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The ubiquitin-proteasome system is one of the principal means for the 

destruction of misfolded proteins in the cell.  In addition to the core enzymes 

within the ubiquitination cascade and the 26S proteasome, many ancillary factors 

function to maintain protein homeostasis.  For example, Cdc48/p97 is an 

abundant AAA-ATPase essential for many critical ubiquitin-dependent 

processes.  One well-documented role for Cdc48 is facilitating the delivery of 

ubiquitinated misfolded endoplasmic-reticulum proteins to the proteasome for 

degradation.  By contrast, Cdc48’s participation in misfolded nuclear protein 

degradation is unknown.  In yeast, degradation of misfolded nuclear proteins is 

mediated by the ubiquitin-protein ligase San1.  The results presented here reveal 

that although Cdc48 and cofactors are involved in the degradation of some San1 

substrates, they are not universally required for all San1 substrates.  The 

differential Cdc48 requirement correlates with San1 substrate insolubility: the 

more insoluble the substrate, the more its degradation requires Cdc48.  

Expression of Cdc48-dependent insoluble San1 substrates in mutant cdc48 cells 

results in increased substrate insolubility, greater inclusion formation, and 

reduced cell viability.  We propose that Cdc48 functions to maintain ubiquitinated 

substrate solubility en route to the proteasome, preventing toxic aggregation from 

occurring post-ubiquitination.  Additionally, the requirement for protein 

chaperones for San1-mediated degradation also correlates with substrate 

insolubility.  This work illuminates insolubility as a key determinant for Cdc48 and 

chaperone involvement in the San1 degradation pathway. 
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CHAPTER I: BACKGROUND AND SIGNIFICANCE 

 

It is essential for the viability of all organisms that individual proteins 

accomplish particular tasks in the cell.  In order for proteins to function properly, 

they must acquire specific three-dimensional confirmations.  However, proteins 

are vulnerable to misfolding events triggered by genetic mutations, translational 

errors, or environmental stressors.  The cell continuously encounters abnormal 

proteins but is equipped with quality control mechanisms to protect itself from the 

potentially deleterious consequences of protein misfolding.  If not properly 

managed, abnormal or misfolded proteins can accumulate and possibly 

aggregate, leading to cellular toxicity.  The importance of correct protein folding 

in the cell is evidenced by the identification of over thirty-five age-dependent 

neurodegenerative disorders in humans characterized pathologically by the 

aggregation of misfolded proteins.   Prominent examples of protein aggregation 

diseases include Parkinson’s, Alzheimer’s, and Huntington’s diseases (Wang et 

al., 2008). 

When the cell encounters a defective protein, it can employ a number of 

protein quality control (PQC) systems to either repair or degrade the misfolded 

substrate.  Protein chaperones are the principal components that refold or 

sequester misfolded substrates (Stirling et al., 2003).  If the misfolding is severe, 

the cell may eradicate the damaged protein rather than attempting to repair it 

(Goldberg, 2003).  This may be accomplished by autophagy, lysosomal 

degradation, or ubiquitin-mediated proteolysis.  In the following chapters, I will 
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focus primarily on the ubiquitin-proteasome pathway for PQC degradation, 

though I will present some data on chaperone involvement in PQC in Chapter IV. 

Ubiquitination enzymatic cascade 

Ubiquitin is a highly conserved 8.5 kDa protein that received its name 

for being ubiquitously expressed in all eukaryotic cells (Goldstein et al., 1975).  

Ubiquitination, the process of attaching ubiquitin to target proteins, is a 

posttranslational modification that regulates a myriad of cellular processes.  

Covalent attachment of ubiquitin to a target protein can affect a substrate’s 

stability, localization, activity, or interactions with other proteins in the cell.   

Ubiquitin is typically attached to lysine residues in its target protein as a single 

unit or as polyubiquitin chains.  A ubiquitin molecule contains seven lysine 

residues, which allows for numerous types of linkages between ubiquitin 

moieties within a chain (Glickman and Ciechanover, 2002).   

Ubiquitin is covalently attached to its target substrates via a conserved 

enzymatic cascade.  First, ubiquitin is activated by a ubiquitin-activating 

enzyme (or E1) in an ATP-dependent reaction.  The E1 forms a high-energy 

thioester linkage with a single ubiquitin molecule.  Following activation, 

ubiquitin is transferred to a ubiquitin conjugating enzyme (or E2).  The E2 

partners with a specific ubiquitin-protein ligase (or E3) to facilitate transfer of 

the charged ubiquitin to the substrate.  Depending on the E3 involved, 

ubiquitin can be transferred onto its target substrate in one of two ways.  If the 
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E3 contains a HECT domain (Homologous to the E6-AP carboxyl terminus), 

an E3-ubiquitin intermediate is formed with the ligase before ubiquitin is 

attached to the substrate.  However, if the E3 possesses a RING (really 

interesting new gene) domain, the E3 mediates direct transfer from the E2.   

The E3 is thought to confer substrate specificity via intrinsic interaction 

domains or recruitment of ancillary factors.  Importantly, ubiquitin can be 

removed from a protein via the action of deubiquitinating enzymes.  Thus, 

ubiquitination is a highly dynamic, reversible process within the cell (Glickman 

and Ciechanover, 2002). 

 The types of linkages within polyubiquitin chains can determine the 

physiological fate of a protein.  For example, linkages originating at lysine 63 

(K63) in ubiquitin chains can affect the localization of the target protein and 

regulate DNA repair (Spence et al., 1995).  Lysine 11 (K11) linkages are 

suggested to play a critical role in cell cycle control in the degradation of cyclins 

and other key cell-cycle control proteins (Matsumoto et al., 2010).  One of the 

more thoroughly studied ubiquitin linkages occurs at lysine 48 (K48), which 

targets proteins for degradation by the 26S proteasome (Thrower et al., 2000). 

 

Ubiquitin-proteasome system 

Polyubiquitination of at least four K48-linked ubiquitin moieties shuttles 

proteins to the 26S proteasome, a multisubunit proteolytic apparatus responsible 

for degrading proteins.  The ubiquitin chain functions as a recognition signal for 
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the barrel-shaped proteasome (Thrower et al., 2000).  Following ubiquitin chain 

cleavage, the substrate is threaded into the core of the 26S proteasome where it 

is degraded by peptidases into small peptides.  Once released from the 

degradation machinery, the peptides can be further degraded into amino acids 

and recycled for de novo synthesis of new proteins (Finley et al., 2012). 

The proteasome is highly enriched in the nucleus and the cytosol (Wojcik 

and DeMartino, 2003).  The cytoplasm is the location of protein synthesis, and it 

is estimated that nearly one-third of nascent polypeptides are defective and 

immediately destroyed (Schubert et al., 2000).  This suggests that cytosolic 

quality control degradation and protein synthesis may be intimately connected.  

Because postproduction damage can occur anywhere in the cell, additional 

subcellular compartments are equipped with PQC machinery to combat protein 

misfolding.  For example, misfolded proteins in the endoplasmic reticulum (ER) 

are targeted for ubiquitination by ER-localized E3s and subsequently delivered to 

cytosolic proteasomes to be degraded (Hampton, 2002).  Similarly, misfolded 

mitochondrial proteins are ubiquitinated by E3s associated with the outer 

mitochondrial membrane, then sent to the degradation machinery in the 

cytoplasm (Taylor and Rutter, 2011). 

 

The nucleus and the challenges it faces 

In contrast to the cytosol, ER, and mitochondria, far less is known about 

the quality control systems that maintain protein homeostasis within the nucleus.  

We now know the nucleus contains PQC mechanisms, though the mechanisms 
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involved remain poorly understood.  Because the nucleus is where the DNA is 

harbored and packaged as chromatin, PQC mechanisms may be necessary to 

protect the chromatin environment.   

In addition to housing the genetic material, the nucleus is home to many 

subcellular compartments.  The nucleolus is localized within the cell nucleus, and 

is the hub of ribosome biogenesis.  Cajal bodies are also implicated in many 

RNA-related functions, including snRNP biogenesis, mRNA processing, and 

telomere maintenance (Gall et al., 1999; Zhao et al., 2011).  PML bodies, or 

nuclear dots, are punctate structures that are associated with transcriptional 

activation (Xie et al., 1993).  Nuclear lamins provide the architecture of the 

nucleus and are involved in an array of nuclear functions, including transcription, 

DNA replication, and DNA repair (Dittmer and Misteli, 2011).  Taken together, the 

nucleus is presented with a unique set of challenges to maintain the integrity of 

many distinct subcellular compartments that are vital to every cell. 

 Misfolded proteins may appear in the cell nucleus from a couple of 

different routes.  Nuclear localization sequence (NLS) containing proteins 

synthesized in the cytosol are trafficked to the nucleus, where they can become 

damaged.  On the other hand, nuclear pores can break down as a consequence 

of aging, and thus become more permissive to cytosolic damaged proteins 

leaking in to the nucleus (D'Angelo et al., 2009).  Importantly, the nucleus 

appears particularly sensitive to protein misfolding, as many protein aggregation 

diseases correlate with abnormal proteins accumulating in the nucleus (Woulfe, 

2007).   
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San1-mediated nuclear protein quality control degradation 

Recently, San1 has been characterized as a principal E3 targeting 

misfolded nuclear proteins in Saccharomyces cerevisiae for destruction via the 

ubiquitin-proteasome system (Gardner et al., 2005).  San1 was initially identified 

for its ability to suppress two independent temperature-sensitive phenotypes 

(Schnell et al., 1989; Xu et al., 1993).  These findings led to the discovery that 

San1 is the major E3 for quality control degradation in the nucleus (Gardner et 

al., 2005).  San1 is a RING domain E3 that recognizes a variety of misfolded 

nuclear proteins.  Interestingly, San1 is an intrinsically disordered protein, which 

may enable recognition of many abnormal protein confirmations in the nuclear 

environment (Rosenbaum et al., 2011).  The unifying characteristic among 

San1’s substrates was determined to be exposed hydrophobicity (Fredrickson et 

al., 2011).  Because exposed hydrophobicity can promote aggregation 

associated with cellular toxicity, this underscores the value of San1 function.  

 San1 partners with the E2s Cdc34 and Ubc1 (Gardner et al., 2005), 

however, it was not known if any ancillary factors facilitated nuclear PQC 

degradation.  Additional components that function in the pathway for nuclear 

quality control degradation remained yet to be discovered.  In contrast to other 

E3s, San1 does not require protein chaperones to function in vitro (Rosenbaum 

et al., 2011).  We were interested in determining if any auxiliary factors 

functioned in the San1 pathway in vivo.  I focused on an AAA-ATPase (ATPase 

associated with a variety of cellular activities) called Cdc48/p97.  The data in the 
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following chapters demonstrate a surprising differential involvement of Cdc48 in 

the San1 degradation pathway, and characterize several adaptors that associate 

with the Cdc48 complex to facilitate nuclear PQC.  We also establish differential 

chaperone involvement in San1-mediated degradation, which parallels our 

findings for Cdc48’s role in the proteolysis of misfolded substrates in the nucleus. 
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CHAPTER II: CDC48 IS DIFFERENTIALLY INVOLVED IN SAN1-MEDIATED 

DEGRADATION 

 

Introduction on Cdc48/p97 

In the pathway for destruction via the ubiquitin-proteasome, a key AAA-

ATPase, known as p97/VCP in mammals and Cdc48 in budding yeast, often acts 

between the E3 and the proteasome to facilitate ubiquitinated-substrate delivery 

to the proteasome (Meyer et al., 2012; Yamanaka et al., 2012).  In yeast, Cdc48 

was first discovered in a genetic analysis to identify proteins required for cell-

cycle progression (Moir et al., 1982), and was later found to be homologous to 

human p97 (Frohlich et al., 1991).  In the three decades since Cdc48’s discovery, 

its function in eukaryotes has been extended well beyond regulating the cell 

cycle to a multitude of ubiquitin-dependent pathways including protein 

degradation, membrane fusion, and chromatin-associated processes (Dantuma 

and Hoppe, 2012; Meyer et al., 2012; Ye, 2006). 

Cdc48’s involvement in many crucial cellular functions underscores its 

importance in the cell.  The human relevance of Cdc48/p97 is highlighted by 

pathologies caused by or correlated with mutations in p97 (Nalbandian et al., 

2012).  For example, autosomal-dominant mutations in p97 cause the 

devastating, age-dependent, degenerative disorder termed inclusion body 

myopathy associated with Paget’s disease of bone and frontotemporal dementia 

(IBMPFD) (Watts et al., 2004).  A subset of mutations in p97 also account for 1-
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2% of familial amyotrophic lateral sclerosis (ALS) cases (Johnson et al., 2010). 

More recently, it has been suggested that augmented levels of p97 are correlated 

with several human cancers and associated with poor prognoses (Lague et al., 

2012; Yamamoto et al., 2004; Yamamoto et al., 2005).  

Cdc48’s main cellular role is thought to be a segregase (Braun et al., 

2002).  In this capacity, Cdc48 segregrates ubiquitinated proteins from protein 

complexes, chromatin, or membranes (Jentsch and Rumpf, 2007).  The best-

studied segregase function of Cdc48 is its key role in PQC degradation in the ER 

(Wolf and Stolz, 2012).  Following the ubiquitination of misfolded ER proteins, 

Cdc48 extracts ubiquitinated proteins from the ER membrane and targets them 

for degradation by cytoplasmic proteasomes (Bays et al., 2001; Elkabetz et al., 

2004; Huyer et al., 2004; Jarosch et al., 2002; Rabinovich et al., 2002; Richly et 

al., 2005; Schuberth and Buchberger, 2005; Taxis et al., 2003; Ye et al., 2001).  

The PQC degradation role of Cdc48 has also been extended to the mitochondria 

(Taylor and Rutter, 2011).  Following oxidative stress, Cdc48 acts at the outer 

mitochondrial membrane to assist in removing ubiquitinated mitochondrial 

proteins for presentation to cytoplasmic proteasomes (Heo et al., 2010).  While 

the cellular pool of proteasomes is cytoplasmic and nuclear in large part (Wojcik 

and DeMartino, 2003), Cdc48’s involvement in mediating the PQC degradation of 

misfolded proteins in the cytoplasm and nucleus is poorly understood.   
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Background on substrate selection 

 In our previous studies (Fredrickson et al., 2011; Gardner et al., 2005; 

Rosenbaum et al., 2011), we identified >40 substrates of San1 representing a 

broad variety of misfolded nuclear proteins likely to be encountered by San1 in 

the nucleus.  The first San1 substrates we identified are proteins that carry single 

missense mutations that lead to their San1-dependent degradation and loss of 

function (Gardner et al., 2005).  Later, through a yeast 2-hybrid analysis, we 

discovered proteins with truncations that are San1 substrates due to their 

truncation-induced misfolding (Rosenbaum et al., 2011). Through similar yeast 2-

hybrid analyses, we identified small hydrophobic peptides that act as degrons 

and lead to the San1-mediated degradation of the reporter proteins to which they 

are fused (Fredrickson et al., 2011).  Using these different classes of San1 

substrates, we could thoroughly explore if Cdc48 is universally required for San1-

mediated nuclear PQC degradation.  

To do this, I examined the degradation of representative examples of each 

class of San1 substrate in cells deficient for Cdc48 function.  For truncated 

proteins, I used GFPNLS-Tef2*, which contains residues 190-458 of the translation 

elongation factor Tef2 fused to GFP carrying an NLS, and GFPNLS-Bgl2*, which 

contains residues 20-313 of the endo-beta-1,3-glucanase Bgl2 fused to GFPNLS 

(Rosenbaum et al., 2011).  For the hydrophobic peptide degrons, I used Peptide 

6 (RDILVYTYILVYVYI) and Peptide I (RETGWRVLLVVVGVVGIP) fused to 

GFPNLS (Fredrickson et al., 2011).  For missense mutant proteins, I used 

constructs carrying the self-contained N-terminal domains of Cdc68-1, which has 
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the point mutation G132D (Evans et al., 1998), and Cdc13-1, which has the point 

mutation P371S (Nugent et al., 1996), fused to the Gal4 activation domain (GAD) 

(Rosenbaum et al., 2011).  Both of these mimic the San1-dependent degradation 

seen with unaltered Cdc13-1 and Cdc68-1 proteins (Gardner et al., 2005; 

Rosenbaum et al., 2011). 

 

Cdc48 is differentially involved in the degradation of San1 substrates 

If Cdc48 were a general San1 pathway factor, we expected it would be 

required for the degradation of all San1 substrates.  I found this was not the 

case, and that there was wide variability for Cdc48 involvement within the San1 

pathway.  For some substrates, I found that Cdc48 was essential for San1-

mediated degradation, as was seen by the stabilization of GFPNLS-Tef2* and 

GFPNLS-Bgl2* in cdc48-3 mutant cells that was as great as the stabilization seen 

in san1∆ cells.  In other cases, I found that Cdc48 was partially involved in San1-

mediated degradation, as was seen by the incomplete stabilization of GFPNLS-

Peptide 6, GFPNLS-Peptide I, and GAD-Cdc68-1 in cdc48-3 cells compared with 

san1∆ cells.  Lastly, I found that some San1 substrates did not utilize Cdc48 for 

their San1-mediated degradation, as was seen by the lack of stabilization of 

GAD-Cdc13-1 in cdc48-3 cells compared with san1∆ cells (Figure 2.1).  Taken 

together, these data indicated that the requirement for Cdc48 in the degradation 

of San1 substrates is not universal but exists on a spectrum that depends upon 

some feature of the substrate. 
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We realized a couple of potential caveats to these studies that needed to 

be examined in order to rule out confounding effects.  First, the substrates that 

showed complete dependency on Cdc48 for degradation, GFPNLS-Tef2* and 

GFPNLS-Bgl2*, were highly expressed from the galactose-inducible GAL1 

promoter, which is one of the strongest promoters in yeast.  I needed to express 

these substrates from an inducible promoter due to the fact that they are toxic in 

san1∆ cells (Rosenbaum et al., 2011) and cdc48-3 cells (see Figure 2.14), and 

thus cannot be expressed from a constitutive promoter in these genetic 

backgrounds.  It is therefore possible that the high expression of these substrates 

forced a dependency on Cdc48 that wouldn’t be observed under lower 

expression conditions.  We didn’t think this likely due to the fact that other 

substrates, GFPNLS-Peptide 6 and GFPNLS-Peptide I, were also expressed from 

the GAL1 promoter and did not show complete dependency on Cdc48.  

Nevertheless, I did examine if reduced expression of GFPNLS-Tef2* and GFPNLS-

Bgl2* altered their Cdc48 dependency.  In both cases, I found that the Cdc48 

dependency under lower expression conditions (using decreased amounts of 

galactose for induction) was similar to the dependency under the greater 

expression conditions (Figure 2.2), ruling out this possibility.  Secondly, it is 

possible that the GFPNLS fusion protein is degraded in a Cdc48-dependent 

manner and it imposes this requirement on the misfolded protein to which it is 

fused.  However, I verified that GFPNLS is a stable protein (Figure 2.3), 

eliminating this possibility.  Thus, the Cdc48 dependency of each San1 substrate 

depends upon some defining feature of the misfolded protein fusion itself. 
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Figure 2.1: Cdc48 is differentially involved in the degradation of San1 
substrates.  Cycloheximide-chase degradation assays were performed on 

parent, san1∆, cdc48-3, and san1∆cdc48-3 cells to assess the stability of 

GFPNLS-Tef2*, GFPNLS-Bgl2*, GFPNLS-Peptide 6, GFPNLS-Peptide I, GAD-Cdc68-

1, and GAD-Cdc68-1. For the GFPNLS-substrates expressed from the GAL1 

promoter, expression was induced by addition of galactose for 2 hours prior to 

cycloheximide addition. For the GAD-substrates, expression from the ADH1 

promoter was constitutive. Cell cultures were shifted from 25˚C to 37˚C after 

cycloheximide addition to inactivate cdc48-3. Time after cycloheximide addition is 

indicated above each lane. Anti-GFP or anti-GAD antibodies were used to detect 

each appropriate substrate.
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Figure 2.2: Cdc48 dependency is not altered under low substrate 
expression conditions.  Cycloheximide-chase degradation assays were 

performed on parent, san1∆, cdc48-3, and san1∆cdc48-3 cells to assess the 

stability of GFPNLS-Tef2* and GFPNLS-Bgl2* under reduced expression 

conditions. Left panels are the expression of each substrate after 2 hours of 

induction using the indicated final concentration of galactose. Right panel is the 

degradation assays performed using 0.03% galactose to induce expression for 2 

hours prior to cycloheximide addition. Cell cultures were shifted from 25˚C to 

37˚C after cycloheximide addition to inactivate cdc48-3. Time after cycloheximide 

addition is indicated above each lane. Anti-GFP antibodies were used to detect 

each substrate.



 15 

 

 
Figure 2.3: GFPNLS is a stable protein.  Cycloheximide-chase degradation 

assays were performed on parent, san1∆, cdc48-3, and san1∆cdc48-3 cells to 

assess the stability of GFPNLS.  Anti-GFP antibodies were used to detect GFPNLS. 
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Loss of Cdc48 function leads to increased substrate ubiquitination 

After establishing that a subset of San1 substrates depends upon Cdc48 

for degradation, we wanted to understand whether Cdc48 functions prior to or 

after San1-mediated degradation.   If prior, we expected to see a decrease in 

substrate ubiquitination in cdc48-3 cells.  If after, we anticipated an increase in 

substrate ubiquitination in cdc48-3 cells.  I performed assays to assess the levels 

of GFPNLS-Tef2* and GFPNLS-Peptide 6 ubiquitination in parent, san1∆, and 

cdc48-3 strains to examine this feature of Cdc48 action.  As expected from 

San1’s E3 activity, we observed decreased levels of GFPNLS-Tef2* and GFPNLS-

Peptide 6 ubiquitination in san1∆ cells compared with parent cells (Figure 2.4).  

On the other hand, we observed enhanced levels of GFPNLS-Tef2* and GFPNLS-

Peptide 6 ubiquitination in mutant cdc48-3 cells compared with parent cells 

(Figure 2.4).  These results indicated that Cdc48 likely acts at a step prior to the 

proteasome and presumably after San1 ubiquitination.  To see if this were the 

case, I focused on GFPNLS-Tef2* and performed the assay again this time after 

inhibiting the proteasome with the addition of MG132.  Proteasome inhibition led 

to greater levels of ubiquitinated substrate in parent cells as expected and this 

increase in ubiquitination was comparable to what was observed in cdc48-3 cells 

without proteasome inhibition (Figure 2.5).  We did not observe any increase in 

substrate ubiquitination in cdc48-3 cells with MG132 (Figure 2.5).  Interestingly, 

the overall size of the ubiquitin conjugates observed in parent cells after 

proteasome inhibition appeared smaller than the size of the ubiquitin conjugates 

in cdc48-3 cells with or without proteasome inhibition (Figure 2.5).  These 
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observations suggest that Cdc48 could be acting in a ubiquitin-chain editing 

capacity prior to delivery of the substrate to the proteasome. 
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Figure 2.4:  Substrate ubiquitination is increased in cdc48 mutant cells. 
Ubiquitination assays were performed to examine levels of ubiquitinated GFPNLS-

Tef2* or GFPNLS-Peptide 6 in parent, san1∆, and cdc48-3 cells expressing 3HA-

ubiquitin. GFPNLS-Tef2* and GFPNLS-Peptide 6 expression was induced by 

addition of galactose for 2 hours in log phase. Cells were shifted to 37˚C 1 hour 

prior to lysis to inactivate cdc48-3. GFPNLS, GFPNLS-Tef2*, or GFPNLS-Peptide 6 

was immunoprecipitated from cell lysates using anti-GFP antibodies. Blots of the 

immunoprecipitates were probed with anti-HA antibodies to detect ubiquitin (top 

panels) or anti-GFP antibodies to assess GFPNLS, GFPNLS-Tef2*, or GFPNLS-

Peptide 6 levels (bottom panels). “†” indicates cross-reacting antibody band.  
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Figure 2.5:  Substrate ubiquitination is increased in parent cells but not in 
cdc48 mutant cells with proteasome inhibition.  Ubiquitination assays were 

performed to assess levels of ubiquitinated GFPNLS-Tef2* in parent, san1∆, and 

cdc48-3 cells in the presence or absence of MG132. GFPNLS-Tef2* expression 

was induced by addition of galactose for 2 hours in log phase. Cells were shifted 

to 37˚C 1 hour prior to lysis to inactivate cdc48-3. Cells were treated with 50 

µg/ml MG132 for 1 hour prior to lysis.  GFPNLS or GFPNLS-Tef2* was 

immunoprecipitated from cell lysates using anti-GFP antibodies. Blots of the 

immunoprecipitates were probed with anti-HA antibodies to detect ubiquitin (top 

panels) or anti-GFP antibodies to assess GFPNLS or GFPNLS-Tef2* levels (bottom 

panels). 
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Differential solubility of substrates correlates with Cdc48 dependency 

Because the Cdc48 requirement for San1 substrate degradation was 

variable, we wanted to explore the underlying reason for this variability.  Unlike 

PQC degradation in the ER, which requires Cdc48 as a means to extract 

ubiquitinated ER proteins from the ER membrane (Bays et al., 2001; Elkabetz et 

al., 2004; Huyer et al., 2004; Jarosch et al., 2002; Rabinovich et al., 2002; Richly 

et al., 2005; Schuberth and Buchberger, 2005; Taxis et al., 2003; Ye et al., 

2001), San1 functions primarily in the nucleoplasm and nuclear substrate 

delivery to the proteasome would not have to contend with membrane extraction. 

Furthermore, the San1 substrates used in this study that require Cdc48, GFPNLS-

Tef2* and GFPNLS-Bgl2*, are not chromatin-associated proteins and would not 

require extraction from chromatin as seen with RNA polymerase II or the 

transcriptional repressor alpha2 (Verma et al., 2011; Wilcox and Laney, 2009). 

Cdc48/p97 does have chaperone activity in vitro and can prevent the aggregation 

of denatured luciferase (Song et al., 2007).  We surmised that Cdc48’s role in 

San1-mediated degradation might be to prevent or reverse the aggregation of 

San1 substrates in transit to the proteasome.  If true, we suspected that the 

requirement for Cdc48 in San1-mediated degradation might correlate with the 

intrinsic insolubility of the San1 substrate.  That is, the more insoluble the 

substrate the greater the need for Cdc48. 

To examine substrate solubility, I performed sedimentation assays on 

San1 substrates to determine how they partitioned between soluble and insoluble 

fractions in parent cells.  Substrates that were strongly dependent on Cdc48 for 
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their degradation, GFPNLS-Tef2* and GFPNLS-Bgl2*, were predominantly insoluble 

as measured by their partitioning primarily into the insoluble fraction (Figure 2.6).  

This was independent of expression levels as GFPNLS-Tef2* and GFPNLS-Bgl2* 

expressed at lower levels also predominantly partitioned into the soluble fraction 

(Figure 2.7).  Substrates that had a moderate dependency on Cdc48 for their 

degradation, GFPNLS-Peptide 6 and GFPNLS-Peptide I, exhibited an intermediate 

level of insolubility, as indicated by modest, but observable partitioning into the 

insoluble fraction (Figure 2.6).  Lastly, substrates that had little, if any 

requirement for Cdc48 in their degradation, GAD-Cdc68-1 and GAD-Cdc13-1, 

had little, if any observable partitioning into the insoluble fraction (Figure 2.6).  I 

also verified that GFPNLS is predominantly a soluble protein (Figure 2.8).  Thus, 

the requirement for Cdc48 in San1-mediated degradation strongly correlated with 

substrate insolubility.  

If Cdc48’s function were to maintain the solubility of ubiquitinated San1 

substrates prior to their proteasomal degradation, we expected that a reduction in 

Cdc48 function would result in an increase in the level of the San1 substrate in 

the insoluble fraction compared to parent cells.  When we examined the 

insolubility of GFPNLS-Tef2* and GFPNLS-Bgl2* in cdc48-3 cells after inactivation 

of Cdc48, which is accomplished by shifting cdc48-3 cells to the restrictive 

temperature of 37˚C, we did observe that the proportion of each substrate 

increased in the insoluble fraction in cdc48-3 cells compared to parent cells 

(Figure 2.9).  This indicates that Cdc48 function is important for maintaining the 

solubility of Cdc48-dependent San1 substrates. 
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A major caution to these studies is that both GFPNLS-Tef2* and GFPNLS-

Bgl2* were more soluble in parent cells grown at 37˚C compared to 30˚C (Figure 

2.10).  This result was initially surprising and unexpected.  But, after reading the 

literature, we think the effect is likely due to the upregulation of heat shock 

proteins and chaperones that occurs at 37˚C (Gasch et al., 2000; Lindquist and 

Kim, 1996).  Increased expression of heat shock proteins and chaperones has 

been shown to increase the solubility of prions and other aggregation-prone 

proteins in vivo (Duennwald et al., 2012; Newnam et al., 1999).  Despite this 

change in solubility at the higher temperature, direct comparison of GFPNLS-Tef2* 

and GFPNLS-Bgl2* solubility between parent and cdc48-3 cells at 37˚C revealed 

that the Cdc48-dependent substrates are more insoluble in the absence of 

Cdc48 function. 

To control for this possibility, I also examined the insolubility of GFPNLS-

Tef2* and GFPNLS-Bgl2* in parent and cdc48-3 cells at the semi-restrictive 

temperature of 30˚C.  At 30˚C, we observed considerable insolubility in parent 

cells and increased insolubility in cdc48-3 cells (Figure 2.11).  Thus, at both 

restrictive and semi-restrictive temperatures that impair Cdc48-3 function, we 

observed increased insolubility of the substrates in cdc48-3 cells relative to 

parent cells. 
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Figure 2.6:  Cdc48 dependency correlates with substrate insolubility. 
Sedimentation assays were performed to determine how GFPNLS-Tef2*, GFPNLS-

Bgl2*, GFPNLS-Peptide 6, GFPNLS-Peptide I, GAD-Cdc13-1, and GAD-Cdc68-1 

partition between the insoluble pellet fraction (I) and the soluble supernatant 

fraction (S). Total lysate (T) indicates the total amount of GFPNLS-Tef2*, GFPNLS-

Bgl2*, GFPNLS-Peptide 6, GFPNLS-Peptide I, GAD-Cdc68-1, and GAD-Cdc13-1 in 

cell lysates. Anti-GFP or anti-GAD antibodies were used to detect each 

substrate.  Numbers below each blot indicate the percentage of substrate in each 

fraction.  Relative levels of the insoluble and soluble fractions were determined 

using ImageJ. 
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Figure 2.7: Substrate solubility is not altered under low substrate 
expression conditions. Sedimentation assays were performed to determine 

how GFPNLS-Tef2* and GFPNLS-Bgl2* partition between the insoluble pellet 

fraction (I) and the soluble supernatant fraction (S). Substrate expression was 

induced by 0.03% galactose addition 2 hours prior to harvesting cells. Total 

lysate (T) indicates the total amount of GFPNLS-Tef2* and GFPNLS-Bgl2* in cell 

lysates. Anti-GFP antibodies were used to detect each substrate.  Numbers 

below each blot indicate the percentage of substrate in each fraction.  Relative 

levels of the insoluble and soluble fractions were determined using ImageJ. 
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Figure 2.8:  GFP is predominantly a soluble protein.  Sedimentation assays 

were performed to determine how GFPNLS partitions between the insoluble pellet 

fraction (I) and the soluble supernatant (S).  Total lysate (T) indicates the total 

amount of GFPNLS in cell lysates.  Anti-GFP antibodies were used to detect 

GFPNLS. 
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Figure 2.9:  Insolubility increases with loss of Cdc48 function.  
Sedimentation assays were performed to determine how GFPNLS-Tef2* and 

GFPNLS-Bgl2* partition between the insoluble pellet fraction (I) and the soluble 

supernatant fraction (S) in parent and cdc48-3 cells.  Cells were grown at 25˚C 

and shifted to 37˚C 1 hour prior to lysis to inactivate cdc48-3. Total lysate (T) 

indicates the total amount of GFPNLS-Tef2* or GFPNLS-Bgl2* in cell lysates. Anti-

GFP antibodies were used to detect each substrate.  Percentage of protein in the 

insoluble versus soluble fractions is listed below each appropriate lane.  Relative 

levels of the insoluble and soluble fractions were determined using ImageJ.
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Figure 2.10: Solubility increases at higher temperatures.  Sedimentation 

assays were performed to determine how GFPNLS-Tef2* and GFPNLS-Bgl2* 

partition between the insoluble pellet fraction (I) and the soluble supernatant 

fraction (S) at 30˚C or 37˚C.  Total lysate (T) indicates the total amount of 

GFPNLS-Tef2* or GFPNLS-Bgl2* in cell lysates. Anti-GFP antibodies were used to 

detect each substrate.  Percentage of protein in the insoluble versus soluble 

fractions is listed below each appropriate lane.  Relative levels of the insoluble 

and soluble fractions were determined using ImageJ. 
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Figure 2.11:  Insolubility increases with a reduction in Cdc48 function.  
Sedimentation assays were performed to determine how GFPNLS-Tef2* and 

GFPNLS-Bgl2* partition between the insoluble pellet fraction (I) and the soluble 

supernatant fraction (S) in parent and cdc48-3 cells.  Cells were grown at 25˚C 

and shifted to 30˚C 1 hour prior to lysis to inactivate cdc48-3. Total lysate (T) 

indicates the total amount of GFPNLS-Tef2* or GFPNLS-Bgl2* in cell lysates. Anti-

GFP antibodies were used to detect each substrate.  Percentage of protein in the 

insoluble versus soluble fractions is listed below each appropriate lane.  Relative 

levels of the insoluble and soluble fractions were determined using ImageJ. 
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Loss of Cdc48 function is associated with increased inclusion formation 

and cell inviability upon expression of insoluble, misfolded nuclear 

proteins 

Because GFPNLS-Tef2* and GFPNLS-Bgl2* were more insoluble in cdc48-3 

cells compared to parent cells (Figure 2.9), we wanted to determine if there was 

increased cellular inclusion formation of these substrates in cdc48-3 cells at the 

restrictive temperature.  Using fluorescence microscopy, I found that both 

GFPNLS-Tef2* and GFPNLS-Bgl2* formed cellular inclusions in parent cells, and 

there was an increase in both the size and frequency of the inclusions in cdc48-3 

cells (Figure 2.12).  By comparison, GFPNLS, which is predominantly a soluble 

protein (Figure 2.8), localized diffusely throughout the cell in parent and cdc48-3 

mutant cells (Figure 2.13).  We note that GFPNLS does not show as much nuclear 

enrichment as expected from possessing an NLS due to the fact that it is ~27 

kDa in size and thus has a monomeric molecular weight below the passive 

<40kDa diffusion limit of the yeast nuclear pore (Shulga and Goldfarb, 2003; 

Shulga et al., 2000).  Altogether, one cellular consequence for losing Cdc48 

function is the increased accumulation and aggregation of insoluble nuclear PQC 

degradation substrates. 

We previously found that expression of many misfolded San1 substrates 

resulted in cellular toxicity in the absence of San1 function, including Tef2* and 

Bgl2* (Rosenbaum et al., 2011).  From these observations, we expected that loss 

of Cdc48 function would also result in toxicity upon expression of San1 

substrates that require Cdc48 for their degradation.  I examined the growth of 
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parent and cdc48-3 cells expressing either GFPNLS-Tef2* or GFPNLS-Bgl2* from 

the galactose-inducible GAL1 promoter at semi-restrictive temperatures that 

normally allow growth of cdc48-3 cells but restrict Cdc48-3 function.  Under these 

conditions, I found that expression of both substrates significantly impaired cell 

viability in cdc48-3 cells at both 25˚C and 32˚C compared to parent cells (Figure 

2.14).  I also tested growth of parent and cdc48-3 cells expressing GFPNLS alone 

and did not observe any cellular toxicity (Figure 2.15).  Our findings indicate that 

the reduction or loss of Cdc48 function results in cell inviability when insoluble, 

inclusion-forming, misfolded nuclear proteins consequently accumulate in the 

cell. 

The observations thus far suggest that Cdc48 is likely interacting with 

aggregation-prone, misfolded proteins en route from San1 to the proteasome.  

To support this, I wanted to establish a direct interaction with Cdc48 and GFPNLS-

Tef2* or GFPNLS-Bgl2* using co-precipitation experiments.  Unfortunately, I found 

that the substrates are exceptionally aggregation-prone without the use of 

solubilizing detergents, which disrupt protein-protein interactions if included in the 

lysis and co-precipitation buffers.  This aggregation characteristic resulted in a 

large proportion of the substrates accumulating on the beads used for the co-

precipitation experiments, confounding my ability to determine if GFPNLS-Tef2* 

and GFPNLS-Bgl2* could co-precipitate with Cdc48.  Because I was unable to 

perform co-precipitation experiments due to this technical aggregation issue, I 

instead sought to explore if a fraction of Cdc48 colocalizes with GFPNLS-Tef2* 

and GFPNLS-Bgl2* in vivo.  Using fluorescence microscopy and an mCherry 
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tagged version of Cdc48, I found that Cdc48 was uniformly localized throughout 

the cell when GFPNLS was expressed (Figure 2.16).  By contrast, in ~20% of cells 

expressing GFPNLS-Tef2* or GFPNLS-Bgl2*, we observed Cdc48 forming 

inclusions that colocalized with the GFPNLS-Tef2* or GFPNLS-Bgl2* inclusions 

(representative examples in Figure 2.17).  These results indicate that at least in a 

subset of cells, Cdc48 is recruited to nuclear inclusions. 
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Figure 2.12: Loss of Cdc48 function results in increased inclusion 
formation.  Expression of GFPNLS-Tef2* and GFPNLS-Bgl2* was induced in 

parent and cdc48-3 cells by addition of galactose for 6 hours in log phase. Cells 

were shifted to 37˚C 1 hour prior to fixation. Cells were fixed in 4% 

paraformaldehyde, stained with DAPI, and examined by fluorescence 

microscopy. 
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Figure 2.13: GFPNLS localizes diffusely throughout parent and cdc48-3 
mutant cells.  Expression of GFPNLS was induced in parent and  

cdc48-3 cells by addition of galactose for 6 hours in log phase. Cells were shifted 

to 37˚C 1 hour prior to fixation.  Cells were fixed in 4% paraformaldehyde, 

stained with DAPI, and examined by fluorescence microscopy. 
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Figure 2.14: Reduction in Cdc48 function results in cell inviability upon 
expression of insoluble, misfolded nuclear proteins.  Parent or cdc48-3 cells 

expressing GFPNLS-Tef2* or GFPNLS-Bgl2* were spotted at 10-fold serial dilutions 

onto media containing glucose to measure spotting efficiency or galactose to 

induce expression at 25˚C and 32˚C. 
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Figure 2.15: Expression of GFPNLS is not toxic in parent or cdc48-3 cells.  
Parent or cdc48-3 cells expressing GFPNLS were spotted at 10-fold serial 

dilutions onto media containing glucose to measure spotting efficiency or 

galactose to induce expression at 25˚C and 32˚C. 
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Figure 2.16: Cdc48 is localized uniformly throughout the cell when GFPNLS 
is expressed.  Expression of GFPNLS was induced by addition of galactose for 6 

hours in log phase. Cells were fixed in 4% paraformaldehyde, stained with DAPI, 

and examined by fluorescence microscopy. 
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Figure 2.17: Cdc48 colocalizes with nuclear inclusions.  Expression of 

GFPNLS-Tef2* and GFPNLS-Bgl2* proteins was induced by addition of galactose 

for 6 hours in log phase. Cells were fixed in 4% paraformaldehyde, stained with 

DAPI, and examined by fluorescence microscopy. 
 



 38 

Cdc48 dependency can be changed by altering substrate solubility 

The model emerging from our observations thus far is that the requirement 

for Cdc48 in San1-mediated degradation correlates with the degree of misfolded 

substrate insolubility; the greater the substrate insolubility, the greater the need 

for Cdc48.  A key test of this model would be to create a means to increase or 

decrease the solubility of a San1 substrate without affecting its San1 

dependency, and then query how the changes in solubility alter the substrate’s 

dependency on Cdc48.  I predicted that as the solubility of a substrate is 

increased, its dependency on Cdc48 would decrease.  Conversely, as the 

solubility of a substrate is decreased, its dependency on Cdc48 would increase. 

We reasoned this test could be accomplished through the use of the 

GFPNLS and GAD reporter proteins that we already used in this study.  It has 

been previously shown that the folding of GFP is negatively affected by its fusion 

to proteins that fold poorly or misfold (Waldo et al., 1999).  Accordingly, fusion to 

GFP might be expected to increase the insolubility of a misfolded substrate.  On 

the other hand, transcriptional activation domains like the GAD are often 

intrinsically disordered when not bound to their protein targets (Dyson and 

Wright, 2005).  In this case, a misfolded fusion protein cannot alter the folding of 

the GAD because it already lacks structure due to its inherent disorder. 

Furthermore, intrinsically disordered proteins are exceptionally soluble because 

they lack sufficient hydrophobicity to form hydrophobic cores (Tompa, 2002), and 

their fusion to proteins improves solubility in bacterial expression systems 
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(Santner et al., 2012).  As a result, fusion of the GAD to a misfolded protein might 

be expected to increase the solubility of the GAD-misfolded protein fusion. 

To test the insolubility hypothesis further, I focused on GFPNLS-Tef2*, 

GFPNLS-Bgl2*, GAD-Cdc68-1, and GAD-Cdc13-1.  I switched the fusion proteins 

to create the new substrates GAD-Tef2*, GAD-Bgl2*, GFPNLS-Cdc68-1, and 

GFPNLS-Cdc13-1.  An important parameter of the swap strategy is whether the 

swaps altered San1-dependent degradation.  Deletion of SAN1 stabilized GAD-

Tef2*, GAD-Bgl2*, GFPNLS-Cdc68-1, and GFPNLS-Cdc13-1 (Figure 2.18) to the 

identical extent as GFPNLS-Tef2*, GFPNLS-Bgl2*, GAD-Cdc68-1, and GAD-

Cdc13-1 (Figure 2.1).  Thus, swapping the fusion reporter did not alter San1-

mediated degradation in any way.  

On the other hand, the fusion reporter swap did alter the Cdc48 

dependency for Tef2*, Bgl2*, and Cdc68-1 as anticipated based on solubility of 

the GAD and GFPNLS reporter proteins.  The degradation of GAD-Tef2* and 

GAD-Bgl2* was now less dependent on Cdc48 (Figure 2.18) than the 

degradation of GFPNLS-Tef2* and GFPNLS-Bgl2* (Figure 2.1).  By contrast, the 

degradation of GFPNLS-Cdc68-1 was now more dependent on Cdc48 (Figure 

2.18) than the degradation of GAD-Cdc68-1 (Figure 2.1).  The degradation of 

GFPNLS-Cdc13-1 remained independent of Cdc48 (Figure 2.18), as was the 

degradation of GAD-Cdc13-1 (Figure 2.1). This is a key result because it means 

that GFPNLS itself does not dictate Cdc48 dependency. 

If the hypothesis that Cdc48 dependency correlates with substrate 

insolubility is correct, then we expected appropriate changes in the solubility of 
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GAD-Tef2*, GAD-Bgl2*, and GFPNLS-Cdc68-1 that match their altered Cdc48 

dependency.  Consistent with their reduced dependency on Cdc48, GAD-Tef2* 

and GAD-Bgl2* were much more soluble (Figure 2.19) than GFPNLS-Tef2* and 

GFPNLS-Bgl2* (Figure 2.6).  Consistent with an increased dependency on Cdc48, 

GFPNLS-Cdc68-1 was more insoluble (Figure 2.19) than GAD-Cdc68-1 (Figure 

2.6).  The solubility of GFPNLS-Cdc13-1 remained unchanged (Figure 2.19) from 

GAD-Cdc13-1 (Figure 2.6), mirroring its Cdc48 independence.  Taken together, 

the fusion reporter swap data provide important evidence supporting the 

hypothesis that the requirement for Cdc48 in the degradation of misfolded 

nuclear substrates correlates with substrate insolubility. 
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Figure 2.18: Fusion reporter swap alters Cdc48 dependency.  
Cycloheximide-chase degradation assays were performed on parent, san1∆, 

cdc48-3, and san1∆cdc48-3 cells to assess the stability of GAD-Tef2*, GAD-

Bgl2*, GFPNLS-Cdc68-1, and GFPNLS-Cdc13-1. For the GFPNLS-substrates 

expressed from the GAL1 promoter, expression was induced by addition of 

galactose for 2 hours prior to cycloheximide addition. For the GAD-substrates, 

expression from the ADH1 promoter was constitutive. Cell cultures were shifted 

from 25˚C to 37˚C after cycloheximide addition to inactivate cdc48-3. Time after 

cycloheximide addition is indicated above each lane.  Anti-GFP or anti-GAD 

antibodies were used to detect each substrate. 
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Figure 2.19: Fusion reporter swap alters substrate solubility.  Sedimentation 

assays were performed to determine how GAD-Tef2*, GAD-Bgl2*, GFPNLS-

Cdc68-1, and GFPNLS-Cdc13-1partition between the insoluble pellet fraction (I) 

and the soluble supernatant fraction (S) (right panels).  Total lysate (T) indicates 

the total amount of GFPNLS-Tef2*, GFPNLS-Bgl2*, GFPNLS-Peptide 6, GFPNLS-

Peptide I, GAD-Cdc86-1, and GAD-Cdc13-1 in cell lysates. Anti-GFP or anti-GAD 

antibodies were used to detect each substrate.  Numbers below each blot 

indicate the percentage of substrate in each fraction.  Relative levels of the 

insoluble and soluble fractions were determined using ImageJ.  



 43 

Cdc48 function in the San1 pathway 

We predicted that San1 substrates would all follow the same linear 

pathway to the proteasome.  Contrary to our prediction, we discovered that this 

wasn’t the case and some San1 substrates take different Cdc48-dependent and -

independent routes correlated with their degree of solubility (Figure 2.20).  We 

found only one other example where substrates for the same E3 show differential 

involvement of Cdc48 for their degradation, the yeast ER E3 Doa10 (Ravid et al., 

2006).  In the Doa10 degradation pathway, Cdc48 facilitates turnover of ER 

membrane substrates but is not required for degradation of cytoplasmic Doa10 

substrates (Ravid et al., 2006).  Perhaps insoluble San1 substrates require 

similar extraction from an aggregate as do Doa10 substrates from the ER 

membrane, thus their dependence on Cdc48.  Alternatively, Cdc48 could be 

using a chaperone activity to maintain protein solubility for San1 substrates 

thereby preventing aggregation prior to proteasome delivery.  Cdc48/p97 has 

been shown to prevent the aggregation of denaturated luciferase in vitro and in 

vivo (Song et al., 2007).  Furthermore, Cdc48/p97 has been demonstrated to re-

solubilize heat denatured luciferase from insoluble aggregates as well as 

facilitate the clearance of pre-formed polyglutamine inclusions (Kobayashi et al., 

2007).  Based on these observations, both scenarios for Cdc48 in San1-

mediated nuclear PQC degradation could be operative.  Because the 

proteasome has difficulty degrading aggregated proteins (Holmberg et al., 2004; 

Snyder et al., 2003; Verhoef et al., 2002), maintenance of protein solubility 
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upstream of the proteasome but downstream of the E3 would be a crucial 

function for Cdc48 in a PQC degradation pathway. 

We found that the insolubility of San1 substrates GFPNLS-Tef2* and 

GFPNLS-Bgl2* was increased in cdc48-3 cells compared to parent cells at the 

restrictive temperature of 37˚C, supporting the hypothesis that Cdc48 helps 

maintain the solubility of these San1 substrates.  However, the intrinsic 

insolubility of GFPNLS-Tef2* and GFPNLS-Bgl2* decreased in parent cells at 37˚C 

compared with 30˚C, which we ascribed to an upegulation of heat shock proteins 

and chaperones that occurs at this temperature (Gasch et al., 2000; Lindquist 

and Kim, 1996).  This explanation at first appears counterintuitive when thinking 

about Cdc48 and a role in maintaining misfolded protein solubility.  Why would 

Cdc48 be required to maintain misfolded protein solubility if heat shock proteins 

and chaperones have been upregulated and are acting to increase misfolded 

protein solubility themselves?  To explain this, we think it is important to consider 

where in the San1 pathway chaperones and Cdc48 act on the substrate.  It has 

been found that the Hsp70 chaperones Ssa1/Ssa2, the Hsp110 chaperone Sse1, 

and the Hsp40 chaperone Ydj1 facilitate the degradation of some San1 

substrates by acting upstream of San1 ubiquitination (Guerriero et al., 2013; 

Heck et al., 2010; Prasad et al., 2010, 2012).  Here, I show that Cdc48 facilitates 

the degradation of some San1 substrates by acting downstream of San1 

ubiquitination.  It is therefore probable that chaperones and Cdc48 act on 

different pools of a San1 substrate: not yet ubiquitinated versus ubiquitinated. 

Because the sedimentation assay cannot distinguish between these pools (due 
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to the unconstrained activities of deubiquitinating enzymes after cell lysis), the 

amount of the protein in the insoluble pellet will be a function of total chaperone 

activity upstream of San1 and total Cdc48 activity downstream of San1.  Whether 

Ssa1/Ssa2 or other chaperones also collaborate with Cdc48 to maintain 

substrate solubility after San1 ubiquitination is not known. 

In examining the ubiquitination of San1 substrates that require Cdc48, we 

observed the accumulation of high-molecular weight ubiquitinated conjugates in 

cdc48-3 mutant cells.  By contrast, while I found increased levels of ubiquitinated 

substrate in parent cells after inhibition of the proteasome, we did not observe a 

shift in the molecular weight of ubiquitinated conjugates.  One explanation for the 

accumulation of high-molecular weight ubiquitinated conjugates in cdc48-3 cells 

could be due to unconstrained ubiquitin chain extension and/or branching.  It has 

been shown that Cdc48 prevents the formation of excessive multiubiquitin chains 

in vitro (Richly et al., 2005), supporting this possibility.  Another explanation for 

the presence of high-molecular weight conjugates is that when insoluble 

substrates are allowed to accumulate in the absence of Cdc48, they aggregate.  

We did observe increased substrate insolubility and inclusion formation in cdc48-

3 cells.  However, in the assay assessing substrate ubiquitination, I lysed cells 

under heavy denaturing conditions and these conditions should have solubilized 

aggregates.  Thus, we favor the model that the higher molecular weight ubiquitin 

conjugates in the ubiquitination assays are a function of unconstrained ubiquitin 

chain extension and/or branching rather than aggregated forms of the substrate. 
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Implications for aggregation disorders 

Over thirty-five age-dependent neurodegenerative disorders in humans 

are characterized by the aggregation of misfolded proteins in neurons (Wang et 

al., 2008).  Human p97 has been reported to colocalize with ubiquitinated 

aggregates in neurons taken from patients affected by neurodegenerative 

disorders including Alzheimer’s, Parkinson’s, Huntington’s, and ALS (Hirabayashi 

et al., 2001; Ishigaki et al., 2004; Mizuno et al., 2003).  Additionally, missense 

mutations in human p97 underlie the etiology of IBMPFD (Watts et al., 2004), 

and may also be causative in some cases of ALS (Johnson et al., 2010).  Loss of 

p97 function in IBMPFD leads to the accumulation of ubiquitinated protein 

aggregates in affected cells (Hubbers et al., 2007; Janiesch et al., 2007; Ju et al., 

2008; Weihl et al., 2006; Weihl et al., 2007).  I identified Cdc48/p97 as a critical 

factor for the proteolysis of insoluble misfolded substrates in the nucleus.  

Furthermore, I revealed that the loss of Cdc48/p97 function led to increased 

misfolded protein insolubility, in vivo inclusion formation, and cell inviability when 

misfolded, insoluble, nuclear proteins were expressed.  Cdc48 also localized to 

cellular inclusions.  Further work will be required to determine if possible failures 

of Cdc48/p97 to clear insoluble misfolded proteins significantly contribute to the 

age-dependent pathology of neurodegenerative disorders associated with 

nuclear protein aggregation. 
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Figure 2.20: Model for Cdc48 function in nuclear PQC degradation.  Cdc48 

functions upstream of the proteasome to maintain ubiquitinated substrate 

solubility. 
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CHAPTER III:  CDC48 ADAPTORS INVOLVED IN NUCLEAR PQC 

DEGRADATION 

 

Npl4-Ufd1 heterodimer 

 Cdc48 has a flexible N-terminal domain that allows for interaction with a 

wide variety of cellular cofactors (Yeung et al., 2008).  Recruitment of diverse 

adaptors is thought to confer functional versatility of the AAA-ATPase.  Of these, 

the Npl4-Ufd1 heterodimer cofactor has been implicated in a majority of Cdc48-

dependent cellular processes including ER degradation (Ye et al., 2001), and 

several chromatin-associated degradative events (Franz et al., 2011; Meerang et 

al., 2011; Verma et al., 2011; Wilcox and Laney, 2009).  One Npl4-Ufd1 

heterodimer interacts with one Cdc48 hexamer to form a functional complex, and 

Npl4-Ufd1 facilitates substrate recruitment to Cdc48 via intrinsic ubiquitin binding.  

Loss of function mutations in either Npl4 or Ufd1 significantly impairs Cdc48-

dependent processes, underscoring their individual value within the complex 

(Wolf and Stolz, 2012). 

 

Npl4 is required for Cdc48-dependent, San1-mediated degradation 

I evaluated if Npl4 and Ufd1 were involved in the degradation of San1 

substrates that showed either complete or partial dependency on Cdc48 (Figure 

2.1).  For GFPNLS-Tef2* and GFPNLS-Bgl2*, whose degradation showed complete 

dependence on Cdc48, I found their degradation also showed a partial 

dependence on Npl4 as indicated by the stabilization of these substrates in npl4-
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1 mutant cells compared with parent cells (Figure 3.1).  For the substrates 

GFPNLS-Peptide 6 and GFPNLS-Peptide I, whose degradation showed partial 

dependence on Cdc48, I found their degradation also showed a partial 

dependence on Npl4 as indicated by their modest stabilization in npl4-1 mutant 

cells (Figure 3.1).  Unexpectedly, I found that degradation of San1 substrates 

tested demonstrated weak dependency on Ufd1 as was indicated by slight 

stability in ufd1-1 mutant cells (Figure 3.2).  

 

Vms1 is not involved in nuclear PQC 

It has been recently demonstrated that Vms1 also forms a heterodimer 

with Npl4 and associates with Cdc48 to mediate the degradation of mitochondrial 

proteins in response to oxidative stress (Heo et al., 2010), and regulate the 

proteolysis of Cdc13 (Baek et al., 2012).  Therefore, I examined the potential 

involvement of Vms1 in the degradation of San1 substrates.  In no case did we 

observe stabilization of San1 substrates in vms1∆ cells, indicating that Vms1 is 

not involved in the degradation of Cdc48-dependent, San1 substrates (Figure 

3.3).  Perhaps Npl4 has another, as yet unidentified cofactor that functions in 

Cdc48-dependent, San1-mediated nuclear PQC degradation. 
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Figure 3.1: Npl4 is involved in Cdc48-dependent San1-mediated 
degradation.  Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, and npl4-1 cells.  San1 substrate expression 

was induced by addition of galactose for 2 hours prior to cycloheximide addition. 

Cell cultures were shifted from 25˚C to 37˚C after cycloheximide addition to 

inactivate npl4-1. Time after cycloheximide addition is indicated above each lane. 

Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.2: Ufd1 is modestly involved in Cdc48-dependent San1-mediated 
degradation.  Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, and ufd1-1 cells.  San1 substrate expression 

was induced by addition of galactose for 2 hours prior to cycloheximide addition. 

Cell cultures were shifted from 25˚C to 37˚C after cycloheximide addition to 

inactivate ufd1-1. Time after cycloheximide addition is indicated above each lane. 

Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.3: Vms1 is not involved in Cdc48-dependent San1-mediated 
degradation.  Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, and vms1∆ cells.  San1 substrate expression 

was induced by addition of galactose for 2 hours prior to cycloheximide addition.  

Time after cycloheximide addition is indicated above each lane. Anti-GFP 

antibodies were used to detect each substrate.
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UBX domain proteins 

 Members of the largest family of known Cdc48 cofactors each contain a 

ubiquitin regulatory X (UBX) domain (Schuberth and Buchberger, 2008). There 

are seven UBX domain proteins in yeast that have all been shown to directly 

interact with Cdc48.  In addition to having a UBX domain, Ubx1, Ubx2, and Ubx5 

each contain a UBA domain and can bind ubiquitinated proteins in vivo 

(Schuberth et al., 2004).   

Ubx2 has been the best characterized of the UBX proteins for its function 

in coordinating degradation of misfolded ER proteins.  Ubx2 is an integral ER 

membrane protein and has been found to assist Cdc48 in ER-associated 

degradation (ERAD).  Ubx2 recruits Cdc48 to the ER membrane and mediates 

the interaction between the Cdc48 complex and the ER membrane E3s, Hrd1 

and Doa10 (Alberts et al., 2009; Neuber et al., 2005; Schuberth and Buchberger, 

2005).  It has also been shown that Ubx4 is crucial for efficient ERAD, yet is not 

found in a complex with Ubx2 (Alberts et al., 2009).  This suggests that individual 

UBX proteins are recruited to Cdc48 at distinct steps to regulate Cdc48 activity in 

the same pathway.  Furthermore, Ubx1, Ubx4, and Ubx5 have been shown to 

modulate Cdc48-dependent degradation of the largest subunit of RNA 

polymerase II (Verma et al., 2011).  Although a number of roles of many UBX 

proteins have been documented, the complete breadth of UBX protein functions 

in the cell remains to be elucidated. 
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Ubx1, Ubx4, and Ubx5 facilitate Cdc48-dependent, San1-mediated 

degradation 

Of the seven UBX domain proteins in yeast, GFP-tagged Ubx1, Ubx4, and 

Ubx5 localize predominantly to the nucleus (http://yeastgfp.yeastgenome.org/).  I 

therefore focused my analyses on these particular UBX proteins to determine if 

any function in Cdc48-dependent, San1-mediated degradation.  I found that 

Ubx1, Ubx4, and Ubx5 were each required for the degradation of GFPNLS-Tef2* 

and GFPNLS-Bgl2*, with each substrate stabilized in mutant ubx1∆, ubx4∆, and 

ubx5∆ cells nearly to the same extent as in san1∆ cells (Figure 3.4, 3.5, 3.6).  I 

found that the degradation of GFPNLS-Peptide 6 and GFPNLS-Peptide I was 

partially stabilized in ubx1∆, ubx4∆, and ubx5∆ strains (Figure 3.4, 3.5, 3.6).  I did 

not observe additional stabilization of any substrates in san1∆ubx1∆, 

san1∆ubx4∆, or san1∆ubx5 strains, indicating that Ubx1, Ubx4, and Ubx5 are 

functioning in the San1 degradation pathway.  

I also evaluated whether the other known UBX proteins participated in 

Cdc48-dependent, San1 mediated nuclear PQC.  I did not observe stabilization 

of any San1 substrates in ubx2∆, ubx3∆, ubx6∆, or ubx7∆ cells (Figure 3.7). 
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Figure 3.4: Ubx1 is involved in Cdc48-dependent San1-mediated 
degradation.   Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, ubx1∆, and san1∆ubx1∆ cells.  San1 

substrate expression was induced by addition of galactose for 2 hours prior to 

cycloheximide addition. Time after cycloheximide addition is indicated above 

each lane. Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.5: Ubx4 is involved in Cdc48-dependent San1-mediated 
degradation.   Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, ubx4∆, and san1∆ubx4∆ cells.  San1 

substrate expression was induced by addition of galactose for 2 hours prior to 

cycloheximide addition. Time after cycloheximide addition is indicated above 

each lane. Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.6: Ubx5 is involved in Cdc48-dependent San1-mediated 
degradation.   Cycloheximide-chase degradation assays were performed to 

assess the stability of GFPNLS-Tef2*, and GFPNLS-Bgl2*, GFPNLS-Peptide 6, and 

GFPNLS-Peptide I in parent, san1∆, ubx5∆, and san1∆ubx5∆ cells.  San1 

substrate expression was induced by addition of galactose for 2 hours prior to 

cycloheximide addition. Time after cycloheximide addition is indicated above 

each lane. Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.7: Ubx2, Ubx3, Ubx6 and Ubx7 are not involved in Cdc48-
dependent San1-mediated degradation.   Cycloheximide-chase degradation 

assays were performed to assess the stability of GFPNLS-Tef2*, and GFPNLS-

Bgl2* in parent, san1∆, ubx2∆, san1∆ubx2∆, ubx3∆, san1∆ubx3∆, ubx6∆, 

san1∆ubx6∆, ubx7∆, and san1∆ubx7∆ cells.  San1 substrate expression was 

induced by addition of galactose for 2 hours prior to cycloheximide addition. Time 

after cycloheximide addition is indicated above each lane.  Anti-GFP antibodies 

were used to detect each substrate. 
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Ubx1, Ubx4, and Ubx5 operate in the same pathway 

Because the data indicated that multiple UBX proteins were important in 

facilitating Cdc48-dependent, San1-mediated nuclear PQC degradation, I wanted 

to ascertain if the UBX proteins were functioning sequentially or in parallel 

pathways.  I found that deletion of both UBX1 and UBX4 resulted in synthetic 

lethality (Figure 3.8), which prevented me from querying the double mutant.  The 

double ubx1∆ubx5∆ and double ubx4∆ubx5∆ mutant cells were viable and we did 

not observe significant enhancement in the stabilization of GFPNLS-Tef2* or 

GFPNLS-Bgl2* compared to the single deletion mutants (Figure 3.9, 3.10).  Thus, 

we think it is likely that Ubx1, Ubx4, and Ubx5 are operating in the same pathway 

to facilitate degradation of San1 substrates. 
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Figure 3.8: Deletion of UBX1 and UBX4 is synthetically lethal.  Tetrads were 

dissected to show synthetic lethality upon double UBX1 and UBX4 deletions. 

Growth of spores from individual tetrads on rich media is shown on vertical strips. 

The genotype for each spore is indicated underneath each tetrad. 
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Figure 3.9: Ubx1 and Ubx5 operate in the same pathway.  Cycloheximide-

chase degradation assays were performed to assess the stability of GFPNLS-

Tef2* and GFPNLS-Bgl2* in parent, san1∆, ubx1∆, ubx5∆, and ubx1∆ubx5∆ cells. 

San1 substrate expression was induced by addition of galactose for 2 hours prior 

to cycloheximide addition. Time after cycloheximide addition is indicated above 

each lane. Anti-GFP antibodies were used to detect each substrate. 
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Figure 3.10: Ubx4 and Ubx5 operate in the same pathway.  Cycloheximide-

chase degradation assays were performed to assess the stability of GFPNLS-

Tef2* and GFPNLS-Bgl2* in parent, san1∆, ubx4∆, ubx5∆, and ubx4∆ubx5∆ cells. 

San1 substrate expression was induced by addition of galactose for 2 hours prior 

to cycloheximide addition. Time after cycloheximide addition is indicated above 

each lane. Anti-GFP antibodies were used to detect each substrate. 
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Ubx4 and Ubx5 function in a post-ubiquitination step 

Since I found enhanced ubiquitination of substrates in the absence of 

Cdc48 function (Figure 2.4), I wanted to see if GFPNLS-Tef2* ubiquitination was 

similarly increased in ubx4∆ or ubx5∆ cells.   Ubx4 and Ubx5 are cofactors for 

Cdc48 that are required for GFPNLS-Tef2* degradation (Figure 3.5, 3.6).  In both 

ubx4∆ and ubx5∆ cells, we observed a modest increase in GFPNLS-Tef2* 

ubiquitination, though the increase was not as pronounced as seen in cdc48-3 

cells (Figure 3.11).  We also saw an overall increase in the size of the higher 

molecular weight ubiquitinated GFPNLS-Tef2* conjugates in both ubx4∆ and 

ubx5∆ cells, but the increase was less than that observed in cdc48-3 cells 

(Figure 3.11).  These data indicate that Cdc48 and its cofactors act downstream 

of San1 in a post-ubiquitination step. 
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Figure 3.11: Ubx4 and Ubx5 function in a post-ubiquitination step.  
Ubiquitination assays were performed to examine levels of ubiquitinated GFPNLS-

Tef2* in parent, ubx4∆, and ubx5∆ cells expressing 3HA-ubiquitin.  GFP-Tef2* 

expression was induced by addition of galactose for 2 hours in log phase. Cells 

were shifted to 37ºC 1 hour prior to lysis. GFPNLS-Tef2* or GFPNLS alone was 

immunoprecipitated from cell lysates. Blots of the immunoprecipitates were 

probed with anti-HA antibodies to detect ubiquitin (top panel) or anti-GFP 

antibodies to assess GFPNLS-Tef2* or GFPNLS levels (bottom panel). 
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Multiple UBX proteins function in the San1 pathway 

I found that Ubx1, Ubx4, and Ubx5 are all involved in the degradation of 

Cdc48-dependent, insoluble San1 substrates (Figures 3.4, 3.5, 3.6).  The same 

three UBX proteins were also found to coordinate Cdc48-dependent degradation 

of Rpb1, the largest subunit of RNA polymerase II, to execute the DNA damage 

response following UV irradiation (Verma et al., 2011).  From these studies it was 

suggested that Ubx4 and Ubx5 function in parallel pathways, and our data 

exploring the relationship between Ubx4 and Ubx5 in San1-mediated 

degradation suggest that they might be functioning sequentially.  I also provide 

evidence that Ubx1 and Ubx5 may be functioning in the same degradation 

pathway.  In terms of San1-mediated nuclear PQC degradation, it could be that 

each UBX protein has distinct and separate functions in helping Cdc48 maintain 

protein solubility or disaggregation, similar to how the AAA-ATPase chaperone 

Hsp104 uses Hsp26, Hsp42, and Hsp70 for disassembly of protein aggregates 

(Cashikar et al., 2005; Duennwald et al., 2012; Glover and Lindquist, 1998; 

Haslbeck et al., 2005; Walter et al., 2011).  Exactly how each UBX protein is 

functioning mechanistically to facilitate nuclear PQC degradation will be an 

important topic to explore in future studies. 
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CHAPTER IV: CHAPERONE ROLE AND SUBSTRATE SOLUBILITY IN SAN1-

MEDIATED DEGRADATION 

 

Introduction 

 So far, I have discussed the components that function downstream of 

San1 ubiquitination, identifying the AAA-ATPase Cdc48 and the adaptors Npl4, 

Ubx1, Ubx4, and Ubx5 as important players in nuclear PQC degradation.  

However, in many ubiquitin-mediated degradation pathways, protein chaperones 

are known to perform a key role prior to or concurrently with the action of E3s.  In 

this chapter, I will highlight our recent findings on chaperone involvement in the 

San1 pathway for the destruction of misfolded proteins in the nucleus. 

One of the outstanding questions in the PQC field is how repair and 

degradation systems collectively facilitate optimal protein homeostasis.  In many 

cellular compartments, it has been demonstrated that specific chaperones are 

essential for the degradation of misfolded proteins.  For example, the E3 CHIP 

cooperates with Hsp70 chaperones to coordinate destruction of Hsp70-bound 

client proteins for ERAD in mammals (Ballinger et al., 1999; Jiang et al., 2001; 

Murata et al., 2001).  In yeast, the ER-membrane ligase Hrd1 partners with 

Hsp70 chaperone Kar2/BiP to target misfolded proteins in the ER lumen for 

ubiquitination and subsequent proteasome-dependent destruction (Brodsky et 

al., 1999; Denic et al., 2006; Huyer et al., 2004; Nishikawa et al., 2001; Taxis et 

al., 2003).  An additional ER-membrane E3, Doa10, requires cytosolic Hsp70 and 

Hsp40 chaperones for the proteolysis of cytoplasmic ERAD substrates (Huyer et 
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al., 2004; Metzger et al., 2008; Nakatsukasa et al., 2008).  Ubr1, a E3 that 

localizes to the cytoplasm and nucleus, also partners with Hsp40 and Hsp70 

chaperones to mediate cytosolic quality control degradation (Eisele and Wolf, 

2008; Heck et al., 2010; Nillegoda et al., 2010; Park et al., 2007).  Taken 

together, chaperones are very intimately involved in ubiquitin-mediated 

proteolysis.  

Although protein chaperones have been implicated in the degradation of 

misfolded substrates in the ER and cytoplasm, their mechanistic action in these 

pathways is not known.  One hypothesis is that chaperones could be directly 

involved in PQC degradation by mediating interactions between the ligase and 

substrate.  Alternatively, chaperones might be required to maintain substrate 

solubility to allow for recognition of substrates by E3s.  Furthermore, they could 

be performing additional yet-to-be discovered roles in ubiquitin-mediated 

degradation. 

We were interested in exploring the potential involvement of chaperones 

in the San1 pathway for nuclear PQC degradation.  Our previous studies 

indicated that San1 is capable of directly ubiquitinating misfolded proteins in vitro, 

suggesting that it does not require the aid of molecular chaperones for substrate 

recognition (Rosenbaum et al., 2011).  However, two recent papers proposed the 

contrary from in vivo studies.  It was demonstrated that San1 requires Hsp70 

chaperones (Ssa1/Ssa2) and an Hsp110 chaperone (Sse1) for misfolded 

substrates that need to be transported from the cytoplasm into the nucleus (Heck 

et al., 2010; Prasad et al., 2010).  We therefore wanted to determine if there are 
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universal in vivo requirements for Ssa1/Ssa2 and additional nuclear chaperones 

in the San1 degradation pathway. 

 

Requirement for Hsp70 chaperones Ssa1/Ssa2 in San1-mediated 

degradation correlates with substrate insolubility 

 Previous studies have shown that Ssa1/Ssa2 are required for the 

degradation of ∆ssCPY* and ∆2GFP which are targeted by San1 for 

ubiquitination in the nucleus (Heck et al., 2010; Prasad et al., 2010).  Intriguingly, 

these substrates appeared in the nucleus despite not containing canonical 

nuclear localization signals (NLS).  In order to determine whether Ssa1/Ssa1 are 

universally required for San1-mediated degradation, Eric Fredrickson selected 

representative examples from distinct classes of San1 substrates, including 

missense point mutants (Gardner et al., 2005) and truncated proteins 

(Rosenbaum et al., 2011), and tested for dependency on Ssa1/Ssa2 for their 

degradation.   Furthermore, he compared Ssa1/Ssa2 involvement in the 

degradation of these substrates to a known Ssa1/Ssa2 substrate, ∆2GFP 

(Prasad et al., 2010). 

Eric discovered that there are differential requirements for Ssa1/Ssa2 in 

the San1 degradation pathway.  In ssa1∆ssa2∆ cells, we observed that the San1 

substrate ∆2GFP was significantly stabilized, as previously reported (Prasad et 

al., 2010).  When he examined the degradation of GAD-Ura4*, he also found 

significant stabilization of this +NLS substrate in ssa1∆ssa2∆ cells (Figure 4.1).  

However, the +NLS proteins GAD-Cdc68-1 and GAD-Cdc13-1, were not 
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stabilized to any observable extent in ssa1∆ssa2∆ cells (Figure 4.1).  Taken 

together, our data indicated that the requirement for Hsp70 chaperones 

Ssa1/Ssa2 is not universal and depends upon the substrate. 

 

Differential solubility of substrates correlates with Ssa1/Ssa2 dependency 

 We next aimed to elucidate what characteristic of the substrates might 

require the chaperone function of Ssa1/Ssa2.  Our previous data revealed that 

San1 can ubiquitinate denatured luciferase in vitro, however was incapable of 

ubiquitinating higher molecular forms of denatured luciferase that were most 

likely aggregates (Rosenbaum et al., 2011).  Since we determined that exposed 

hydrophobicity is the key feature that San1 recognizes in its misfolded substrates 

(Fredrickson et al., 2011), burial of hydrophobic regions within an aggregate 

would render substrates inaccessible to San1.  Because a major function of 

molecular chaperones is to maintain protein solubility, we predicted Ssa1/Ssa2 

could be selectively targeting insoluble, aggregation-prone misfolded proteins to 

facilitate San1-mediated degradation. 

 We tested our hypothesis by exploring how each San1 substrate 

partitioned between soluble supernatant and insoluble pellet fractions in parent 

and ssa1∆ssa2∆ cells.  Eric found that substrates that required Ssa1/Ssa2 to be 

degraded, ∆2GFP and GAD-Ura4*, had significant portions of their cellular pool 

partitioning to the insoluble fraction in parent cells.  Moreover, even greater levels 

of Ssa1/Ssa2-dependent substrates partitioned to the insoluble pool in 

ssa1∆ssa2∆ cells.  By contrast, substrates that showed no dependency on 
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Ssa1/Ssa2 for their degradation, GAD-Cdc68-1 and GAD-Cdc13-1, had very little 

partitioning into the insoluble fraction in either parent or ssa1∆ssa2∆ cells (Figure 

4.2).  Therefore, we were able to conclude that the requirement for Ssa1/Ssa2 in 

San1-mediated degradation directly correlated with substrate insolubility. 
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Figure 4.1: The Hsp70 chaperones Ssa1 and Ssa2 are not universally 
required for San1-mediated degradation.  Cycloheximide-chase degradation 

assays were performed to assess the stability of ∆2GFP, GAD-Ura4*, GAD-

Cdc68-1, and GAD-Cdc13-1 in parent cells, ssa1∆ssa2∆ cells, and san1∆ cells. 

Time after cycloheximide addition is indicated above the blots.  Anti-HA (∆2GFP) 

or anti-GAD antibodies (GAD-Ura4*, GAD-Cdc68-1, and GAD-Cdc13-1) were 

used to detect each appropriate substrate. 
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Figure 4.2: Differential solubility of substrates correlates with Ssa1/Ssa2 
dependency.  Solubility assays were performed to determine how ∆2GFP, GAD-

Ura4*, GAD-Cdc68-1, and GAD-Cdc13-1 partition between the insoluble pellet 

fraction (I) and the soluble supernatant fraction (S).  Total lysate (T) indicates the 

total amount of ∆2GFP, GAD-Ura4*, GAD-Cdc68-1, or GAD-Cdc13-1 in cell 

lysates.  Anti-HA or anti-GAD antibodies were used to detect each appropriate 

substrate.  Numbers below each blot indicate the percentage of substrate in each 

fraction.  Relative levels of the insoluble and soluble fractions were determined 

using ImageJ. 
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Small heat shock proteins 

 In addition to Hsp70 proteins, we also explored the potential involvement 

of other classes of molecular chaperones in San1-mediated degradation.  

Intriguingly, we previously revealed that numerous heat shock proteins are up-

regulated in the absence of San1 by comparing transcript microarray profiles of 

parent and san1∆ cells (Gardner et al., 2005).  One of the most highly up-

regulated genes was HSP26, which encodes a small heat shock protein known 

to suppress aggregation of cytosolic proteins (Haslbeck et al., 2004).  Hsp26 

accumulates in the nucleus during heat shock (Rossi and Lindquist, 1989), 

however, its nuclear functions remain poorly understood.  An additional small 

heat shock protein whose expression was significantly increased in the absence 

of San1 was HSP42 (Gardner et al., 2005).  Hsp42 has been found to share 

approximately 90% substrate overlap with Hsp26 (Haslbeck et al., 2004).  Thus, 

we were interested in determining if either Hsp26 or Hsp42 played a role in the 

destruction of misfolded nuclear proteins. 

 Eric first examined the degradation of San1 substrates that showed 

significant Ssa1/Ssa2 dependency in hsp26∆ and hsp42∆ cells.  None of the 

substrates he tested displayed any dependency on either Hsp26 or Hsp42, as 

indicated by the lack of stabilization in hsp26∆ and hsp42∆ cells. (Figure 4.3, 

4.4).  I also explored the potential involvement of Hsp26 and Hsp42 in the 

degradation of additional San1 substrates, including known Hsp70 substrates, 

∆ssCPY* (Heck et al., 2010) and VHL (McClellan et al., 2005).  VHL was 

degraded independently of Hsp26 and Hsp42 (Figure 4.5).  Interestingly, 
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∆ssCPY* was stabilized in hsp26∆ cells nearly to the same extent as in san1∆ 

cells (Figure 4.5).  I also examined the stability of ∆ssCPY* in san1∆hsp26∆ 

cells, however I did not observe enhanced stability in the double mutant 

compared to the single deletion mutants. This suggests that San1 and Hsp26 

may be operating in the same cellular pathway (Figure 4.6).  Since ∆ssCPY* 

lacks an NLS yet is degraded by San1 in the nucleus, we were interested in 

determining whether Hsp26 was involved in facilitating nuclear import of 

substrates that originate in the cytosol.  To test our hypothesis, I assessed the 

requirement for Hsp26 in the degradation of truncated proteins that lack an NLS, 

yet are targeted by San1 for destruction in the nucleus.  In no case did I find 

Hsp26 involvement in the degradation of any additional substrates tested (Figure 

4.7). 
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Figure 4.3: Hsp26 is not universally required for San1-mediated 
degradation.  Cycloheximide-chase degradation assays were performed to 

assess the stability of ∆2GFP, GAD-Ura4*, and GAD-Cdc68-1 in parent, hsp26∆, 

san1∆ cells.  Time after cycloheximide addition is indicated above the blots.  Anti-

HA or anti-GAD antibodies were used to detect each appropriate substrate. 
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Figure 4.4: Hsp42 is not required for San1-mediated degradation. 
Cycloheximide-chase degradation assays were performed to assess the stability 

of ∆2GFP, GAD-Ura4*, and GAD-Cdc68-1 in parent, hsp42∆, san1∆ cells.  Time 

after cycloheximide addition is indicated above the blots.  Anti-HA or anti-GAD 

antibodies were used to detect each appropriate substrate. 
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Figure 4.5: Hsp26 is involved in the degradation of ∆ssCPY*. Cycloheximide-

chase degradation assays were performed to assess the stability of ∆ssCPY*-

GFP and GFP-VHL in parent, san1∆, hsp26∆, and hsp42∆ cells.  Time after 

cycloheximide addition is indicated above the blots.  Anti-GFP antibodies were 

used to detect each substrate. 
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Figure 4.6: San1 and Hsp26 operate in the same pathway for ∆ssCPY* 
degradation.  Cycloheximide-chase degradation assays were performed to 

assess the stability of ∆ssCPY*-GFP in parent, san1∆, hsp26∆, and 

san1∆hsp26∆ cells.  Time after cycloheximide addition is indicated above the 

blots.  Anti-GFP antibodies were used to detect substrate. 
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Figure 4.7: Hsp26 is not involved in the degradation of additional –NLS 
San1 substrates. Cycloheximide-chase degradation assays were performed to 

assess the stability of GFP-Tos1* and GFP-Tef2* in parent, san1∆, hsp26∆, and 

san1∆hsp26∆ cells.  Time after cycloheximide addition is indicated above the 

blots.  Anti-GFP antibodies were used to detect substrate. 
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San1 recognition of hydrophobicity correlates with substrate insolubility 

Our data suggests substrate insolubility is a critical factor for Cdc48 and 

chaperone recruitment in San1-mediated degradation.  In terms of San1 

recognition of substrates, we previously revealed exposed hydrophobicity as the 

key feature that determines San1 dependency.  To clearly delineate this 

principle, we showed that San1 recognizes short hydrophobic peptides as 

degrons when fused to reporter proteins (Fredrickson et al., 2011).  Using these 

peptides, we next wanted to explore the biochemical parameters of the exposed 

hydrophobicity that leads to their San1 recognition.  We previously determined 

that a minimum of five contiguous hydrophobic residues in the peptide is required 

for San1-mediated degradation (Fredrickson et al., 2011).  We wanted to further 

elucidate the biochemical nature of this window of hydrophobicity. 

Eric examined in vivo solubility of GFPNLS-peptide fusions containing 3, 4, 

5, 6, or 7 contiguous hydrophobic residues.  He found that the threshold for 

San1-mediated degradation, ≥5 contiguous hydrophobic residues, correlated with 

the GFPNLS-peptide fusions partitioning to the insoluble fraction.  The GFPNLS-

peptide fusions containing ≤4 continuous hydrophobic residues, however, were 

predominantly soluble (Figure 4.9). 

We surmised that the GFPNLS-peptide fusions present in the insoluble 

fraction are likely part of large inclusions since this fraction represents the cellular 

debris that pellets at 12,800 x g (See Appendix II).  Therefore, I examined 

whether the GFPNLS-peptide fusions in the soluble fraction formed high molecular 

mass species typical of aggregates using nondenaturing PAGE (Jung et al., 
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2004; Lefebvre et al., 2004).  Parallel to the solubility assays, I found that the 

GFPNLS-peptide fusions with ≥5 contiguous hydrophobic residues formed higher 

molecular mass species compared with GFPNLS-peptide fusions with containing 

≤4 continuous hydrophobic residues that ran as monomers (Figure 4.10).  These 

higher molecular weight species were sensitive to the addition of SDS to the 

loading buffer, indicating that they are likely not SDS-insensitive amyloids 

(Kryndushkin et al., 2003).  Taken together, our data suggests that San1 

recognizes exposed hydrophobicity that crosses a particular threshold of 

insolubility correlated with aggregation. 
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Figure 4.8: Five contiguous hydrophobic residues in the peptide are 
required for San1-mediated degradation.  Cycloheximide-chase degradation 

assays were performed to assess the stability of GFPNLS-peptide fusions 

containing 3-7 contiguous hydrophobic residues in the peptide degron in parent 

and san1∆ cells.  Time after cycloheximide addition is indicated above the blots.  

Anti-GFP antibodies were used to detect substrate. 
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Figure 4.9:  San1-mediated degradation correlates with substrate 
insolubility. Sedimentation assays were performed to determine how the 

indicated GFPNLS-peptide fusion partitions between the insoluble pellet fraction (I) 

and the soluble supernatant fraction (S) in parent and san1∆ cells.  Total lysate 

(T) indicates the total amount of GFPNLS-peptide fusion in cell lysates.  Anti-GFP 

antibodies were used to detect each substrate.  Percentage of protein in the 

insoluble versus soluble fractions is listed below each appropriate lane.  Relative 

levels of the insoluble and soluble fractions were determined using ImageJ. 
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Figure 4.10: Insoluble GFPNLS-peptide fusions form high-molecular weight 
species.  Nondenaturing polyacrylamide gel electrophoresis of GFPNLS-peptide 

fusions containing 3-7 contiguous hydrophobic residues in the peptide degron 

was performed to determine if substrates form high-molecular weight species. 

Soluble fractions were isolated and run on a nondenaturing  gel without or with 

SDS in the loading buffer. Anti-GFP antibodies were used to detect each 

substrate. 
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CHAPTER V: CONCLUSIONS 

 

The work in this dissertation unveils several new components that protect 

the nuclear environment from misfolded proteins.  Although Cdc48 had been well 

established for facilitating quality control degradation in additional cellular 

compartments, as well as nuclear chromatin-associated processes, its role in the 

turnover of misfolded proteins in the nucleus had not been defined.  I found that 

Cdc48 is involved in the degradation of some misfolded nuclear proteins, yet 

intriguingly, it is not required for the degradation of all San1 substrates.  I next 

revealed that solubility is the key determinant for Cdc48 dependency: the more 

insoluble the substrate the greater the need for Cdc48 in its destruction.  Since 

we observed greater levels of ubiquitinated substrate in cdc48 mutant cells, we 

postulated that Cdc48 functions after the action of San1 ubiquitination, upstream 

of the proteasome.  Furthermore, loss of Cdc48 function resulted in a number of 

adverse cellular consequences when substrates accumulated in the nucleus, 

including enhanced inclusion formation and cell death.  Given that mutations in 

p97 are correlated with neurodegenerative aggregation disorders such as 

inclusion body myopathy associated with Paget’s disease of bone and 

frontotemporal dementia (IBMPFD) and familial amyotrophic lateral sclerosis 

(ALS), it could be that Cdc48/p97 is required to maintain substrate solubility 

subsequent to ubiquitination en route to the proteasome in order to prevent toxic 

aggregation from occurring. 
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Although we clearly illustrate a vital function of Cdc48 in a subset of San1 

substrates, we have not resolved how Cdc48 is recruited to insoluble misfolded 

proteins.  Our data indicated that multiple Cdc48 cofactors are involved in San1-

mediated degradation, including Npl4, Ubx1, Ubx4, and Ubx5.  How each 

adaptor is functioning mechanistically to aid Cdc48 in nuclear quality control 

degradation will be an important topic to address in future studies.  Ubx1 and 

Ubx5 each contain a UBA domain that enable them to interact with ubiquitinated 

proteins in vivo (Schuberth et al., 2004).  Thus, it is possible that UBA domain-

containing adaptors could mediate the interaction between Cdc48 and 

substrates.  Furthermore, we provide evidence that the nuclear UBX domain 

proteins are operating in the same cellular pathway, however, it remains unclear 

whether they are associating with Cdc48 simultaneously to form a functional 

complex, or if they are being recruited to Cdc48 sequentially to mediate distinct 

steps within the pathway.   

A significant theme emerging from our collective studies is that substrate 

solubility plays a crucial role in determining the path a misfolded nuclear protein 

will take to destruction.  Not only do insoluble proteins require Cdc48 to be 

degraded, we also demonstrate that Hsp70 chaperones are involved in the 

degradation of insoluble substrates in the nucleus.  Based on our data, it is 

possible that Ssa1/Ssa2 function to maintain a soluble state of the misfolded 

protein upstream of San1, and subsequent to ubiquitination, Cdc48 is then 

recruited to the ubiquitinated substrate to facilitate recognition and degradation 
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by the proteasome.  The precise interplay among chaperones, San1, Cdc48, and 

the proteasome remains to be elucidated. 

Since we revealed that numerous components are required for efficient 

degradation of insoluble substrates, it will be important to explore whether the 

accumulation of aggregation-prone misfolded proteins in the nucleus triggers a 

stress response, similar to the unfolded protein response (UPR) of the ER.  Such 

a signaling cascade might direct localization or up-regulate expression of nuclear 

quality control regulators so that the nucleus is poised to eliminate potentially 

harmful misfolded proteins.  Future studies should be aimed at determining if 

expression of insoluble misfolded proteins in the nucleus leads to transcriptional 

reprogramming in order to facilitate the San1 degradation pathway. 
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APPENDIX I: STRAINS AND PLASMIDS 

Yeast strains 
Strain Name Genotype Parent Reference 

BY4741 
his3-1, leu2∆0, 
met15∆0, ura3∆0  

(Brachmann et 
al., 1998) 

RGY506 san1∆::KanMX BY4741 
(Gardner et al., 
2005) 

RGY4022 

met15∆0, his3∆1, 
ura3∆0, lys2∆0, 
leu2∆0   

RGY4025 san1∆::KanMX RGY4022  
RGY4075 hsp26∆::NatMX RGY4022  

RGY4078 
san1∆::KanMX, 
hsp26∆::NatMX RGY4022  

RGY4081 hsp42∆::NatMX RGY4022  

RGY4405 

met15∆0, his3∆1, 
ura3∆0, lys2∆0, 
leu2∆0   

RGY4407 san1∆::KanMX RGY4405  
RGY4409 ubx1∆::NatMX RGY4405  

RGY4411 
san1∆::KanMX, 
ubx1∆::NatMX RGY4405  

RGY4414 

met15∆0, his3∆1, 
ura3∆0, lys2∆0, 
leu2∆0   

RGY4416 san1∆::KanMX RGY4414  
RGY4418 ubx5∆::NatMX RGY4414  

RGY4420 
san1∆::KanMX, 
ubx5∆::NatMX RGY4414  

RGY4461 cdc48-3 BY4741  

RGY4463 
san1∆::KanMX, 
cdc48-3 BY4741  

RGY5071 
met15∆0, his3∆1, 
ura3∆0, leu2∆0   

RGY5073 san1∆::KanMX RGY5071  
RGY5075 ubx2∆::NatMX RGY5071  

RGY5077 
san1∆::KanMX, 
ubx2∆::NatMX RGY5071  

RGY5083 

met15∆0/met15∆0, 
his3∆1/his3∆1, 
ura3∆0/ura3∆0,  
LYS2/lys2∆0, 
leu2∆0/leu2∆0, 
SAN1/san1∆::KanMX,   
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UBX1/ubx1∆::URA3, 
UBX4/ubx4∆::NatMX 

RGY5113 san1∆::NatMX W303a  

RGY5158 
met15∆0, his3∆1, 
ura3∆0, leu2∆0   

RGY5160 san1∆::KanMX RGY5158  

RGY5162 
ubx4∆::NatMX, 
lys2∆0 RGY5158  

RGY5164 

san1∆::KanMX, 
ubx4∆::NatMX, 
lys2∆0 RGY5158  

RGY5166 
met15∆0, his3∆1, 
ura3∆0, leu2∆0   

RGY5168 san1∆::KanMX RGY5166  

RGY5170 
ubx4∆::NatMX, 
lys2∆0 RGY5166  

RGY5172 ubx5∆::URA3 RGY5166  

RGY5174 
ubx4∆::NatMX, 
ubx5∆::URA3 RGY5166  

RGY5176 
pdr5∆::KanMX, PTDH3-
3xHA-Ub::URA3 BY4741  

RGY5177 san1∆::NatMX RGY5176  
RGY5255 san1∆::URA3 RHY765  
RGY5257 san1∆::URA3 RHY2689  
RGY5325 cdc48-3 RGY5176  
RGY5503 vms1∆::NatMX BY4741  

RGY5551 
met15∆0, his3∆1, 
ura3∆0, leu2∆0   

RGY5552 san1∆::KanMX RGY5551  
RGY5553 ubx1∆::URA3 RGY5551  

RGY5554 
ubx5∆::NatMX, 
lys2∆0 RGY5551  

RGY5555 
ubx1∆::URA3, 
ubx5∆::NatMX RGY5551  

RGY5569 
PTDH3-3xHA-
Ub::URA3 RGY5162  

RGY5570 
PTDH3-3xHA-
Ub::URA3 RGY4418  

RGY5624 
CDC48-
mCherry::HIS3 BY4741  

RHY2679 

ufd1-1, ura3-52, leu2-
3,112, ade1-100, 
his4-519  

(Johnson et al., 
1995) 

RHY2680 
ura3-52, leu2-3,112, 
ade1-100, his4-519  

(Johnson et al., 
1995) 
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RHY726 
npl4-1, ura3-52, 
leu2∆1  

(DeHoratius 
and Silver, 
1996) 

RHY765 
his3∆200, ura3-52, 
leu2∆1  

(DeHoratius 
and Silver, 
1996) 

RPY283 
ssa1∆::KanMX, 
ssa2∆::KanMX W303a 

(Prasad et al., 
2010) 

W303a 

ade2-1 his3-11 ura3-
1 trp1-1 leu2-3 can1-
100  

(Prasad et al., 
2010) 

 
Plasmids 
Plasmid Name Encoded Protein Vector Reference 
    

pRG1189 GAD-Tef2* pRS425 
(Rosenbaum et 
al., 2011) 

pRG1190 GAD-Bgl2* pRS425 
(Rosenbaum et 
al., 2011) 

pRG1289 GFPNLS-Tef2* pRS425 
(Rosenbaum et 
al., 2011) 

pRG1290 GFPNLS-Bgl2* pRS425 
(Rosenbaum et 
al., 2011) 

pRG1291 GFPNLS-Peptide 6 pRS425 
(Fredrickson et 
al., 2011) 

pRG1395 ∆ssCPY*-GFP pRS425  

pRG2054 GAD-Cdc68-1NTD pRS425 
(Rosenbaum et 
al., 2011) 

pRG2056 GAD-Cdc13-1NTD pRS425 
(Rosenbaum et 
al., 2011) 

pRG2304 GFPNLS-Peptide I pRS425 
(Fredrickson et 
al., 2011) 

pRG2342 GFPNLS pRS425 
(Fredrickson et 
al., 2011) 

pRG3025 GFP-VHL pRS425  
pRG3195 GAD-Ura4* pRS426  
pRG3630 GAD-Cdc68-1 pRS426  
pRG3668 GAD-Cdc13-1 pRS426  

pRG3770 GFPNLS-Cdc13-1 pRS425 
(Rosenbaum et 
al., 2011) 

pRG3771 GFPNLS-Cdc68-1 pRS425 
(Rosenbaum et 
al., 2011) 

pRG3789 
GFPNLS-
TSTFVLYIII pRS425 

(Fredrickson et 
al., 2013) 

pRG3790 
GFPNLS-
TSTSVLYIII pRS425 

(Fredrickson et 
al., 2013) 
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pRG3791 
GFPNLS-
TSTSTLYIII pRS425 

(Fredrickson et 
al., 2013) 

pRG3792 
GFPNLS-
TSTSTSYIII pRS425 

(Fredrickson et 
al., 2013) 

pRG3793 
GFPNLS-
TSTSTSTIII pRS425 

(Fredrickson et 
al., 2013) 

pRG4012 GAD-∆2GFP pRS426  
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APPENDIX II: MATERIALS AND METHODS 

Yeast strains 

Yeast strains and plasmids are listed in Appendix I.  Standard yeast 

genetic methods were used in these studies (Guthrie and Fink, 1991).  Plasmids 

were constructed using standard cloning protocols.  Oligonucleotide sequences 

and plasmid construction details will be provided upon request. 

Cycloheximide-chase degradation assays 

Cycloheximide-chase degradation assays were performed similarly to 

previously described (Fredrickson et al., 2011).  Cells were grown in liquid 

synthetic media with 3% raffinose to ~1x107 cells/ml.  Galactose was added to 

3% and the cells were incubated 2 hours thereafter.  Cycloheximide was added 

to 50µg/ml and the cells further incubated for 0-3 hours. Cells were lysed at the 

appropriate time point in 200µl SUMEB buffer (8M Urea, 1% SDS, 10mM MOPS, 

pH6.8, 10mM EDTA, 1mM PMSF, 0.01% bromophenol blue) by vortexing with 

100µL of 0.5mm acid-washed glass beads (Biospec Products).  Proteins were 

resolved on 8% or 16% SDS-PAGE gels, transferred to nitrocellulose, and 

immunoblotted with anti-GFP antibodies (Sigma) or anti-Gal4AD (GAD) 

antibodies (Millipore). 

Ubiquitination assays 

Cells expressing 3HA-ubiquitin were grown in liquid synthetic media with 3% 

raffinose to ~1x107 cells/ml.  Galactose was added to 3% and the cells were 

incubated 2 hours thereafter.  Harvested cells were lysed in 200µL SUME buffer 

(8M Urea, 1% SDS, 10mM MOPS, pH6.8, 10mM EDTA, 1mM PMSF) by 
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vortexing with 100µL of 0.5mm acid-washed glass beads.  Lysates were clarified 

by centrifugation, and IP buffer (15 mM Na2HPO4, 150 mM NaCl, 2% Triton X-

100, 0.1% SDS, 0.5% deoxycholate, 10 mM EDTA, pH7.5) was added to each 

sample to a final volume of 1mL. Anti-GFP antibodies (Sigma) conjugated to 

Protein A Dynabeads (Dynal) were added to the lysates and incubated overnight 

at 4˚C. The beads were washed once in IP buffer, and twice in IP wash buffer (50 

mM NaCl, 10 mM Tris-HCl, pH7.5).  Samples were divided in half and 

immunoprecipitated proteins were eluted in either SUMEB buffer (for lysate blot) 

or 100mM acetic acid (for ubiquitin blot), which was subsequently neutralized 1:1 

in SUTEB buffer (8M Urea, 1% SDS, 100mM unbuffered Tris-HCl, 10mM EDTA, 

0.01% bromophenol blue).  All samples were incubated at 65˚C for 10 minutes 

and then clarified for 5 minutes by centrifugation at 12,800x g.  Proteins were 

resolved on 4-12% or 8-16% SDS-PAGE gels, transferred to nitrocellulose, and 

immunoblotted with anti-GFP antibodies (Abcam) or anti-HA antibodies (Sigma). 

Sedimentation assays 

Sedimentation assays were adapted from a previously described protocol 

(Theodoraki et al., 2012).  Cells were grown in liquid synthetic media with 3% 

raffinose to ~1x107 cells/ml.  Galactose was added to 3% and the cells were 

incubated 2 hours thereafter. 5ml of cells were harvested and lysed in Lysis 

buffer (100 mM Tris pH7.5, 200mM NaCl, 1mM EDTA, 1mM DTT, 5% glycerol, 

and 0.1% Nonidet P40) + PMSF by vortexing 5 minutes at 4˚C with 100µl of 

0.5mm acid-washed glass beads.  To remove unlysed cells, lysates were 

centrifuged at 700x g for 1 minute at 4˚C. 50µl lysate, representing the “total 
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lysate”, was removed and added to 50µl SUMEB.  100µL remaining lysate was 

centrifuged at 12,800x g for 15 minutes at 4˚C.  100µl supernatant, representing 

the “soluble fraction”, was added to 100µl SUMEB.  The pellet, representing the 

“insoluble fraction”, was resuspended in 100µl Lysis buffer and 100µl SUMEB. All 

samples were incubated at 65˚C for 10 minutes and then clarified for 5 minutes 

by centrifugation at 12,800x g.  Proteins were resolved on 8 or 16% SDS-PAGE 

gels, transferred to nitrocellulose, and immunoblotted with anti-GFP (Sigma) or 

anti-Gal4AD (GAD) antibodies (Millipore). 

Microscopy 

Cells were grown in 3% raffinose media to ~ 0.5x107 cells/ml.  Galactose 

was added to 3% and the cells incubated 6 hours. Cells were harvested, fixed in 

4% paraformaldehyde in 0.1 M sucrose for 15 minutes, washed in wash buffer 

(1.2 M sorbitol, 0.4 M KPO4), stained with DAPI for 10 minutes in wash buffer 

plus 2% Triton X-100, and washed two times in wash buffer.  Cells were imaged 

on a Nikon Eclipse 90i with a 100X objective, filters for GFP (HC HiSN Zero Shift 

filter set with excitation wavelength (450–490 nm), dichroic mirror (495 nm), and 

emission filter (500–550 nm)) or DAPI (HC HiSN Zero Shift filter set with 

excitation wavelength (325-375 nm), dichroic mirror (400 nm), and emission filter 

(435-485 nm)), and a Photometrics Cool Snap HQ2 cooled CCD camera with 

NIS-Elements acquisition software. 
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Non-denaturing polyacrylamide gel electrophoresis   

 The soluble fractions generated from sedimentation assays, with or 

without SDS (final concentration of 2%) added to the loading buffer, were loaded 

onto 8-16% Tris-Glycine PAGE gels (Lonza Rockland Inc).  Running buffer was 

25mM Tris and 192mM glycine.  Gels were run at 4ºC.  Proteins were transferred 

to nitrocellulose and immnobotted with anti-GFP antibodies (Sigma). 

 

Image processing 

All western blots were scanned using an Epson Perfection V350 Photo 

scanner at 300 dpi.  All images were processed with a Mac iMac or Pro computer 

(Apple) using Photoshop CS (Adobe) and quantified using ImageJ 1.36b. 
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