bedford et al., 2010; De La Mota-Peynado et al., 2013).

Significant progress in understanding the turnover of inactive proteasome and the formation of different proteasome aggregates was achieved in the model organism S. cerevisiae (yeast). Proteasome sequestration and degradation are typically monitored using GFP-tagged proteasome subunits in their wild-type or mutated forms (Enenkel et al., 1999; Weberruss et al., 2013; Enenkel, 2014a,b, 2018; Marshall et al., 2015; Peters et al., 2015, 2016; Marshall and Vierstra, 2018a). Such tagged subunits are also commonly used to monitor vacuolar targeting of proteasomes through autophagy, by observing the accumulation of a ~25 kDa band that is recognized by anti-GFP antibody on immunoblots. The appearance of this band (hereafter termed “free GFP”) results from the rapid cleavage of the linker between GFP and the tagged proteasome subunit. The folding state of the GFP protein renders it resistant to rapid vacuolar degradation, resulting in the accumulation of free GFP that can be also easy detected by fluorescence microscopy (Marshall et al., 2015, 2016; Waite et al., 2016).

Both chemical and genetic approaches have been used in yeast to induce proteasome inactivation. For the chemical approach, the reversible proteasome inhibitor MG132 is added to the growth medium (Marshall et al., 2016; Marshall and Vierstra, 2018a). For the genetic approach, various temperature sensitive (ts) mutants [available from yeast ts mutant collections (Ben-Aroya et al., 2008; Li et al., 2011)] are used to affect selected CP or RP subunits at the restrictive temperatures (Marshall et al., 2015, 2016; Peters et al., 2015; Marshall and Vierstra, 2018a).

When proteasomes are inactivated genetically, using an RP ts mutant that can still assemble functional proteasomes under the semi-restrictive temperature, the functional 26S fraction mediates the degradation of the inactive subunits. However, when functional proteasomes in these cells become scarce following treatment with MG132, or transferring the cells to the restrictive temperature, Hsp42 mediates an alternative pathway, characterized by the accumulation of these subunits in the IPOD (Peters et al., 2015). Notably, these aggregates were recently identified as a prerequisite for the subsequent clearance of dysfunctional proteasomes by autophagy (termed proteophagy) (Marshall et al., 2015, 2016; Waite et al., 2016). As a first line of defense, cells subjected to proteasome inhibition by MG132 treatment, upregulate the expression of the proteasome subunit transcription factor, RPN4 (Xie and Varshavsky, 2001), and accordingly, no significant proteaphagy is detected during the first hours of proteasome inhibition (Marshall et al., 2016). Impairment of autophagy by deleting enzymes required for the attachment of the lipid phosphatidylethanolamine (PE) of the autophagosomal membrane to Atg8, an essential step in autophagosome formation (Reggiori and Klionsky, 2013), results in the accumulation of GFP-tagged proteasome subunits at the IPOD (Marshall et al., 2016). These results indicate that Hsp42-dependent aggregation occurs upstream to proteophagy. Accordingly, proteaphagy is abolished in Δhsp42 cells, and in this case, the GFP-tagged proteasome is no longer observed aggregating in the cytosolic periphery. Instead, it shows the nuclear enrichment similarly to the wt proteasome (Peters et al., 2015, 2016; Marshall et al., 2016). All together, these studies suggest that Hsp42 mediates the coalescence of multiple small CytoQs containing dysfunctional proteasome subunits, into a smaller number of assemblies, until they are sequestered into the IPOD, and that this step is a prerequisite for their delivery to the vacuole and for proteaphagy turnover.

The observation that the proteasome can itself be cleared by autophagy raised several questions, including how the inactivated subunits are recognized and delivered to the autophagic vesicles. Intriguingly, the autophagic clearance of inactive proteasomes requires the induction of their modification with ubiquitin. Several studies suggested that such ubiquitin-modified species or aggregates are recognized by the selective ubiquitin-dependent autophagy machinery (Mizushima et al., 2011; Reggiori and Klionsky, 2013; Lu et al., 2014). The ubiquitin-dependent autophagy pathway plays a key role in the elimination of protein aggregates, assemblies, or organelles, and counteracts the cytotoxicity of proteins linked to neurodegenerative diseases (Klionsky, 2007; Pohl and Jentsch, 2009; Levine et al., 2011). Following substrate ubiquitylation, the ubiquitylated cargo is delivered to autophagosomes through the action of specific adaptors that connect the ubiquitin system with the autophagy pathway. Such adaptors harbor a domain for ubiquitin-conjugate binding, and a distinct binding site for the autophagosomal protein, Atg8 (Kraft et al., 2010). Atg8 becomes conjugated to the lipid phosphatidylethanolamine (PE) of the autophagosomal membrane through a well-characterized conjugation system. This promotes not only docking sites for proteins that induce formation of autophagosomes, but also provides the docking sites for receptors that recruit autophagic cargo prior to their delivery to lysosomal degradation (Levine et al., 2011; Reggiori and Klionsky, 2013). Known adaptors include the human p62/SQSTM1, which carries a domain with ubiquitin-conjugate binding activity (termed UBA), that binds to various ubiquitylated cargo including protein aggregates, pathogens, and peroxisomes, and a distinct binding site for Atg8 (LC3), termed Atg8-interacting motif (AIM), or LC3-interacting region (LIR) (Kirkin et al., 2009; Kraft et al., 2010; Shaid et al., 2013). Another adaptor is the Arabidopsis Rpn10 (Marshall et al., 2015), human Tollip, and its functional yeast homolog, Cue5 (Lu et al., 2014; Marshall et al., 2016). Cue5 was first linked to the autophagic clearance of PolyQ aggregates in yeast (Lu et al., 2014). Later, it was demonstrated that Cue5 forms a complex with both the ubiquitinated 26S proteasome through its CUE domain, a ubiquitin binding domain of the CUET proteins, and with Atg8 through its Atg8 -interacting motif (AIM) (Marshall et al., 2016).

Together, these studies suggested that directing the ubiquitinated dysfunctional proteasomes to the IPOD, next to the vacuole, allows Cue5 to deliver the sequestered substrates to the adjacent Atg8, thereby facilitating encapsulation. This provides an important surveillance mechanism for the recycling of inactive proteasomes by proteophagy, and the maintenance of 26S proteasome homeostasis. Interestingly, a genetically compromised RP subunit did not stimulate proteophagy of the CP. In a similar fashion, RP proteophagy was not stimulated under CP damage (Marshall et al., 2016). However, chemical inactivation of the CP peptidase activity with MG132 stimulates autophagy of both the CP and RP at similar rates. Thus, it appears that while proteophagy can eliminate the entire 26S complex, specific damage to the CP or RP can result in their selective removal. The previous observation that the CP and RP are tightly associated upon inhibition of the CP (Kleijnen et al., 2007), provides a possible explanation for the removal of both subcomplexes following MG132 exposure, even though only the CP active sites are compromised.

Conflicting data have been reported regarding the role of ubiquitination in targeting substrates to various deposition sites. It was originally shown that formation of CytoQ containing misfolded model substrates such as VHL and Ubc9ts (Kaganovich et al., 2008), or DegAB-GFP (Alfassy et al., 2013) requires ubiquitination for their sorting. However, in another study, although the misfolded substrate tGnd1-GFP was ubiquitinated, deletion of its E3 ubiquitin ligases had no effect on its HSP42 dependent sequestration (Miller et al., 2015a). Hence, these studies indicate strong substrate-specific variations in the role of ubiquitination as a required sorting signal. Accordingly, while it is well-established that ubiquitination of the damaged proteasome is conserved both in Arabidopsis, and in yeast (Marshall et al., 2015, 2016; Waite et al., 2016), it is not clear whether the non-native conformational state of the dysfunctional proteasome is sufficient to target these structures to the IPOD, via Hsp42, which in turn facilitates their subsequent ubiquitylation through the associated E3s. Alternatively, it is possible that ubiquitin addition is required for Hsp42-mediated aggregation into the IPOD.

Another key question in the proteophagy of inactivated proteasome components is the identity of the E3 ubiquitin ligases that act on these substrates. Co-immunoprecipitation experiments revealed an association between Cue5 and the E3 ubiquitin ligase, Rsp5, the main ubiquitin ligase that targets cytosolic misfolded proteins following heat stress (Fang et al., 2014). Moreover, cell fractionation assays revealed that Atg8 and Cue5 co-precipitate with the poly-Q protein, Htt-96Q, and demonstrated that Rsp5 is required for the clearance of these aggregates by the selective ubiquitin-dependent autophagy pathway (Lu et al., 2014). In an analogous manner, it is possible that Rsp5 may also participate in the ubiquitination of inactive proteasomes. A potential role suggested for Rsp5 in mediating the degradation of misfolded proteins was in priming their ubiquitination, with extension of ubiquitin chains on the conjugated substrates carried out by another E3 elongating enzyme (also termed E4) (Koegl et al., 1999; Fang et al., 2014). Therefore, while Rsp5 is a potential candidate for this ubiquitination step, other E2 or E3 enzymes that mediate proteophagy, are yet to be identified.

Whereas, the regulation of proteasome degradation of damaged proteins has been studied for decades, little was known about the regulation of its own impaired units. In this case, proteaphagy represents a cellular strategy to degrade proteasome components when the UPS system malfunctions. This process does not involve random bulk autophagy, but rather, is a highly regulated process involving the protein quality control machinery via its chaperones and ubiquitin-autophagy adaptors. How the protein quality control mechanism identifies impaired proteasome subunits and distinguishes them from other types proteasome aggregates remains unclear and should be further explored.



PROTEAPHAGY INDUCED BY NITROGEN STARVATION STRESS

Proteaphagy is initiated in response to proteasome inactivation or nitrogen deprivation (Marshall and Vierstra, 2015, 2018a,b; Marshall et al., 2015, 2016). However, these pathways are distinct, as they require expression of different autophagy genes (Marshall et al., 2016; Marshall and Vierstra, 2018a). More than 80% of the yeast and Arabidopsis proteasomes are subjected to proteaphagy within the first 8 h of transfer to nitrogen-deprivation conditions (Marshall et al., 2015; Marshall and Vierstra, 2018a). This degradation depends on ATG1, a nutrient responsive kinase, ATG7, a core autophagy component, and ATG13, a regulatory subunit of the Atg1 kinase (Reggiori and Klionsky, 2013; Dikic, 2017; Galluzzi et al., 2017), but not on CUE5 and HSP42 (Marshall et al., 2015; Marshall and Vierstra, 2018a). An additional factor that distinguishes nitrogen starvation is the role of the de-ubiquitinase, Ubp3 and its co-factor Bre5. Ubp3 and Bre5 are involved in nitrogen depletion-induced proteaphagy, under which they promote autophagy of the CP, but not the RP (Waite et al., 2016; Marshall and Vierstra, 2018a). Nevertheless, the machinery that induces proteaphagy in response to nitrogen depletion needs to be further investigated in comparison to proteasome inactivation.



PROTEASOME HOMEOSTASIS DURING CARBON DEPRIVATION

When glucose is depleted, and ATP levels decrease, the subsequent acidification of the cytoplasm signals cells to enter quiescence, the stationary (G0) phase in yeast (Laporte et al., 2008; Munder et al., 2016). This state has been shown to promote widespread-programmed reorganization of nuclear and cytoplasmic proteins into reversible assemblies (Narayanaswamy et al., 2009; Breker et al., 2013). One of these assemblies forms as a result of the massive cytoplasmic re-localization of proteasome subunits into proteasome-storage granules (PSGs) (Bajorek et al., 2003; Laporte et al., 2008; Peters et al., 2013). PSGs are thought to be membrane-less droplets of soluble proteins (Enenkel, 2018). During the first step of PSG formation, proteasomes migrate to the nuclear periphery (Laporte et al., 2008; Daignan-Fornier and Sagot, 2011; Enenkel, 2014a,b). Then, before being deposited in their final cytosolic assemblies, they transiently co-localize with Hsp42 in the IPOD (Peters et al., 2016). PSGs act as cellular reservoirs, which help protect the proteasome pool by its sequestration (Laporte et al., 2008, 2011). When conditions improve, and glucose becomes available again, PSGs disperse, allowing cells to quickly reenter the cell cycle without waiting for the de novo synthesis and assembly of new proteasomes (Laporte et al., 2008, 2011; Daignan-Fornier and Sagot, 2011).

While both the CP and RP co-localize in PSGs, studies have shown that they are not assembled with each other during PSG storage (Bajorek et al., 2003; Chowdhury and Enenkel, 2015; Peters et al., 2016). Upon carbon starvation, the CP and RP dissociate and are separately delivered into PSGs, by Blm10, and Spg5, respectively (Decker and Parker, 2012; Hanna et al., 2012; Weberruss et al., 2013; Marshall and Vierstra, 2018a), where instead of an association of the CP with the RP, a large fraction of the CP is seen interacting with Blm10 (Weberruss et al., 2013; Gu et al., 2017). Furthermore, in vitro measurement of the proteolytic activity of CP and RP-CP after carbon starvation showed that while CP activity was high, RP-CP activity dropped, reinforcing the contention that CP and RP do not associate under conditions that favor PSG formation (Marshall and Vierstra, 2018a). Still, PSG formation requires the presence of both intact CP and RP, since in cells carrying a mutation in RP subunits, the CP was no longer embedded in the form of PSGs, and was dispersed in the cytoplasm (Saunier et al., 2013; Peters et al., 2016). These results suggest that while PSGs contain intact RP and CP, the holo-complex is not assembled, and is most probably dysfunctional under carbon starvation (Weberruss et al., 2013). This is consistent with the original role suggested for PSGs (Laporte et al., 2008). The ability to rapidly restore proteasome capacity avoids the need to reassemble the proteasome pool de novo, which would be essential for proper regulation of cell division and other growth-promoting processes (Laporte et al., 2008). Indeed, PSG formation promotes resumption of cell growth upon exit from starvation, even when the cell is subjected to additional folding stress imposed by the amino acid analogs, canavanine and p-fluorophenylalanine (Marshall and Vierstra, 2018a). Survival under these conditions would be aided by the capacity of proteasomes to clear abnormal proteins incorporating these analogs (Marshall and Vierstra, 2018a).

To test the requirement of free ubiquitin in PSG formation, deletion mutants were made for Ubp6, the proteasome-associated ubiquitin-specific protease that releases free ubiquitin from branched polyubiquitin chains (Crosas et al., 2006; Sakata et al., 2011) and Ubi4, which encodes a penta-repeat of ubiquitin molecules (Finley et al., 1987). Both Δubp6 and Δubi4 cells are characterized by low levels of free ubiquitin (Hanna et al., 2006, 2007). In both mutants, PSG formation was perturbed and the resumption of growth upon exit from quiescence was delayed. These results revealed the importance of ubiquitin in the formation of PSGs (Gu et al., 2017; Enenkel, 2018). It was demonstrated that proteasomes in PSGs are enriched with not covalently attached free ubiquitin, as opposed to proteasomes in proliferating cells, which are enriched with poly-ubiquitin chains (Gu et al., 2017). Furthermore, when tracking the GFP-tagged version of Ubi4 and Ubp6, it was shown that under carbon starvation, they both formed PSG-like foci, which co-localized to PSGs, and cleared upon carbon restoration (Gu et al., 2017). PSG formation can be prematurely induced in proliferating cells by the over production of Ubi4 (Gu et al., 2017). Furthermore, the overproduction of a lysine-free Ubi4 which is catalytically inactive and cannot form any ubiquitin chains, results in premature induction of PSGs. All together, these results support the notion that free ubiquitin levels regulate PSG formation, and that prior to sequestration in PSGs, proteasomes in proliferating cells must trim their ubiquitin branches. The presence of mono-ubiquitin triggers nuclear export and sequestration into PSGs (Gu et al., 2017). The requirement for de-ubiquitylating enzymes to increase free ubiquitin levels, and trigger PSG formation needs to be further studied.

Attempts to identify additional proteins that aggregate similarly to PSGs, and might form a PSG scaffold, were described in two independent studies. Both used an arrayed GFP clone collection of S. cerevisiae tagged open reading frames (Huh et al., 2003) to systematically follow the reorganization of yeast proteins under carbon starvation (Gu et al., 2017; Lee et al., 2018). Other than Ubi4, Ubp6, Blm10 and the proteasome subunits themselves, none of the detected protein aggregates were reversable upon carbon addition, or co-localized with PSGs (Gu et al., 2017; Lee et al., 2018). These results suggest that PSGs are unique and represent reservoirs of ubiquitin and proteasome subunits.



PSGs AND PROTEAPHAGY ARE MUTUALLY EXCLUSIVE PROTEASOME FATES

It has been demonstrated that PSG assembly and proteaphagy are mutually exclusive proteasome fates, and thus, when PSG formation is blocked, proteaphagy occurs (Marshall and Vierstra, 2018a). Carbon starvation, which induces PSGs, selectively suppresses proteaphagy, despite the up regulation of bulk autophagy and other forms of selective autophagy, which are induced under such conditions. In addition, when nitrogen and carbon starvation were combined, lack of carbon had a dominant effect on proteasome fate by rapidly suppressing proteaphagy and promoting PSG formation (Marshall and Vierstra, 2018a). However, it remains unknown why carbon starvation, but not nitrogen starvation, induces PSGs and other protein re-arrangements.

Blm10, which is essential for directing the CP to PSGs, appears to protect the CP from direction to proteaphagy (Marshall and Vierstra, 2018a). The absence of BLM10 under carbon starvation pushes cells to proteaphagy, which can be blocked on Δatg7 and Δatg13 backgrounds, but not in Δcue5 cells. This indicates that Blm10 blocks the autophagy pathway of the CP through nutrient deprivation proteaphagy rather than proteaphagy pathways induced by inactive proteasomes (Marshall and Vierstra, 2018a).

Table 1 summarizes the conditions and factors found thus far to impact PSG formation, while inversely affecting proteaphagy. Nevertheless, the common master regulator that links these factors in the process of PSG formation remains unknown.


Table 1. Conditions that impact PSGs formation inversely affect proteaphagy.
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THE ROLE OF SMALL HEAT SHOCK PROTEINS IN FACILITATING GRANULE FORMATION

Maintaining proteostasis is crucial for cell function and viability. It is critical for the cell to be able to control the toxic potential of misfolded proteins and aggregates by either sequestration, degradation or both. However, cells must also retain the capacity to regulate the transition between proliferation and quiescence, specifically by protecting “reservoirs” of properly folded protein granules in times of stress. If not balanced, these conflicting pathways can be potentially deleterious for the entire organism.

Hsp42 has been shown to organize the sequestration of diverse substrates under different stress regimes, including heat stress, proteasome inhibition, cellular quiescence, and cellular aging (Liu et al., 2012; Escusa-Toret et al., 2013; Miller et al., 2015a; Peters et al., 2015, 2016; Saarikangas and Barral, 2015; Marshall et al., 2016; Ungelenk et al., 2016). The role of Hsp42 in these processes is specific and cannot be replaced by other chaperones. Hsp42 maintains its functional specificity as a cellular aggregase via its long N-terminal extension (NTE) (Alberti et al., 2009; Jaya et al., 2009; Specht et al., 2011; Fu et al., 2013; Grousl et al., 2018), while NTE deletion abrogates CytoQ formation (Mogk and Bukau, 2017; Grousl et al., 2018). The aggregase function of Hsp42 was suggested to include two distinct activities. First, Hsp42 directly promotes protein aggregation; in addition, Hsp42 mediates the coalescence of multiple small CytoQs into a smaller number of CytoQs of enlarged size (Escusa-Toret et al., 2013; Saarikangas and Barral, 2015; Ungelenk et al., 2016; Mogk and Bukau, 2017; Grousl et al., 2018).

A major, and as yet unresolved question is how Hsp42 recognizes its substrates for aggregation. Is it exclusively based on the exposure of hydrophobic patches on the substrates? Does the solubility state of the substrate affect its binding? Finally, is Hsp42 alerted by the presence of a signal, such as ubiquitination?

Ubiquitination was originally described as a sorting signal for Hsp42-dependant CytoQ formation (Shiber et al., 2013). Moreover, the quality control machinery partitions misfolded proteins to compartments on the basis of their solubility and ubiquitination state (Kaganovich et al., 2008; Spokoini et al., 2012). This suggests that misfolded proteins targeted to degradation or sequestration are ubiquitylated as part of a step prior to aggregation. In support of this pathway, is the demonstration (Shiber et al., 2013) that the Hsp40 co-chaperone, Sis1, is required for the ubiquitylation of proteins carrying the DegAB degron, and in Δssa1/2 cells, they are sequestered into detergent-insoluble, Hsp42-positive inclusion bodies.

Hsp42 is crucial for the assembly of proteins that have a role in epigenetics, metabolic enzymes and molecular chaperones, during the stationary phase. These granules were termed Hsp42-Sationary phase granules (SPGs) (Liu et al., 2012; Lee et al., 2016, 2018), and their presence was shown to promote cell survival during stress (Liu et al., 2012; Lee et al., 2016, 2018). It was also demonstrated that under carbon starvation, Hsp42-SPGs co-immunoprecipitates with Ssa1-TAP and not Hsp42-TAP (Lee et al., 2018). This may indicate that under carbon starvation stress, Hsp42 is predominantly insoluble, while Ssa1 (Shiber et al., 2013) and the other SPG components (Lee et al., 2018), similar to PSGs (Enenkel, 2018), are soluble. Taken together, these results imply that Hsp42 may preferentially sequester insoluble proteins.

In this regard, Hos2, a known component of Hsp42-SPGs (Liu et al., 2012; Lee et al., 2018), behaves under carbon starvation stress in a manner similar to that of luciferase, containing mutations that induce protein misfolding (Lee et al., 2018). The ability of such mutations to induce protein misfolding, raises the possibility that only proteins prone to misfolding are gathered to Hsp42-dependent SPGs (Lee et al., 2018). Furthermore, when SPG components were compared to proteins previously shown to have a tendency to misfold and form aggregates in log phase cells after heat shock (Ruan et al., 2017), 50% of the SPG proteins overlapped (Lee et al., 2018). It is likely that these proteins are protected by molecular chaperones in Hsp42-SPGs to prevent further misfolding and damage during chronological aging or stress (Lee et al., 2018). When yeast cells enter stationary phase, proteasome activity is also gradually decreased (Bajorek et al., 2003); therefore, it is possible that stationary phase cells use Hsp42-SPGs to collect partially misfolded proteins to prevent further damage or perturbation. If this is the case, the presence of a ubiquitination signal on these misfolded proteins can trigger Hsp42 to sequester semi-functional proteins, as well.

Nevertheless, there are two major arguments against the function of ubiquitin as a recognition signal. First, the re-constitution of Hsp42 aggregase activity in vitro shows that Hsp42 is necessary and sufficient to promote protein aggregation (Ungelenk et al., 2016; Mogk and Bukau, 2017). Hsp42 acts by increasing the concentration of hydrophobic patches in the substrate (Ungelenk et al., 2016; Mogk and Bukau, 2017), implying that no additional cellular factors are required for CytoQ formation, and indeed no such factors have been reported. Second, it has been shown that the formation of SPGs (Liu et al., 2012; Lee et al., 2016, 2018), and stress granules (Buchan and Parker, 2009; Malinovska et al., 2012, 2013; Protter and Parker, 2016) during the stationary phase is also Hsp42-dependent. Both types of granules harbor intact proteins without any requirement for ubiquitination. Moreover, the intranuclear quality control compartment (INQ), which is a depository for misfolded aggregating proteins, does not require ubiquitination either (Miller et al., 2015a,b). Accordingly, it was suggested that Hsp42 may function as a scaffolding molecule that promotes its own interactions with proteins, and that its NTE, specifically its Prion like Domain, constitutes its major substrate-binding site (Mogk and Bukau, 2017). Further support for this notion comes from the fact that Hsp42 is very abundant at 30°C (28,000 molecules/cell) and even more so during heat-stress (46,000 molecules/cell) (Miller et al., 2015a). This high availability of Hsp42 allows the proteins subjected to aggregation to be constantly exposed to Hsp42 and to interact with it more frequently.

Dysfunctional proteasomes are sequestered to the IPOD in an Hsp42-dependent manner (Peters et al., 2015; Marshall et al., 2016). In contrast, under carbon starvation, the intact CP and RP components embedded in PSGs, only transiently co-localize with Hsp42 at the IPOD. As a result, these components are not retained in the IPOD and are subsequently directed to a distinct inclusion site (Peters et al., 2016). These observations are consistent with the findings demonstrating that proteins prone to misfolding upon heat shock or in stationary phase are sequestered to an Hsp42-associated granule (Lee et al., 2018). The transient association with Hsp42 demonstrates that proteasome sequestration to deposition sites is highly regulated and requires a quality control step (Peters et al., 2016). This regulation ensures that upon carbon depletion, proteasome sub-complexes embedded in PSGs remain intact to support their rapid reassembly and re-entry into the cell cycle, even in the absence of de novo protein synthesis (Laporte et al., 2008, 2011). All these observations support the existence of another, as yet unidentified, cellular signal, which promotes the transient association between PSGs and Hsp42.

Both CytoQ and SPG share chaperones, such as Hsp104, Hsp26, Ssa1-4, Ydj1, and Get-complex components (Escusa-Toret et al., 2013; Lee et al., 2018), suggesting that chaperones are the core proteins that interact with additional substrate proteins to form granule structures under distinct stresses. This supports a previous hypothesis that the IPOD serves not only as the well-established sequestration site for terminally misfolded proteins, but also as a functional sorting compartment (Peters et al., 2016). Furthermore, it was shown that Hsp42-SPG formation not only allows cells to regulate protein activities during the stationary phase and its exit to the cell cycle (Liu et al., 2012; Lee et al., 2016, 2018), it also provides a PQC center for cells to respond to sudden stress.

PSGs have been shown to transiently co-localize not only with Hsp42, but also with the IPOD marker, the yeast prion, Rnq1 (Peters et al., 2016). Moreover Hsp42-SPG and Rnq1 were shown to partially overlap (Lee et al., 2018). It is possible that the cellular position of the different types of Hsp42-associated granules and aggregates, SPGs, Hsp42-cytoQ, dysfunctional proteasome in the IPOD, and PSGs in their co-localizing state with Hsp42, are located adjacent to each other and may partially overlap in their position within the cell. Moreover, the fact that they share chaperones including Ssa1-4, Ydj1, Get complex protein, Hsp104 Hsp26, Hsp42 as their components can suggest that the regulation of Hsp42-cytoQ and the IPOD is tightly associated, as described for SPGs (Lee et al., 2018), PSGs (Peters et al., 2016), and dysfunctional proteasomes in the IPOD (Peters et al., 2015). Hsp42 might represent a general quality control hub that broadly impacts proteins that change their localization in response to various types of stress.



CLOSING REMARKS

The role of aggregation in maintaining the homeostasis of proteasomes and other proteins challenge the traditional view of misfolded protein clearance mechanisms, which were proposed to be hierarchical, i.e., misfolded proteins were believed to be initially stabilized by chaperones for either refolding or degradation, with sequestration into aggregates as an undesired stochastic process resulting from collapse of proteostasis. However, it is now believed that the organized co-aggregation of misfolded protein with sHsps, and their sequestration in large cellular assemblies represents a novel parallel pathway to proteostasis. Many proteins have been shown to serve as substrates for different types of aggregation, in diverse deposition sites, either as intact proteins and complexes, or misfolded proteins. This suggests that the cell must be able to recognize and direct different types of proteins to their respective deposition sites. Moreover, cells may have a sorting center to cope with the different types of aggregation induced under the diverse stress conditions they face. Malfunction of this machinery can be deleterious for the cell. Since most of the different types of aggregates are found in mammalian cells, as well, elucidating the factors that identify and target the different types of protein aggregation will shed light on their potential role.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 Alberti, S., Halfmann, R., King, O., Kapila, A., and Lindquist, S. (2009). A systematic survey identifies prions and illuminates sequence features of prionogenic proteins. Cell 137, 146–158. doi: 10.1016/j.cell.2009.02.044

 Alfassy, O. S., Cohen, I., Reiss, Y., Tirosh, B., and Ravid, T. (2013). Placing a disrupted degradation motif at the C terminus of proteasome substrates attenuates degradation without impairing ubiquitylation. J. Biol. Chem. 288, 12645–12653. doi: 10.1074/jbc.M113.453027

 Amm, I., Sommer, T., and Wolf, D. H. (2014). Protein quality control and elimination of protein waste: the role of the ubiquitin-proteasome system. Biochim. Biophys. Acta 1843, 182–196. doi: 10.1016/j.bbamcr.2013.06.031

 Bajorek, M., Finley, D., and Glickman, M. H. (2003). Proteasome disassembly and downregulation is correlated with viability during stationary phase. Curr. Biol. 13, 1140–1144. doi: 10.1016/s0960-9822(03)00417-2

 Bedford, L., Paine, S., Sheppard, P. W., Mayer, R. J., and Roelofs, J. (2010). Assembly, structure, and function of the 26S proteasome. Trends Cell Biol. 20, 391–401. doi: 10.1016/j.tcb.2010.03.007

 Ben-Aroya, S., Coombes, C., Kwok, T., O'Donnell, K. A., Boeke, J. D., and Hieter, P. (2008). Toward a comprehensive temperature-sensitive mutant repository of the essential genes of Saccharomyces cerevisiae. Mol. Cell 30, 248–258. doi: 10.1016/j.molcel.2008.02.021

 Bhattacharyya, S., Yu, H., Mim, C., and Matouschek, A. (2014). Regulated protein turnover: snapshots of the proteasome in action. Nat. Rev. Mol. Cell Biol. 15, 122–33. doi: 10.1038/nrm3741

 Brandmeir, N. J., Geser, F., Kwong, L. K., Zimmerman, E., Qian, J., Lee, V. M., et al. (2008). Severe subcortical TDP-43 pathology in sporadic frontotemporal lobar degeneration with motor neuron disease. Acta Neuropathol. 115, 123–131. doi: 10.1007/s00401-007-0315-5

 Breker, M., Gymrek, M., and Schuldiner, M. (2013). A novel single-cell screening platform reveals proteome plasticity during yeast stress responses. J. Cell. Biol. 200, 839–850. doi: 10.1083/jcb.201301120

 Buchan, J. R., and Parker, R. (2009). Eukaryotic stress granules: the ins and outs of translation. Mol. Cell. 36, 932–941. doi: 10.1016/j.molcel.2009.11.020

 Chen, B., Retzlaff, M., Roos, T., and Frydman, J. (2011). Cellular strategies of protein quality control. Cold Spring Harb. Perspect Biol. 3:a004374. doi: 10.1101/cshperspect.a004374

 Chowdhury, M., and Enenkel, C. (2015). Intracellular dynamics of the ubiquitin-proteasome-system. F1000Res 4:367. doi: 10.12688/f1000research.6835.2

 Coux, O., Tanaka, K., and Goldberg, A. L. (1996). Structure and functions of the 20S and 26S proteasomes. Annu. Rev. Biochem. 65, 801–847. doi: 10.1146/annurev.bi.65.070196.004101

 Crosas, B., Hanna, J., Kirkpatrick, D. S., Zhang, D. P., Tone, Y., Hathaway, N. A., et al. (2006). Ubiquitin chains are remodeled at the proteasome by opposing ubiquitin ligase and deubiquitinating activities. Cell 127, 1401–1413. doi: 10.1016/j.cell.2006.09.051

 Daignan-Fornier, B., and Sagot, I. (2011). Proliferation/quiescence: the controversial aller-retour. Cell Div. 6:10. doi: 10.1186/1747-1028-6-10

 De La Mota-Peynado, A., Lee, S. Y., Pierce, B. M., Wani, P., Singh, C. R., and Roelofs, J. (2013). The proteasome-associated protein Ecm29 inhibits proteasomal ATPase activity and in vivo protein degradation by the proteasome. J. Biol. Chem. 288, 29467–29481. doi: 10.1074/jbc.M113.491662

 Decker, C. J., and Parker, R. (2012). P-bodies and stress granules: possible roles in the control of translation and mRNA degradation. Cold Spring Harb. Perspect Biol. 4:a012286. doi: 10.1101/cshperspect.a012286

 Dikic, I. (2017). Proteasomal and autophagic degradation systems. Annu. Rev. Biochem. 86, 193–224. doi: 10.1146/annurev-biochem-061516-044908

 Enenkel, C. (2014a). Nuclear transport of yeast proteasomes. Biomolecules 4, 940–955. doi: 10.3390/biom4040940

 Enenkel, C. (2014b). Proteasome dynamics. Biochim. Biophys. Acta. 1843, 39–46. doi: 10.1016/j.bbamcr.2013.03.023

 Enenkel, C. (2018). The paradox of proteasome granules. Curr. Genet. 64, 137–140. doi: 10.1007/s00294-017-0739-y

 Enenkel, C., Lehmann, A., and Kloetzel, P. M. (1999). GFP-labelling of 26S proteasomes in living yeast: insight into proteasomal functions at the nuclear envelope/rough ER. Mol. Biol. Rep. 26, 131–135. doi: 10.1023/a:1006973803960

 Escusa-Toret, S., Vonk, W. I., and Frydman, J. (2013). Spatial sequestration of misfolded proteins by a dynamic chaperone pathway enhances cellular fitness during stress. Nat. Cell Biol. 15, 1231–1243. doi: 10.1038/ncb2838

 Fang, N. N., Chan, G. T., Zhu, M., Comyn, S. A., Persaud, A., Deshaies, R. J., et al. (2014). Rsp5/Nedd4 is the main ubiquitin ligase that targets cytosolic misfolded proteins following heat stress. Nat. Cell Biol. 16, 1227–1237. doi: 10.1038/ncb3054

 Finley, D. (2009). Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu. Rev. Biochem. 78, 477–513. doi: 10.1146/annurev.biochem.78.081507.101607

 Finley, D., Ozkaynak, E., and Varshavsky, A. (1987). The yeast polyubiquitin gene is essential for resistance to high temperatures, starvation, and other stresses. Cell 48, 1035–1046. doi: 10.1016/0092-8674(87)90711-2

 Fredrickson, E. K., and Gardner, R. G. (2012). Selective destruction of abnormal proteins by ubiquitin-mediated protein quality control degradation. Semin. Cell Dev. Biol. 23, 530–537. doi: 10.1016/j.semcdb.2011.12.006

 Fu, X., Shi, X., Yin, L., Liu, J., Joo, K., Lee, J., et al. (2013). Small heat shock protein IbpB acts as a robust chaperone in living cells by hierarchically activating its multi-type substrate-binding residues. J. Biol. Chem. 288, 11897–11906. doi: 10.1074/jbc.M113.450437

 Galluzzi, L., Baehrecke, E. H., Ballabio, A., Boya, P., Bravo-San Pedro, J. M., Cecconi, F., et al. (2017). Molecular definitions of autophagy and related processes. EMBO J. 36, 1811–1836. doi: 10.15252/embj.201796697

 Goldberg, A. L. (2012). Development of proteasome inhibitors as research tools and cancer drugs. J. Cell Biol. 199, 583–588. doi: 10.1083/jcb.201210077

 Grousl, T., Ungelenk, S., Miller, S., Ho, C. T., Khokhrina, M., Mayer, M. P., et al. (2018). A prion-like domain in Hsp42 drives chaperone-facilitated aggregation of misfolded proteins. J. Cell Biol. 217, 1269–1285. doi: 10.1083/jcb.201708116

 Gu, Z. C., Wu, E., Sailer, C., Jando, J., Styles, E., Eisenkolb, I., et al. (2017). Ubiquitin orchestrates proteasome dynamics between proliferation and quiescence in yeast. Mol. Biol. Cell 28, 2479–2491. doi: 10.1091/mbc.E17-03-0162

 Hanna, J., Hathaway, N. A., Tone, Y., Crosas, B., Elsasser, S., Kirkpatrick, D. S., et al. (2006). Deubiquitinating enzyme Ubp6 functions noncatalytically to delay proteasomal degradation. Cell 127, 99–111. doi: 10.1016/j.cell.2006.07.038

 Hanna, J., Meides, A., Zhang, D. P., and Finley, D. (2007). A ubiquitin stress response induces altered proteasome composition. Cell 129, 747–759. doi: 10.1016/j.cell.2007.03.042

 Hanna, J., Waterman, D., Boselli, M., and Finley, D. (2012). Spg5 protein regulates the proteasome in quiescence. J. Biol. Chem. 287, 34400–34409. doi: 10.1074/jbc.M112.390294

 Haslbeck, M., Ignatiou, A., Saibil, H., Helmich, S., Frenzl, E., Stromer, T., et al. (2004). A domain in the N-terminal part of Hsp26 is essential for chaperone function and oligomerization. J. Mol. Biol. 343, 445–55. doi: 10.1016/j.jmb.2004.08.048

 Haslbeck, M., Miess, A., Stromer, T., Walter, S., and Buchner, J. (2005). Disassembling protein aggregates in the yeast cytosol. the cooperation of Hsp26 with Ssa1 and Hsp104. J. Biol. Chem. 280, 23861–23868. doi: 10.1074/jbc.M502697200

 Hendil, K. B., Hartmann-Petersen, R., and Tanaka, K. (2002). 26 S proteasomes function as stable entities. J. Mol. Biol. 315, 627–636. doi: 10.1006/jmbi.2001.5285

 Hershko, A., and Ciechanover, A. (1998). The ubiquitin system. Annu. Rev. Biochem. 67, 425–479. doi: 10.1146/annurev.biochem.67.1.425

 Huh, W. K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S., et al. (2003). Global analysis of protein localization in budding yeast. Nature 425, 686–691. doi: 10.1038/nature02026

 Jaya, N., Garcia, V., and Vierling, E. (2009). Substrate binding site flexibility of the small heat shock protein molecular chaperones. Proc. Natl. Acad. Sci. U.S.A. 106, 15604–15609. doi: 10.1073/pnas.0902177106

 Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M., Trojanowski, J. Q., et al. (2010). Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron 68, 857–864. doi: 10.1016/j.neuron.2010.11.036

 Johnston, J. A., Ward, C. L., and Kopito, R. R. (1998). Aggresomes: a cellular response to misfolded proteins. J. Cell. Biol. 143, 1883–1898. doi: 10.1083/jcb.143.7.1883

 Kaganovich, D., Kopito, R., and Frydman, J. (2008). Misfolded proteins partition between two distinct quality control compartments. Nature 454, 1088–1095. doi: 10.1038/nature07195

 Kästle, M., and Grune, T. (2012). Interactions of the proteasomal system with chaperones: protein triage and protein quality control. Prog. Mol. Biol. Transl. Sci. 109, 113–160. doi: 10.1016/B978-0-12-397863-9.00004-3

 Kirkin, V., Lamark, T., Sou, Y. S., Bjørkøy, G., Nunn, J. L., Bruun, J. A., et al. (2009). A role for NBR1 in autophagosomal degradation of ubiquitinated substrates. Mol. Cell 33, 505–516. doi: 10.1016/j.molcel.2009.01.020

 Klaips, C. L., Jayaraj, G. G., and Hartl, F. U. (2018). Pathways of cellular proteostasis in aging and disease. J. Cell. Biol. 217, 51–63. doi: 10.1083/jcb.201709072

 Kleijnen, M. F., Roelofs, J., Park, S., Hathaway, N. A., Glickman, M., King, R. W., et al. (2007). Stability of the proteasome can be regulated allosterically through engagement of its proteolytic active sites. Nat. Struct. Mol. Biol. 14, 1180–1188. doi: 10.1038/nsmb1335

 Klionsky, D. J. (2007). Autophagy: from phenomenology to molecular understanding in less than a decade. Nat. Rev. Mol. Cell. Biol. 8, 931–937. doi: 10.1038/nrm2245

 Klionsky, D. J., and Schulman, B. A. (2014). Dynamic regulation of macroautophagy by distinctive ubiquitin-like proteins. Nat. Struct. Mol. Biol. 21, 336–345. doi: 10.1038/nsmb.2787

 Koegl, M., Hoppe, T., Schlenker, S., Ulrich, H. D., Mayer, T. U., and Jentsch, S. (1999). A novel ubiquitination factor, E4, is involved in multiubiquitin chain assembly. Cell 96, 635–644. doi: 10.1016/s0092-8674(00)80574-7

 Kraft, C., Peter, M., and Hofmann, K. (2010). Selective autophagy: ubiquitin-mediated recognition and beyond. Nat. Cell. Biol. 12, 836–841. doi: 10.1038/ncb0910-836

 Kumar, R., Nawroth, P. P., and Tyedmers, J. (2016). Prion aggregates are recruited to the insoluble protein deposit (IPOD) via myosin 2-based vesicular transport. PLoS Genet. 12:e1006324. doi: 10.1371/journal.pgen.1006324

 Laporte, D., Lebaudy, A., Sahin, A., Pinson, B., Ceschin, J., Daignan-Fornier, B., et al. (2011). Metabolic status rather than cell cycle signals control quiescence entry and exit. J. Cell Biol. 192, 949–957. doi: 10.1083/jcb.201009028

 Laporte, D., Salin, B., Daignan-Fornier, B., and Sagot, I. (2008). Reversible cytoplasmic localization of the proteasome in quiescent yeast cells. J. Cell Biol. 181, 737–745. doi: 10.1083/jcb.200711154

 Lee, H. Y., Chao, J. C., Cheng, K. Y., and Leu, J. Y. (2018). Misfolding-prone proteins are reversibly sequestered to an Hsp42-associated granule upon chronological aging. J. Cell Sci. 131:jcs220202. doi: 10.1242/jcs.220202

 Lee, H. Y., Cheng, K. Y., Chao, J. C., and Leu, J. Y. (2016). Differentiated cytoplasmic granule formation in quiescent and non-quiescent cells upon chronological aging. Microb. Cell 3, 109–119. doi: 10.15698/mic2016.03.484

 Levine, B., Mizushima, N., and Virgin, H. W. (2011). Autophagy in immunity and inflammation. Nature 469, 323–335. doi: 10.1038/nature09782

 Li, Z., Vizeacoumar, F. J., Bahr, S., Li, J., Warringer, J., Vizeacoumar, F. S., et al. (2011). Systematic exploration of essential yeast gene function with temperature-sensitive mutants. Nat. Biotechnol. 29, 361–367. doi: 10.1038/nbt.1832

 Liu, I. C., Chiu, S. W., Lee, H. Y., and Leu, J. Y. (2012). The histone deacetylase Hos2 forms an Hsp42-dependent cytoplasmic granule in quiescent yeast cells. Mol. Biol. Cell 23, 1231–1242. doi: 10.1091/mbc.e11-09-0752

 Lu, K., Psakhye, I., and Jentsch, S. (2014). Autophagic clearance of polyQ proteins mediated by ubiquitin-Atg8 adaptors of the conserved CUET protein family. Cell 158, 549–563. doi: 10.1016/j.cell.2014.05.048

 Malinovska, L., Kroschwald, S., and Alberti, S. (2013). Protein disorder, prion propensities, and self-organizing macromolecular collectives. Biochim. Biophys. Acta. 1834, 918–931. doi: 10.1016/j.bbapap.2013.01.003

 Malinovska, L., Kroschwald, S., Munder, M. C., Richter, D., and Alberti, S. (2012). Molecular chaperones and stress-inducible protein-sorting factors coordinate the spatiotemporal distribution of protein aggregates. Mol. Biol. Cell 23, 3041–3056. doi: 10.1091/mbc.E12-03-0194

 Marshall, R. S., Li, F., Gemperline, D. C., Book, A. J., and Vierstra, R. D. (2015). Autophagic degradation of the 26S Proteasome is mediated by the dual ATG8/ubiquitin receptor RPN10 in arabidopsis. Mol. Cell 58, 1053–1066. doi: 10.1016/j.molcel.2015.04.023

 Marshall, R. S., McLoughlin, F., and Vierstra, R. D. (2016). Autophagic turnover of inactive 26S proteasomes in yeast is directed by the ubiquitin receptor cue5 and the Hsp42 chaperone. Cell Rep. 16, 1717–1732. doi: 10.1016/j.celrep.2016.07.015

 Marshall, R. S., and Vierstra, R. D. (2015). Eat or be eaten: the autophagic plight of inactive 26S proteasomes. Autophagy 11, 1927–1928. doi: 10.1080/15548627.2015.1078961

 Marshall, R. S., and Vierstra, R. D. (2018a). Proteasome storage granules protect proteasomes from autophagic degradation upon carbon starvation. Elife 7:e34532. doi: 10.7554/eLife.34532

 Marshall, R. S., and Vierstra, R. D. (2018b). To save or degrade: balancing proteasome homeostasis to maximize cell survival. Autophagy 14, 2029–2031. doi: 10.1080/15548627.2018.1515531

 Miller, S. B., Ho, C. T., Winkler, J., Khokhrina, M., Neuner, A., Mohamed, M. Y., et al. (2015a). Compartment-specific aggregases direct distinct nuclear and cytoplasmic aggregate deposition. EMBO J. 34, 778–797. doi: 10.15252/embj.201489524

 Miller, S. B., Mogk, A., and Bukau, B. (2015b). Spatially organized aggregation of misfolded proteins as cellular stress defense strategy. J. Mol. Biol. 427, 1564–1574. doi: 10.1016/j.jmb.2015.02.006

 Mizushima, N., Yoshimori, T., and Ohsumi, Y. (2011). The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 27, 107–132. doi: 10.1146/annurev-cellbio-092910-154005

 Mogk, A., and Bukau, B. (2017). Role of sHsps in organizing cytosolic protein aggregation and disaggregation. Cell Stress Chaper. 22, 493–502. doi: 10.1007/s12192-017-0762-4

 Munder, M. C., Midtvedt, D., Franzmann, T., Nüske, E., Otto, O., Herbig, M., et al. (2016). A pH-driven transition of the cytoplasm from a fluid- to a solid-like state promotes entry into dormancy. Elife 5:e09347. doi: 10.7554/eLife.09347

 Narayanaswamy, R., Levy, M., Tsechansky, M., Stovall, G. M., OConnell, J. D., Mirrielees, J., et al. (2009). Widespread reorganization of metabolic enzymes into reversible assemblies upon nutrient starvation. Proc. Natl. Acad. Sci. U.S.A. 106, 10147–10152. doi: 10.1073/pnas.0812771106

 Pack, C. G., Yukii, H., Toh-e, A., Kudo, T., Tsuchiya, H., Kaiho, A., et al. (2014). Quantitative live-cell imaging reveals spatio-temporal dynamics and cytoplasmic assembly of the 26S proteasome. Nat. Commun. 5:3396. doi: 10.1038/ncomms4396

 Peters, L. Z., Hazan, R., Breker, M., Schuldiner, M., and Ben-Aroya, S. (2013). Formation and dissociation of proteasome storage granules are regulated by cytosolic pH. J. Cell Biol. 201, 663–671. doi: 10.1083/jcb.201211146

 Peters, L. Z., Karmon, O., David-Kadoch, G., Hazan, R., Yu, T., Glickman, M. H., et al. (2015). The protein quality control machinery regulates its misassembled proteasome subunits. PLoS Genet. 11:e1005178. doi: 10.1371/journal.pgen.1005178

 Peters, L. Z., Karmon, O., Miodownik, S., and Ben-Aroya, S. (2016). Proteasome storage granules are transiently associated with the insoluble protein deposit (IPOD). J. Cell Sci. 129, 1190–1197. doi: 10.1242/jcs.179648

 Pohl, C., and Jentsch, S. (2009). Midbody ring disposal by autophagy is a post-abscission event of cytokinesis. Nat. Cell Biol. 11, 65–70. doi: 10.1038/ncb1813

 Powers, E. T., Morimoto, R. I., Dillin, A., Kelly, J. W., and Balch, W. E. (2009). Biological and chemical approaches to diseases of proteostasis deficiency. Annu. Rev. Biochem. 78, 959–991. doi: 10.1146/annurev.biochem.052308.114844

 Protter, D. S. W., and Parker, R. (2016). Principles and properties of stress granules. Trends Cell Biol. 26, 668–679. doi: 10.1016/j.tcb.2016.05.004

 Reggiori, F., and Klionsky, D. J. (2013). Autophagic processes in yeast: mechanism, machinery and regulation. Genetics 194, 341–361. doi: 10.1534/genetics.112.149013

 Ruan, L., Zhou, C., Jin, E., Kucharavy, A., Zhang, Y., Wen, Z., et al. (2017). Cytosolic proteostasis through importing of misfolded proteins into mitochondria. Nature 543, 443–446. doi: 10.1038/nature21695

 Saarikangas, J., and Barral, Y. (2015). Protein aggregates are associated with replicative aging without compromising protein quality control. Elife 4:e06197. doi: 10.7554/eLife.06197

 Sakata, E., Stengel, F., Fukunaga, K., Zhou, M., Saeki, Y., Förster, F., et al. (2011). The catalytic activity of Ubp6 enhances maturation of the proteasomal regulatory particle. Mol. Cell 42, 637–649. doi: 10.1016/j.molcel.2011.04.021

 Saunier, R., Esposito, M., Dassa, E. P., and Delahodde, A. (2013). Integrity of the Saccharomyces cerevisiae Rpn11 protein is critical for formation of proteasome storage granules (PSG) and survival in stationary phase. PLoS ONE 8:e70357. doi: 10.1371/journal.pone.0070357

 Shaid, S., Brandts, C. H., Serve, H., and Dikic, I. (2013). Ubiquitination and selective autophagy. Cell Death Differ. 20, 21–30. doi: 10.1038/cdd.2012.72

 Shiber, A., Breuer, W., Brandeis, M., and Ravid, T. (2013). Ubiquitin conjugation triggers misfolded protein sequestration into quality control foci when Hsp70 chaperone levels are limiting. Mol. Biol. Cell 24, 2076–2087. doi: 10.1091/mbc.E13-01-0010

 Sontag, E. M., Samant, R. S., and Frydman, J. (2017). Mechanisms and functions of spatial protein quality control. Annu. Rev. Biochem. 86, 97–122. doi: 10.1146/annurev-biochem-060815-014616

 Specht, S., Miller, S. B., Mogk, A., and Bukau, B. (2011). Hsp42 is required for sequestration of protein aggregates into deposition sites in Saccharomyces cerevisiae. J. Cell Biol. 195, 617–629. doi: 10.1083/jcb.201106037

 Spokoini, R., Moldavski, O., Nahmias, Y., England, J. L., Schuldiner, M., and Kaganovich, D. (2012). Confinement to organelle-associated inclusion structures mediates asymmetric inheritance of aggregated protein in budding yeast. Cell Rep. 2, 738–747. doi: 10.1016/j.celrep.2012.08.024

 Tanaka, K. (2009). The proteasome: overview of structure and functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 85, 12–36. doi: 10.2183/pjab.85.12

 Ungelenk, S., Moayed, F., Ho, C. T., Grousl, T., Scharf, A., Mashaghi, A., et al. (2016). Small heat shock proteins sequester misfolding proteins in near-native conformation for cellular protection and efficient refolding. Nat. Commun. 7:13673. doi: 10.1038/ncomms13673

 Van Deventer, S., Menendez-Benito, V., van Leeuwen, F., and Neefjes, J. (2015). N-terminal acetylation and replicative age affect proteasome localization and cell fitness during aging. J. Cell. Sci. 128, 109–117. doi: 10.1242/jcs.157354

 Waite, K. A., De-La Mota-Peynado, A., Vontz, G., and Roelofs, J. (2016). Starvation induces proteasome autophagy with different pathways for core and regulatory particles. J. Biol. Chem. 291, 3239–3253. doi: 10.1074/jbc.M115.699124

 Watts, G. D., Wymer, J., Kovach, M. J., Mehta, S. G., Mumm, S., Darvish, D., et al. (2004). Inclusion body myopathy associated with paget disease of bone and frontotemporal dementia is caused by mutant valosin-containing protein. Nat. Genet. 36, 377–381. doi: 10.1038/ng1332

 Weberruss, M. H., Savulescu, A. F., Jando, J., Bissinger, T., Harel, A., Glickman, M. H., et al. (2013). Blm10 facilitates nuclear import of proteasome core particles. EMBO J. 32, 2697–2707. doi: 10.1038/emboj.2013.192

 Willmund, F., del Alamo, M., Pechmann, S., Chen, T., Albanèse, V., Dammer, E. B., et al. (2013). The cotranslational function of ribosome-associated Hsp70 in eukaryotic protein homeostasis. Cell 152, 196–209. doi: 10.1016/j.cell.2012.12.001

 Xie, Y., and Varshavsky, A. (2001). RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome: a negative feedback circuit. Proc. Natl. Acad. Sci. U.S.A. 98, 3056–3061. doi: 10.1073/pnas.071022298

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Karmon and Ben Aroya. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Spatial Organization of Proteasome Aggregates in the Regulation of Proteasome Homeostasis



		Introduction



		Autophagic Turnover of Inactive Proteasome



		Proteaphagy Induced by Nitrogen Starvation Stress



		Proteasome Homeostasis During Carbon Deprivation



		PSGs and Proteaphagy are Mutually Exclusive Proteasome Fates



		The Role of Small Heat Shock Proteins in Facilitating Granule Formation



		Closing Remarks



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Molecular Biosciences

Spatial Organization of Proteasome
Aggregates in the Regulation of
Proteasome Homeostasis





OPS/images/fmolb-06-00150-g001.gif
<






OPS/images/fmolb-06-00150-t001.jpg
Promotes PSGs formation

Acetylase NatB

Rpnt1 —intrinsic deubiquitylase
of the AP

Low pH—resembles quiescence
using CCCP.

Energy depletion—reduced ATP
using 2-DG

BIm10

Spg5

Over expression of UBI4

(Ubp3 is not required for PSGs
formation)

Promotes autophagy

Anatb (catalytic subunt)
Amdm20 (regulatory subunt)
Rpnti-mi
Rpnti-ms

High pH

Ablm10
Aspgs

Ubp3

Effect on RP or CP

RP +CP

RP

RP +CP

RP +CP

cP
RP
RP +CP
CP

References

Van Deventer et al., 2016

Saunier et al., 2013; Marshall and
Vierstra, 2018a

Peters et al., 2013

Gu etal,, 2017; Marshall and
Vierstra, 2018a

Weberruss et al., 2013
Hanna et al., 2012

Guetal, 2017

Marshall and Vierstra, 2018a










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers o
in Molecular Biosciences





