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ABSTRACT 

 

 

Pathways for Quality Control of Misfolded Cytosolic Proteins 

 

Daniel Kaganovich, PhD 

Stanford University, 2007 

 

Advisor: Judith Frydman 

 

 

Accumulation of misfolded proteins in intracellular amyloid inclusions is a 

hallmark of many neurodegenerative diseases, including Parkinson's, Huntington’s and 

Prion Disease. These inclusions are proposed to arise upon failure of the Quality Control 

(QC) mechanisms that prevent the cellular build-up of misfolded proteins.  While the 

inclusions found in each disease often contain structurally and functionally unrelated 

proteins, they exhibit strikingly similar cellular phenotypes. Specifically, inclusions 

found in affected tissues contain aggregated polypeptides, often in the amyloid form, and 

stain positive for ubiquitin and molecular chaperones. It is thought that all these disease-

causing proteins share a propensity to aggregate and adopt non-native conformations that 

exhibit a toxic gain-of-function interaction with essential cellular processes. Though 

inclusion formation is now understood to be a highly regulated process essential for cell 

viability and homeostasis, little is known about the cellular pathways that direct 

aggregated proteins to inclusions. The strong correlation between the accumulation of 

aggregated proteins in inclusions and the onset of disease calls for a better understanding 

of the mechanisms and functions of inclusion formation. Here we examine the formation 

of protein inclusions in the eukaryotic cytosol. We demonstrate that there is a general 

cellular pathway that distinguishes between soluble misfolded proteins and insolubly 

aggregated proteins, and directs their transport to one of two inclusions.  Soluble 

ubiquitinated misfolded proteins that can be degraded by the proteasome or refolded are 
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targeted to a juxtanuclear quality control compartment that co-localizes with proteasomes 

and other quality control components, while insoluble aggregates are sequestered in a 

cytosolic inclusion that may later be processed by the autophagic pathway. Strikingly, 

disease-associated Huntingtin and prion proteins are preferentially directed to the 

perivacuolar compartment. Enhancing ubiquitination of a prion protein suffices to 

promote its delivery to the juxtanuclear inclusion. The mis-targeting of the 

amyloidogenic prion renders it toxic to the cell, suggesting that proper sorting of 

aggregated proteins to inclusions is essential for preventing toxicity. The identification of 

ubiquitination as a signal directing misfolded proteins to distinct subcellular quality 

control compartments provides a framework for understanding the preferential 

accumulation of amyloidogenic proteins linked to human disease. 
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Section 1.1: Protein Folding Homeostasis 

 

The misfolding of proteins in the cell, and the resulting accumulation of non-

native polypeptides disrupts cellular homeostasis and can eventually lead to toxicity and 

cell death.  Accordingly, cells contain an elaborate enzymatic machinery of molecular 

chaperones that bind non-native polypeptides and promote their folding into the native 

state in an ATP-dependent manner (Hartl, 2002; McClellan and Frydman, 2001). 

However, many cellular events such as genetic mutation, biosynthetic errors, heat-

denaturation, oxidative damage, or the absence of a necessary post-translational binding 

partner result in protein misfolding.  Abundance of non-native proteins is thought to 

cause toxicity in several ways: (1) by titrating out cellular factors necessary for viability, 

(2) by inhibiting protein function, (3) by inhibiting protein turnover and other 

homeostatic processes, and (4) by forming insoluble oligomeric aggregates which may 

have harmful gain-of-function effects (Bennett et al., 2005; Dobson, 2004; Muchowski, 

2002; Sakahira et al., 2002; Schaffar et al., 2004).  Consequently, protein misfolding and 

protein aggregation are closely linked to many human disease states, including many 

neurodegenerative diseases (Caughey and Lansbury, 2003).  

For these reasons, the cell devotes a significant amount of energy to ensuring that 

proteins reach their native state upon translation, maintaining the folded state of 

intracellular proteins, and preventing the accumulation of aberrant proteins.  Two main 

classes of regulators – the  chaperone system, which recognizes and binds to misfolded 

proteins, and the ubiquitin-proteasome system (UPS), which destroys them – function to 

maintain the balance between protein folding and degradation, and together constitute the 

cellular quality control system (Fig. 1.1) (Hohfeld et al., 2001).   

 

 

Section 1.2: Ubiquitin Proteasome System 

 

In eukaryotic cells, the UPS is the major pathway for cellular protein turnover, including 

the elimination of misfolded proteins (Hershko and Ciechanover, 1998; Wolf and Hilt, 

2004). As a result, blocking its function pharmacologically or genetically inhibits the 
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clearance of misfolded proteins and eventually leads to the formation of intracellular 

aggregates (Goldberg, 2003).   The proteolytic system is comprised of the 26S 

proteasome, a 2.4 MDa complex which includes a 20S catalytic core particle (CP) 

housing three sets of active sites for proteolysis, and one or two 19S regulatory particle 

(RP) complexes responsible for the recognition, de-ubiquitination, unfolding, and 

processive threading of the substrate into the core for degradation (Pickart and Cohen, 

2004; Zwickl et al., 1999).  The 20S CP comprises 4 rings with seven subunits each, with 

β subunits containing threonine protease active sites on the two interior rings, and α 

subunits which bind the 19S RP on the two exterior rings.  The 20S complex contains an 

axial channel, through which all degradation substrates must be translocated in order to 

gain access to the active sites, and which is gated by the N-termini of the α subunits 

(Kisselev et al., 2002). The 19S RP consists of a base complex which acts as a AAA 

ATPase, which unfolds proteins and translocates linear polypeptites into the CP, and a lid 

complex which recognizes ubiquitinated substrates, edits or removes the ubiquitin chain, 

and mediates substrate delivery and recognition.   

 A separate system regulates the targeting of substrates to the proteasome through 

the addition of a poly-ubiquitin tag to a substrate lysine through an isopeptide bond, and 

consists of a growing number of factors including an E1 ubiquitin-activating enzyme, 

several E2 ubiquitin-conjugating enzymes, and a vast array of E3 ligases which target the 

ubiquitination machinery to specific substrates (Hershko and Ciechanover, 1998).  A sub-

class of regulators such as E4 ubiquitin ligases and de-ubiquitinating (DUB) enzymes 

with isopeptidase activity regulate the length and structure of the poly-ubiquitin chain 

(Hoppe, 2005). A family of ubiquitin-like (UBL) and ubiquitin-associated (UBA) 

domain-containing proteins are thought to facilitate substrate transfer to the 26S 

proteasome and the coupling of ubiquitination, de-ubiquitination, and proteolysis 

(Hartmann-Petersen et al., 2003).   

  Proteins are earmarked for UPS-mediated degradation by the covalent attachment 

of a poly-ubiquitin chain(s), which is recognized by the 26S proteasome (Hershko and 

Ciechanover, 1998; Wolf and Hilt, 2004). With few exceptions, only substrates targeted 

to the proteasome by poly-ubiquitination are able to gain access to its proteolytic core.  

Ubiquitination is a multi-step process involving an E1 ubiquitin-activating enzyme, E2 
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ubiquitin-conjugating enzymes, and E3 ubiquitin ligases which select the substrate and 

facilitate ubiquitination. Polyubiquitination of some proteins also requires so-called E4 

enzymes that cooperate with E3 ligases to extend the polyubiquitin chain (Hoppe, 2005).  

A group of ubiquitin-binding proteins which includes Rad23(hHR23), Rpn10(S5a), and 

Dsk2 (hPlic-2) have also been shown to facilitate ubiquitinated substrate delivery to the 

26S, binding the poly-ubiquitin chain via a ubiquitin associated (UBA) domain, and the 

proteasome via a ubiquitin-like (UBL) domain, which usually docks at the Rpn1 subunit 

of the RP.  While it has long been known that the yeast E2s Ubc4/5 and Ubc6/7 are 

involved in the ubiquitination of misfolded proteins (Cyr et al., 2002), specific E3s for 

these proteins have been more elusive. However, a number of candidate E3 ligases for 

quality control of cytosolic proteins have been described in recent years. 

 

 

Section 1.3: Chaperones and Quality Control of Protein Folding 

 

 Chaperones are the first buffer between misfolded proteins and aggregated or 

toxic species (Dobson, 2003).  Various chaperones are thought to be involved in every 

aspect of the quality control pathway.  Some, like Hsp70, which recognizes exposed 

hydrophobic stretches, and Hsp90, can bind misfolded proteins and attempt to refold 

them and help restore their native state (Cashikar et al., 2005).  Other chaperones, such as 

Hsp104, a AAA ATPase, and Hsp40, may in some cases disaggregate large or 

intermediate-sized aggregates (Muchowski, 2002).  Chaperone function is also coupled to 

the elimination of non-native conformers by the proteasome in at least two ways. First, 

chaperones are thought to be essential for unfolding a substrate protein so that it can enter 

the narrow axial channel of the 20S proteolytic subunit (Kopito, 2000).  In E. coli, the 

ATPase rings of ClpAP and ClpXP , Hsp104 homologues ClpA and ClpX, mediate ATP-

dependent unfolding of target proteins before they are transferred to the proteolytic 

complex for degradation (McGinness et al., 2007; Wickner et al., 1999).  In eukaryotes, 

the 19S proteasome subunit is thought to have the same substrate unfolding activity, and 

also possesses AAA ATPase function (Pickart and Cohen, 2004).   
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The second role chaperones are thought to play in degradation of misfolded 

proteins is that of modulators between folding and destruction (Esser et al., 2004). There 

is a growing body of evidence that systems of chaperones act together with UPS 

machinery to target aberrant proteins for degradation by the proteasome (McClellan and 

Frydman, 2001).  In ERAD (endoplasmic reticulum associated degradation) the activity 

of ER chaperones and the AAA  ATPase Cdc48 are essential for the retro-translocation of 

misfolded protein that necessarily precedes ubiquitination (Ellgaard and Helenius, 2003).  

In the yeast cytosol, Hsp70 and Hsp90, as well as coordination between them, are both 

required for the degradation of the misfolded form of the von Hippel-Landau (VHL) 

tumor suppressor protein (McClellan, 2005).  In mammalian systems, chaperones interact 

with various co-chaperones, such as CHIP, which serves as a modulator between 

chaperone-assisted folding and ubiquitination (Cyr et al., 2002).  Both Hsp70 and Hsp90 

can bind to CHIP which in turn can regulate the ATPase activity of Hsp70 via its BAG 

domain, and confers E3 ligase activity via its RING finger (Wiederkehr et al., 2002). 

CHIP has been shown to ubiquitinate several Hsp70 folding substrates in vitro and in cell 

culture (Wiederkehr et al., 2002).   Furthermore, over-expression of Hsp70 and Hsp40 

increases degradation of certain aggregation-prone proteins, such as polyQ expanded 

proteins and alpha-synuclein, by the proteasome (Esser et al., 2004; Jana et al., 2005).                        

 

 

Section 1.4: Modular Proteins Link Chaperones to Degradation:  

 

The identification of E3 ligases and chaperone cofactors that physically link 

chaperones to the UPS further supports the idea of direct communication between the 

folding and degradation machineries (Cyr et al., 2002; Esser et al., 2004). A trademark of 

these emerging families of modular proteins is the presence of a combination of 

chaperone-interaction domains with domains that function in the UPS.   

Two proteins with these structural features, CHIP and BAG1, were initially 

identified in chaperone-interaction screens and have since emerged as linkers between 

chaperones and the proteasome (McClellan and Frydman, 2001). CHIP contains three 

chaperone-interacting tetratricopeptide (TPR) domains at the N-terminus, which confer 
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binding to Hsp70 and Hsp90, and a U-Box with E3 ligase activity at the C-terminus. 

BAG1, a member of a larger family of proteins containing a BAG domain with Hsp70 

nucleotide exchange activity, also contains a UBL (ubiquitin-like) domain which binds 

the 26S proteasome (Esser et al., 2004). While CHIP has been established as an E3 

capable of associating with chaperones and poly-ubiquitinating their bound substrates 

(Cyr et al., 2002; Esser et al., 2004), BAG1 has been shown to link Hsp70 to the 26S 

proteasome, presumably to facilitate delivery of Hsp70-bound targets to the proteasome 

for degradation (Esser et al., 2004). Because BAG1 and CHIP also regulate the ATPase 

activity of Hsp70 they may not only physically link chaperones and UPS enzymes but 

may also modulate the transition between the two pathways (Esser et al., 2004; 

McClellan and Frydman, 2001).   

 

 

Section 1.5: Quality Control E3 Ligases:  

 

 Several groups have shown that CHIP over-expression in cultured cells promotes 

clearance of Hsp70/Hsp90 substrates such as CFTR, the glucocorticoid receptor, and the 

ErbB2 receptor (Cyr et al., 2002; Xu et al., 2002). Purified CHIP, along with recombinant 

Hsp40 and Hsp70 can ubiquitinate CFTR in vitro (Younger et al., 2004); chaperone 

association is a prerequisite for CHIP-mediated CFTR ubiquitination as CFTR poly-

ubiquitination by CHIP requires both its TPR and U-box domains (Meacham et al., 

2001).  A similar in vitro approach demonstrated that a CHIP-Hsp70 complex, together 

with E1, E2, ATP and ubiquitin, can ubiquitinate heat-denatured luciferase bound to 

either Hsp70/Hsp40 or Hsp90 (Murata et al., 2001). These experiments indicate that 

CHIP can ubiquitinate chaperone clients in vitro and, when over-expressed, can shift the 

quality control equilibrium from folding to ubiquitination and degradation.  (Hoppe, 

2005).  In some cases, CHIP itself exhibits E4 activity such as in facilitating poly-

ubiquitination of unfolded Pael-R receptor in collaboration with the RING-finger E3 

ligase Parkin.  CHIP can also associate with aggregation-prone proteins, including tau 

and polyQ-expanded proteins (Esser et al., 2004; Jana et al., 2005), and in some cases 

facilitates their ubiquitination and clearance from the cell. Thus, CHIP may alleviate the 
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toxicity of aggregation-prone proteins in disease states. While the cumulative data 

indicate that CHIP is a strong candidate for a quality control ligase, the physiologically 

relevant substrates of this pathway remain to be found (Xu et al., 2002).   

 Two additional E3 ligases, Parkin and Dorfin, have also been implicated in the 

clearance of disease-related misfolded proteins.  The role of these E3s in quality control 

and their connection to the chaperone machinery is less well understood than for CHIP 

(Kitada et al., 1998).   Parkin inactivation is a major cause of early onset PD (Kitada et 

al., 1998). Parkin contains both a RING-finger domain with E3 ligase activity and a UBL 

domain (Kitada et al., 1998), and can promote the ubiquitination of three PD-associated 

proteins, alpha-synuclein, Pael-R, and synphilin-1, both in vitro and in vivo (Tanaka et 

al., 2004).  However, it is unclear whether defective ubiquitination of these proteins 

underlies PD.  Interestingly, the intracellular aggregates, called Lewy bodies, commonly 

associated with PD are absent in the Parkin-deficient form of the disease, indicating that 

their formation requires Parkin function (Shimura et al., 2001). 

Parkin can bind to, and cooperate with CHIP and Hsp70, as CHIP over-expression 

enhances Parkin’s ubiquitin ligase activity towards the PD-associated receptor Pael-R 

(Imai et al., 2002).  Like CHIP, Parkin also binds to polyQ expanded Huntingtin in vitro 

and localizes to Huntingtin inclusions in human HD brains (Tsai et al., 2003). 

Furthermore, over-expressing Parkin in cultured cells improves clearance of polyQ 

expanded proteins and increases the survival rate of these cells (Tsai et al., 2003). 

Conversely, BAG5, an inhibitor of both Parkin and Hsp70, accelerates neuronal 

degeneration in rat brains (Kalia et al., 2004).  Parkin may also shuttle certain 

aggregation-prone substrates to the proteasome, since it interacts with the 26S 

proteasome, presumably via its UBL domain (Tsai et al., 2003). Thus, similar to CHIP, 

Parkin may link Hsp70-bound substrates and the proteasome while also acting as an E3. 

However, many questions remain about the functions of CHIP and Parkin in quality 

control.  For instance, while CHIP and Parkin are able to ubiquitinate misfolded or 

aggregating substrates in vitro and when over-expressed in vivo, neither has been shown 

to distinguish between wild type and folding-defective mutants of its substrates as would 

be expected for quality control components.  Moreover, though CHIP has been suggested 

to act in heat shock response (Dai et al., 2003), neither CHIP nor Parkin are stress-
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inducible, unlike other quality control components including ubiquitin, the E2s Ubc4 and 

Ubc5, many chaperones, and proteasome subunits (Gasch et al., 2000).  Because stress 

produces a massive accumulation of misfolded proteins that need to be cleared, it is likely 

that there are additional E3s that function in quality control.  Indeed, deletion or 

knockdown of CHIP does not prevent the degradation of its known substrates in vivo (Xu 

et al., 2002), suggesting the existence of redundant pathways to ubiquitinate chaperone-

bound proteins. 

Dorfin, yet another mammalian E3 implicated in quality control, associates with 

and selectively ubiquitinates mutant but not wild-type SOD1 (Niwa et al., 2002).  Dorfin 

colocalizes with SOD1 inclusions in transgenic mice expressing an aggregation-prone 

SOD1 mutant (Niwa et al., 2002) and with Lewy bodies in PD brains (Ito et al., 2003).  

Dorfin overexpression increases the viability of cells expressing aggregation-prone SOD1 

(Niwa et al., 2002); it also promotes ubiquitination of the Parkin substrate synphilin-1 in 

cultured cells (Ito et al., 2003).  Dorfin, like Parkin, contains two RING domains, but 

associates with its known substrates without an obvious link to Hsp70 or other 

chaperones.   

While ongoing characterization of these E3s provides a glimpse into the 

mechanism of protein quality control and strengthens the idea that the chaperone 

machinery directly communicates with the UPS, more components of the quality control 

system remain to be described.  For instance, CHIP, Parkin and Dorfin lack homologues 

in Saccharomyces cerevisiae, which nonetheless carry out efficient quality control of 

misfolded proteins.  Interestingly, a novel nuclear quality control E3, San1p, has recently 

been identified in yeast (Dasgupta et al., 2004; Gardner et al., 2005).  San1p selectively 

targets misfolded nuclear proteins for proteasome-mediated degradation but it does not 

recognize the native proteins (Gardner et al., 2005).  How San1p recognizes and interacts 

with its misfolded substrates remains to be determined.  It may bind non-native structures 

directly or through an intermediary recognition factor, such as a chaperone, although 

San1p does not contain any canonical chaperone interaction domains.     
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Section 1.6: Protein Misfolding and Molecular Chaperones 

 

 Cells must perpetually contend with a misfolded protein load, normally arising 

from mistakes in transcription/translation or from mutated proteins.  Roughly one third of 

all nascent proteins are thought to be targeted to the 26S proteasome upon exiting the 

ribosome (Kopito, 2000).  Blocking proteasome function causes the accumulation of 

DRIPs (defective ribosomal products) and, conversely, increasing the frequency of 

translational mistakes by introducing amino-acid analogs leads to an increased turnover 

of newly synthesized proteins (Goldberg, 2003).  Folded proteins can also lose their 

native structure spontaneously as a result of heat denaturation, oxidative stress, or 

chemical modification. These post-synthetically damaged proteins are also subject to 

degradation by the 26S proteasome (Goldberg, 2003). In times of stress, such as heat 

shock, exposure to pharmacological agents, or oxidative damage, cells adjust to an 

increased misfolded protein load by increasing the expression of certain stress-inducible 

genes (Goldberg, 2003).  In yeast, heat stress induces the expression of components of 

the ubiquitination machinery such as the E2 Ubc4, Ubiquitin, proteasome subunits, 

chaperones such as Hsp70, Hsp90, and Hsp26, as well as other factors involved in quality 

control (Hahn et al., 2004).    

 Protein misfolding leading to either loss-of-function of the affected protein or gain-

of-function due to toxicity of the misfolded species has been linked to human disease.  

For instance, loss-of-function mutations impairing the correct folding of the tumor 

suppressors p53 and von Hippel-Lindau (VHL) lead to their enhanced degradation and 

concomitant tumor development (Scott and Frydman, 2003). Similarly, mutations 

affecting folding of the cystic fibrosis transmembrane conductance regulator (CFTR) 

affect the trafficking of mature CFTR to the plasma membrane, thus resulting in cystic 

fibrosis (Amaral, 2005).   

 Selective recognition of non-native proteins is the first step toward their 

elimination. Based on their ability to interact with non-native folding intermediates, 

molecular chaperones are prime candidates to aid in the triage of misfolded proteins.  

Once potentially damaging conformers have been identified, the cell can respond to their 

presence in three ways. First, cellular factors may attempt to rescue the misfolded 
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conformations by refolding them to a functional native state.  Second, the cell can 

sequester misfolded proteins in an attempt to prevent toxic interactions.  Accordingly, 

chaperones alleviate the toxicity associated with aberrant protein conformations in 

neurodegenerative disease models (Muchowski and Wacker, 2005).  For instance, over-

expressing Hsp70 suppresses the toxicity associated with various proteins including Aß 

and tau in AD, alpha-synuclein in PD, superoxide dismutase (SOD1) in ALS, and polyQ-

expanded proteins in HD, SBMA and ataxias (Muchowski and Wacker, 2005).  It appears 

that chaperones alter the conformation of these pathogenic proteins, as Hsp70, together 

with its cofactor Hsp40, induces a conformational rearrangement in mutant Huntingtin 

(Schaffar et al., 2004) and disfavors the accumulation of specific soluble polyQ fibril 

intermediates (Wacker et al., 2004). An intriguing trend emerging from these studies is 

that chaperone-mediated neuroprotection is not a consequence of reduced inclusion body 

formation.  Instead, chaperones appear to alleviate toxicity by sequestering the soluble 

toxic oligomeric species or by modulating their conformation (Muchowski and Wacker, 

2005; Wacker et al., 2004).  

 Finally, proteins that cannot be refolded must be eliminated by the UPS.  Different 

studies have pointed to a role for cytosolic chaperones in misfolded protein degradation.  

Hsp70 is required for the in vitro degradation of some misfolded proteins (Bercovich et 

al., 1997), while in vivo experiments implicate the yeast Hsp40 Ydj1p (Lee et al., 1996). 

Hsp70 and Hsp90 are required for degrading CFTR (Meacham et al., 2001; Youker et al., 

2004) and misfolded VHL variants (McClellan, 2005). In addition, over-expressing 

Hsp70 and Hsp40 increases the proteasome-mediated degradation of alpha-synuclein and 

polyQ-expanded proteins (Muchowski and Wacker, 2005).   

The precise role of chaperones in eliminating misfolded proteins is still unclear.  

In the simplest model, chaperones would be primarily dedicated to stabilizing and 

refolding non-native polypeptides. In this case, their role in quality control could be an 

extension of their primary role in folding, i.e. to maintain the solubility of misfolded 

intermediates and facilitate sampling by the ubiquitination machinery.  On the other hand, 

recent analysis of the quality control mechanisms of misfolded variants of the VHL 

tumor suppressor suggests that chaperones have an active role selecting proteins for 

degradation (McClellan, 2005).  The observation that some chaperones specifically 
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interact with E3s raises the possibility that, at least in some cases, chaperones could 

recognize misfolded proteins and subsequently mediate their poly-ubiquitination by 

directly recruiting an E3 ligase (Cyr et al., 2002; Esser et al., 2004; Verma et al., 2000).  

In addition, a post-ubiquitination function for chaperones has been proposed (Esser et al., 

2004).   For instance, the neuronal Hsp70 cofactor HSJ1, stimulates the ubiquitination of 

Hsp70-bound proteins via its UIM (ubiquitin-interaction motif) domains and their 

subsequent sorting to the proteasome (Westhoff et al., 2005). Furthermore, Hsp90 

associates with the proteasome in an ATP-dependent manner (Verma et al., 2000). Thus, 

Hsp70 or Hsp90-bound substrates may be directed to proteasomes by virtue of direct or 

indirect chaperone-UPS interactions.   

 

 

 

 

Section 1.7: Protein Aggregation and Inclusion Formation 

 

 When the misfolded protein load exceeds the degradative capacity of the quality 

control system and non-native proteins accumulate in excess of chaperones, their 

abundance can result in a toxic gain of function state known as protein aggregation 

(Dobson, 2004). This is caused by the inclination of exposed hydrophobic groups to 

associate with one another to form oligomeric insoluble aggregates.  Whether large 

aggregates themselves or the accumulation of aggregation-prone non-native conformers 

are the cause of toxicity remains unclear (Kopito, 2000).  It is thought that aggregates 

may inhibit the proteasome, damage membrane structure, and recruit other proteins, such 

as transcription factors, which are required for viability (Bennett et al., 2005; Muchowski, 

2002; Sakahira et al., 2002; Schaffar et al., 2004).  However, failure to eliminate 

aggregation prone intermediates is thought to be the underlying cause of aggregation, as 

well as of the numerous disease states which are marked by aggregate formation 

(Ciechanover and Brundin, 2003).  Diseases in which non-native polypeptides gain a 

toxic function also result from misfolding (Dobson, 2004; Muchowski and Wacker, 

2005).  These diseases are characterized by the accumulation of intracellular aggregates 
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or inclusion bodies, often consisting of insoluble heat-stable beta-sheet amyloid deposits. 

Aggregation-based diseases disproportionately affect post-mitotic cells, such as neurons, 

presumably because they cannot dilute the toxic species during cell division, and underlie 

various neurodegenerative disorders, including Alzheimer (AD), Parkinson’s (PD), and 

Amyotrophic Lateral Sclerosis (ALS).  (Muchowski and Wacker, 2005).  A number of 

amyloid diseases are caused by the expansion of a polyglutamine (polyQ) tract, usually 

beyond a critical threshold of approximately 40 repeats. PolyQ tract-containing proteins 

are soluble when the tract contains less than a threshold value (around 40) of glutamine 

residues (Morley et al., 2002).  Proteins containing a polyQ tract above this value 

aggregate at a rate proportional to the number of glutamines, and onset of disease also 

correlates linearly with polyQ repeat length (Taylor et al., 2002).  These glutamine-

expansion diseases include Huntington’s disease (HD), Spinocerebellar Ataxia, and 

Spinal Bulbar Muscular Atrophy (SBMA) (Muchowski and Wacker, 2005). Despite a 

lack of amino acid sequence similarity, these aberrant proteins appear to adopt a common 

toxic conformation that affects cell viability. Amyloidogenic oligomers of proteins 

associated with AD, PD, and polyQ diseases share a common structural signature that can 

be recognized by the same antibody (Glabe, 2004). While soluble early intermediates in 

the aggregation pathway appear to be toxic (Bucciantini et al., 2002), the larger amyloid 

deposits themselves are not pathogenic (Arrasate et al., 2004).  Ultimately, aggregation-

based diseases reflect a failure of the quality control system, either in surveillance or in 

elimination, and an imbalance between protein synthesis, folding, and degradation.  

Studies following misfolded protein accumulation in different model systems 

suggest that formation of cellular inclusions is an organized process conserved from yeast 

to mammalian cells (Chiti and Dobson, 2006; Rubinsztein, 2006; Sherman and Goldberg, 

2001). Distinct inclusions with specific characteristics have been observed using different 

quality control substrates (Huyer et al., 2004; Kamhi-Nesher et al., 2001; Krobitsch and 

Lindquist, 2000; Matsumoto et al., 2006; Matsumoto et al., 2005). For example, insoluble 

forms of polyQ-expanded proteins, as well as CFTRΔF508 or SOD-1 mutants, 

accumulate upon proteasome inhibition in a perinuclear structure, termed the aggresome, 

that co-localizes with the microtubule organizing center (MTOC) (Johnston et al., 2000; 

Johnston et al., 2002).  Aggresome formation is a dynamic process which depends on 
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minus-end-directed transport along microtubules to the MTOC (Kopito, 2000). However, 

different aggregation-prone proteins have been shown to form similar peri-nuclear 

inclusions with different solubility properties (Matsumoto et al., ; Matsumoto et al., 

2005). In a recent study, polyQ and SOD1 inclusions from two different SOD1 mutants 

were shown to form different inclusions, some completely insoluble and impermeable to 

native proteins and chaperones, and some exhibiting a porous structure through which 

other proteins can diffuse.  Other studies suggest that the autophagic pathway aids in the 

removal of aggregated protein through the aggresome formation mechanism, forming an 

autophagic structure around the inclusion (Rideout et al., 2004). It is not clear whether 

aggresome formation is a protective response to an otherwise harmful phenomenon, or 

simply the byproduct of an abundance of aggregated species.  However, recent work 

shows that aggresome formation may be protective and increase the probability of cell 

survival (Arrasate et al., 2004).   

Another perinuclear inclusion, termed the quality control compartment, contains 

soluble misfolded substrates of the ERAD pathway (Kamhi-Nesher et al., 2001). Yet 

another class of perinuclear inclusions containing autophagic markers and sometimes co-

localizing with lysosomes have also been observed with polyQ-expanded proteins (Iwata 

et al., 2005; Taylor et al., 2003). Because in mammalian cells many of the observed 

inclusions, as well as the ER, Golgi, and lysosomes, are all located in the perinuclear 

region, it is unclear whether all these observations pertain to the same compartment. It is 

also unclear what underlies the distinct solubility characteristics and long term fates 

observed for different quality control substrates in these inclusions.  

 Accumulation of intracellular inclusions is not restricted to disease states such as 

Huntington's or Prion disease but can also arise during cellular stress, for instance 

following proteasome inhibition (Johnston et al., 2000).   While the aggregation of 

disease-related amyloidogenic proteins (Duennwald et al., 2006; Kopito, 2000) and 

ERAD substrates (Huyer et al., 2004; Kamhi-Nesher et al., 2001; Kruse et al., 2006b) has 

been extensively studied, little is known about the fate of “normal” misfolded cytosolic 

globular proteins (McClellan et al., 2005b).  In the cell, misfolding of “normal” cytosolic 

proteins can arise as a consequence of either stress-induced denaturation, destabilizing 

missense mutations, or lack of oligomeric assembly partners.  It is puzzling that, while all 
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proteins can form amyloid-like inclusions upon misfolding,
 
(Bucciantini et al., 2002), 

only a handful of proteins cause amyloidosis and disease (Chiti and Dobson, 2006). In 

principle, it is possible that these amyloid disease-related proteins interact differently 

with the cellular quality control machinery. Furthermore, although aggregated protein 

inclusions associated with different neurodegenerative diseases contain otherwise 

unrelated aggregated proteins, many of these inclusions share cell-biological features 

such as co-staining with components of the quality control machinery. All this implies a 

general cellular pathway for recognition of misfolded and aggregated proteins and their 

sorting and delivery to intracellular inclusions associated with amyloidosis and disease.  

Accordingly, characterization of the pathways and mechanisms leading to inclusion 

formation is critical for understanding the molecular basis of protein conformational 

disorders.  

 

 

Section 1.8: Effect of Protein Aggregates on Cellular Protein Folding Homeostasis 

 

 An intriguing characteristic of conformational disorders is that, in most cases, 

disease pathology is manifested only upon aging of an organism, despite the continued 

presence of the aggregation-prone species for decades without apparent harmful effects 

(Cohen et al., 2006; Dobson, 2003).  Several models have been formulated to explain this 

late-onset feature of many neurodegenerative diseases.  One possibility is that the quality 

control system (and in particular the cellular chaperone network), which for most of the 

organism’s lifespan is able to keep aggregation at bay and maintain aggregation-prone 

proteins in a soluble state or degrade them via the UPS, eventually experiences a decline 

in capacity, thus allowing for wide-scale aggregation to occur and for the pathology to be 

manifested.  Alternatively, aggregation-prone proteins and toxic intermediates may 

gradually accumulate over time, evading the quality control system, until their levels are 

substantial enough to inhibit essential processes or titrate out factors needed for viability.  

Aside from exerting these toxic “gain-of-function” effects on cellular processes, it has 

also been suggested that meta-stable conformations of mutant and poly-morphic alleles of 

essential genes exist perpetually in the cytosol and that their native state is buffered by 
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the cellular chaperone network.  When significant levels of aggregation-prone proteins 

build up in the cell, the chaperone networks could be re-directed to cope with these 

misfolded species, leading to a perturbation of the cellular protein folding homeostasis 

and the subsequent misfolding, de-activation, or even co-aggregation of the previously 

buffered meta-stable protein pool.   

 Some clues about the effect of aging on protein aggregation and cellular protein 

folding homeostasis have come from work in the C. elegans model for Huntington’s and 

Alzheimer diseases (Cohen et al., 2006; Morley et al., 2002; Morley and Morimoto, 

2004).  Given that in C. elegans the pathways regulating aging and lifespan are well 

understood (Guarente and Kenyon, 2000; Wolkow et al., 2000), worms provide an ideal 

system to explore the relationship between aging and late-onset neurodegenerative 

disease (Brignull et al., 2006). In worms, as well as flies and mammals, aging is regulated 

mainly by insulin/insulin growth factor-1-like (IIS) pathway signaling (Hsu et al., 2003).  

The insulin/IGF-1 receptor in C. elegans, DAF-2, negatively regulates the DAF-16 

transcription factor, and in its absence DAF-16 initiates the expression of factors that 

drastically extend lifespan.  Among DAF-16 transcriptional targets are many chaperones 

and quality control components, and its lifespan-extending activities are also dependent 

on the activity of the heat shock factor 1 (HSF-1) transcription factor, which itself 

regulates the expression of chaperones and UPS components (Arantes-Oliveira et al., 

2003; Hsu et al., 2003; Muchowski et al., 2002).  Not surprisingly, over-expressing 

certain quality control components, chaperones, and anti-oxidants can also extend 

lifespan in a DAF-16 dependent manner, though not as significantly as a daf-2 mutation 

which activates DAF-16 (Hsu et al., 2003; Murphy et al., 2003). 

 Several studies have now shown that there is a link between the DAF-16/HSF-1 

regulated aging pathway in C. elegans, and the proteotoxicity caused by the aggregation 

of polyQ Huntingtin and Aβ peptide.  Extending the lifespan of worms was found to both 

increase the threshold of polyQ aggregation (by delaying the onset of aggregation for 

Q40-expanded proteins, which would otherwise form aggregates earlier in life), and to 

alleviate the toxicity associated with prolonged expression of aggregation prone polyQ-

expanded proteins (Morley et al., 2002).  Over-expressing HSF-1 reproduced these 

protective effects, suggesting that factors within the DAF-16 and HSF-1 transriptomes 
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actively protect cells from aggregate toxicity and in some cases buffer the onset of 

aggregation (Morley and Morimoto, 2004).  A more recent study suggested a mechanism 

for the aggregation-induced toxicity protection conferred by the lifespan extension 

pathway, by using an Alzheimer disease model in C. elegans.  Aβ1-42 peptide-induced 

toxicity was lowered by daf-2 knockdown (lifespan extension), and this protection was 

dependent on both HSF-1 and DAF-16 (Cohen et al., 2006).  However, the DAF-16 and 

HSF-1 transcriptomes appeared to have separate and seemingly opposing roles in 

mediating the aggregation and clearance of aggregation-prone proteins.  While HSF-1 

induced factors that regulated the disaggregation of small toxic intermediates and assist in 

their clearance, DAF-16 targets appeared to actively promote the formation of higher 

molecular weight aggregates that were no longer toxic.  Interestingly, daf-16 knockdown 

was less harmful than knockdown of hsf-1, indicating that the directed aggregation 

pathway is secondary to the HSF-1 mediated detoxification of small aggregated 

intermediates.  Consistent with this, accumulation of higher molecular weight aggregates 

did not correlate with toxicity.    

 While these interesting findings do not fully explain the late-onset of 

neurodegenerative diseases and their hallmark inclusion formation and toxicity, they do 

support the model that the aging process actively reduces the ability of cells to 

disaggregate, detoxify, and clear aggregating species. The molecular basis of toxicity, 

however, remains an open question.  Although models for aggregate-induced toxicity 

exist in organisms including S. cerevisiae, C. elegans, D. melanogaster, as well as 

mammalian tissue culture systems (Brignull et al., 2006; Hsu et al., 2003; Outeiro and 

Lindquist, 2003; Warrick et al., 1999), there is little consensus regarding the precise 

adverse effects of amyloidogenic protein aggregation that eventually results in cell death.  

In yeast, amyloidogenic proteins such as certain types of polyQ Htt, alpha-synuclein, and 

synphillin-1 have been suggested to interfere with the actin cytoskeleton, inhibit 

intracellular trafficking, and perhaps inhibit some parts of the quality control/ UPS 

system (Muchowski and Wacker, 2005; Outeiro and Lindquist, 2003).  In fly and 

mammalian models over-expression of the Hsp70 chaperone alone was shown to 

alleviate toxicity of polyQ aggregation (Warrick et al., 1999), suggesting that perhaps 

cytotoxicity was due to a sequestration of the chaperone by the aggregate from the 
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cytosol; indeed work in tissue culture models of aggregation showed that Hsp70 binds 

irreversibly to some polyQ inclusions but not to inclusions from other amyloidogenic 

proteins.  A more conclusive study in C. elegans showed that the toxicity of polyQ 

aggregation correlated with adverse effect of these aggregates on the protein folding 

capacity of the worm cytosol (Gidalevitz et al., 2006).  Aggregation of these expanded 

polyQ fragments resulted in the trans co-aggregation of meta-stable temperature-sensitive 

alleles, which had presumably previously been kept soluble by the buffering capacity of 

the cellular chaperone network.  Once polyQ aggregates had formed and had directed part 

of the chaperone network to the aggregated protein inclusions, or possibly the lower 

molecular weight intermediates, the buffering capacity was reduced and other proteins 

also began to aggregate.  It is possible that this process can eventually become fatal to the 

cell, as more and more essential factors that may exist in meta-stable polymorphic states, 

or that otherwise require the presence of chaperones for folding and function, begin to 

misfold and aggregate. Together, these studies from different models of 

neurodegeneration point to the conclusion that the process of sorting misfolded and 

aggregation prone proteins by the quality control system into inclusions is intimately 

connected to keeping the toxic effects of aggregation at bay.  How the quality control 

system interacts with aggregating proteins and directs them to inclusions, and what 

underlies the toxicity associated with conformational disorders remain interesting open 

questions.  
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Figure 1.1 

Quality control of protein folding in the cytosol 
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Section 2.1: Summary 

 

The accumulation of misfolded proteins in intracellular amyloid inclusions, typical of 

many neurodegenerative disorders including Huntington’s and Prion Disease, is thought 

to arise upon failure of the cellular protein Quality Control (QC) mechanisms (Chiti and 

Dobson, 2006; McClellan et al., 2005b; Rubinsztein, 2006). Here we examine the 

formation of misfolded protein inclusions in the eukaryotic cytosol. We identify two 

intracellular compartments for the sequestration of misfolded cytosolic proteins. Partition 

of QC substrates to either compartment appears to depend on their ubiquitination status 

and aggregation state. Soluble ubiquitinated misfolded proteins accumulate in a 

juxtanuclear compartment where proteasomes are concentrated. In contrast, terminally 

aggregated proteins are sequestered in a perivacuolar inclusion possibly linked to the 

autophagic pathway. Strikingly, disease-associated Huntingtin and prion proteins are 

preferentially directed to the perivacuolar compartment. Enhancing ubiquitination of a 

prion protein suffices to promote its delivery to the juxtanuclear inclusion. Our findings 

provide a framework for understanding the preferential accumulation of amyloidogenic 

proteins in inclusions linked to human disease.  

 

 

Section 2.2: Introduction 

 

The strong correlation between the accumulation of aggregated proteins in 

inclusions and the onset of several neurodegenerative diseases calls for a better 

understanding of the mechanisms and functions of inclusion formation. Previous research 

has indicated that soluble aggregation intermediates have a toxic “gain of function” 

activity, suggesting that the regulated formation of protein inclusions serves a 

cytoprotective function, namely to sequester misfolded species (Bence et al., 2001; Chiti 

and Dobson, 2006; Gidalevitz et al., 2006; Lesne et al., 2006; Muchowski and Wacker, 

2005; Outeiro and Lindquist, 2003; Schaffar et al., 2004). Because aggregated proteins 

may be poor substrates for either chaperones or the proteasome they may also be 
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concentrated in inclusions for clearance by the autophagic pathway(Iwata et al., 2005; 

Rideout et al., 2004; Rubinsztein, 2006; Taylor et al., 2003; Yorimitsu and Klionsky, 

2005). However, it is unknown whether inclusions contain only terminally aggregated 

proteins or whether there are mechanisms to also sequester soluble misfolded 

conformations(Matsumoto et al., 2006). It is puzzling that, while all proteins can form 

amyloid-like inclusions upon misfolding
1, 

(Bucciantini et al., 2002), only a handful of 

proteins cause amyloidosis and disease(Chiti and Dobson, 2006). In principle, it is 

possible that these amyloid disease-related proteins interact differently with the cellular 

QC machinery. Accordingly, characterization of the pathways and mechanisms leading to 

inclusion formation is critical for understanding the molecular basis of protein 

conformation disorders.  

Studies following misfolded protein accumulation in different model systems 

suggest that formation of cellular inclusions is an organized process conserved from yeast 

to mammalian cells (Chiti and Dobson, 2006; Rubinsztein, 2006; Sherman and Goldberg, 

2001). Distinct inclusions with specific characteristics have been observed using different 

QC substrates(Huyer et al., 2004; Kamhi-Nesher et al., 2001; Krobitsch and Lindquist, 

2000; Matsumoto et al., 2006; Matsumoto et al., 2005). For example, insoluble forms of 

polyglutamine (polyQ)-expanded proteins, as well as CFTRΔF508 or SOD-1 mutants, 

accumulate upon proteasome inhibition in a perinuclear structure, termed the aggresome, 

that co-localizes with the microtubule organizing center (MTOC)(Johnston et al., 2002; 

Kopito, 2000). Another perinuclear inclusion, termed the QC compartment, contains 

soluble misfolded substrates of the ERAD pathway(Kamhi-Nesher et al., 2001). Yet 

another class of perinuclear inclusions containing autophagic markers and sometimes co-

localizing with lysosomes have also been observed with polyQ-expanded proteins(Iwata 

et al., 2005; Taylor et al., 2003). Because in mammalian cells many of the observed 

inclusions, as well as the ER, Golgi, and lysosomes, are all located in the perinuclear 

region, it is unclear whether all these observations pertain to the same compartment. It is 

also unclear what underlies the distinct solubility characteristics and long term fates 

observed for different QC substrates in these inclusions.  

Accumulation of intracellular inclusions is not restricted to disease states such as 

Huntington's or Prion disease but can also arise during cellular stress, for instance 
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following proteasome inhibition(Kopito, 2000).   While the aggregation of disease-related 

amyloidogenic proteins(Duennwald et al., 2006; Kopito, 2000) and ERAD 

substrates(Huyer et al., 2004; Kamhi-Nesher et al., 2001; Kruse et al., 2006b) has been 

extensively studied, little is known about the fate of “normal” misfolded cytosolic 

globular proteins(McClellan et al., 2005b).  In the cell, protein misfolding can arise as a 

consequence of either stress-induced denaturation, destabilizing missense mutations, or 

lack of oligomeric assembly partners.  To examine how cytosolic QC proceeds in these 

different scenarios we chose a panel of model substrates corresponding to each case (Fig. 

1a, d) and compared their fate to that of model amyloidogenic proteins (Fig. 2a). Our 

findings reveal that cells contain two distinct compartments for the accumulation of 

misfolded proteins. The QC machinery uses the ubiquitination state and solubility of its 

substrates as primary determinants to partition misfolded proteins among these 

compartments. Soluble misfolded proteins destined for degradation by the proteasome or 

refolding by the chaperone machinery are directed to a perinuclear compartment. A 

second compartment, apparently linked to the autophagic pathway, accumulates 

terminally aggregated proteins. Interestingly, our data indicates that unlike normal 

misfolded polypeptides, amyloidogenic proteins are preferentially sorted to this 

compartment.  We propose that these distinct QC compartments represent two cellular 

strategies for the sequestration of aggregation-prone, potentially toxic polypeptides.   

 

 

Section 2.3: Results 

 

A thermally destabilized QC substrate accumulates in two distinct inclusions  

 

To determine the interplay between the QC machinery and cytosolic misfolded 

substrates, we initially followed the fate of a previously characterized Ubc9 variant that 

misfolds above 30 °C (Betting and Seufert, 1996; Tongaonkar et al., 1999)(Fig. 2.1a). 

Ubc9
ts
, fused to GFP to facilitate detection (GFP-Ubc9

ts
) was expressed under the control 

of a galactose-regulated promoter. Glucose addition repressed expression, allowing us to 
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follow the fate of GFP-Ubc9
ts
 from the earliest stages of protein misfolding upon shift to 

37 °C (Fig. 2.1a). At permissive temperatures, GFP-Ubc9
ts
 was native and exhibited the 

diffuse distribution observed for wild type GFP-Ubc9
 
(Fig. 2.1b, 0 min compare with WT 

panel 120 min). GFP-Ubc9
ts
 misfolding led to degradation by the ubiquitin-proteasome 

pathway, as previously reported for the untagged protein (Fig. 2.1b, compare 5 min and 

60 min and Fig. 2.1d, left panel) (Betting and Seufert, 1996; Tongaonkar et al., 1999). 

The time-course of degradation revealed a transient accumulation of Ubc9
ts
 in distinct 

cytosolic inclusions that were eventually cleared (e.g. Fig. 2.1 b 30 min and Fig. 2.1c). 

Most cells contained a juxtanuclear inclusion as well as smaller puncta distributed 

throughout the cytosol, although some cells contained only the juxtanuclear inclusion 

(Fig. 2.1 b, c). Impairment of proteasome-mediated degradation, either in cim3-1 cells or 

by treatment with the proteasome inhibitor MG132, stabilized GFP-Ubc9
ts
 and led to its 

reproducible accumulation in two distinct inclusions in virtually every cell (Fig. 2.1b, 60 

and 120 min and Fig. 2.1h). At early time-points following misfolding in proteasome-

defective cells, GFP-Ubc9
ts
 accumulated in structures resembling those observed during 

degradation in control cells (compare 15 and 30 min in Figs. 2.1b). Quantification 

indicated that the juxtanuclear inclusion appeared to form first, closely followed by 

additional cytosolic puncta (Fig. 2.1c). However, at later incubation times at 37 °C the 

juxtanuclear inclusion remained but the puncta were no longer observed. Instead, a 

second large perivacuolar inclusion was now formed at the periphery of the cell (Fig. 2.1 

b, c). Once formed, both inclusions persisted well beyond the time-course shown in Fig. 

2.1. These two inclusions may represent distinct compartments for the sequestration of 

misfolded proteins.  

The temporal regulation of misfolded protein accumulation first in puncta and 

then in larger inclusions, led us to examine whether microtubule polymerization was 

required for inclusion assembly (Fig. 2.1k-m).  Treatment with the microtubule 

polymerization inhibitor Benomyl arrested this process at the stage of puncta formation 

(Fig. 2.1k), even when added after 15 min at 37 °C, once the puncta were already formed 

(Fig. 2.1k, l).   Strikingly, washing out Benomyl after 30 min at 37 °C allowed the puncta 

to coalesce into two inclusions (Fig. 2.1m), suggesting that the Benomyl induced arrest 

was reversible.  Together these data reveal that the misfolded protein initially 
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accumulates in small oligomeric structures that are then actively transported to two 

distinct inclusions.    

 

 

Two distinct compartments for the sequestration of misfolded cytosolic proteins. 

 

We next examined whether other types of cytosolic quality control substrates are 

directed to the same subcellular compartments as our model for thermal denaturation. To 

this end, we initially followed the fate of the unassembled VHL tumor suppressor 

(McClellan et al., 2005a; Vang et al., 2005). VHL can only fold upon binding to its 

cofactor complex elongin BC(Feldman et al., 1999) (Fig. 2.1d). Tumor-causing mutations 

impairing elongin BC binding, or VHL expression in the absence of elongin BC, lead to 

VHL misfolding followed by ubiquitination and degradation (McClellan et al., 2005a) 

(Fig. 2.1d). Accordingly, under normal growth conditions misfolded GFP-VHL was 

degraded, resulting in reduced levels of diffuse fluorescence (Fig. 2.1e, left panel 

compare with folded VHL in right panel). Inhibition of the proteasome in cim3-1 cells 

(Fig. 2.1f) or with MG132 (Fig. 2.1h) led to formation of a single juxtanuclear GFP-VHL 

inclusion. Importantly, proteasome impairment did not produce GFP-VHL inclusions 

under conditions leading to productive VHL folding (Fig. 2.1e +elongin BC, right panel).  

It was intriguing that at 30 °C VHL consistently formed only a single juxtanuclear 

inclusion while Ubc9
ts
 formed two distinct inclusions. Since Ubc9

ts
 destabilization 

requires conditions of stress, we hypothesized that the formation of two inclusions may 

result from the increased load of denatured QC substrates at 37 °C. Indeed, when 

unassembled VHL was expressed at 37 °C it also accumulated in two inclusions as 

observed for Ubc9
ts
 (Fig. 2.1f; see also Fig. 2.1c). Three-dimensional fluorescence 

deconvolution microscopy demonstrated that the inclusions formed by VHL and Ubc9
ts
 

overlap spatially in the same compartments (Fig. 2.1g).  

We next used a similar approach to examine the fate of a previously characterized 

missense mutation of actin, that is also degraded via the ubiquitin-proteasome pathway 

(McClellan et al., 2005a). As observed for VHL, misfolded actin-E364K accumulated in 
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the same two inclusions as Ubc9
ts
 (Fig. 2.1g). Since clearance of misfolded Ubc9, VHL 

and actin requires ubiquitination, we considered whether proteasome impairment or stress 

lead to widespread aggregation of ubiquitinated protein (Fig. 2.1i). This is not the case 

since native substrates of the ubiquitin-proteasome pathway(Mateus and Avery, 2000), 

such as Ub-Arg-GFP (Ub-R-GFP), Ub-G76A-GFP (Ub-GFP), and Deg1-GFP (not 

shown) remained soluble and diffuse upon proteasome impairment, even under 

conditions of stress (Supplementary Fig. 2.1i and Fig. 2.4e). We conclude that different 

classes of misfolded cytosolic proteins accumulate in two defined inclusions, one 

juxtanuclear and one perivacuolar at the periphery of the cell. The juxtanuclear inclusion 

appears to form first and is more prevalent under cellular conditions with a milder load of 

misfolded proteins. However, stress conditions lead to protein accumulation in the second 

peripheral inclusion. We hypothesize that these inclusions may represent distinct 

subcellular compartments for the sequestration of misfolded QC substrates. In principle, 

the differential partitioning of non-native QC substrates between these two compartments 

may be determined by a change in their intrinsic properties, such as aggregation state, or 

by their interaction with saturatable QC components, or both.  

We next explored the relationship between the inclusions formed by these 

disease-related amyloidogenic proteins and those characterized here for misfolded 

cytosolic proteins (Figs. 2.2a-d). The relative spatial localization of the aggregates 

formed by the yeast prion proteins Rnq1 and Ure2, as well as the disease-related HttQ103 

relative to the Ubc9
ts
 inclusions was determined by deconvolution microscopy. 

Strikingly, all the amyloidogenic proteins tested formed a single major inclusion, which 

consistently co-localized with the perivacuolar peripheral inclusion of Ubc9
ts 

(Figs. 2.2b, 

c). We did not observe any cases of co-localization of either the prion proteins or Htt with 

the juxtanuclear inclusion.  

Unlike normal QC substrates, amyloidogenic proteins including Huntingtin (Htt) 

and prions, form large insoluble inclusions even in the absence of stress or proteasome 

inhibition (Fig. 2.2a) (Duennwald et al., 2006; Horwich and Weissman, 1997; Krobitsch 

and Lindquist, 2000; Matsumoto et al., 2006; Rajan et al., 2001; Taylor et al., 2003). 

Thus, amyloidogenic proteins were also analyzed in the absence of proteasome inhibition 

and under normal growth temperatures (Fig. 2.2j, k). Unlike misfolded globular proteins, 
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such as VHL or Ubc9, glutamine-rich Rnq1, Ure2, and HttQ103 also accumulated under 

these normal conditions in aggregates localized exclusively in the peripheral 

compartment (Fig. 2.2e, f), although Rnq1 was also found in small puncta throughout the 

cell (Fig 2.2b). The accumulation of amyloidogenic proteins in the perivacuolar, 

peripheral inclusion in the absence of either stress or proteasome impairment (Fig. 2.2e, 

f) indicates that this compartment can also form under normal conditions. Notably, Rnq1 

always surrounded the Ure2 and HttQ103 deposits in the peripheral inclusion (red 

fluorescence in Fig. 2.2e, f) suggesting that Rnq1 is targeted to the perivacuolar 

compartment with slower kinetics than the other amyloidogenic proteins. These 

observations, together with the finding that misfolded globular proteins are preferentially 

targeted to the juxtanuclear inclusion at 30 °C, suggests some unique feature of 

amyloidogenic proteins earmarks them for delivery to the peripheral inclusion.  

 

 

 

Mammalian cells sequester misfolded proteins in two distinct compartments 

 

 We next determined whether the two distinct QC compartments that differentially 

sequester misfolded and amyloidogenic proteins are conserved in mammalian cells. To 

this end, we compared the subcellular distribution of misfolded forms of Ubc9
ts
 and VHL 

with that of the amyloidogenic HttQ103, in the presence or absence of proteasome 

inhibition (Fig. 2.3).  Both Ubc9
ts
 and VHL showed diffuse fluorescence when expressed 

in untreated HeLa cells (Fig. 2.3a, upper panel), with VHL more prominent around the 

ER and nucleus. Upon proteasome inhibition both proteins co-localized completely in the 

peri-nuclear region, as observed in yeast cells (Fig. 2.3, middle panel).  Importantly, 

wild-type folded Ubc9 did not co-aggregate with VHL under these conditions (Fig. 2.3, 

lower panel).  We next, compared the distribution of HttQ103 and misfolded VHL. Our 

experiments in yeast predict that, in the absence of stress these QC substrates should be 

directed to different compartments.  Strikingly, this was the case in mammalian cells, 

since HttQ103 and misfolded VHL were sequestered in two clearly different inclusions 

upon proteasome inhibition (Fig. 2.3b, middle and lower panels).  Absent proteasome 
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impairment, VHL was degraded while the HttQ103 inclusion was still observed. It thus 

appears that the differential sequestration of misfolded proteins in two QC compartments 

is conserved from yeast to mammals.  

 

 

Misfolded proteins in the two quality control compartments exhibit distinct 

diffusion properties  

 

To better characterize the two quality control compartments, we next examined 

the solubility state of misfolded proteins accumulating in either inclusion. As a measure 

of solubility for misfolded proteins in these compartments we determined their diffusion 

properties using Fluorescence Loss In Photobleaching (FLIP) (Lippincott-Schwartz and 

Patterson, 2003). Briefly, a laser pulse was used to photobleach GFP-Ubc9
ts 

from a small 

section of cytosol outside of the two GFP-Ubc9
ts
 inclusions (box in Fig. 2.4a). The 

ensuing changes in fluorescence intensity of the different cellular compartments, assessed 

as a function of time, provide a measure of their relative exchange rate with the bleached 

cytoplasmic portion (Fig. 2.4a). As a result of bleaching, the diffuse cytosolic 

fluorescence corresponding to soluble GFP-Ubc9
ts 

was rapidly lost (Fig. 2.4a, black 

trace). A rapid fluorescence loss was also observed for the juxtanuclear inclusion (Fig. 

2.4a, red trace), indicating that a substantial fraction of GFP-Ubc9
ts
 in this compartment 

is soluble and can exchange with the cytosolic pool. We therefore refer to this inclusion 

as the JuxtaNuclear Quality Control compartment, or JUNQ. In contrast, following a 

small initial reduction in fluorescence, the peripheral perivacuolar compartment retained 

most (>70%) of its fluorescent signal (Fig. 2.4a, cyan trace). This suggests that this 

inclusion contains a large fraction of non-diffusing, possibly insoluble GFP-Ubc9
ts
. 

Accordingly, we named this inclusion the Insoluble Protein Deposit or IPOD. In 

principle the conservation of fluorescent signal within the IPOD during bleaching could 

result from a barrier to exchange with the cytosolic pool, for instance due to a membrane, 

rather than to the insolubility of the protein in the inclusion. Accordingly, we examined 

the internal mobility of the protein within the IPOD using Fluorescence Recovery After 

Photobleaching (FRAP) (Lippincott-Schwartz and Patterson, 2003). In this case we 
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directly bleached a small sector within the IPOD inclusion. Because we failed to observe 

any redistribution of the fluorescent signal within the IPOD from the non-bleached part 

of the inclusion it appears that the protein in this structure is immobile, consistent with 

this compartment containing aggregated species (Fig. 2.4b).  

The conclusion that the JUNQ and IPOD accumulate proteins in distinct solubility 

states was supported by biochemical analyses (Fig. 2.4c-e, see also Fig. 2.6c).  Thus, 

when VHL localized only to the JUNQ, all of the protein was in a Triton-soluble form 

(Fig. 2.4c), whereas VHL accumulation in the IPOD correlated with a shift to the 

insoluble fraction (Fig. 2.4c, see also Fig. 2.6c and Fig. 2.6f for Ubc9 and Htt).   

Together, these results suggest that one compartment, the JUNQ, contains a large fraction 

of soluble misfolded protein, while the IPOD compartment contains non-diffusing, 

insoluble species. Furthermore, the observation that amyloidogenic proteins appear to be 

targeted exclusively to the IPOD suggests that this compartment is the preferred cellular 

destination for protein aggregates. 

 

 

Characterization of the JUNQ and IPOD as defined subcellular compartments. 

 

Because different quality control substrates reproducibly accumulated in the same 

two compartments, we next examined the relationship of both JUNQ and IPOD with 

known cellular structures and quality control components using fluorescence 

deconvolution microscopy and EM (Fig. 2.5). Analysis of the relative spatial localization 

of the nucleus and the inclusions formed by Ubc9
ts
 and VHL indicated that the JUNQ is 

formed in an indentation of the nucleus (Fig. 2.5a, nuclear DNA, blue, stained with 

DAPI, nucleoplasm, red, with NLS-TFP). Interestingly, in dividing cells both the JUNQ 

and IPOD were invariably retained in the mother cell, raising the possibility that these 

compartments provide a mechanism to retain misfolded proteins in the mother cells 

during cell division (Fig. 2.5a) (Rujano et al., 2006). Notably, neither the JUNQ nor the 

IPOD were localized to the spindle pole body (visualized with Spc42, Fig. 2.5b) unlike 

the aggresome which co-localizes with the MTOC (Johnston et al., 2002).  
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 A similar analysis using the ER marker Sec63 (Huyer et al., 2004) indicated that 

the JUNQ is in close proximity to the ER. Sec63 redistributed around the JUNQ relative 

to the remaining nuclear envelope (Fig. 2.5c), although there was no direct overlap 

between Sec63 and either VHL or Ubc9
ts
, consistent with the FLIP experiments 

indicating that the proteins in the JUNQ exchange freely with the cytosol.   Since Sec63 

usually marks the ERAC structures that accumulate ERAD substrates, these results 

suggest that the JUNQ forms at a defined cellular location in close proximity to the 

region that participates in the degradation of misfolded ER proteins. Perhaps the 

localization of cytosolic and ER misfolded proteins to one cellular location serves to 

concentrate chaperones and other QC components with their substrates to both enhance 

the efficiency of misfolded protein clearance and remove misfolded proteins from the 

cellular milieu. 

Given the central role of proteasomal degradation in misfolded protein turnover, 

we next examined the cellular distribution of using previously characterized GFP tagged 

proteasomes (Enenkel et al., 1998) (in either the regulatory particle, Cim5 subunit or the 

core particle, Pre6 subunit) (Fig. 2.5d). Deconvolution microscopy revealed that most 

proteasomes in the cells localize to the ER, even though there is a fraction of diffuse 

tagged proteasomes. Strikingly, for all misfolded proteins examined we observed a 

marked re-distribution of proteasomes to the site of JUNQ protein accumulation both at 

30 °C and 37 °C (Fig. 2.5d).  On the other hand, proteasomes did not co-localize with the 

IPOD, This indicates that, surprisingly, soluble misfolded proteins rather than insoluble 

amyloid aggregates cause a re-distribution of cellular proteasomes.  Furthermore, it 

appears that the peri-nuclear JUNQ compartment acts as a major site of proteasome 

concentration and misfolded protein degradation. 

The localization of another quality control component that interacts with 

misfolded and aggregated proteins, the chaperone Hsp104 (Cashikar et al., 2005), was 

assessed using a previously characterized functional GFP-tagged Hsp104 (Tkach and 

Glover, 2004).  Unlike the 26S proteasome, which co-localized only with the JUNQ, 

Hsp104 co-localized with both JUNQ and IPOD (Fig. 2.5e).  However, the majority of 

Hsp104 accumulated around the IPOD compartment, often in a striking circular 

arrangement (Fig. 2.5e).  Because, Hsp104 often accumulated in an IPOD-like inclusion, 
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and sometimes also in a JUNQ-like inclusion, in the absence of an ectopically expressed 

misfolded protein (Fig. 2.5e, middle panel, and unpublished data) it appears that these 

QC compartments are normally present in cells.  The co-localization of Hsp104 with the 

IPOD resonates with its role in disaggregating prion proteins, which also localize to this 

compartment.  On the other hand, we hypothesize that the co-localization of Hsp104 may 

serve to keep JUNQ proteins soluble for either refolding or degradation (as shown below 

in Fig. 2.6t).   

Autophagy has been implicated in the clearance of protein aggregates(Sarkar et 

al., 2007).  We found that the IPOD, but not the JUNQ, co-localized with the autophagic 

marker Atg8(Yorimitsu and Klionsky, 2005) (Fig. 2.5f, see also Fig. 2.6m for EM). 

Although neither Atg8 nor Atg7, both essential components of the autophagic pathway, 

were required for IPOD formation (Fig. 2.5i), the proximity of the IPOD to the vacuole 

(see Fig. 2.5g) and its association with an autophagic marker (Fig. 2.5h for EM) suggest 

that the IPOD may sequester aggregated proteins for their eventual elimination by 

autophagy. 

The sub-cellular structure of the JUNQ and IPOD compartments was further 

defined by Immuno-EM analysis (Fig. 2.5g, h).  This analysis confirmed that the JUNQ is 

closely associated with the nucleus, and may be flanked by proliferations of the nuclear 

membrane (Fig. 2.5g, upper panels).  The JUNQ-containing sections of the nucleus 

exhibited a very consistent co-localization with vacuolar lobes. The IPOD (Fig. 2.5g, 

lower panels) was made up of electron-dense material, consistent with our FRAP and 

biochemical characterization. Although we rarely observed IPODs completely 

surrounded by membranes, they were frequently seen associated with membranous 

structures including double-membrane autophagic vesicles (Fig. 2.5g, h).  Strikingly, EM 

analysis of prion IPODs showed heavy GFP immune-gold labeling in a circular shape 

around a densely packed core (Fig. 2.5g for Ure2) consistent with our fluorescence 

microscopy images where the IPODs formed by prions (including Ure2-GFP: inset) 

occasionally appears hollow.   Since the Hsp104 analysis indicates that cells normally 

contain an IPOD structure formed with endogenous proteins, we hypothesize that the 

ectopically expressed aggregation prone prion, like Ure2, is directed to the IPOD and 

layered on top of the existing aggregates.   



39 

 

Ubiquitination modulates partitioning of QC substrates to the JUNQ or IPOD 

compartments. 

 

Proteasomal degradation of misfolded proteins requires their prior tagging with a 

poly-ubiquitin tail(Sherman and Goldberg, 2001) (Fig. 2.6a). We next considered 

whether ubiquitination of misfolded proteins plays a role in their partitioning to either 

JUNQ or IPOD. Since degradation of misfolded VHL, Ubc9, and actin requires 

ubiquitination by the E2 pair Ubc4/5 (Betting and Seufert, 1996; McClellan et al., 2005a; 

Vang et al., 2005) we expressed these proteins in cells lacking Ubc4/5 (Fig. 2.6a, b for 

VHL, Fig. 2.6g for Ubc9
ts
, not shown for actin). Ubiquitination was also reduced by 

over-expression of Ubp4 (Swaminathan et al., 1999) (Fig. 2.6h). Similar results were 

obtained using either strategy for all misfolded proteins (Fig. 2.6b, Fig. 2.6h, i).  

Strikingly, impairing misfolded protein ubiquitination blocked their accumulation in the 

JUNQ and resulted instead in their exclusive accumulation in the IPOD compartment, 

even at 30°C and in the absence of proteasome inhibition (Fig. 2.6b, g, h, i). The IPOD 

formed by the misfolded proteins under these conditions exhibited the same morphology 

as those observed previously, and were also Atg8 and Hsp104-positive (Fig. 2.6n, o, not 

shown for EM).  

It was intriguing that blocking the ubiquitination of misfolded proteins caused 

them to behave in a manner reminiscent of aggregation-prone amyloidogenic proteins 

such as HttQ103. Because formation of detergent insoluble aggregates is a hallmark of 

amyloid formation, we next examined the effect of blocking ubiquitination on the 

solubility of misfolded VHL (Fig. 2.6c) and Ubc9 (Fig. 2.6f). While misfolded VHL 

remained Triton-soluble under conditions where it only forms the JUNQ (Fig. 2.6c, left 

panel), it was almost entirely insoluble when targeted to the IPOD upon blocking 

ubiquitination (Fig. 2.6c, right panel). Similar results were obtained with Ubc9
ts
; indeed 

blocking its ubiquitination rendered it as insoluble as aggregated HttQ53 (Fig. 2.6f).  On 

the other hand, blocking the ubiquitination of the native degradation substrate Ub-GFP in 

the same ∆ubc4/5 cells did not impair the solubility (Fig. 2.4c). These results indicate that 

ubiquitination is an important determinant for maintaining solubility and sorting proteins 

to the JUNQ and that non-ubiquitinated species are directed to the IPOD. 
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To gain insight into how the quality control machinery helps partition misfolded 

proteins between JUNQ and IPOD, we exploited the observation that the chaperone Sti1 

is required for VHL degradation but not for VHL folding (McClellan et al., 2005a).  

Biochemical analysis indicates that Sti1 is required for efficient VHL ubiquitination (Fig. 

2.6j).  Importantly, deletion of Sti1 has no growth defects.  Furthermore, Sti1 is not 

required for Ubc9
ts
 clearance, confirming that degradation of misfolded proteins exhibits 

different chaperone requirements (McClellan et al., 2005a; Park et al., 2007) (Fig. 2.6k). 

Strikingly, Sti1 deletion also directed VHL to the IPOD, as observed in ∆ubc4/5 cells 

(Fig. 2.6m, n), but had no effect on the localization of Ubc9
ts
 (Fig. 2.6l).  This result 

indicates that ubiquitination and partitioning of misfolded proteins between JUNQ and 

IPOD is modulated by specific interactions with the cellular chaperone network.   

Accordingly, the finding that amyloidogenic proteins are primarily targeted to the IPOD 

may reflect their inefficient interaction with quality control chaperone and ubiquitination 

components. This property could distinguish prions and other amyloidogenic proteins 

from the bulk of misfolded QC substrates that normally do not accumulate in amyloids.  

We next tested whether enhancing the ubiquitination of a prion protein by 

addition of a synthetic ubiquitination signal suffices to promote partitioning to the JUNQ 

(Fig. 2.6p-r). We therefore engineered an N-terminal UFD ubiquitination signal onto the 

prion Rnq1, which normally only accumulates in IPOD inclusions (Fig. 2.2b-f and Fig. 

2.6p, left panel). Strikingly, enhancing its ubiquitination (Fig. 2.6r) directed a fraction of 

Ub-Rnq1 to the JUNQ (Fig. 2.6p, right panel). Biochemical analysis supported this idea 

by showing that addition of a poly-ubiquitin tag to the Rnq1 prion resulted in its partial 

re-distribution to the detergent soluble fraction (Fig. 2.6r).  Thus, whereas Rnq1 is 

predominantly found in the insoluble fraction (Fig. 2.6r, left panel), the Ub-Rnq1 is 

nearly evenly distributed between the soluble and insoluble fractions (Fig. 2.6r, right 

panel).  Notably, higher molecular weight poly-ubiquitinated Ub-Rnq1 was found only in 

the soluble fraction.  Since non-ubiquitinated Ub-Rnq1 nevertheless has one N-terminal 

ubiquitin, it appears that poly-ubiquitination is required for enhancing the solubility of 

Ub-Rnq1.  Indeed, co-expressing the de-ubiquitinating enzyme Ubp4 together with Ub-

Rnq1 abolished its targeting to the JUNQ (data not shown), and produced an IPOD-only 

localization, indicating that Rnq1 delivery to the JUNQ requires a poly-ubiquitin tag. 
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Together, these experiments indicate that poly-ubiquitination is a key determinant for 

partitioning proteins between the two quality control compartments as it is necessary for 

sorting misfolded proteins to the JUNQ and sufficient to redirect a prion protein from the 

IPOD to the JUNQ.  

 

Reversible accumulation of misfolded proteins in the JUNQ but not the IPOD  

 

We next examined the functional consequences of accumulating proteins in the 

JUNQ or the IPOD by exploiting the observation that a globular misfolded protein can be 

directed to either compartment by changing its ubiquitination state. We generated 

misfolded GFP-Ubc9
ts
 at 37 °C and directed it to either the JUNQ or the IPOD. Since the 

thermal denaturation of Ubc9
ts
 is reversible (data not shown) (Tongaonkar et al., 1999) 

this strategy allowed us to follow the fate of the protein in either compartment upon 

return to the permissive temperature at 25 °C (Fig. 2.6s, scheme). While cells containing 

Ubc9
ts
 in the JUNQ gradually recovered diffuse cytoplasmic GFP-Ubc9

ts
 fluorescence 

(Fig. 2.6s, top), cells containing misfolded GFP-Ubc9
ts
 in the IPOD did not recover 

diffuse fluorescence (Fig. 2.6s, bottom for co-expression of Ubp4, not shown for 

∆ubc4/5). Notably, Ubc9 refolding from the JUNQ required Hsp104 and was inhibited by 

5mM Guanidine, consistent with our hypothesis that Hsp104 maintains the solubility of 

proteins in the JUNQ. Thus, thermally denatured Ubc9 that is ubiquitinated and sorted 

into the JUNQ can be refolded by the cellular chaperone machinery, while Ubc9 sorted to 

the IPOD is terminally sequestered from the cytoplasm, consistent with our finding 

regarding the differential diffusion properties of proteins in the JUNQ and IPOD.  
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Section 2.4: Discussion 

 

The age-dependent onset of most amyloid diseases highlights the key role of the 

QC networks in maintaining protein homeostasis. Since different cytosolic QC substrates 

examined here localized to the JUNQ, the IPOD, or both, we propose that these 

compartments carry out general but distinct functions in the management of misfolded 

and aggregated proteins (Fig. 2.6t). Upon misfolding, most proteins will be recognized 

and ubiquitinated by the chaperone and QC machinery, which directs them to the JUNQ. 

Proteins in the JUNQ remain competent for either refolding or proteasomal degradation 

(Fig. 2.1 and 2.6).  The JUNQ appears to be a region that concentrates disaggregating 

chaperones and 26S proteasomes and is in close proximity to the perinuclear ER region 

involved in ERAD (Fig. 2.5). The localization of both misfolded proteins and QC 

components at the ER membrane may serve to facilitate both degradation and refolding 

by increasing their local concentrations and enhancing their encounter rates by restricting 

diffusion.  Conditions that increase the misfolded protein load, such as stress or aging, 

may saturate the QC machinery needed for sorting to the JUNQ, leading to the 

accumulation of aggregated and potentially toxic species. These misfolded proteins are 

directed to the IPOD, which appears to terminally sequester protein aggregates. The 

spatial sequestration of these aggregates from the site where most proteasomal 

degradation takes place may serve a protective function (Rubinsztein, 2007). The IPOD 

co-localization with Atg8 supports previous proposals that insoluble aggregates are 

eventually delivered to the autophagic pathway (Arrasate et al., 2004; Kopito, 2000; 

Rubinsztein, 2006) .  Notably, the differential sorting of misfolded proteins into these 

compartments is conserved from yeast to mammalian cells. 

The identification of two distinct QC compartments resonates with a number of 

previous observations in various model systems. For instance, studies in a C. elegans 

model for Alzheimer suggest the existence of two hierarchical pathways for the 

degradation of different types of Aβ amyloidogenic species (Cohen et al., 2006; Siegel et 

al., 2007). Furthermore, it has been observed that both ERAD substrates (Kruse et al., 

2006b) and cytosolic alpha-synuclein (Webb et al., 2003) can be degraded by alternate 

pathways, with soluble species of the same protein degraded via the proteasome and 
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insoluble aggregates by autophagy (Kruse et al., 2006a; Webb et al., 2003). 
.
Additionally, 

for mammalian cells, there have been disparate reports on the solubility and structural 

properties of protein inclusions (Kamhi-Nesher et al., 2001; Matsumoto et al., 2006; 

Matsumoto et al., 2005; Szeto et al., 2006).  Our findings provide a framework for 

integrating these observations into a conserved cellular mechanism of quality control.  

Importantly, our results identify solubility and the ubiquitination state of a QC substrate 

as key determinants of its delivery to either the JUNQ or the IPOD. The finding that 

adding a synthetic ubiquitination signal to Rnq1 promotes delivery to the JUNQ argues 

for a direct role of poly-ubiquitination as a trafficking signal (Fig. 2.6p-r). The analysis of 

Ubc9
ts
 recovery from heat-shock further indicates that poly-ubiquitination not only 

targets proteins for degradation, but may also contribute to their re-folding competence 

(Fig. 2.6s). Future studies should determine whether poly-ubiquitination exerts these 

effects through interactions with ubiquitin receptors and chaperone components or 

whether the presence of a poly-ubiquitin tail directly enhances the solubility of misfolded 

proteins.  

A striking finding in our study is that unlike the bulk of cellular misfolded 

proteins, amyloidogenic proteins are targeted directly to the IPOD.  This distinguishing 

characteristic may arise from either enhanced aggregation rates or reduced affinity for 

cytosolic QC components involved in sorting to the JUNQ, which may lead to higher 

levels of toxic misfolded conformations in the cytosol. This idea is consistent with 

findings that the toxicity of amyloidogenic proteins resides in small soluble species 

(Arrasate et al., 2004). Over-expression of chaperones and ubiquitination components, 

known to reduce toxicity could compensate for their reduced affinity for the 

amyloidogenic species (Barral et al., 2004; Bukau et al., 2006; McClellan et al., 2005b; 

Muchowski and Wacker, 2005; Tam et al., 2006). The decline in chaperone capacity due 

to aging could account for the increased occurrence of aggregate formation and 

cytotoxicity in older patients (Cohen et al., 2006).  

In summary, we find that eukaryotic cells contain two distinct compartments that 

manage misfolded proteins depending on their solubility and ubiquitination state.  

Amyloidogenic and globular misfolded proteins are differentially engaged by these 

pathways.  Our finding provides new perspectives on the molecular basis of protein 
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conformation diseases, which may have profound implications for the understanding of 

neurodegeneration, aging and stress.  

 



45 

 

Section 2.5: Methods 

 

Yeast Media, Plasmids, and Strains 

Yeast media preparation, growth, transformations, and manipulations were performed 

according to standard protocols(Adams et al., 1997). The protein substrates used in this 

study were visualized as fusions to fluorescent proteins derived from Green Fluorescent 

Protein (GFP). GFP-Ubc9
ts
, GFP-Ubc9

wt
, GFP-VHL, Act1-E364K-GFP, Rnq1-GFP, 

Ure2-GFP, Ub-G76A-GFP, Ub-Arg-GFP, Ub-G76A-Rnq1-GFP, CHFP-Apg8, NLS-

tdTomato (Shaner et al., 2004) (TFP) were cloned into pESC (GAL1 URA3; Stratagene, 

La Jolla, California). Each of the above was also cloned into pESC GAL1 LEU2 vectors, 

and identical fusion proteins were made with mCherry (Shaner et al., 2004) Fluorescent 

Protein (CHFP) instead of GFP. The pESC plasmid expressing elongin B and elongin C 

from a GAL-inducible promoter is described elsewhere (McClellan et al., 2005a; 

Melville et al., 2003). All proteins were cloned by PCR from yeast genomic DNA or a 

template plasmid and verified by sequencing. Spc42-GFP and Spc42-CHFP were cloned 

downstream of the Tub2 promoter into the pRS316 vector. Sec63-CHFP was cloned by 

excising the GFP from pSM1462 (Prinz et al., 2000) and replacing it with mCherry.  

GFP-Hsp104 (Tkach and Glover, 2004) was a generous gift from John Glover.  

 

The yeast strains used in this study are as follows: wt CIM3 (YPG499; MATa ura3-52 

leu2-Δ1 his3-Δ200 trp1-Δ63 lys2-801 ade2-101) and cim3-1 (CMY762; ura3-52 leu2-Δ1 

his3-Δ200 cim3-1)(Ghislain et al., 1993); MHY501 (MATα his3-Δ200 leu2-3, 112 ura3-

52 lys2-801 trp1-1) and the isogenic mutant strains MHY508 (ubc4::HIS3 ubc5::LEU2) 

and MHY570 (ubc4::TRP1 ubc5::LEU2 ubc6::HIS3 ubc7::LEU2)(Chen et al., 1993); 

GCE6 (MATa his3-11,15 leu2-3,112 ura3 PRE6-GFPHA::HIS3::URA3), GAL5 (MATa 

his3-11,15 leu2-3,112 ura3 CIM5-GFPHA::HIS3::URA3)(Enenkel et al., 1998); YKO 

wt, Δsti1, Δpdr5 (MATa/MATα orfΔ::kanMX4/orfΔ::kanMX4 ura3Δ0/ura3Δ0 

leu2Δ0/leu2Δ0 his3Δ1/his3Δ1 met15Δ0/MET15 lys2Δ0/LYS2 (Saccharomyces Genome 

Project) (Winzeler et al., 1999). For experiments using MG132, the YKO (B4147) strains 

lacking the Pdr5 transporter were used as wild-type. Deletion of Pdr5 sensitizes cells to 

the proteasome inhibitor MG132. When indicated, cells were treated with 80μM MG132 
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(Sigma) dissolved in DMSO for 1hr. For all experiments, expression was shut off prior to 

temperature shift and microscopy by addition of 2% Glucose.  

 

Mammalian Cell Culture and Plasmids 

HeLa cells were cultured according to standard procedures.  HeLa S3 cells were 

maintained in DMEM/F12 (Gibco, Carlsbad, CA), supplemented with 10% FCS and L-

glutamine. Confluent cells were transfected using Lipofectamine 2000 (Invitrogen) 

according to manufacturer's protocol. Cells were treated with MG132 (or DMSO control) 

24 h post-transfection and analyzed 4-8 h later by microscopy. HeLa cells were split onto 

coverslips, washed twice with PBS, fixed with 4% paraformaldehyde (in PBS) for 20 min 

and washed twice with PBS. GFP-Ubc9
ts
, GFP-Ubc9

wt
, and CHFP-VHL were sub-cloned 

from their original pESC vectors into pcDNA3.1 (Invitrogen) vectors.   

 

Fluorescence Microscopy  

Conventional epifluorescence micrographs were obtained from live yeast cells on a Zeiss 

Axiovert microscope with a 100× oil lens (NA1.4; Zeiss). Digital (12-bit) images were 

acquired with a cooled CCD (Princeton Instruments, Trenton, NJ) and processed by using 

METAMORPH software (Universal Imaging, Media, PA). The excitation filters used for 

conventional microscopy were 500DF20 (GFP), 540DF20 (Rhodamine), and 570DF20 

(Texas red). Emission filters were 535DF20 (GFP), 560DF20 (Rhodamine), and 

630DF25 (Texas red). The dichroics were: 505 DCLP (GFP), and 595 DCLP (Texas red).  

For deconvolution microscopy, yeast cells were fixed on glass coverslips in 4% 

paraformaldehyde. Deconvoluted images were acquired by using an Olympus microscope 

with 436 DF10 (CFP) and 500DF20 (YFP) filters for excitation and 470 DF30 (CFP) and 

535 DF30 (YFP) filters for emission. Digital images (12 bit) were digitally deconvoluted 

by using DELTAVISION hardware and software (Applied Precision, Issaquah, WA). 

Live-cell imaging was performed using the Marianas system from Intelligent Imaging 

Innovations equipped with the MicroPoint FRAP laser system (Photonic Instruments, 

Inc.).   
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VHL Solubility and Ubiquitination Assay  

Yeast were grown, collected, and lysed according to standard protocols as described in( 

McClellan et al., 2005a). Cells expressing VHL were grown at 30 °C or 37 °C, harvested, 

washed once with sterile double-distilled H2O, and resuspended in 1X native yeast lysis 

buffer (30 mM HEPES [pH 8.0], 150 mM NaCl, 1% glycerol, 1 mM DTT, 1 mM PMSF, 

and 1 μg/ml pepstatin-A; and 1mM NEM for ubiquitination assays). Where indicated, 

lysis buffer also contained 0.5% Triton. Pellets were frozen in liquid nitrogen and lysates 

were prepared by beating in liquid nitrogen (3 min) and clarified by centrifugation at 

6,000 × g for 5 min at 4°C. Fifty microliters of this supernatant was set aside as total 

protein. Fifty microliters was spun at 16,000 × g for 30 min at 4°C. This supernatant was 

removed and designated the soluble fraction. The pellet was resolubilized by heating in 

50 μl 1× SDS sample buffer. Fifty microliters of 4× SDS sample buffer was added to the 

total-protein and soluble-fraction samples. Equal amounts of each fraction were resolved 

by SDS-PAGE followed by immunoblot analysis with anti-GFP or anti-Myc antisera. For 

gel aggregation assays equivalent total protein amounts of lysate were run on SDS–

PAGE and both stacking and resolving gels were transferred and analysed by 

immunoblot as described in (Krobitsch and Lindquist, 2000). 

 

Electron Microscopy 

Cells were fixed and processed as described in Mulholland et al. (1994).  Briefly: 

25 ml cultures of exponentially growing cells (5 X 106 cells/ml) in minimal medium 

were quickly harvested by vacuum filtration over a 0.45 um nitrocellulose membrane; 

filtration was stopped when the total volume in the filter apparatus was < 5 ml, but not 

dry.  To this concentrated cell suspension, still on the filter membrane, 15 ml of freshly 

prepared, room temperature fixative [40 mM potassium phosphate, pH 6.7, 0.5 M 

sorbitol, 4% formaldehyde freshly prepared from paraformaldehyde (Polysciences, 

Warrington, PA), 0.2% glutaraldehyde (EM grade, Polysciences), 1 mM MgCl2, and 1 

mM EGTA, pH 8] was added and mixed rapidly with the cells by pipetting the 

suspension several times.  The cell suspension was then transferred to a 50 ml 
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polypropylene centrifuge tube and incubated at room temperature for approximately 1 

hour. 

 The fixed cells were then centrifuged at low speed in a clinical centrifuge and the 

pellet was resuspended in 40 mM potassium phosphate buffer (pH 6.7) containing 0.25 M 

sorbitol and transferred to eppendorf tubes. The cells were again centrifuged and washed 

in 40 mM potassium phosphate buffer (pH 6.7).  The final pellet of fixed cells was 

resuspended in 1 ml 1% sodium metaperiodate to make the cell wall more permeable, 

incubated for 10 min at room temperature, and then centrifuged and resuspended in 1 ml 

distilled water.  Next, to block free aldehyde groups, the cells were centrifuged, 

resuspended in 1 ml 50 mM ammonium chloride and incubated for 10 min at room 

temperature. 

 The cells were then washed once in distilled water, centrifuged at low speed and 

immediately dehydrated (on ice) by resuspending the cell pellet in 70% (v/v) ice-cold 

ethanol and incubating on ice for 5 minutes.  The cells were similarly centrifuged and 

sequentially resuspended in 80%, 85%, 90%, 95% ice-cold ethanol and finally once in 

100% ice-cold ethanol.  A final dehydration and centrifugation in 100% ethanol at room 

temperature was performed twice.  The dehydrated cells then were infiltrated with room 

temperature L. R. White resin (Polysciences, Warrington, PA) and prepared for 

polymerization as described by Wright and Rine (1989) except that infiltration of resin 

into the cells was done without application of vacuum and harvesting of cells was by 

centrifugation.  The resin was polymerized by incubation at 47°C for approximately 48 

hours. 

 Thin sections measuring approximately 60 to 70 nm (as determined by a 

gray/silver interference color) were cut with a diamond knife and were picked up on 300 

mesh nickel grids (Polysciences, Warrington, PA) which had been made sticky with a 

dilute formvar solution (Wright and Rine, 1989).  

 Affinity purified rabbit antibodies directed against GFP were a gift to Jon 

Mulholland (CSIF) from Dr. Pam Silver's lab (Harvard University, MA).  The secondary 

antibodies used were 10 nm gold-conjugated, anti-rabbit IgG (goat) secondary antibodies 

(BioCell, Ted Pella, CA).   Antibody incubations were performed as described 

previously by Mulholland et al. (1994).  Primary and secondary antibodies were diluted 
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1:50 in PBST (140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 0.05% 

Tween 20) containing 0.5% BSA (bovin serum albumin) and 0.5% ovalbumin (Sigma, St. 

Louis, MO) and were incubated at room temperature for 1 - 2 hours, with cell sections 

mounted on grids as described above.  In the absence of the primary antibody, the anti-

rabbit secondary antibodies did not react with the cell sections.  Following 

immunolocalization cell sections were post-fixed and stained with uranyl acetate and lead 

citrate as previously described (Mulholland et al., 1994).  All observations were made on 

a JEOL 1230 TEM  at an accelerating voltage of 80 kV using a 20-um-diameter objective 

aperture using a Gatan 967 cooled CCD camera for image acquisition. 
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Figure 2.1: A thermally destabilized QC substrate accumulates in two distinct 

inclusions      

upon proteasome impairment 

 

a, The temperature-sensitive mutant of Ubc9 Y68L (Ubc9
ts
) is folded and long-lived 

at 25 °C. Upon temperature shift to 37 °C, the Ubc9
ts
 protein misfolds and its 

half-life is decreased from >2 hrs to ~30 min due to turnover by the ubiquitin-

proteasome pathway.  

b, Localization patterns of folded and misfolded GFP-Ubc9 in wild-type CIM3 cells, 

detected by direct fluorescence. Folded GFP-Ubc9 shows diffuse fluorescence at 

30 °C (0 min). Following a shift to 37 °C, GFP-Ubc9
ts
 initially forms puncta (15 – 

30 min) which are eventually cleared (60 -120 min). Wild type GFP-Ubc9
wt

 was 

monitored for 120 minutes at 37 °C as a control. Nuclei were visualized by co-

expressing NLS-tdTomato (Shaner et al., 2004) (NLS-TFP) from the same 

plasmid as GFP-Ubc9
ts
. Protein expression was shut off by addition of 2% 

Glucose prior to temperature shift in all experiments. Proteasome inhibition 

causes accumulation of GFP-Ubc9
ts
 in two inclusions. GFP-Ubc9

ts
 was expressed 

in the cim3-1 proteasome mutant strain as above. 

c, Quantification of Ubc9
ts
 localization pattern in wild type and proteasome-

impaired cells. Graphs represent three separate experiments conducted as in Figs. 

1, in which the phenotypes of 100 cells were scored at each timepoint. A 

representative example of each phenotype scored is shown below.  

d, Quality control of the VHL tumor suppressor. Upon co-expression of its binding 

partners, elongin BC, VHL folds to form the VBC complex. In the absence of 

elongin BC, VHL is degraded by the ubiquitin-proteasome pathway(McClellan et 

al., 2005a). 

e, VHL localization in wild type and cim3-1 cells 30 °C. Without proteasome 

inhibition misfolded VHL shows weak diffuse fluorescence.  Folded VHL shows 

intense diffuse fluorescence upon co-expression of GFP-VHL with elongin BC in 

cim3-1 cells. 
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f, VHL localization in cim3-1 cells at 30 °C and 37 °C. Upon proteasome inhibition, 

the diffuse fluorescence of GFP-VHL is re-distributed to a juxtanuclear inclusion. 

VHL localizes to two inclusions at 37 °C upon proteasome impairment in the 

cim3-1 proteasome mutant strain. Two panels are shown for each experiment.  

g, Misfolded VHL, Ubc9, and actin co-localize in the same two inclusions. VHL 

tagged with mCherry(Shaner et al., 2004) (CHFP-VHL, red) co-localizes with 

GFP-Ubc9
ts
 (green upper panel) and with Act1-E364K-GFP (green lower panel) 

in cim3-1 yeast, after 2 hrs at 37 °C. Images were collected as a Z-series and de-

convoluted. A 2D projection is shown.  

h, Proteasome inhibition causes accumulation of GFP-Ubc9
ts
 in two inclusions. 

GFP-Ubc9
ts
 was expressed in the cim3-1 proteasome mutant strain for 1hr at 37 

°C. Alternatively, GFP-Ubc9
ts
 was expressed in the YKO (B4147) strains lacking 

the Pdr5 transporter and treated with 80μM MG132 for 1hr at 37 °C.  

i, Native, correctly folded substrates of the ubiquitination pathway Ub-Arg-GFP and 

Ub-G76A-GFP exhibit diffuse fluorescence at 37 °C upon proteasome 

impairment in the cim3-1 proteasome mutant strain.  

j, Upon proteasome inhibition with MG132, the diffuse fluorescence of GFP-VHL 

is re-distributed to a juxtanuclear inclusion.  

k, Accumulation of Ubc9
ts
 in two inclusions following misfolding and stress 

requires microtubule polymerization. When cim3-1 yeast expressing GFP- Ubc9
ts
 

were incubated with or without Benomyl for 2hrs at 37 °C, Benomyl cause 

inclusion formation to arrest at the puncta stage (Top).   

l, Puncta formed by misfolded GFP-Ubc9
ts
 in cim3-1 yeast require microtubule 

polymerization to coalesce into inclusions. Benomyl addition after puncta had 

already formed was equally effective in arresting inclusion formation at the 

puncta stage.   

m, Restoring microtubule polymerization after Benomyl arrest leads to coalescence 

of puncta into two inclusions. 
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Figure 2.2: A panel of QC substrates defines two distinct compartments for the 

sequestration of misfolded cytosolic proteins 

 

a, A class of amyloidogenic proteins, including HttQ103 and the yeast prions Rnq1 

and Ure2, aggregate under normal conditions without proteasome inhibition to 

form highly ordered insoluble amyloid aggregates.  

b, Co-localization of inclusions of the yeast prion Rnq1 (green, tagged with GFP) 

and misfolded Ubc9
ts
 (red, tagged with CHFP) in cim3-1 yeast. Images were 

collected as a Z-series and de-convoluted. A 2D projection is shown for b-d. 

c, Co-localization of inclusions of HttQ103-GFP with CHFP-Ubc9
ts
 in cim3-1 yeast, 

after 2hrs at 37 °C, examined as in b.  

d, Co-localization of inclusions of Ure2-GFP with CHFP-Ubc9
ts
 in cim3-1 yeast, 

after 2hrs at 37 °C, examined as in b. 

e, Co-localization of the yeast prions Ure2-GFP and Rnq1-CHFP in the peripheral 

inclusion. A direct fluorescence image is shown for e and f.  

f, Co-localization of HttQ103-GFP with Rnq1-CHFP in the peripheral inclusion. 
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Figure 2.3.  Mammalian cells differentially sequester misfolded proteins in two 

distinct compartments. 

 

a, VHL, Ubc9
ts
 and HttQ103 localization in the absence of proteasome inhibition.  

CHFP-VHL and GFP-Ubc9
ts
 show diffuse localization with enhanced nuclear 

fluorescence (upper panels), and HttQ103-GFP forms one hyper-fluorescent 

inclusion per cell (lower panels).  A class of amyloidogenic proteins, which 

includes HttQ103 and the yeast prions Rnq1 and Ure2, aggregate under normal 

conditions without proteasome inhibition, and form highly oligomeric insoluble 

amyloid aggregates.  

b, VHL, Ubc9
ts
 and HttQ103 localization following 4hr treatment with 10µM 

MG132.  CHFP-VHL and GFP-Ubc9
ts
 form peri-nuclear puncta and inclusions in 

next to the ER (upper panels).  HttQ103-GFP forms a single inclusion that is 

sometimes peri-nuclear, but oftentimes in other cytosolic locations in the cell. 

Deconvolution shows that HttQ103 does not co-aggregate with VHL (last panel). 
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Figure 4. Differential solubility of misfolded substrates in the distinct quality control 

compartments.  

 

a, Qualitative FLIP analysis indicates that misfolded protein in the JUNQ and IPOD 

exhibit different relative exchange rates with the cytosolic pool. Pre- and post-

bleach images of a representative FLIP experiment with GFP-Ubc9
ts
 are shown. 

The fluorescence intensity scale is pseudocolored as shown. A square designates 

the location of the photobleaching laser spot. GFP-Ubc9
ts
 was expressed in cim3-

1 yeast, and expression was shut off by addition of 2% Glucose prior to 

temperature shift to 37 °C as in Fig. 1. 

Relative fluorescence of JUNQ (orange), IPOD (blue), and cytosol (black) from 

10 FLIP experiments is shown over time. IPOD has a substantially greater non-

exchanging fraction than JUNQ.  

b, Protein in the IPOD inclusion is immobile. Shown are pre- and post-bleach 

images of a representative FRAP experiment and subsequent recovery of GFP-

Ubc9
ts
. GFP-Ubc9

ts
 was expressed in Δubc4/5 cells and shifted to 37 °C to form 

the IPOD after addition of 2% Glucose. 

c, Accumulation of VHL in the IPOD corresponds to its accumulation in a Triton-

insoluble fraction. Proteasome impaired (cim3-1) yeast expressing VHL were 

incubated at 30 °C (where VHL accumulates only in the JUNQ), or at 37 °C 

(where VHL also accumulates in the IPOD).   

d, A native proteasome substrate, Ub-GFP, remains soluble at 37 °C in proteasome-

mutant (cim3-1) yeast. 

e, Ub-GFP remains in the soluble fraction in Δubc4/5 yeast, where its ubiquitination 

is blocked. 
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Figure 2.5: The JUNQ and IPOD are defined subcellular compartments 

 

a, JUNQ compartment tightly co-localizes with nuclear membrane. DNA is 

visualized with DAPI (blue), and the nucleoplasm is visualized with NLS-TFP 

(red). GFP-Ubc9
ts
 (Top) localizes to the JUNQ and IPOD after 2hrs at 37 °C in 

cim3-1 cells. GFP-VHL (Bottom) accumulates only in the JUNQ at 30 °C in 

cim3-1 cells. Images were collected as a Z-series and de-convoluted. A 2D 

projection is shown. 

b, The JUNQ compartment, shown here for GFP-VHL, does not localize to the 

Spindle Pole Body (marked by Spc42-CHFP). 

c, The JUNQ compartment is in close proximity to the ER. ER is visualized by 

expressing Sec63-CHFP from a low-copy plasmid. Shown for the JUNQ and 

IPOD formed by GFP-Ubc9
ts
 (Top) and for the JUNQ formed by GFP-VHL 

(Bottom). A non-deconvoluted image is also shown (lower panel).  

d, The JUNQ compartment (upper panel, CHFP-VHL, red), but not the IPOD 

(middle and lower panels), concentrates 26S proteasomes (visualized with Cim5-

GFP for regulatory particle and Pre6-GFP for core particle, green). VHL 

accumulation in the JUNQ was induced by proteasome inhibition with MG132.  

In the lower panel both JUNQ and IPOD are formed by Act1-E364K-CHFP over-

expression without proteasome inhibition. A direct fluorescence image (Top) and 

a de-convoluted image (Bottom) are shown for d-e. 

e, Hsp104 localizes to both compartments. JUNQ and IPOD were formed by 

expressing CHFP-Ubc9
ts
 (upper panel) or CHFP-VHL (lower panel) in cim3-1 

cells, followed by 1hr incubation at 37 °C. Note that CHFP-VHL expressed in 

cim3-1 cells at 30 °C (middle panel) co-localizes with Hsp104 in JUNQ only, 

however Hsp104 also accumulates in an IPOD structure independently of any 

ectopically-expressed aggregating protein (blue arrow).  

f, The IPOD, shown here for GFP-Ubc9
ts
, co-localizes with CHFP-Atg8. Some 

CHFP-Atg8 can also be seen in the pre-autophagosomal structure 

(PAS)(Yorimitsu and Klionsky, 2005).  
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g, The JUNQ, shown in the upper panes with GFP-VHL, is formed in a distinct 

nuclear-membrane associated compartment.  Immuno-gold labeled GFP-VHL 

consistently accumulates in juxta-nuclear protrusions which are adjacent to 

vacuolar lobes and contain proliferations of the nuclear membrane (white arrows).  

The IPOD, shown in the lower panels with  GFP-Ubc9
ts
, often is associated with 

membrane structures (left), and often contains a non-GFP reactive core of densely 

aggregated proteins (right). A corresponding GFP-fluorescence image is shown in 

the inset for Ure2.  

h, EM analysis of JUNQ and IPOD  

The JUNQ, shown with GFP-VHL, is formed in a distinct nuclear-membrane 

associated compartment.  Immuno-gold labeled GFP-VHL consistently 

accumulates in juxta-nuclear protrusions which are adjacent to vacuolar lobes and 

contain proliferations of the nuclear membrane (white arrows).  The IPOD, shown 

with Ure2, often is associated with membrane structures, and often localizes next 

to vacuoles and autophagic vesicles (white arrow).  

i, Autophagic components are not required for IPOD formation 

Atg7 and Atg8, essential autophagic components, are not required for IPOD 

formation.  GFP-VHL was induced to accumulate in IPODs by Ubp4 over-

expression (control in cim3-1 cells shown in right panels).   
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Figure 2.6: Partitioning between JUNQ and IPOD is regulated by ubiquitination 

 

a, Misfolded proteins are ubiquitinated prior to proteasomal degradation.  For the 

QC substrates studied here, ubiquitination can be blocked by over-expression of 

the Ubp4 ubiquitin hydrolase or by deletion of Ubc4/5. The proteasome can be 

inhibited by using the cim3-1 mutant strain or by addition of MG132.  

b, Blocking ubiquitination of misfolded VHL prevents its localization to JUNQ, and 

redirects these proteins to the IPOD. The proteasome was blocked by expression 

in cim3-1 cells, ubiquitination was blocked by expression in Δubc4/5. 

c, Blocking ubiquitination results in VHL accumulation in a Triton-insoluble 

fraction.  Asterisk denotes cross-reacting band unrelated to VHL.    

d, Deletion of the Sti1 chaperone, required for VHL degradation(McClellan et al., 

2005a), results in re-routing of misfolded VHL to the IPOD.  

e, Ubiquitinated VHL accumulates upon expression in proteasome-mutant cim3-1 

cells (left panel).  Deletion of Δubc4/5 drastically decreases the amount of VHL-

ubiquitin conjugates as compared to wild-type (right panel).   

f, Accumulation of Ubc9
ts
 in the IPOD, after incubation at 37 °C in cim3-1 cells, or 

Δubc4/5 cells corresponds to its accumulation in an SDS-insoluble fraction which 

fails to fully enter the resolving phase of a 12% SDS gel, similar to HttQ53.   

g, Blocking ubiquitination of GFP-Ubc9
ts
 results in its direct targeting to the IPOD. 

Localization patterns of folded and misfolded GFP-Ubc9 in MHY501 wild-type 

yeast and Δubc4/5/6/7 yeast are shown. GFP-Ubc9
ts
 was detected by direct 

fluorescence for all images as in Figure 1. Nuclei were visualized by co-

expressing NLS-TFP from a bi-directional promoter on the same plasmid as GFP-

Ubc9
ts
.  

h, Blocking ubiquitination of misfolded GFP-VHL and GFP-Ubc9
ts
 prevents their 

localization to JUNQ, and redirects these proteins to the IPOD. The proteasome 

was blocked by expression in cim3-1 cells, ubiquitination was blocked by 

expression in Δubc4/5 cells or by over-expression of Ubp4, as indicated.   



78 

 

i, Quantification of VHL aggregation phenotypes. The results of microscopy 

experiments are represented in the graphs shown. Graphs represent three separate 

experiments in which 100 cells were counted at each time-point.  

j, Expression of VHL in a Δsti1 strain leads to decreased ubiquitination. 

k, Sti1 is not required for Ubc9
ts 

degradation (a timecourse of mean GFP 

fluorescence as analyzed by FACS sorting is shown).  Direct fluorescence images 

of GFP-Ubc9
ts 

in Δsti1 cells after shift to 37 °C is shown.  

l, Deletion of the Sti1 chaperone, required for VHL degradation, results in re-

routing of misfolded VHL to the IPOD.  

m, EM analysis shows Immuno-gold labeled GFP-VHL consistently localizing to 

IPOD in Δsti1 mutant. 

n, Co-localization between GFP-VHL and CHFP-Atg8 is shown in the Δsti1 strain, 

lacking a chaperone required for misfolded VHL degradation.  

 

o, VHL directed to IPOD as a result of decreased ubiquitination (due to over-

expression of Ubp4) co-localizes with GFP-Hsp104. 

p, Ubiquitination suffices to promote prion delivery to the JUNQ. A ubiquitination 

signal (Ub-G76A) was engineered in the yeast prion Rnq1-GFP to test the effect 

of ubiquitination on targeting to the JUNQ and IPOD compartments (Fig. 8). 

Whereas Rnq1-GFP localized exclusively to the IPOD, Ub-G76A-Rnq1-GFP 

localized to both JUNQ and IPOD in cim3-1 cells at 30 °C. Nucleus is stained 

with DAPI.  

q, Addition of a ubiquitination signal (Ub-G76A) to Rnq1 results in its increased 

ubiquitination.  

r, Enhancing the ubiquitination of Rnq1 leads to the re-distribution of some of the 

prion protein to a detergent-soluble fraction.  Note that the poly-ubiquitinated Ub-

Rnq1 is found entirely in the soluble fraction.  

s, Recovery of diffuse cytosolic fluorescence by thermally denatured GFP-Ubc9
ts
 

accumulated in the JUNQ (Top) but not in the IPOD (Middle) upon return to the 

permissive temperature. GFP-Ubc9
ts
 was specifically accumulated in either JUNQ 
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or the IPOD as schematized. Protein in JUNQ and puncta accumulates reversibly 

yielding diffuse fluorescence within ~60 min at 25 °C, but the protein in the IPOD 

persists for >2 hrs at 25 °C. The recovery of GFP-Ubc9
ts
 requires Hsp104 

disaggregase activity, which is inhibited by addition of 5 mM GuanidineHCl 

(Bottom).   

t, Sorting of cytosolic misfolded proteins to distinct Quality Control compartments. 

Cells contain two spatially distinct QC compartments with disparate functions. 

Proteins that fail to fold or become stress-denatured are recognized by the QC 

machinery, consisting of chaperones and ubiquitination components such as E3 

ubiquitin ligases. Ubiquitination helps direct them to the JUNQ where they 

remain competent for either refolding or proteasomal degradation, and which 

concentrates disaggregating chaperones and proteasomes. Aggregated misfolded 

proteins are directed to the IPOD, which may serve to terminally sequester protein 

aggregates and, based on the co-localization with Atg8, may deliver them to the 

autophagy pathway.  
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Chapter 3 

 

Failure to Sequester Amyloidogenic Proteins in Insoluble Inclusion 

Underlies Toxicity of Aggregated Proteins in Yeast 
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Section 3.1: Summary 

 

A number of neurodegenerative diseases, including Alzheimer, Huntington’s, ALS, and 

Parkinson’s Disease, are characterized by chronic abundance of aggregation prone 

misfolded proteins.  Proteins that cause each disease often have unrelated sequence and 

function, yet they all accumulate in intracellular inclusions that are associated with the 

disease pathology.  Studies have identified and characterized proteins found in these 

disease-associated inclusions, such as Huntingtin in Huntington’s disease, α-synuclein in 

Parkinson’s, Aβ-peptide in Alzheimers, and SOD-1 mutants in ALS.  Although inclusion 

formation has come to be viewed as the hallmark of disease, presence of inclusions has 

not always coincided with cytotoxicity.  While all amyloidogenic proteins form 

inclusions, not all inclusions are toxic.  Indeed, healthy brains have sometimes been 

found to contain inclusions, and some cell culture models have observed a reverse 

correlation between formation of large inclusions and cell death.  The molecular basis for 

toxicity associated with expression of disease-related amyloidogenic proteins has been a 

topic of many contentious studies, and remains an open question.  A better understanding 

of the relationship between aggregation and toxicity is needed in order to devise 

pharmacological strategies for curbing the deleterious processes seen in 

neurodegenerative disease states.  Here, we use a yeast model designed to probe the basis 

for aggregated protein toxicity in order to delineate the differential properties of toxic and 

non-toxic aggregated species. Our results show that a labile aggregation-prone protein 

can be rendered toxic by enhancing its ubiquitination.  We further show that the 

molecular basis for this acquired toxicity lies in the altered interaction of the 

amyloidogenic protein with the quality control system, including the chaperone network 

and the machinery that partitions misfolded proteins to intracellular inclusions.  Using a 

number of toxic aggregating proteins, we demonstrate that they are inappropriately 

targeted to the quality control (JUNQ) compartment where soluble misfolded proteins 

normally accumulate, where these toxic species preferentially interact with Hsp70, 

perhaps titrating it away from the cytosolic environment. This, in turn, inhibits the 

processing and degradation of “normal” soluble misfolded intermediates that are 

generated over the course of normal protein folding quality control.  Our data provides 
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evidence that failure to sequester potentially toxic species in an insoluble compartment 

(IPOD) results in a harmful interaction of amyloidogenic proteins with the quality control 

machinery and the inhibition of homeostatic quality control processes.   

 

 

Section 3.2: Introduction 

 

The formation of aggregated protein deposits in the brain has long been held as common 

cell-biological feature of neurodegenerative disease states (Caughey and Lansbury, 2003; 

Dobson, 2006; Kopito, 2000; McClellan et al., 2005b).  Numerous amyloidogenic 

proteins have since been identified as causative agents of the pathology underlying the 

diseases, with prolonged expression eventually causing neuronal death.  These disease-

related proteins, whose biochemical and cell-biological features have been extensively 

analyzed in systems in vivo and in vitro, and which include Huntingtin, α-synuclein, 

synphillin, Aβ-peptide, SOD-1, and prion proteins, do not share primary sequence 

features, or functional characteristics, but do aggregate into insoluble oligomeric super-

structures in a generally similar fashion (Chiti and Dobson, 2006; Dobson, 2003; 

Matsumoto et al., 2006; Outeiro and Lindquist, 2003).   

 Although the propensity to aggregate is considered to be the primary determinant 

of toxicity in the context of conformational disorders such as Huntington’s, Parkinson’s, 

Alzheimer, and Prion Diseases, several lines of evidence suggest that the ability to 

aggregate is alone insufficient to cause proteotoxicity.  First is the observation that all 

proteins are capable of forming amyloid aggregates under certain conditions, such as heat 

denaturation and proteasome inhibition, to which the cytosolic environment is frequently 

exposed (Chiti and Dobson, 2006).  Although the ability to aggregate is common to 

many, if not all, proteins, only a small subset of aggregation-prone proteins cause 

amyloidosis and disease (Chiti and Dobson, 2006).  This suggests that proteins observed 

to cause neurotoxicity have a unique feature, besides propensity for aggregation, which 

leads them to adopt a toxic oligomer conformation. Additionally, a common feature 

shared by most neurodegenerative diseases provides evidence that aggregation propensity 

is not sufficient to guarantee cytotoxicity.  Typically, individuals affected by these 
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diseases develop symptoms and evidence of neurodegeneration late in life, despite 

continuous chronic expression of amyloidogenic proteins (Cohen et al., 2006; Dobson, 

2003; Morley et al., 2002; Muchowski, 2002).  The fact that toxicity is manifested only in 

concert with the aging process and is not a linear result of amyloidogenic protein 

expression, also suggests that the interaction of aggregated species with the cellular 

quality control machinery, rather than aggregation itself, forms the basis for the 

deleterious effects of protein aggregation observed in the disease pathology.  Thus, any 

attempt to understand, and eventually treat, conformational disease-associated 

neurotoxicity must first explain why it is that only certain aggregates are toxic, while 

most are labile.  

 A number of biological models for aggregation toxicity in S. cerevisiae, C. 

elegans, and mammalian tissue culture systems are consistent with the proposal that 

unique, aggregation-independent features of toxic aggregated proteins define their 

toxicity (Arrasate et al., 2004; Meriin et al., 2003; Outeiro and Muchowski, 2004; 

Rubinsztein, 2007; Sakahira et al., 2002; Sherman and Goldberg, 2001). In particular, the 

yeast system provides a unique opportunity to characterize the mechanisms of toxicity in 

a uniform cellular environment, while having readily available tools for genetic 

dissection and biochemical analysis (Duennwald et al., 2006a). An interesting feature of 

aggregate toxicity in yeast is that many disease-related proteins that are toxic in 

mammalian systems are labile in yeast.  Recent studies with the Huntingtin fragment Htt 

exon 1 with a glutamine-expanded region have shown that normal HttQ103 is not toxic in 

yeast, unlike in mammalian cells (Dehay and Bertolotti, 2006; Duennwald et al., 2006a).  

However, this protein can be rendered toxic by the deletion of a proline-rich region at its 

N-terminus (Dehay and Bertolotti, 2006).  Although it is not entirely clear why this small 

sequence alteration rendered a labile protein toxic (though both the normal and proline-

deleted (HttQ103ΔP) form have a strong tendency to aggregate in vivo and in vitro) these 

studies have yielded a number of interesting insights into the molecular basis of toxicity. 

The acquired toxicity of the HttQ103ΔP is dependent on the presence of the prion 

propagation factor, Rnq1, and factors that modulate prion propagation, such as Hsp104 

deletion or over-expression, and Hsp70 over-expression, can also suppress its toxicity 

(Dehay and Bertolotti, 2006; Duennwald et al., 2006a; Duennwald et al., 2006b).   
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 It is thought that aggregation-prone proteins exert a toxic “gain of function” effect 

that interferes with normal cellular processes, a number of which have been confirmed in 

different studies.  HttQ103ΔP toxicity in yeast has been suggested to result from 

HttQ103ΔP interference with intracellular trafficking, and possibly with the structure of 

the actin cytoskeleton (Ganusova et al., 2006; Gokhale et al., 2005).  Other yeast studies 

performed with α-synuclein and synphillin have indicated that toxic aggregates formed 

by these proteins may inhibit parts of the quality control machinery, including the UPS, 

as well as the trafficking machinery, as observed with HttQ103ΔP (Outeiro and 

Lindquist, 2003; Outeiro and Muchowski, 2004). 

 The C. elegans model has also been used in several key studies as a model for 

protein aggregation, toxicity, and in particular the way that both are modulated by the 

aging process, which is well understood in worms (Guarente and Kenyon, 2000; Kenyon, 

2005; Morley et al., 2002; Morley and Morimoto, 2004; Murphy et al., 2003).  A C. 

elegans Huntington’s model, for example, showed that inactivation of the worm aging 

pathway, resulting in up-regulation of certain quality control components, extends the 

threshold of polyQ aggregation and the resulting toxicity (Morley et al., 2002; Morley 

and Morimoto, 2004).  Over-expression of certain quality control components, 

particularly chaperones, has itself been shown to alleviate polyQ aggregation toxicity in 

worms and other systems (Morley and Morimoto, 2004; Warrick et al., 1999).  A similar 

study probed the toxicity of aggregated polyQ in worms, and demonstrated that cell death 

correlates with the disruption of the cellular protein folding balance, resulting in the co-

aggregation of meta-stable proteins present in the cytosol (Gidalevitz et al., 2006). 

Together these studies suggest that polyQ toxicity in worms results from an adverse 

interaction of these amyloidogenic proteins with the quality control machinery, likely 

titrating essential chaperones and degradation factors away from the bulk of the cellular 

quality control load.  Toxicity can hence be modulated by the additional ectopic 

expression of these quality control components.   

 While some data has, in the past, supported the notion that inclusions formed by 

polyQ Htt and other amyloidogenic proteins are themselves harmful, in that they may 

induce the co-aggregation of factors such as transcription factors or UPS components that 

are essential for viability, this may not account for all cases of toxicity (Matsumoto et al., 
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2005; Sakahira et al., 2002; Schaffar et al., 2004).  Indeed, there has also been increasing 

evidence that far from being the culprits of toxicity, many inclusions formed by 

aggregating proteins are protective to the cell, while small oligomeric intermediates are 

the active toxic agents (Arrasate et al., 2004; Cohen et al., 2006). Consistent with this, 

studies have shown the over-expression of certain cyto-protective quality control 

components, such as chaperones, rescue the affected cells often without eliminating the 

protein aggregates themselves (Cohen et al., 2006; Muchowski, 2002; Muchowski et al., 

2002; Muchowski et al., 2000; Muchowski and Wacker, 2005).  Another recent C. 

elegans study has provided support for the idea that small oligomers rather than large 

insoluble inclusions are toxic, showing that opposing pathways reduce toxicity of Aβ-

peptide aggregates (Cohen et al., 2006).  One pathway, regulated by HSF-1, mediates the 

disaggregation and degradation of toxic oligomeric intermediates, while another pathway, 

regulated by DAF-16, manages their directed aggregation into larger molecular weight 

insoluble oligomers (Cohen et al., 2006).  Therefore, the bulk of recently obtained 

evidence indicates that rather than the insoluble amyloids usually found in intracellular 

inclusions, smaller soluble oligomers are harmful to the cell, and that their disaggregation 

or direction to inclusions is favorable to the cell.  

 Finally, recent data has suggested a model that may reconcile conflicting 

observations from the above studies.  A neurodegenerative disease model expressing 

polyQ Huntingtin and SOD-1 mutants in mammalian cell culture has provided evidence 

of distinct aggregated structures formed by different disease-related proteins (Matsumoto 

et al., 2006; Matsumoto et al., 2005).  These inclusions had different solubility and 

permeability properties, with SOD-1 mutants forming porous structures through which 

Hsp70 and other soluble cytosolic proteins could diffuse freely, and Huntingtin forming 

completely immobile structures impermeable to other proteins.  Hence, the cellular 

cytosolic environment was exposed to the SOD-1 in the soluble inclusions, whereas 

aggregated Huntingtin was completely sequestered.  The porous SOD-1 aggregates were 

later observed to recruit and sequester proteasomes, and their appearance correlated with 

onset of toxicity and eventual cell death (Matsumoto et al., 2006; Matsumoto et al., 

2005).   
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 Our previous study, described in Chapter 2, is consistent with the above 

observation and describes two distinct compartments for cytosolic misfolded proteins in 

yeast. One inclusion (the JUNQ) serves as the platform for soluble misfolded protein 

degradation and refolding, while another compartment (the IPOD) sequesters insoluble 

aggregates from the cytosol.  Consistent with the idea that insoluble inclusions are 

protective, we observed that while “normal” soluble misfolded proteins can, under 

different conditions, be targeted to either inclusion, amyloidogenic proteins are directed 

only to the insoluble inclusion.  Our yeast model for inclusion formation, therefore, helps 

to reconcile the conflicting data on the role of inclusions in cytotoxicity.  Since there are 

two inclusions, one accessible to quality control and the cytosol, and one impermeable to 

other proteins, it follows that toxicity may depend on the type of aggregated species that 

accumulates in the JUNQ.  Our model would predict that if a protein that was meant to be 

sequestered in the IPOD, were instead mis-targeted to the JUNQ, cytotoxicity would 

result.  

 Here we show that, as our model predicts, re-routing the non-toxic amyloidogenic 

yeast protein, Rnq1, from the IPOD to the JUNQ via the addition of a ubiquitination 

signal renders it toxic.  We show also that another yeast protein that has a toxic and a 

non-toxic form, HttQ103, is sequestered into the IPOD in its non-toxic form, whereas the 

toxic form (HttQ103ΔP) inhabits both the cytosol and the JUNQ.  Interestingly, toxicity 

of Ub-Rnq1 correlates with enhanced solubility and ubiquitination, indicating that the 

increased interaction of the re-routed amyloidogenic protein with the quality control and 

ubiquitination machinery results in the toxic state. Consistent with this, we observe that 

for both Ub-Rnq1 and HttQ103ΔP, the toxic but not the labile aggregate co-localizes with 

Hsp70, and that over-expression of Hsp70 can alleviate toxicity.  These data indicate that 

the increased ubiquitination and solubility causes the aggregated Ub-Rnq1 and 

HttQ103ΔP to bind essential chaperones, such as Hsp70, possibly titrating them away 

from the quality control load in the cytosol.  To confirm this, we co-expressed the soluble 

quality control substrate VHL together with labile and toxic forms of Rnq1 and HttQ103, 

and found that the toxic forms of both proteins inhibit VHL degradation by the quality 

control machinery, leading to its aggregation. Together, our data provide a model that 

links toxicity of amyloidogenic aggregates to an increased abundance of soluble species 
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and their improper sub-cellular compartmentalization, which in turn results in 

inappropriate interactions with the quality control machinery thus inhibiting it and 

causing the accumulation of cytosolic quality control substrates. We propose that 

inappropriate ubiquitination of amyloidogenic proteins is the link between their 

aggregation and their toxic “gain of function” effect.  

 

 

Section 3.3: Results 

 

To examine the relationship between protein aggregation and cytotoxicity, we employed 

a non-toxic yeast amyloidogenic protein which was modified to mis-localize to a 

compartment normally inhabited by soluble misfolded proteins by the addition of an 

exogenous ubiquitination signal.  Since Ub-Rnq1 was previously shown to localize to 

both the JUNQ and IPOD, while Rnq1 forms only the IPOD inclusion (Chapter 2 and 

Fig. 3.1a), we asked whether re-directing an amyloidogenic protein to a compartment for 

soluble misfolded proteins renders it more soluble, and whether this is detrimental to the 

cell.  Indeed, while Rnq1 was not ubiquitinated and almost entirely detergent insoluble 

(Fig. 3.1b), enhanced ubiquitination of Ub-Rnq1 correlated with is accumulation in the 

soluble fraction.  Strikingly, this rendered the normally labile Rnq1 protein extremely 

toxic to the cell (Fig. 3.1d).   

 We compared Ub-Rnq1 toxicity to that of another yeast protein that can be 

converted to a toxic form, HttQ103ΔP. Although the expression of both proteins 

profoundly decreases cell survival, Ub-Rnq1 exhibited higher toxicity than HttQ103ΔP 

(Fig. 3.2a).  Given that both proteins localize exclusively to the IPOD in their labile 

forms, we asked whether the alteration that renders HttQ103ΔP toxic, also causes it to be 

re-directed to the JUNQ, as with Ub-Rnq1.  We therefore co-expressed HttQ103ΔP with 

Ubc9
ts
 under conditions of proteasome impairment and stress that cause Ubc9

ts
 to 

accumulate in both JUNQ and IPOD.  As our model predicts, HttQ103ΔP co-localized 

strongly with Ubc9
ts
 in the JUNQ, while some of it was also observed in cytosolic puncta 

and around the nuclear envelope (Fig. 3.2b).  HttQ103ΔP also showed this localization 

pattern under non-stressed conditions (Fig. 3.3a and data not shown).  Our data indicate, 
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therefore, that acquired toxicity of amyloidogenic proteins correlates with their re-

distribution from the IPOD, where they are labile, to the JUNQ, where they are toxic.  

 We next asked whether the toxic forms of Rnq1 and HttQ103 exert different 

affects on the homeostasis of protein quality control than their non-toxic forms.  We 

therefore co-expressed Rnq1, HttQ103, and another yeast amyloidogenic protein Ure2, 

together with VHL, a soluble misfolded quality control substrate that is normally 

degraded by the quality control system together with the UPS.  These non-toxic proteins 

had no effect on VHL degradation and localization, which did not accumulate in excess 

of its normal steady state level and showed diffuse soluble fluorescence (Fig. 3.3b).  

However, when we expressed VHL in the presence of Ub-Rnq, HttQ103ΔP, and two 

other toxic aggregating quality control substrates Act1-E364K and Ste6-L1239X, all of 

which aggregate in the JUNQ as well as the IPOD, we observed massive co-aggregation 

of VHL (Fig. 3.3c, not shown for Ub-Rnq1).  We therefore conclude that the mis-

localization of amyloidogenic and highly aggregation prone proteins to the JUNQ inhibits 

the normal degradation and solubilization of quality control substrates, possibly by 

titrating essential quality control components away from their cytosolic substrates.  

 To explore this further, we sought to determine whether Hsp70, an essential 

chaperone known to interact with protein aggregates, localizes to the JUNQ or the IPOD.  

While Hsp104, as described previously, predominantly localizes around proteins 

sequestered in the IPOD, the yeast Hsp70, Ssa1, does not accumulate there (Fig. 3.4a, b).  

Instead, it is mostly dynamic and soluble, exhibiting diffuse fluorescence.  However, we 

saw that when VHL was induced to accumulate in the JUNQ via proteasome impairment, 

a small fraction of Ssa1 also re-distributed there (Fig. 3.4b). Since most Ssa1 in the cell is 

soluble and diffuses rapidly, this suggests that protein trapped in the JUNQ recruits Ssa1.  

Indeed, whereas non-toxic aggregates formed by Rnq1 and HttQ103 did not co-localize 

with Ssa1, the toxic forms of these proteins, Ub-Rnq1 and HttQ103ΔP, as well as another 

toxic aggregate, synphillin, showed strong Ssa1 co-localization (data not shown).  Sti1, 

an Ssa1 co-chaperone required for VHL ubiquitination and degradation remained 

diffusely localized, even after VHL accumulation in the JUNQ (Fig. 3.4c).   

 We next asked whether Ssa1 over-expression, known to alleviate HttQ103ΔP 

cytotoxicity would also rescue Ub-Rnq1-expressing cells.  Indeed, while other 
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chaperones, including Hsp12, Hsp26, Sti1, Hsp82, and Hsp104 had no effect on toxicity 

of Ub-Rnq1, Ssa1 enhanced the viability of yeast expressing Ub-Rnq1 (Fig. 3.5).  

 

 

Section 3.4: Discussion 

 

 Previous studies have proposed diverse mechanisms for toxicity conferred by 

intracellular amyloidogenic protein aggregation.  These range from destabilization of the 

cellular membrane, to inhibition of trafficking, irreversible co-aggregation with 

transcription factors, and perturbation of the cellular protein folding homeostasis (Bence 

et al., 2001; Chernoff, 2007; Gidalevitz et al., 2006; Matsumoto et al., 2006; Matsumoto 

et al., 2005; Muchowski, 2002; Muchowski et al., 2002). It has not been clear, however, 

what aggregated species constitute the toxic “gain of function,” and why these aggregates 

cause toxicity while others are labile. Moreover, the role of inclusion formation in 

preventing or advancing toxicity has also been a source of controversy, some studies 

pointing to a protective role while others suggesting that they may be harmful.  Here we 

present data that are consistent with previous findings about aggregate toxicity, and help 

to integrate them into a wider model for how the cell manages potentially harmful 

aggregates.  

 In our study, we were able to turn a labile amyloidogenic protein, Rnq1, into a 

severely harmful toxic aggregate, Ub-Rnq1, simply by enhancing the ubiquitination of 

the aggregating protein.  It is interesting that enhancing the ubiquitination of Rnq1, also 

enhances its solubility, with the ubiquitin conjugates re-distributing predominantly to the 

soluble fraction (Fig. 3.1).  This also re-routs the amyloidogenic protein to the JUNQ, 

instead of the IPOD, where it exerts a toxic effect on the cell.  This cytotoxicity is 

suppressed by the Hsp70 chaperone, suggesting that the basis for toxicity is a titration 

effect, targeting essential chaperones and quality control components.  It is significant 

that another amyloidogenic protein that can be converted from a labile to a toxic form, 

HttQ103ΔP behaves nearly identically to Rnq1/Ub-Rnq1. The labile HttQ103 form 

inhabits only the IPOD, whereas the HttQ103ΔP is re-localized to the JUNQ.   
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 A striking finding in our study is the direct evidence demonstrating that the 

molecular basis for aggregate toxicity is the perturbation of the cellular quality control 

homeostasis.  All of the toxic amyloidogenic or aggregation prone substrates we texted 

inhibited the turnover of a model soluble misfolded protein, VHL, and caused its 

aggregation under conditions where normally it would be remain and would eventually 

be degraded.  

 In summary, we propose a model for how the cell manages potentially toxic 

aggregates, based on our results.  When amyloidogenic proteins are expressed and begin 

to oligomerize, they are either disaggregated by Hsp104 and its co-chaperones, or are 

targeted directly to the IPOD where they are sequestered from the cytosolic environment 

and other quality control components.  Cytosolic proteins do not have access to the 

aggregates inside the IPOD because it is completely insoluble, and possibly protected by 

Hsp104 which localizes around it.  Since ubiquitination determines partition between the 

JUNQ and the IPOD, when amyloidogenic proteins are ubiquitinated in excess of the 

cells’ ability to disaggregate or degrade them, they accumulate also in the JUNQ where 

they irreversibly bind chaperones and other quality control components including the 

UPS, thereby causing cytotoxicity.  This is consistent with our previous finding that 

proteasomes re-distribute heavily to the JUNQ upon accumulation of misfolded proteins 

there, and suggests that proteasome sequestration may also play a role in toxicity.   

 An interesting facet of this model, supported by our data, is that the sequestration 

of potentially toxic amyloidogenic aggregates in the IPOD is a normal part of cellular 

protein folding homeostasis.  In preliminary work, we observed that IPOD-like 

inclusions, surrounded by Hsp104, are present in a fraction of all wild type cells under 

normal conditions, and that the deletion of certain chaperones like Sti1, or the induction 

of global de-ubiquitination via Ubp4 over-expression, drastically increases the percentage 

of cells that have an Hsp104, or Atg8 stained IPOD (Fig. 3.6).  This is an interesting 

finding because it could explain why most aggregation is not toxic.  Although many 

proteins are capable of forming aggregates and amyloids, potentially harmful 

intermediates are targeted directly to the IPOD, where they are unable to interact with 

quality control components and exert their toxic effects. These findings enhance our 
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understanding of the toxicity observed in neurodegenerative disease states, and offer 

interesting insights into how toxicity can be suppressed or prevented.     
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Section 3.5: Methods 

 

Yeast Media, Plasmids, and Strains 

Yeast media preparation, growth, transformations, and manipulations were performed 

according to standard protocols(Adams et al., 1997). The protein substrates used in this 

study were visualized as fusions to fluorescent proteins derived from Green Fluorescent 

Protein (GFP). GFP-Ubc9
ts
, GFP-Ubc9

wt
, GFP-VHL, Act1-E364K-GFP, Rnq1-GFP, 

Ure2-GFP, Ub-G76A-GFP, Ub-Arg-GFP, Ub-G76A-Rnq1-GFP, CHFP-Apg8, NLS-

tdTomato (Shaner et al., 2004) (TFP) were cloned into pESC (GAL1 URA3; Stratagene, 

La Jolla, California). Each of the above was also cloned into pESC GAL1 LEU2 vectors, 

and identical fusion proteins were made with mCherry (Shaner et al., 2004) Fluorescent 

Protein (CHFP) instead of GFP. The pESC plasmid expressing elongin B and elongin C 

from a GAL-inducible promoter is described elsewhere(McClellan et al., 2005a; Melville 

et al., 2003). All proteins were cloned by PCR from yeast genomic DNA or a template 

plasmid and verified by sequencing. GFP-Hsp104 (Tkach and Glover, 2004) was a 

generous gift from John Glover.  

 

The yeast strains used in this study are as follows: wt CIM3 (YPG499; MATa ura3-52 

leu2-Δ1 his3-Δ200 trp1-Δ63 lys2-801 ade2-101) and cim3-1 (CMY762; ura3-52 leu2-Δ1 

his3-Δ200 cim3-1)(Ghislain et al., 1993); W303 (MAT  can1-100
 
ade2-1 his3-11, 15 

trp1-1 ura3-1 leu23,112); YKO wt, Δsti1, (MATa/MATα orfΔ::kanMX4/orfΔ::kanMX4 

ura3Δ0/ura3Δ0 leu2Δ0/leu2Δ0 his3Δ1/his3Δ1 met15Δ0/MET15 lys2Δ0/LYS2 

(Saccharomyces Genome Project)(Winzeler et al., 1999). For all experiments, expression 

was shut off prior to temperature shift and microscopy by addition of 2% Glucose.  

 

 

Fluorescence Microscopy  

Conventional epifluorescence micrographs were obtained from live yeast cells on a Zeiss 

Axiovert microscope with a 100× oil lens (NA1.4; Zeiss). Digital (12-bit) images were 

acquired with a cooled CCD (Princeton Instruments, Trenton, NJ) and processed by using 
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METAMORPH software (Universal Imaging, Media, PA). The excitation filters used for 

conventional microscopy were 500DF20 (GFP), 540DF20 (Rhodamine), and 570DF20 

(Texas red). Emission filters were 535DF20 (GFP), 560DF20 (Rhodamine), and 

630DF25 (Texas red). The dichroics were: 505 DCLP (GFP), and 595 DCLP (Texas red).  

 

For deconvolution microscopy, yeast cells were fixed on glass coverslips in 4% 

paraformaldehyde. Deconvoluted images were acquired by using an Olympus microscope 

with 436 DF10 (CFP) and 500DF20 (YFP) filters for excitation and 470 DF30 (CFP) and 

535 DF30 (YFP) filters for emission. Digital images (12 bit) were digitally deconvoluted 

by using DELTAVISION hardware and software (Applied Precision, Issaquah, WA). 

Live-cell imaging was performed using the Marianas system from Intelligent Imaging 

Innovations equipped with the MicroPoint FRAP laser system (Photonic Instruments, 

Inc.).  

 

Rnq1 Solubility and Ubiquitination Assay  

Yeast were grown, collected, and lysed according to standard protocols as described in 

(McClellan et al., 2005a). Cells expressing Rnq1 or Ub-Rnq1 were grown at 30 °C, 

harvested, washed once with sterile double-distilled H2O, and resuspended in 1X native 

yeast lysis buffer (30 mM HEPES [pH 8.0], 150 mM NaCl, 1% glycerol, 1 mM DTT, 1 

mM PMSF, and 1 μg/ml pepstatin-A; and 1mM NEM for ubiquitination assays). Where 

indicated, lysis buffer also contained 0.1% SDS. Pellets were frozen in liquid nitrogen 

and lysates were prepared by beating in liquid nitrogen (3 min) and clarified by 

centrifugation at 6,000 × g for 5 min at 4°C. Fifty microliters of this supernatant was set 

aside as total protein. Fifty microliters was spun at 16,000 × g for 30 min at 4°C. This 

supernatant was removed and designated the soluble fraction. The pellet was 

resolubilized by heating in 50 μl 1× SDS sample buffer. Fifty microliters of 4× SDS 

sample buffer was added to the total-protein and soluble-fraction samples. Equal amounts 

of each fraction were resolved by SDS-PAGE followed by immunoblot analysis with 

anti-GFP antisera.  
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Ub-Rnq1 Toxicity Assay  

Yeast transformants were grown overnight in selective media
 
with raffinose (2%) as a 

sole carbon source. After the OD600 was
 
determined, cultures were diluted to equal 

concentrations (OD600 0.8). 10 µl of cells
 
were spotted onto selective media in four 10-

fold dilutions with the most concentrated
 
spot containing 100,000 cells. Cells were 

spotted on glucose (which repressed expression of the transformed plasmid) and 

galactose (which induced expression) in parallel to ensure equal spotting.   
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Figure 3.1: Ubiquitination re-routs Rnq1 to the JUNQ where it causes cytotoxicity 

 

a, Ubiquitination suffices to promote amyloidogenic prion delivery to the JUNQ. A 

ubiquitination signal (Ub-G76A) was engineered in the yeast prion Rnq1-GFP to 

test the effect of ubiquitination on targeting to the JUNQ and IPOD compartments 

(Fig. 8). Whereas Rnq1-GFP localized exclusively to the IPOD, Ub-G76A-Rnq1-

GFP localized to both JUNQ and IPOD in cim3-1 cells at 30 °C. Nucleus is 

stained with DAPI.  

b, Addition of a ubiquitination signal (Ub-G76A) to Rnq1 results in its increased 

ubiquitination.  

c, Enhancing the ubiquitination of Rnq1 leads to the re-distribution of some of the 

prion protein to a detergent-soluble fraction.  Note that the poly-ubiquitinated Ub-

Rnq1 is found entirely in the soluble fraction.  

d, Addition of a ubiquitination signal (Ub-G76A) to Rnq1 renders it toxic to the cell. 

Rnq1 (Top) and Ub-Rnq1 (Bottom) are expressed under a Gal promoter that is 

repressed by glucose addition (left panel).   
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Figure 3.2: HttQ103ΔP toxicity correlates to its redistribution from IPOD to the 

JUNQ 

 

a, Both Ub-Rnq1 and HttQ103ΔP, but not Rnq1 and HttQ103 (not shown) are toxic 

to yeast.  Addition of a ubiquitination signal (Ub-G76A) to Rnq1 results in its 

increased ubiquitination.  

b, Co-localization of HttQ103ΔP-GFP (Green) with CHFP-Ubc9
ts
 (Red) in the 

JUNQ, in cim3-1 yeast, after 1 hr at 37 °C. The nucleus was stained with DAPI 

(Blue). Images were collected as a Z-series and de-convoluted. A 2D projection is 

shown.  
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Figure 3.3: Toxic aggregation-prone proteins inhibit VHL degradation, while labile 

aggregates do not.  

 

a, Co-localization of HttQ103ΔP-GFP (Green) with CHFP-Ubc9
ts
 (Red) in the 

JUNQ, in cim3-1 yeast at 30 °C. The nucleus was stained with DAPI (Blue). 

Images were collected as a Z-series and de-convoluted. A 2D projection is shown.  

b, Rnq1-GFP (Green) expression does not affect turnover of soluble misfolded 

CHFP-VHL (Red), and does not co-aggregate with VHL.  Direct microscopy 

images are shown.   

c, Expression of toxic aggregation-prone proteins (Shown in green) Act1-E364K-

GFP, Ste6-L1239X-GFP, HttQ103ΔP-GFP, and Ub-Rnq1 (not shown), blocks 

VHL (Red) degradation and causes it to aggregate in trans.  
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Figure 3.4: The JUNQ and IPOD show differential interaction with cellular 

chaperones.  

 

a, Hsp104 (Green) localizes predominantly to the IPOD, around VHL (Green).  

Upb4 was over-expressed to induce VHL accumulation in the IPOD.  Direct 

microscopy images are shown in a-c.   

b, Ssa1 (Red) is predominantly soluble and diffuse, and does not co-localize with 

IPOD. When VHL is induce to accumulate in the JUNQ, by proteasome 

impairment in cim3-1 cells, a small but discernable fraction of Ssa1 is recruited to 

the JUNQ.   

c, The Sti1 chaperone is soluble and diffuse and does not co-localize with JUNQ or 

IPOD.   
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Figure 3.5: Hsp70 suppresses Ub-Rnq1 toxicity.  

 

Over-expression of un-tagged chaperones, together with Ub-Rnq1.  Ssa1 rescues 

grown of yeast co-expressing Ub-Rnq1.   
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Figure 3.6: Hsp104 and Atg8 localize to an IPOD-like structure in the absence of 

ectopic expression of an aggregation-prone protein.  

 

a, Atg8 accumulates in an IPOD-like structure upon global protein de-

ubiquitionation. CHFP-Atg8 was expressed in wild-type cells (left-panel), ΔSti1 

(right panels) or was co-expressed in Ubp4. Direct microscopy images are shown 

in a-b.   

b, Hsp104 accumulates in an IPOD-like structure upon protein de-ubiquitination and 

increased protein misfolding (in ΔSti1).  
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Section 4.1: Summary 

 

The formation of intracellular inclusions containing aggregated proteins has long been 

understood to be a hallmark of neurodegenerative disease (Dobson, 2006).  More 

recently, inclusion formation has been identified as a highly regulated pathway that is 

essential for proper management of the cellular protein misfolding load and suppression 

of aggregate-induced toxicity (Arrasate et al., 2004; Cohen et al., 2006; Matsumoto et al., 

2006; Matsumoto et al., 2005; Taylor et al., 2003).  The data presented in this study argue 

for a general model explaining the role of misfolded protein inclusion formation in 

cytosolic quality control.  We show that inclusions observed previously with different 

aggregation-prone substrates correspond to two quality control compartments, conserved 

in yeast and mammalian cells, each with a particular function in maintaining cellular 

protein folding homeostasis.  One compartment, the JUNQ, which interacts with the 

nuclear envelope/ER network, concentrates chaperones and proteasomes and serves as a 

degradation and re-folding platform for soluble misfolded proteins that are not harmful to 

the cell, and are productively dealt with by the cellular quality control machinery.  When 

the capacity of the quality control or degradative machinery is exceeded, or stressful 

conditions generate an abundance of potentially toxic aggregates, misfolded proteins are 

routed to another compartment, the IPOD, which is completely isolated from the cytosol 

and which houses insoluble aggregates which are sequestered there or are eventually 

degraded by autophagy.   

 An interesting finding presented in our results, is that the ubiquitination state of a 

misfolded protein determines whether it is routed to the soluble JUNQ compartment, or 

the insoluble IPOD “sequestration” compartment.  Blocking the ubiquitination of a 

soluble misfolded protein that would normally accumulate in the JUNQ upon proteasome 

inhibition re-routs it entirely to the IPOD.  Conversely, enhancing the ubiquitination of a 

protein that normally is found only in the IPOD “rescues” some of it to the JUNQ.  What 

is quite striking, is that enhancing the ubiquitination of an insoluble protein destined for 

sequestration in the IPOD, causes the ubiquitinated fraction to be solubilized, and this 

process is toxic to the cell.  Although it is not clear whether ubiquitination itself results in 

increased solubility of the amyloidogenic protein, or whether the ability to ubiquitinate a 
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misfolded protein is coupled to its interaction with chaperones and other quality control 

machinery, ubiquitination clearly partitions misfolded proteins between a “productive” 

degradation /refolding pathway, and a terminal path to aggregation and sequestration. 

 Our data helps to explain previous observations of different types of aggregated 

protein inclusions observed in different organisms from yeast to mammals, and provides 

a way of understanding why only a select number of amyloidogenic proteins accumulate 

in disease associated inclusions and cause toxicity, while most proteins capable of 

aggregating are not harmful.  We suggest that amyloidogenic disease associated proteins 

and prions have a unique property that results in their decreased interaction with the 

cellular quality control machinery and preferential targeting to the IPOD insoluble 

compartment.  This would explain why these proteins in particular cause disease and lead 

to amyloidosis.  We cannot at present determine whether the inefficient interaction of 

prions and amyloidogenic disease-related proteins is what makes them toxic, or whether 

they are not recognized by the quality control machinery in the same way as other 

misfolded substrates are, precisely because accumulation of these proteins in the JUNQ 

would be toxic. The results we observed after rendering a normally insoluble prion a 

more efficient ubiquitination substrate would argue for the latter model.  Enhancing 

ubiquitination of a prion made it accumulate in the JUNQ, and also rendered it more 

soluble.  This, in turn, lead to inappropriate interactions between the ubiquitinated prion 

and the cellular quality control machinery, including Hsp70.  This eventually resulted in 

the inhibition of soluble misfolded protein degradation, and cell death.  It is important to 

note that none of the toxic aggregated species tested in our study appeared to cause direct 

proteasome inhibition, as assayed using native model proteasome substrates (data not 

shown).  This suggests that toxic aggregates inhibit or titrate away quality control 

components required for misfolded protein ubiquitination and delivery to the proteasome, 

rather than the UPS itself.  However, given our observation that proteasomes re-distribute 

heavily around the JUNQ upon misfolded protein accumulation there, it is also possible 

that excessive accumulation of aggregates in the JUNQ could also eventually inhibit parts 

of the UPS.  

 We propose that the JUNQ and IPOD are general quality control compartments 

that are always present in cells and are essential for efficient quality control of protein 
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folding and cell survival.  Consistent with this, we observed pre-existing insoluble protein 

deposits forming the core of IPODs we observed with ectopically expressed aggregation-

prone proteins.  Additionally, Hsp104, which is localized predominantly to the IPOD, can 

be seen there in normal cells, not expressing model aggregating proteins.  It is possible, 

therefore, that a certain subset of misfolded proteins is always sequestered in the IPOD, 

rather than be exposed to the quality control machinery, where these proteins may cause 

damage.  When one of these potentially toxic proteins is inappropriately engaged by the 

quality control machinery, it inhibits it and causes cytotoxicity.  Alternatively, some basic 

property of amyloidogenic proteins causes them to interact poorly with the quality control 

ubiquitination machinery, and they are sequestered to the IPOD so as not to inhabit the 

cytosol where the quality control machinery would be unable to degrade them.  When 

this process becomes disregulated, these toxic aggregates accumulate in the cytosol and 

eventually cause toxicity by irreversibly binding chaperones.   

 

 

Section 4.2: Future Directions 

 

The results described here provide the basis for several exciting avenues of inquiry into 

the basis for neurotoxicity of aggregates, and the functioning of cellular quality control. 

The toxic effect of enhancing Rnq1 ubiquitination, suggests that Hsp70 may be a limiting 

factor in cytosolic quality control and that its titration by toxic aggregating species like 

Ub-Rnq1 and HttQ103ΔP results in the inhibition or misfolded protein degradation, as 

evidence by the subsequent accumulation and co-aggregation of VHL.  If this is the case, 

over-expression of Hsp70 would be expected to reverse the inhibition of VHL 

degradation, as it rescues toxicity.  Since the toxic effect of aggregates has been ascribed 

to their inhibition of a number of sub-cellular processes, the system we have developed 

offers a unique opportunity to test these models.  For example, toxicity has been linked to 

proteasome inhibition, perturbation of the protein folding homeostasis, and titration of 

essential quality control components (Bence et al., 2001; Gidalevitz et al., 2006; 

Matsumoto et al., 2005; Schaffar et al., 2004).  In future experiments, model proteins 
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used in our study will be used as reporters of these different aspects of quality control 

(Fig. 4.1).  Ubc9
ts 

is a meta-stable thermo-sensitive protein that can serve as a reporter of 

protein folding homeostasis and the function of the cellular chaperone network.  VHL is a 

soluble misfolded protein that is constantly turned over by the quality control/UPS 

machinery, and can therefore serve as a reporter of misfolded protein degradation (as 

described in Chapter 3). Finally, Ub-Arg-GFP can be used as native reporters of the UPS, 

since it is efficiently ubiquitinated and degraded but does not require chaperones for 

degradation. These experiments will determine whether any or all of these pathways are 

affected by toxic aggregates.   

 Since ubiquitination is a requirement for partitioning to the JUNQ compartment, 

and since even soluble quality control substrates are re-routed to the IPOD when their 

ubiquitination is blocked, the IPOD formation phenotype can be used to score for 

components essential for misfolded protein ubiquitination.  To date, there have been no 

E3 enzymes identified for cytosolic quality control in yeast, as described in Chapter 1.  In 

addition to E3s, other factors, such as chaperones may be required for efficient soluble 

misfolded protein degradation. In future studies, the genome-wide yeast deletion library 

expressing Ubc9
ts 

or VHL will be screened for IPOD formation using high-throughput 

microscopy.  Deletion strains lacking an essential factor for misfolded protein 

ubiquitination will form an IPOD, which will be scored for using GFP for the misfolded 

protein and NLS-TFP for the nucleus.  The advantage of this approach is that it not only 

scores for inhibition of misfolded protein degradation, but also the qualitative localization 

of the misfolded protein, indicative of a defect machinery required for its ubiquitination.   

 Other studies will focus on identifying the components required for delivery of 

proteins to the JUNQ and the IPOD.  The easily scorable puncta or IPOD formation 

phenotypes can be used to screen for components required for delivery to the JUNQ, 

using microscopy as the readout.  Alternatively, both the puncta, JUNQ, and IPOD can be 

purified biochemically, and mass-spectroscopy can be used to determine what factors co-

purify with them.  This will lead to the identification of candidates for aggregate delivery 

to the IPOD, which can then be tested using a number of previously described model 

quality control substrates.  The JUNQ and puncta can most easily be purified using 

sucrose gradient fractionation, whereas the IPOD can be purified using FACS sorting, 
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due to its large size, insolubility, and high GFP fluorescence (when a GFP-tagged protein 

localizes to the IPOD).  

 Purification of the IPOD will yield a number of other important sets of data.  In 

addition to components required for transport of proteins to the IPOD or the JUNQ, both 

inclusions will also contain quality control components that are sequestered in each 

compartment, and knowing which proteins bind to which inclusion will help 

characterized the essential or limiting factors titrated out by the inclusions.  Additionally, 

if the IPOD indeed has an autophagic role as suggested by data shown in Chapter 2, this 

will also be confirmed by its purification and mass-spec analysis.  IPODs formed from 

different amyloidogenic proteins will be compared by mass-spec, as well as toxic vs non-

toxic inclusions, to better assess the molecular basis for toxicity.  

 Finally, our findings suggest that the IPOD compartment is continually present in 

some normal cells, as evidenced by Hsp104 localization to IPOD-like inclusions.  The 

idea that a subset of proteins in any given cell is always more likely to aggregate over the 

course of stressful events, or just cellular homeostasis, is exciting and bares further 

investigation.  It could be that these proteins share structural features that lead them to 

preferentially form amyloids, or that some proteins simply misfold more readily and 

therefore a fraction of them is routed to the IPOD over the course of normal quality 

control and exposure to stress.  Determining whether the same proteins are always 

present in IPODs, and which proteins these are, will be invaluable for understanding the 

basis for conformational disorders and toxicity of protein aggregation.   
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Figure 4.1 

Using reporters to assess which stages of the quality control pathway are inhibited by 

toxic misfolded proteins.  
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