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 Due to the importance of proper protein folding, cells have evolved a collection of 

protein quality control (PQC) mechanisms that maintain overall cellular protein 

homeostasis. One type of PQC is ubiquitin-proteasome mediated degradation, where 

misfolded proteins are eliminated from the cell. In the yeast nucleus, San1, a ubiquitin-

protein ligase, mediates the degradation of misfolded proteins. The data within this 

thesis reveals the mechanism by which San1 recognizes misfolded proteins, the 

abnormal feature San1 recognizes in misfolded proteins and how San1 maintains its 

stability.  First off, San1 directly binds misfolded proteins using N- and C- terminal 

domains that are largely disordered. This disorder likely allows San1 to adopt different 

conformations necessary to bind differently shaped misfolded proteins. Additionally, the 

requirement of molecular chaperones for San1-mediated degradation differs among 

classes of substrates. Next, the data demonstrates San1 targets exposed hydrophobicity 

in a diverse collection of misfolded proteins and that recognition can occur with as few 

as five contiguous hydrophobic residues. Additionally, San1 preferentially targets the 

hydrophobic residues most likely to lead to protein aggregation (Phe and Ile residues). 

Further supporting a preference for aggregation prone regions, San1 targets the same 

hydrophobic regions in misfolded proteins that cause toxicity and aggregation. Lastly, 

San1 maintains its own stability by lacking Lys residues and highly hydrophobic regions 

within its disordered N- and C- terminal domains. Addition of either Lys residues or 

regions of hydrophobicity to these disordered regions led to San1 autodegradation. 

These features of San1 are highly conserved among fungal homologs, suggesting their 

importance in maintaining function. Overall, this work elucidates how and why San1 

functions as a central regulator of nuclear protein homeostasis.    
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CHAPTER I: BACKGROUND AND SIGNIFICANCE 

 

To function properly, cells rely on proteins successfully accomplishing specific 

actions. Fundamental to protein action is the acquisition of a protein’s 3-dimensional 

structure, and thus the proper folding of a cell’s protein cohort is critical for cells. 

However, protein folding often goes awry, either through environmental stress, such as 

heat, or protein synthesis errors, such as genetic mutation. If not managed properly 

misfolded proteins can acquire toxic aggregation-prone states that lead to cellular 

dysfunction. Highlighting the importance of proper protein folding are 35+ human 

disorders characterized by protein aggregates, which include Parkinson’s, Kennedy’s 

and Alzheimer’s (Skovronsky et al., 2006). The nucleus appears to be particularly 

susceptible to protein aggregation, as a majority of aggregation disorders involve 

aggregates appearing in the nucleus (Woulfe, 2007).  

 

Due to the central importance of protein folding, cells have evolved a collection of 

protein quality control (PQC) mechanisms that maintain overall cellular protein 

homeostasis, or proteostasis (Balch et al., 2008). PQC systems can be divided into 

those that function as either primary or secondary PQC defenses. The cell’s primary 

PQC defenses are directly involved in repairing or removing misfolded proteins. Repair 

systems are chiefly composed of protein chaperones, whereas removal systems are 

principally involved in proteolytic destruction either by the proteasome or via autophagy. 

In many cases, the PQC repair and removal machinery function together in a triage 

hierarchy that has the potential to determine if a misfolded protein is salvageable and 

then direct the PQC action towards either repair or removal (Wickner et al., 1999). In 

contrast, the cell’s secondary PQC defenses are adaptive transcriptional responses that 

balance the primary PQC capacities with the extent of the cellular burden caused by 

misfolded proteins. They can also reduce global translation as a way to attenuate the 

production of misfolded proteins. In eukaryotes, PQC systems typically mitigate protein 

misfolding in a compartment-specific way, with each subcellular compartment housing a 

distinct set of PQC repair, removal, and adaptive capabilities. 

 

There is now a considerable wealth of information on the different types of 

cellular PQC, which I will not cover in its entirety in this introduction. I refer the readers to 

excellent reviews for chaperone-mediated folding and repair and for PQC adaptive 
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stress responses (Akerfelt et al., 2010; de la Torre-Ruiz et al., 2010; Hartl et al., 2011; 

Ron and Walter, 2007; Voisine et al., 2010). Herein this chapter, I will introduce select 

ubiquitin-dependent PQC removal systems that operate in each eukaryotic cellular 

compartment (Figure 1.1). 

 

Ubiquitin-mediated proteasomal degradation 

Protein degradation by the ubiquitin-proteasome system has two primary 

purposes in the cell: 1) the temporal or spatial regulation of normal proteins, and 2) the 

removal of misfolded proteins. For each type of degradation, a specific subset of 

proteins must first be uniquely distinguished from the global pool of cellular proteins and 

subsequently ubiquitinated. Ubiquitination is canonically achieved via an enzymatic 

cascade wherein a ubiquitin-protein ligase (E3) partners with a specific ubiquitin-

conjugating enzyme (E2) that has been charged with ubiquitin by a ubiquitin-activating 

enzyme (E1) (Glickman and Ciechanover, 2002). The ubiquitin-protein ligase typically 

confers substrate specificity within each ubiquitination cascade, either by possessing 

intrinsic substrate-binding domains or by recruiting auxiliary proteins that impart 

substrate specificity. 

 

One critical aspect of ubiquitination is the ability of a ubiquitin-protein ligase to 

distinguish its substrates from other proteins. In regulated degradation of normal 

proteins, ubiquitin-protein ligases typically recognize degrons, which are small specific 

linear amino acid sequences located within substrates (Ravid and Hochstrasser, 2008). 

The degron recognized by the ligase often varies based on the auxiliary proteins that are 

bound to the ligase. For example, cullin RING ubiquitin-protein ligases (CRLs) are able 

to recognize many different types of degrons through the directed binding of distinct 

adapter F-box proteins (Petroski and Deshaies, 2005). The interaction of a particular 

ubiquitin-protein ligase with different substrate-binding auxiliary proteins allows it to 

target a larger number of protein substrates. Importantly, these ubiquitin-protein ligases 

are still only able to target a limited number of substrates due to this sequence specificity 

requirement. 

 

In contrast to the regulated degradation of normal proteins, substrate recognition 

in PQC degradation is unlikely to be achieved via the recognition of linear sequence-

specific degrons in misfolded substrates for two key reasons. First, any protein has the 
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capacity to misfold and most proteins in each cellular compartment share little, if any 

sequence homology. Thus, two different misfolded proteins will not likely possess the 

same sequence-specific degron. Second, a key purpose of PQC degradation is to 

destroy structurally abnormal proteins that share the same linear sequence with their 

normal counterparts. Thus, the features of misfolding recognized by PQC ubiquitin-

protein ligases must transcend linear sequence. In the subsequent sections of this 

chapter, I will introduce the unique set of challenges PQC degradation encounters as 

well as specific PQC ubiquitin-protein ligases in each cellular compartment.  

 

Endoplasmic reticulum PQC 

The unique properties of the endoplasmic reticulum (ER) present numerous 

challenges for PQC ubiquitin-protein ligases in substrate recognition. First, de novo 

protein folding occurs in the ER and ER PQC ubiquitin-protein ligases must be capable 

of differentiating between nascent polypeptides that are in the process of folding and 

proteins that have become misfolded. In addition, the ER is a membrane-bound 

organelle where structural lesions may be present in transmembrane segments or in 

regions located on the luminal or cytoplasmic side of the membrane. Thus, ER PQC 

ubiquitin-protein ligases must have location-specific recognition mechanisms that can 

sense where the lesions are relative to the ER membrane. Another complication in ER 

PQC substrate recognition is the presence of disulfide bonds and glycosylation moieties 

in resident proteins. These posttranslational modifications must be queried for defects by 

PQC machinery. Lastly, ubiquitin and proteasomes are not present in the ER lumen, so 

ubiquitination and proteasome degradation can occur only on the cytoplasmic side of the 

ER membrane. Accordingly, the ER PQC ubiquitin-protein ligases must have a means to 

recognize substrates on the luminal side of the ER membrane while directing substrate 

ubiquitination on the cytoplasmic side of the ER membrane.  

 

The first ubiquitin-protein ligase found to play a role in ER PQC degradation is 

the yeast protein Hrd1/Der3 (Bordallo et al., 1998; Hampton et al., 1996). Hrd1 is an 

integral ER-membrane protein containing a transmembrane domain that traverses the 

ER membrane six times and a cytoplasmic RING domain that mediates the transfer of 

ubiquitin to its substrates (Deak and Wolf, 2001; Gardner et al., 2000; Hampton et al., 

1996). Hrd1 specifically targets misfolded ER proteins that present lesions in the ER 

lumen, known as ER-associated degradation-luminal (ERAD-L), or ER membrane, 



 4 

referred to as ER-associated degradation-membrane (ERAD-M) (Carvalho et al., 2006). 

Several mammalian homologs of Hrd1 have been identified – gp78, hHrd1 (synovilin), 

and Rfp2 (Fang et al., 2001; Kaneko et al., 2002; Kikkert et al., 2004; Lerner et al., 2007; 

Nadav et al., 2003), with their roles in ER PQC degradation explored to varying degrees. 

 

Another PQC ubiquitin-protein ligase in the ER is Doa10, which was initially 

identified as the ubiquitin-protein ligase involved in degradation of the MATα2 

transcription factor (Swanson et al., 2001). Doa10 has been subsequently shown to 

target misfolded proteins in the ER (Huyer et al., 2004), specifically with lesions on the 

cytoplasmic side of the ER, called ER-associated degradation-cytoplasm (ERAD-C) 

(Carvalho et al., 2006). Doa10 contains a transmembrane domain that traverses the ER 

membrane fourteen times and a cytoplasmic RING domain (Kreft et al., 2006). In 

mammalian cells, TEB4 is described as a homolog of Doa10 due to its similar 

membrane topology (Kreft et al., 2006). TEB4 has recently been shown to be involved in 

the degradation of the ER-resident type 2 deiodinase (Zavacki et al., 2009).  

 

Cytoplasmic PQC  

 The cytoplasmic environment presents challenges to PQC ubiquitin-protein 

ligases that are both similar to and distinct from the ER. Similar to the ER, de novo 

protein folding occurs in the cytoplasm and cytoplasmic PQC ubiquitin-protein ligases 

must have the ability to differentiate between misfolded proteins and nascent unfolded 

polypeptides in the process of folding. Unlike the ER, cytoplasmic PQC does not have to 

contend with multiple classes of substrate lesions that present themselves differently in 

relation to a membrane. It is possible, however, that there might be specific distinct 

regions within the cytoplasm in which misfolded proteins behave differently (Kaganovich 

et al., 2008), and these regions could require different ubiquitin-protein ligases.  

 

The first identified ubiquitin-protein ligase in the cytoplasm that is involved in 

cytoplasmic PQC degradation is the mammalian protein CHIP. CHIP contains a U-box 

domain necessary for its ubiquitin-protein ligase activity via interaction with the ubiquitin-

conjugating enzyme UbcH5 (Ballinger et al., 1999; Connell et al., 2001; Jiang et al., 

2001), and a tetratricopeptide repeat (TPR) domain that is essential for CHIP’s 

interactions with Hsp70 and Hsp90 chaperones (Ballinger et al., 1999; Connell et al., 

2001). In S. cerevisiae there is no identified homolog to CHIP. Rather, the RING-domain 
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ubiquitin-protein ligase Ubr1 appears to mediate cytoplasmic PQC degradation (Eisele 

and Wolf, 2008; Heck et al., 2010; Nillegoda et al., 2010; Prasad et al., 2010). Originally, 

Ubr1 was characterized for its role in N-end rule degradation, in which certain residues 

at the N-terminus of proteins serve as degrons (Varshavsky, 2011). Two specific regions 

in Ubr1 were identified that direct the ubiquitination of substrates containing N-terminal 

residues of either type 1 (Arg, Lys, or His) or type 2 (Leu, Ile, Phe, Trp, or Tyr) 

(Varshavsky, 2011). It was recently found that Ubr1 also mediates the PQC degradation 

of misfolded cytoplasmic proteins (Eisele and Wolf, 2008; Heck et al., 2010; Nillegoda et 

al., 2010; Prasad et al., 2010) and this is independent of its role in the N-end rule 

pathway (Heck et al., 2010; Nillegoda et al., 2010). Additionally, yeast Ubr2 has been 

shown to mediate cytoplasmic PQC degradation, (Nillegoda et al., 2010) as well as 

human Ubr1 (Sultana et al., 2011). 

 

Mitochondrial PQC 

 Mitochondria present a specific set of challenges for PQC degradation. One 

challenge is that mitochondria are bound by both inner and outer membranes that divide 

the mitochondria into distinct subcompartments. This means that separate PQC 

degradation pathways will be required to recognize misfolded proteins in each 

subcompartment. Similar to the ER, ubiquitin and proteasomes are not located inside the 

mitochondria. Because of this, inner mitochondria PQC degradation appears to be 

independent of the proteasome, instead relying on AAA-ATPase proteases similar to 

bacterial systems (Kaser and Langer, 2000). Another challenge for PQC degradation in 

the mitochondria is that there is a continual production of reactive oxygen species (ROS) 

as a byproduct of ATP production. An environment with a high level of ROS can lead to 

increased protein oxidation and misfolding, which the mitochondrial PQC degradation 

machinery will need to mange robustly. 

 

 Two ubiquitin-protein ligases have been identified in mammalian cells that 

associate with the outer mitochondrial membrane and participate in PQC degradation. 

First is Parkin, which contains a RING-in between RING domain that is required for its 

ubiquitin-protein ligase activity (Shimura et al., 2000; Zhang et al., 2000). Inactivation of 

Parkin is a major cause of juvenile Parkinson’s disease (Kitada et al., 1998), but the 

exact role in PQC is unknown. Secondly is MITOL (mitochondrial ubiquitin-protein 

ligase), which contains a multi-spanning membrane domain that passes through the 
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outer mitochondrial membrane four times (Yonashiro et al., 2006). In addition, MITOL 

possesses a PHD-variant of the RING domain that is responsible for its ligase activity 

(Yonashiro et al., 2006). To date, there is no identified homolog to either MITOL or 

Parkin in yeast that functions in mitochondrial PQC.  

 

Nuclear PQC 

 Unlike the cytoplasm and ER, de novo protein folding does not occur in the 

nucleus. Instead, nuclear proteins are typically translated and folded in the cytoplasm 

and imported into the nucleus. Thus, PQC degradation systems designed to detect 

errors in nascent protein folding will likely be absent in the nucleus. The nucleus does 

have different subdomains such as chromatin, the nucleoplasm, the nuclear membrane, 

and the nucleolus. Thus, different PQC ubiquitin-protein ligases might be required to 

manage misfolded proteins that arise in each of these different subnuclear regions. 

 

In S. cerevisiae, the nuclear RING ubiquitin-protein ligase San1 mediates the 

PQC degradation of mutant or misfolded nuclear proteins (Gardner et al., 2005). San1 

does not target normal versions of the same proteins (Gardner et al., 2005), establishing 

a specific role for San1 in PQC degradation. While no mammalian homologs of San1 are 

known, a S. pombe homolog was recently identified and its function in PQC degradation 

established (Matsuo et al., 2011). 

  

For any PQC degradation pathway, two major questions exist. First, how is the 

recognition of abnormal proteins mediated? Second, what feature in abnormal proteins 

is recognized by PQC machinery? As I sought answers to these questions, it became 

apparent how San1 remains a stable protein is another important aspect of nuclear 

PQC. The data in the following chapters answer these questions and give rise to new 

questions necessary to further our understanding of nuclear PQC degradation.  
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Figure 1.1: PQC ubiquitin-protein ligases in the cell. Schematic representation of the 

cell with PQC ubiquitin-protein ligases listed in the appropriate cellular compartment. 

Yeast PQC ligases are listed as the main example, except in the cases where there is 

no yeast homolog. 
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CHAPTER II: SAN1 SUBSTRATE RECOGNITION MECHANISM 

 

Introduction on PQC substrate recognition 

 Any protein has the capability to misfold and each distinct misfolded protein must 

be recognized by a limited number of PQC degradation systems. As discussed in the 

previous chapter, each cellular compartment has a unique set of challenges for PQC 

degradation machinery. These challenges can dictate how recognition of misfolded 

proteins occurs. For example, in the cytoplasm where de novo protein synthesis occurs, 

substrate recognition must distinguish between nascent unfolded polypeptides and 

abnormal proteins that have lost their structure. In contrast, a post synthesis 

compartment such as the nucleus does not encounter nascent polypeptides and thus 

may have different substrate recognition mechanisms. Here I will highlight what is known 

about substrate recognition for each PQC ubiquitin-protein ligase introduced in the 

previous chapter before discussing our experiments characterizing how San1 recognizes 

substrates.  

 

 With the ER PQC ubiquitin-protein ligase Hrd1, substrate recognition varies 

depending on the type of misfolded protein. However, there are a core group of proteins 

required to mediate ubiquitination of all Hrd1 substrates. One member of the core Hrd1 

complex involved in substrate recognition is Hrd3 (SEL1L in mammals (Lilley and 

Ploegh, 2005; Mueller et al., 2006)), which is predominantly luminal with a single 

transmembrane span and a small cytoplasmic region (Gardner et al., 2000; Hampton et 

al., 1996; Plemper et al., 1999). Hrd3 directly binds misfolded proteins in the ER lumen 

(Gauss et al., 2006). Due to direct substrate binding, it seems likely that Hrd3 plays a 

role in Hrd1 substrate recognition. However, Hrd3 also regulates Hrd1 autoubiquitination 

and stability (Gardner et al., 2000), which may explain the requirement of Hrd3 for 

substrate degradation. With ERAD-M substrates, recognition appears to be performed 

directly by Hrd1 (Sato et al., 2009). Mutational analysis of Hrd1’s transmembrane 

domain demonstrated that the degradation of Hrd1’s ERAD-M substrates could be 

disrupted without affecting degradation of other substrates (Sato et al., 2009), 

suggesting Hrd1 employs multiple substrate recognition mechanisms.  

  

 Degradation of ERAD-L substrates requires the Hrd1 core complex and 

additional cofactors. Hrd3 may be involved in ERAD-L substrate recognition because it is 
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essential for their degradation and directly interacts with them. Another Hrd1 cofactor 

required in the degradation of ERAD-L substrates that could recognize substrates is the 

Hsp70 chaperone, Kar2 (also known as BiP) (Plemper et al., 1997). Kar2 likely couples 

to the core Hrd1 complex via interaction with a tetratricopeptide repeat (TPR) domain in 

Hrd3. It is unclear if Kar2 directly binds ERAD-L substrates, or performs functions 

outside of substrate recognition.  

 

Recognition of misfolded ER proteins often also depends on posttranslational 

modifications. For instance, certain N-glycan moieties on ERAD-L substrates lead to 

degradation after their recognition by additional Hrd1 complex factors, such as the lectin 

Yos9 (Bhamidipati et al., 2005; Buschhorn et al., 2004; Kim et al., 2005; Szathmary et 

al., 2005) (OS-9 in mammals (Christianson et al., 2008). Yos9 is coupled to the Hrd1 

complex via interactions with Hrd3 and Kar2 (Christianson et al., 2008; Denic et al., 

2006; Gauss et al., 2006). N-glycan interaction with Yos9 depends on Yos9’s mannose-

6-phosphate receptor function and is required for degradation of glycolsylated ERAD-L 

substrates (Hosokawa et al., 2009; Quan et al., 2008; Szathmary et al., 2005). 

Interestingly, Yos9 is involved in the degradation of certain non-glycosylated substrates 

(Benitez et al., 2011; Jaenicke et al., 2011), suggesting it might have additional substrate 

recognition roles.  

 

 With the other ER PQC ubiquitin-protein ligase, Doa10, substrate degradation 

also requires a protein complex. Members of this protein complex that recognize 

substrates are unclear. Recognition of certain ERAD-C substrates additionally requires 

Hsp70 (of the Ssa class) and Hsp40 chaperones (Huyer et al., 2004). It remains an open 

question if these chaperones are responsible for recognizing Doa10 substrates or 

perform tasks other then substrate recognition. 

 

In the cytoplasm, CHIP ubiquitinates misfolded proteins that are clients of HSP70 

and HSP90 chaperones (Murata et al., 2001). Thus substrate recognition is mediated by 

the chaperones. While CHIP interacts with both Hsp70 and Hsp90 chaperones, data 

suggests that CHIP has a preference for ubiquitinating Hsp70-bound proteins 

(Stankiewicz et al., 2010). Although substrate recognition by CHIP is heavily dependent 

on chaperone recognition, CHIP itself also appears capable of binding misfolded 

proteins directly (Rosser et al., 2007). 
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Also in the cytoplasm, Ubr1-mediated PQC degradation requires Hsp70 and 

Hsp110 chaperones (Heck et al., 2010; Nillegoda et al., 2010; Park et al., 2007; Prasad 

et al., 2010). Hsp70 functions to keep substrates soluble (Park et al., 2007), but it is not 

yet clear if these chaperones function in substrate recognition, similar to CHIP or if Ubr1 

directly binds misfolded proteins. In support of direct interaction with substrates, Ubr1 is 

able to ubiquitinate a thermally denatured substrate in vitro without the aid of a 

chaperone (Nillegoda et al., 2010). Addition of Hsp70 increases the Ubr1-dependent 

ubiquitination of the denatured substrate and robust ubiquitination only occurs when 

Ubr1 is added during thermal denaturation (Nillegoda et al., 2010). Additional work will 

be necessary to clarify the role of chaperones and how substrates are recognized in 

Ubr1-mediated PQC ubiquitination. 

 

To understand substrate recognition in nuclear PQC degradation, we focused on 

how San1 recognizes its substrates. San1 does not contain any known chaperone-

binding motifs, like CHIP, although it might bind substrates through other adaptor 

proteins. Alternatively, San1 might possess one or more domains that directly bind its 

substrates. These results demonstrate San1 directly targets substrates using substrate 

recognition modules imbedded in highly disordered regions outside of San1’s RING 

domain. 

 

San1 directly interacts with substrates 

 To query how San1 recognizes substrates, we needed a reliable substrate 

interaction assay. Our first choice for an interaction assay was the two-hybrid assay 

(Fields and Song, 1989). One reason we chose the two-hybrid is its high throughput 

capability. For the 2-hybrid to report San1’s PQC function accurately, San1 must interact 

with mutant proteins that it degrades, but not with their normal counterparts. Rich 

previously found that San1 specifically targets the missense mutant proteins Sir4-9, 

Cdc68-1, and Cdc13-1 for degradation whereas normal Sir4, Cdc68, and Cdc13 are not 

degraded (Gardner et al., 2005). We decided to use these substrates to test the ability of 

the two-hybrid to faithfully reproduce San1’s selectivity. To test the interaction between 

San1 and substrate, Rich fused the Gal4 DNA-binding domain (GBD) to a ubiquitination-

deficient version of San1, which contains the C279S substitution in the RING domain 

(Gardner et al., 2005). I fused the Gal4 activation domain (GAD) to either normal or 
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mutant Sir4, Cdc68, and Cdc13. I co-expressed the GAD fusions with GBD-San1C279S in 

cells containing the HIS3 gene under the control of a Gal4-inducible promoter (Figure 

2.1). These cells require a successful 2-hybrid interaction for transcription of the HIS3 

gene and colony growth on media lacking histidine. As anticipated if the two-hybrid 

reproduced San1 selectivity, I observed an interaction between San1 and mutant Sir4-9, 

Cdc68-1, and Cdc13-1 but not with normal Sir4, Cdc68, and Cdc13 (Figure 2.2). 

 

 While the two-hybrid is evidence of direct interaction between San1 and its 

substrates, we wanted an assay that would query substrate interaction as well as identify 

any binding partners of San1 in an unbiased manner. For this, we chose a co-

immunoprecipitation (coIP) tandem mass spectrometry approach coupled with in vivo 

formaldehyde crosslinking to identify both stable interactors (such as binding partners) 

and transient interactors (such as substrates). Rich previously appended a 3xHSV 

epitope tag to natively expressed San1 in a sir4-9 strain and found it was functional for 

Sir4-9 degradation (Gardner et al., 2005). Joel used this strain to immunoprecipitate 

San1 from cells expressing the known San1 substrate Sir4-9. Joel also used a congenic 

sir4-9 strain with untagged San1 as a negative control. All coIPs were performed in 

triplicate with independent cultures. Joel categorized a protein as interacting with San1 if 

the summed spectral counts for that protein across the tagged replicates exceeded the 

summed spectral counts across the untagged replicates by ≥3-fold, and if the spectral 

counts in the tagged replicates were statistically different from the untagged replicates 

as measured by a t-test (p ≤0.05). 

 

Mass spectrometry identified 328 total proteins, and 25 met the enrichment criteria. 

We chose to list the proteins with ≥10 summed spectral counts in the tagged strain with 

their p-values (Figure 2.3). The San1 substrate Sir4-9 had the greatest number of 

spectral counts in the tagged coIP replicates and showed the greatest enrichment over 

the untagged replicates. Joel did not observe enrichment for any chaperone in sir4-9 

cells (Figure 2.3, bottom). He also did not identify any other protein with a function 

consistent with PQC; 8 of the 10 other enriched proteins are nucleolar and function in 

ribosome biogenesis. Perhaps San1 regulates a subset of nucleolar proteins or, more 

likely, these proteins are prone to misfolding under the growth conditions used. Because 

Sir4-9 had the greatest enrichment in the coIP and no other protein identified fit the role 

of an intermediary, the interaction between San1 and Sir4-9 is likely direct.  
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 We next determined if San1 could directly ubiquitinate a misfolded substrate 

using an in vitro ubiquitination assay in which we generated the misfolded substrate 

through heat or chemical denaturation. Previous in vitro ubiquitination assays using 

CHIP required chaperones for ubiquitination of denatured luciferase (Murata et al., 

2001), indicating the assay is a good proxy for direct or indirect substrate interaction. 

Joel performed the assay using recombinant San1 purified from E. coli, ubiquitin 

cascade components (Uba1, UbcH5a, and ubiquitin), ATP and luciferase that was either 

native or denatured by preincubation in 4M urea or at 42˚C. In the presence of all San1-

pathway components, he detected a ladder of ubiquitinated species with denatured 

luciferase and not with native luciferase (Figure 2.4). The laddering did not require 

chaperones, providing further evidence that San1 binds substrates directly. 

 

We also attempted the in vitro ubiquitination assay using purified forms of San1’s 

native yeast substrates. We found, however, that most San1 substrates aggregate 

during purification from E. coli. To circumvent this problem, Michelle developed an “in 

coli” ubiquitination assay in which she co-expressed either San1 yeast substrate Cdc68-

1 or Cdc13-1 with San1, Uba1, Cdc34 (San1’s E2), and ubiquitin in E. coli – a 

prokaryote that lacks the ubiquitin-proteasome machinery and thus any protein that 

would function with San1. In this way, San1 has the opportunity to access each 

substrate as it is made and before it has a chance to aggregate. Using this technique, 

Michelle found that San1 ubiquitinated Cdc68-1 and Cdc13-1 without the aid of any 

yeast protein other than the required ubiquitination cascade factors (Figure 2.5). Taken 

together, the result of each assay supports the conclusion that San1 directly binds its 

misfolded substrates. 
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Figure 2.1: Two-hybrid experimental schematic. San1C279S is fused to the GBD and 

substrates are fused to the GAD. Interaction forms an active Gal4 transcription factor 

and drives expression of HIS3. 

 

 

 

 

 

 
Figure 2.2: Two-hybrid interaction between San1 and its missense substrates. 

Cells expressing GBD-San1C279S and GAD-substrate fusions were spotted onto media 

plus or minus histidine to measure spotting efficiency and two-hybrid interaction. 
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Figure 2.3: San1 proteomics show enriched substrates, not chaperones. 3HSV-

tagged San1 was immunoprecipitated and analyzed by mass spectrometry. Proteins 

with ≥ 3-fold enrichment compared to untagged control are shown in the top panel. 

Chaperones known to function in PQC degradation are shown at the bottom. Numbers 

are spectral counts for each protein in each replicate.    
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Figure 2.4: San1 does not require chaperones in an In vitro ubiquitination assay. 

Chemical or heat denatured luciferase was added to a reaction containing the San1 

ubiquitination cascade. The resulting reactions were probed on a western blot with anti-

luciferase antibody. Aggregated or ubiquitinated species are noted on the left. 

Annotations above the lanes indicate reagents present in the reaction. 

 

 
Figure 2.5: San1 pathway selectivity reconstituted in E. coli. 2xHA-tagged 

substrates were immunoprepcipated from E. coli cells expressing the San1 ubiquitination 

cascade and analyzed by western blot. Blots were probed with anti-ubiquitin antibodies 

to assess substrate ubiquitination and anti-HA antibodies to assess substrate 

immunoprecipitation. Annotations above the lanes indicate components expressed. The 

antibody band is marked by an asterisk. 
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San1 is largely unstructured 

 To understand how San1 might directly bind its substrates, we examined San1’s 

sequence and domain composition. The only region of San1, a 610 residue protein, with 

a known function is the RING domain, which spans from residue 165 to residue 280. The 

RING domain confers ubiquitin ligase activity through interaction with a ubiquitin 

conjugating enzyme (Dasgupta et al., 2004; Gardner et al., 2005). Because the RING 

domain is the active site of an E3, we deemed it unlikely to also be the region for 

substrate interaction. The regions N- and C-terminal to the RING domain do not contain 

any known domains that could inform us of substrate binding or another function. In 

addition to lacking identifiable domains or motifs, the N- and C- terminal regions of San1 

are predicted to contain little secondary structure using JPRED (Cole et al., 2008) 

(Figure 2.6).  

 

 Due to the lack of identifiable structural features in San1 outside of the RING 

domain, we predicted San1 might be an intrinsically disordered protein. To test our 

hypothesis, we applied multiple protein disorder prediction methods to San1’s sequence. 

We first used the Predictor of Naturally Disordered Regions (PONDR) VL-XT algorithm, 

which predicts disorder based on sequence attributes typically found in regions that are 

absent in x-ray and NMR structures (Romero et al., 2001). Confirming our hypothesis, 

PONDR predicted San1 to contain large regions of disorder (Figure 2.7). The disorder 

within the RING domain contains the nuclear localization signal, which needs to be 

accessible for nuclear import. Other disorder prediction methods, such as FoldIndex 

(Prilusky et al., 2005) and IUPred (Dosztanyi et al., 2005) confirmed the PONDR 

prediction of disorder in San1 with a similar topology given by PONDR (Figure 2.8). 

 

 Because of the consistent prediction of greater than 60% disorder in San1, I 

decided to experimentally test for disorder in active San1. I first used size exclusion 

chromatography to examine if San1 had characteristics of a disordered protein. Size 

exclusion chromatography is used to characterize disorder because intrinsically 

disordered proteins have larger hydrodynamic volumes than structured proteins, which 

causes them to migrate at a rate indicative of a higher molecular weight than their actual 

mass (Receveur-Brechot et al., 2006). It was previously found that San1 purified from 

yeast migrates at ~500 kDa in gel filtration rather than its calculated size of ~66 kDa and 

it was proposed this was due to San1 existing in a multi-protein complex in yeast 
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(Dasgupta et al., 2004). Due to the disorder prediction and previous size exclusion data, 

I repeated the gel filtration assay using San1 purified from E. coli under non-denaturing 

conditions and found that San1 migrated at ~500 kDa, while the similarly sized bovine 

serum albumin (BSA) migrated at ~75 kDa (Figure 2.9). Because of the absence of 

yeast proteins, this result indicates San1 is either disordered or runs as an oligomer. To 

examine if San1 is a multimeric protein, I co-expressed differently tagged versions of 

San1 in E. coli and found that neither version co-purified with the other (data not shown), 

indicating that San1 does not self-associate. Also supporting the lack of multimers, Rich 

and I both found San1 does not interact with itself in a two-hybrid (data not shown). It is 

possible that San1 oligomerizes transiently and future experiments will need to address 

this possibility. 

 

 Due to the chance that San1 oligomerizes, I wanted to examine the lack of 

structure in San1 with another assay. For this, I used limited proteolysis, which takes 

advantage of the fact that protease cleavage sites are usually inaccessible in structured 

regions but readily accessible in regions of disorder (Fontana et al., 2004). I exposed E. 

coli purified San1 and BSA to trypsin or thermolysin for 0, 2, 10, or 45 minutes and 

analyzed their proteolysis by SDS-PAGE followed by silver staining. I found San1 was 

completely digested at the earliest time points whereas BSA resisted digestion 

throughout the time course of protease treatment (Figure 2.10). I also observed that 

intact San1 migrated at ~100 kDa on the acrylamide gel, larger than its calculated ~66 

kDa mass. Intrinsically disordered proteins often show this behavior due to a low content 

of hydrophobic residues (Tompa, 2002). 

 

 Lastly, I analyzed San1’s secondary structure by circular dichroism (CD), which is 

a technique used to determine the α-helical, β-sheet, and random coil content of proteins 

(Greenfield, 2006). The CD spectrum of San1 had a minimum close to 200 nm (Figure 

2.11, blue), which is characteristic of a protein with mostly random coil content and is 

typical for intrinsically disordered proteins (Receveur-Brechot et al., 2006). By contrast, 

the CD spectrum of BSA had minima at 208 and 222 nm, which is characteristic of a 

protein with mostly α-helical content (Figure 2.11, yellow). The San1 spectrum had a 

small valley at ~224 nm indicating San1 possesses some α -helical content. This is 

consistent with the secondary structure prediction using Jpred (Cole et al., 2008), which 

predicts San1 possesses ~15% α-helical and ~5% β-sheet content (Figure 2.6). 
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Altogether, the experimental data confirmed the theoretical predictions that San1 is 

intrinsically disordered. 
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Figure 2.6: Predicted secondary structure of San1. Secondary structure predicted by 

Jpred (http://www.compbio.dundee.ac.uk/www-jpred/) is indicated below each residue in 

San1’s sequence. 
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Figure 2.7: Disorder prediction of San1 via PONDR.  Disorder, as predicted by 

PONDR (http://www.pondr.com/), is plotted on the y-axis across San1’s sequence. 

Yellow indicates disorder and blue indicates order. The gray box marks the RING 

domain. 

 

 

 

Figure 2.8: FoldIndex and IUPred predictions of San1 disorder. FoldIndex 

(http://bip.weizmann.ac.il/fldbin/findex) and IUPred (http://iupred.enzim.hu/index.html) 

also predict San1 to be disordered. Yellow indicates disorder and blue indicates order. 

The gray box marks the RING domain. 
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Figure 2.9: Gel filtration of recombinant San1 and BSA. Recombinant San1 or BSA 

was loaded onto a Superdex 200 column and eluted with 50mM NaCl, 15mM Na2HPO4, 

pH7.3. In the top panel, a western blot of San1 was probed with anti-HSV antibodies. At 

bottom, a gel containing BSA was stained with Coomassie. 

 

 

 

 

 
Figure 2.10: Limited proteolysis of recombinant San1 and BSA. Purified San1 or 

BSA was incubated with trypsin or thermolysin for the indicated times. Proteins were 

separated by SDS-PAGE and visualized by silver stain. The locations of trypsin (*), 

thermolysin (**), San1 (†), and BSA (††) are marked. 
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Figure 2.11: CD spectra of recombinant San1 and BSA. CD spectra of San1 (yellow) 

and BSA (blue) were recorded at 0.2 mg/ml for San1 and 0.15 mg/ml for BSA in 50mM 

NaCl and 15mM Na2PO4, pH7.3 at 25˚C. 
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San1 contains binding sites within its disordered N- & C-terminal regions 

Many proteins contain large regions of disorder and this lack of structure gives 

proteins specific properties. One such property is allowing a protein to have a wide 

range of conformational states, which confers the ability to bind many differently shaped 

molecules (Dunker et al., 2008). San1’s intrinsic disorder in the N- and C-terminal 

regions could provide San1 the conformational flexibility necessary to bind the broad 

variety of misfolded nuclear proteins. While previously uncharacterized in PQC 

degradation, there is precedent for this type of recognition in repair PQC mediated by 

chaperones. For example, intrinsically disordered regions in in the N-terminus of small 

heat shock proteins (sHSPs) are required for the binding of misfolded substrates 

(Haslbeck et al., 2004; Jaya et al., 2009; Reichmann et al., 2012; Stromer et al., 2004).  

 

Because sHSPs use disorder to bind misfolded proteins, we hypothesized that 

San1 uses its disordered N- and C-terminal regions to bind its misfolded substrates.  If 

this was the case with San1, we reasoned that San1’s intrinsic disorder should be 

maintained in San1 homologs. We therefore examined San1’s homologs from different 

Saccharomyces species. To test their ability to complement S. cerevisiae SAN1 function, 

Melissa placed each homolog SAN1 into a san1∆ S. cerevisiae strain and examined the 

degradation of Sir4-9 and temperature sensitivity of cdc68-1. She observed that S. 

bayanus, S. mikatae and S. paradoxus SAN1 genes each function equivalently to S. 

cerevisiae SAN1 in both degradation (Figure 2.12) and temperature sensitivity (Figure 

2.13). Each homolog also shared the same predicted disorder topology as S. cerevisiae 

San1 (Figure 2.14), indicating disorder is likely important for San1 function.  

 

Another property of disordered proteins is that they often contain small ordered 

regions, which are important for binding of other proteins (Dunker et al., 2008). We 

predicted that if San1 contains small ordered regions that are important for substrate 

interaction, these regions would be conserved. To test our hypothesis, we compared S. 

cerevisiae’s San1 sequence with the homologs’ sequences using ClustalW (Thompson 

et al., 1994). We observed discrete identical segments distributed along San1’s length 

that suggest conserved function (Figure 2.15, yellow highlighting). We also noticed that 

the pattern of alternating identical and non-identical segments in the ClustalW alignment 

mirrored the pattern of alternating order and disorder predicted in San1’s PONDR VL-XT 

topology. PONDR VL-XT predicts binding sites as dips in disorder (Romero et al., 2001), 
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and such dips are readily observed in San1’s PONDR VL-XT profile (Figure 2.7, blue 

regions). These dips map to the identical segments identified by ClustalW. Using 

ANCHOR, another predictor of binding sites within disordered regions (Dosztanyi et al., 

2009), we obtained a similar result as with PONDR with the predicted binding sites 

mapping to the identical segments (Figure 2.16). Altogether, the conservation and 

predications suggest San1 contains binding sites within its disordered N and C termini.  

 

To test our hypothesis, we decided to conduct a systematic deletion analysis of 

San1 and use the 2-hybrid assay to identify actual substrate-binding sites in San1. Prior 

to conducting the analysis, we envisioned two models for how San1 engages substrates. 

The first model is based on the conventional view of protein-protein interactions. In this 

model, San1 binds all substrates identically using the same defined substrate-binding 

site, similar to how Hsp70 chaperones bind substrates (Mayer and Bukau, 2005). If this 

model were correct, particular deletions in San1 would affect each substrate’s 

interactions with San1 equally and identically. The second model combines San1’s 

disorder and binding-site predictions with ideas of how the plasticity of disorder might be 

used to accommodate the binding of many differently shaped molecules. In this model, 

San1 binds each substrate differently using a distinct combination of substrate-

recognition sites dispersed throughout its disordered regions. If this model were correct, 

deletions in San1’s disordered regions would have varying effects on each individual 

substrate’s interactions.  

 

To identify substrate-binding sites and resolve which model is correct, Carrie made 

20 small deletions in San1 that spanned the length of each small identical and non-

identical segment identified by ClustalW. Carrie examined the steady-state protein levels 

of each GBD-San1 deletion mutant to ensure that any changes in interactions were not 

due to reduced San1 levels (Figure 2.17). I then assessed how each deletion affected 

San1’s ability to interact with Sir4-9, Cdc68-1, and Cdc13-1 in the 2-hybrid assay. To 

best visualize the results of the 2-hybrid interaction data, we used a heat map where the 

green color indicates the degree to which each San1 deletion affected the substrate 

interaction (Figure 2.18). As expected, the RING domain deletion (residues 165-285) 

had little effect on substrate interactions consistent with its primary function being 

interaction with the ubiquitin conjugating enzyme. In agreement with the second 

proposed model, no single interaction profile emerged for San1-substrate interactions; 
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multiple deletions in the N- and C-terminal disordered regions differentially affected each 

substrate interaction with San1 having a distinct interaction profile with each substrate. 

The identical, ordered segments were generally more important for substrate 

interactions particularly those spanning residues 295-319, 340-368, 402-422, 454-473, 

and 545-567. Their overall importance is consistent with these regions serving as 

conserved substrate-recognition modules. 
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Figure 2.12: San1 homolog complementation of Sir4-9 degradation. Cycloheximide-

chase assay of cells expressing Myc-Sir4-9 and San1 homologs was performed to 

assess complementation. Western blots were probed with anti-Myc antibodies. Time 

after cycloheximide addition is indicated above each lane. 

 

 

 

 

 

 
Figure 2.13: San1 homolog complementation of cdc68-1 temperature sensitivity. 

cdc68-1 cells expressing San1 homologs were grown to test complementation. Ten-fold 

dilutions of cells were incubated at permissive (25˚C) and restrictive (34˚C) 

temperatures.  
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Figure 2.14: Disorder prediction of homologs via PONDR. Disorder, as predicted by 

PONDR (http://www.pondr.com/), is plotted on the y-axis across the San1 sequence 

from S. bayanus, S. paradoxus, and S. mikatae. Yellow indicates disorder and blue 

indicates order.  
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Figure 2.15: CLUSTALW alignment of San1 and its homologs. ClustalW alignment of 

S. cerevisiae San1 with its homologs from related Saccharomyces species was 

performed using Fungal Alignment viewer in the Yeast Genome Database 

(http://www.yeastgenome.org/cgi-bin/FUNGI/showAlign). The red bar underlines the 

RING domain. 
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Figure 2.16: Prediction of San1 binding sites via ANCHOR. ANCHOR prediction of 

binding sites (http://anchor.enzim.hu/) within San1. Blue bars at the top mark the 

predicted binding sites. Black bars marked conserved regions. 

 

 

 

 

 

 
Figure 2.17: Steady state levels of GBD-San1 deletions. 2-hybrid strains expressing 

the indicated GBD-San1 fusions were lysed and separated by SDS-PAGE. Western 

blots with probed with anti-HSV, which each GBD fusion was tagged with. 
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Figure 2.18: San1 binds missense substrates using its disordered regions. Cells 

expressing the indicated San1 deletion (top) and GAD fusion (left) were spotted media 

plus or minus histidine to measure spotting efficiency and the 2-hybrid interaction. 

Interaction dependency is indicated by green color intensity. 
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Identification of additional substrates of San1 

The 2-hybrid deletion analysis provided compelling evidence that San1 interacts in 

distinct ways with each substrate through substrate-recognition modules located in the 

disordered regions. However, this is a small set of substrates, all of which are missense 

mutants, and a larger collection of substrates would allow us to test the hypothesis more 

comprehensively. Because San1 interacts with substrates in the 2-hybrid, we decided to 

use a 2-hybrid genetic selection to discover additional substrates and potential binding 

partners. Zara transformed a plasmid library made from yeast cDNA fused to the GAD 

into cells expressing GBD-San1C279S with the HIS3 gene under control of a Gal4-

inducible promoter. From 4x106 transformants, 98 grew into colonies on selective media. 

Of these, 32 different cDNAs were represented, 28 of which retested positive for an 

interaction with San1 (Figure 2.19).  

 

None of the San1 interactors has a known function related to nuclear PQC 

degradation (Figure 2.19). Thus, we suspected they aren’t partners of San1 but are 

substrates due to some structural abnormality. We analyzed the actual sequences of the 

proteins fused to the GAD to see if they could be considered abnormal and found that 22 

are truncated, 5 are encoded by cDNAs in their reverse orientation thus generating small 

peptide sequences, and 1 is full length but with an added 5’ non-coding sequence 

(Figure 2.19). Because most of the proteins identified were truncated, I retested the 2-

hybrid interaction with full-length versions of these proteins and observed that San1 did 

not interact with the full-length versions (Figure 2.20), again demonstrating San1’s 

specificity for abnormal proteins in the 2-hybrid assay. 

 

To verify the interactors are San1 substrates, Rich analyzed the degradation of 

each GAD fusion in SAN1 and san1∆ cells. He found 25 of 28 required San1 to be fully 

degraded: 14 underwent primarily San1-dependent degradation, 11 were subject to 

degradation that was partially dependent on San1, and 3 were stable when San1 was 

present (Figure 2.21). The three proteins that were stable were not required for the 

degradation of other substrates (data not shown), and thus the reason for their 

interaction remains unknown. Michelle also examined San1-dependent ubiquitination of 

select GAD-fusion substrates using the in coli assay and found they were ubiquitinated 

in a San1-dependent manner (Figure 2.22), indicating San1 directly targets these 

substrates as well. 
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Figure 2.19: Interacting proteins identified in 2-hybrid selection with San1. Cells 

expressing GBD-San1C279S and each of the listed proteins fused to GAD were spotted 

onto media plus or minus histidine to measure spotting efficiency and 2-hybrid 

interaction. The portion of each protein fused to GAD is in parentheses. The sequences 

of the reverse fusions are on the right. 



 33 

 
Figure 2.20: San1 does not interact with full-length proteins. Cells expressing GBD-

San1C279S and each of the listed proteins and their full-length counterpart fused to GAD 

were spotted on media to measure spotting efficiency and 2-hybrid interaction. 
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Figure 2.21: San1-dependent degradation of interacting proteins. Cycloheximide-

chase assays of cells expressing the indicated GAD fusion were performed to assess 

stability in the presence or absence of SAN1. Time after cycloheximide addition is 

indicated above each lane. Anti-GAD antibodies were used to detect each GAD fusion. 

Those GAD fusions whose degradation was primarily dependent upon San1 are 

grouped in the left column. Those GAD fusions whose degradation was slightly 

dependent upon San1 are grouped in the right column. Those GAD fusions that were not 

degraded are grouped at the bottom of the right column. 
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Figure 2.22: San1 ubiquitinates substrates in E. coli. 2xHA-tagged GAD substrates 

were immunoprecipitated from E. coli cells expressing the San1 ubiquitination cascade. 

Western blots were probed with anti-ubiquitin antibodies to assess substrate 

ubiquitination or anti-HA antibodies to assess substrate IP. Dashes above the lanes 

indicate which components were not expressed. Asterisk marks the antibody band. 
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San1 recognizes the 2-hybrid-derived substrates in distinct ways 

Using the 2-hybrid assay and the same small San1 deletions described in Figure 

2.18, Carrie and I assessed which portions of San1’s N- and C-terminal disordered 

regions were involved in interactions with this larger substrate collection. An important 

point for this collection is that the San1 2-hybrid interaction could be assessed not only 

on media minus histidine, but on media minus adenine and media minus histidine plus 3-

aminotriazole (+3AT), both of which are higher stringency media that require a stronger 

2-hybrid interaction to register growth. This was not the case for Sir4-9, Cdc68-1, or 

Cdc13-1, likely because they were not selected based on their ability to strongly interact 

with San1 via two-hybrid. 

 

Carrie and I assayed each interaction in duplicate on each different 2-hybrid media. 

As with Sir4-9, Cdc68-1, and Cdc13-1, the San1 deletions had variable effects for each 

substrate interaction. Although many regions throughout San1’s N- and C-terminal 

regions were involved in substrate interactions, the conserved segments in the C-

terminal region – particularly those spanning residues 295-319, 340-368, 402-422, 454-

473, and 505-521 – appear to be the most important and widely involved in San1’s 

interactions with these substrates. For most substrates, the deletions had little effect on 

interaction when cells were plated on the lowest stringency media (Figure 2.23, -his 

media), but showed greater effects as the stringency for the 2-hybrid interaction was 

increased (Figure 2.24, -ade and -his+3AT media). This result is consistent with San1 

having multiple, variable contacts with each substrate such that loss of one contact 

affects substrate binding in a way that only becomes more apparent as the requirement 

for a stable 2-hybrid interaction increases. 
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Figure 2.23: San1 binds 2-hybrid substrates distinctly. Cells expressing the 

indicated San1 deletion (top) and GAD fusion (left) were spotted onto media plus or 

minus histidine to measure spotting efficiency and the two-hybrid interaction. Interaction 

dependency is indicated by green color intensity. 
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Figure 2.24: Stringent media uncovers more interaction requirements for 

substrates. Cells expressing the indicated San1 deletion and GAD fusion were spotted 

onto media minus histidine and adenine (top) or media minus histidine plus 3-AT 

(bottom) to measure the two-hybrid interaction under more stringent conditions. 

Interaction dependency is indicated by green color intensity. 
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Disorder in PQC 

In exploring how San1 recognizes misfolded proteins, we discovered that San1 

uses multiple binding sites within its highly disordered N- and C-terminal domains to 

engage its disparate substrates. The use of multiple substrate binding sites within 

disordered regions was previously uncharacterized in PQC degradation. In fact, other 

PQC ubiquitin-protein ligases CHIP, Hrd1, Doa10 and Ubr1 contain very little predicted 

disorder compared to San1 (our unpublished observation). However, sHSPs, which are 

involved in PQC repair, use disordered regions for interaction with client proteins 

(Haslbeck et al., 2004; Jaya et al., 2009; Reichmann et al., 2012; Stromer et al., 2004). 

sHSP 18.1 from Pisum sativum (pea) is especially interesting because it contains 

specific substrate binding sites within its disordered region (Stromer et al., 2004), which 

is analogous to San1. However, unlike San1, sHSP 18.1’s binding sites are individual 

residues, not small ordered regions. It remains an open question how similar substrate 

binding actually is between sHSPs and San1. 

 

Upon substrate or cofactor binding, intrinsically disordered proteins can undergo 

structural changes. One potential change is a disorder to order transition that leads to a 

single ordered conformation. Another possibility is a disorder to order transition where 

only local regions of disorder become structured. In the case of sHSP, substrate binding 

often does not lead to disorder to order transitions (Lindner et al., 1998; Tompa and 

Csermely, 2004). Future studies are needed to determine if San1 undergoes disorder to 

order transitions or remains disordered upon substrate binding.  

 

A remaining question is why disorder is used in PQC degradation? One reason 

may be because IDPs have low affinity for their substrates, likely due to energy costs 

associated with disorder to order transitions, which means only a small pool of substrate 

is bound at any one time (Zhou, 2012). Low affinity for a San1-substrate interaction 

makes sense because ubiquitination occurs rapidly. Additionally, San1 potentially needs 

to query a large number of proteins and low affinity substrate binding should lead to 

enhanced interaction speed (Zhou, 2012). In fact, it has been postulated enhanced 

interaction speed in sHSP may help prevent aggregation of misfolded proteins (Tompa 

and Csermely, 2004). Another reason to use disorder in PQC is the potential for 

substrate specificity while using multiple conformations. IDPs can theoretically present a 

large, convoluted interaction surface due to their flexibility, which can lead to specific 
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interactions (Zhou, 2012). For San1, substrate specificity is critical because of the need 

to differentiate normal from abnormal proteins. Overall, the actual reason San1 uses 

disorder remains unknown. 

 

How does San1 engage substrates? 

 While the 2-hybrid deletion analysis demonstrated San1 contains multiple 

substrate binding sites, it did not answer three key points about San1-substrate 

interaction. First, we could not distinguish the number of conformations San1 adopts 

upon engaging substrates. One possibility is that San1 possess a broad, but limited 

number of distinct substrate-binding modalities. Alternatively, certain substrates may 

share comparable abnormal features and shapes that are recognized by San1 in a 

similar way. Secondly, we could not determine how multiple binding sites are used to 

engage a single substrate. We predict the binding sites in San1 either engage substrates 

independently, or work in conjunction with each other.  Lastly, the two-hybrid does not 

measure affinity, but only indicates a relative strength of interaction. This prevents us 

from determining if multiple binding sites increase the affinity for substrate binding. For 

example, the ubiquitin-protein ligase SCFcdc4 binds individual phosphorylation events in 

its substrate Sic1 weakly, but multiple sites strongly (Tang et al., 2012). Without a more 

quantitative San1-substrate interaction assay, these key questions will remain 

unanswered.  

 

 To better understand San1-substrate interaction, especially at the molecular 

level, we will need to develop methods for visualization of the interaction. For instance, 

we could determine disorder to order transition regions of San1 using hydrogen-

deuterium exchange coupled with mass spectrometry. The regions that no longer 

exchange upon substrate binding would indicate a transition to a structured state. 

Additionally, NMR and SAXS experiments on isolated San1 substrate binding sites with 

and without substrate could elucidate disorder to order transitions and more precise 

substrate contact points.  Another potential experiment to determine the exact residue 

contact points between San1 and substrates is to use amber codon crosslinking 

technology.   
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CHAPTER III: CHAPERONE ROLE IN PQC DEGRADATION 

 

Introduction 

An open question in the PQC field is how repair (chaperone) and degradation 

(protease) PQC systems in each cellular compartment coordinate and cooperate with 

each other to effect optimal protein homeostasis. In many cases, it is thought that repair 

and degradation PQC systems form a triage hierarchy, wherein the decision to refold or 

destroy a misfolded protein resides with the repair machinery (Wickner et al., 1999). 

From the studies of misfolded proteins targeted for PQC degradation in the ER and 

cytoplasm, it is clear chaperones play a key role in the degradation process (see chapter 

I and II for details). In most cases, however, it is not known if the chaperones’ primary 

function in PQC degradation is to maintain the solubility of misfolded proteins so that 

they can be subsequently recognized by PQC ubiquitin-protein ligases for ubiquitination, 

or if they perform a more direct role in misfolded protein recognition by the PQC ubiquitin 

ligases. 

 

 In the nucleus, a compartment without de novo protein folding, we wanted to 

understand the use of chaperones in PQC degradation. We chose to study San1 

because San1 is capable of ubiquitinating misfolded proteins directly in vitro (Figure 2.4), 

suggesting that chaperones are not required for the recognition of misfolded proteins by 

San1. However, two recent studies revealed Hsp70 chaperones (Ssa1/Ssa2) and a 

Hsp110 chaperone (Sse1) are required in vivo for the San1-mediated degradation of 

misfolded proteins that originate in the cytoplasm and are transported to the nucleus 

(Heck et al., 2010; Prasad et al., 2010). Due to this discrepancy, we decided to explore if 

there is a universal in vivo requirement for these chaperones or other nuclear 

chaperones in San1-mediated nuclear PQC degradation. Here, we used a diverse 

collection of substrates to reveal variability in the chaperone requirement for in vivo 

San1-mediated degradation.  
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The requirement for Hsp70 and Hsp110 chaperones differ between San1 

substrates 

 Ssa1/Ssa2 were previously shown to be required for the degradation of San1 

substrates that were initially presumed to be in the cytoplasm (Heck et al., 2010; Prasad 

et al., 2010). However, analysis of their localization revealed that these San1 substrates 

were present in the nucleus (Heck et al., 2010; Prasad et al., 2010), despite the fact that 

they are not normally nuclear proteins and thus lack canonical nuclear localization 

sequences (NLS). To explore if Ssa1/Ssa2 are generally required for San1-mediated 

degradation or solely for the degradation of misfolded proteins without an NLS, I 

examined the role of Ssa1/Ssa2 in the degradation of San1 substrates that are localized 

to the nucleus by virtue of a NLS. We previously characterized two different classes of 

San1 substrates with a NLS: missense mutant proteins (Gardner et al., 2005), and 

truncated proteins (chapter II). I chose representative examples of these classes of San1 

substrates and compared the involvement of Ssa1/Ssa2 in their degradation to the 

involvement of Ssa1/Ssa2 in the degradation of two San1 substrates lacking an NLS, 

∆ssCpy* and ∆2GFP, that were previously shown to require Ssa1/Ssa2 for their 

degradation (Heck et al., 2010; Prasad et al., 2010).  

 

Because we previously examined degradation out to three hours after protein 

synthesis inhibition, I did the same for ∆ssCpy* and ∆2GFP. First, I verified the 

degradation of ∆ssCpy* and ∆2GFP was dependent on Ssa1/Ssa2 (Figure 3.1). 

Because I examined degradation out to three hours, I observed degradation of ∆2GFP 

was not completely dependent on Ssa1/Ssa2.  Next, I examined degradation of the 

missense mutant San1 substrates Cdc68-1 and Cdc13-1 fused to the Gal4 activation 

domain, previously used for two-hybrid analysis (Figure 2.2). With both Cdc68-1 and 

Cdc13-1, I did not observe any requirement for Ssa1/Ssa2 in their degradation (Figure 

3.2). Lastly, I examined the degradation of truncated San1 substrates Ura4* and Pro3*, 

which we previously identified in the 2-hybrid selection (Figure 2.19). With both Ura4* 

and Pro3*, I observed a partial involvement of Ssa1/Ssa2 in their degradation (Figure 

3.3). This partial stabilization matches the degradation of ∆ssCpy* and ∆2GFP, but 

differs from the degradation of Cdc68-1 and Cdc13-1. From this data, I conclude that 

Ssa1/Ssa2 involvement in the degradation of San1 substrates is not universal and is 

substrate specific. 
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I next examined the universality of Sse1 involvement in the degradation of the 

different classes of San1 substrates. Sse1 was previously found to be required for the 

degradation of ∆ssCpy* and ∆2GFP (Heck et al., 2010; Prasad et al., 2010). First, I 

verified Sse1 is involved in the degradation of ∆ssCpy* and ∆2GFP (Figure 3.4). 

Interestingly, degradation was completely dependent on Sse1, which was different than 

Ssa1/2. Similar to Ssa1/Ssa2, Sse1 was partially involved in the degradation of Ura4* 

and Pro3* (Figure 3.5). Sse1 was partially required for Cdc13-1 degradation and not 

required for Cdc68-1 degradation (Figure 3.6). As with the case of Ssa1/Ssa2, I 

conclude that Sse1 involvement in the degradation of San1 substrates is also not 

universal and is substrate specific. 
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Figure 3.1: Ssa1/2 are partially required for no NLS substrate degradation. 

Cycloheximide-chase assays of cells expressing the indicated substrate that contains no 

NLS were performed to assess stability in SAN1, san1∆, or ssa1∆ssa2∆ cells. Time after 

cycloheximide addition is indicated above each lane. Anti-HA (∆2GFP) or anti-GFP (∆ss-

CPY) antibodies were used to detect the appropriate fusion.  

 

 
Figure 3.2: Ssa1/2 are not required for missense mutant degradation. 

Cycloheximide-chase assays of cells expressing the indicated missense mutant 

substrate were performed to assess stability in SAN1, san1∆, or ssa1∆ssa2∆ cells. Time 

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

used to detect each GAD fusion.  

 

 
Figure 3.3: Ssa1/2 are partially required for truncated substrate degradation. 

Cycloheximide-chase assays of cells expressing the indicated truncated substrate were 

performed to assess stability in SAN1, san1∆, or ssa1∆ssa2∆ cells. Time after 

cycloheximide addition is indicated above each lane. Anti-GAD antibodies were used to 

detect each GAD fusion. 
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Figure 3.4: Sse1 is required for non-NLS substrate degradation. Cycloheximide-

chase assays of cells expressing the indicated substrate that contains no NLS were 

performed to assess stability in SAN1, san1∆, or sse1∆ cells. Time after cycloheximide 

addition is indicated above each lane. Anti-HA (∆2GFP) or anti-GFP (∆ss-CPY) 

antibodies were used to detect the appropriate fusion. 

 

 

 
Figure 3.5: Sse1 is partially required for truncated substrate degradation. 

Cycloheximide-chase assays of cells expressing the indicated missense mutant 

substrate were performed to assess stability in SAN1, san1∆, or sse1∆ cells. Time after 

cycloheximide addition is indicated above each lane. Anti-GAD antibodies were used to 

detect each GAD fusion. 

 

 
Figure 3.6: Sse1 is partially required for missense mutant degradation. 

Cycloheximide-chase assays of cells expressing the indicated truncated substrate were 

performed to assess stability in SAN1, san1∆, or ssa1∆ssa2∆ cells. Time after 

cycloheximide addition is indicated above each lane. Anti-GAD antibodies were used to 

detect each GAD fusion. 

 

 

 

 



 46 

Other chaperones are not required for San1-mediated degradation 

In addition to Ssa1/Ssa2 and Sse1, I also examined the participation of other 

chaperones in San1-mediated degradation including the Hsp40 chaperone Ydj1, Hsp90 

chaperones Hsc82/Hsp82, the Hsp100 chaperone Hsp104, and the small heat shock 

proteins Hsp26 and Hsp42. I also intend to test the participation of the Hsp70 

chaperones Ssb1/Ssb2 and the Hsp90 co-chaperone Sti1.Ydj1, Sti1, and Hsc82/Hsp82 

have been previously shown to be involved in the degradation of some misfolded 

proteins (Huyer et al., 2004; McClellan et al., 2005). Ydj1, Hsc82/Hsp82, Hsp104, 

Hsp26, and Hsp42 are also nuclear localized (Gong et al., 2009), making them important 

chaperones to query for involvement in San1-mediated nuclear PQC degradation. So 

far, I have observed no involvement of these chaperones in the degradation of any of the 

San1 substrates tested, with the exception of Ydj1 being required for ∆2GFP 

degradation (our preliminary data). While it remains a formal possibility that an as yet 

unexamined chaperone is universally required for San1-mediated degradation, the 

evidence so far indicates that chaperone requirements for San1-mediated degradation 

are substrate specific. A differential requirement of chaperones indicates differences 

between San1 substrates.  

 

The requirement for Hsp70 and Hsp110 chaperones may correlate with substrate 

solubility 

Previously, we found that San1 is capable of ubiquitinating a denatured form of 

luciferase in vitro (Figure 2.4). However, we also noticed that San1 was incapable of 

ubiquitinating higher molecular weight forms of denatured luciferase that were likely 

aggregates. Thus, one possibility for the role of Ssa1/Ssa2 and Sse1 in the degradation 

of select San1 substrates is that these chaperones maintain the solubility of aggregation-

prone misfolded proteins so that San1 can recognize them as substrates. Supporting 

this possibility is that ∆ssCpy* was shown to be insoluble in the absence of Ssa 

chaperones (Park et al., 2007). Therefore, in the future, we will determine if solubility 

correlates with the requirement of Ssa proteins for degradation. Overall, the lack of a 

universal chaperone requirement for San1 substrates suggests chaperones do not 

mediate substrate recognition, but form some other function that differs among 

substrates. 
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CHAPTER IV: THE ABNORMAL FEATURE RECOGNIZED IN NUCLEAR PQC 

 

Introduction 

A key feature of PQC degradation is the ability to distinguish an abnormal protein 

among the pool of its normal counterparts. This ability must transcend primary structure, 

since the abnormal protein can have the same sequence as its normal counterpart. 

Without this feature, PQC degradation systems would subject structurally intact normal 

proteins to random destruction. Additionally, because any protein could lose its structure 

and become misfolded, PQC degradation machinery must also be able to recognize a 

diverse assortment of unrelated substrates by targeting a common feature of 

abnormality. At present, we understand poorly what abnormal features PQC ubiquitin-

protein ligases recognize in their misfolded substrates. 

 

Because many PQC ubiquitin-protein ligases indirectly recognize misfolded 

proteins, the abnormal feature targeted can often be elucidated from required adapter 

proteins. For example, select ERAD-L substrates require Kar2 (Plemper et al., 1997), 

which is an Hsp70 chaperone. Hsp70 chaperones bind stretches of hydrophobicity 

surrounded by basic residues (Rudiger et al., 1997). Thus ERAD-L substrates might 

expose hydrophobic residues that are bound by Kar2 and delivered to Hrd1 for 

ubiquitination. However, exposed hydrophobicity in ERAD-L substrates has not yet been 

demonstrated as the abnormal feature recognized by the Hrd1 complex. Because Hsp70 

chaperones are required for degradation of CHIP substrates (Murata et al., 2001) and 

Ubr1 substrates (Heck et al., 2010; Nillegoda et al., 2010; Prasad et al., 2010), the 

abnormal feature recognized in each pathway might also be exposed hydrophobicity. 

Certainly, exposed hydrophobicity is not the only abnormal feature targeted by PQC 

ubiquitin-protein ligases. For example, Yos9 recognizes specific N-linked glycans on 

ERAD-L substrates (Bhamidipati et al., 2005; Clerc et al., 2009; Kim et al., 2005; Quan 

et al., 2008). Because adaptor protein usage is variable in PQC degradation, the 

abnormal feature targeted is often hard to infer.  

 

One theory in the PQC field is that exposed hydrophobicity is a key feature 

recognized in abnormal proteins. This theory exists because exposed hydrophobicity in 

an aqueous environment is energetically unfavorable and leads to protein aggregation. 

The best evidence for exposed hydrophobicity as the abnormal feature in PQC 
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substrates is with Doa10, because synthetic hydrophobic peptides attached to reporters 

require Doa10 for degradation (Gilon et al., 2000; Metzger et al., 2008; Ravid et al., 

2006; Sadis et al., 1995). Furthermore, the transcription factor Matα2 is also targeted for 

Doa10-dependent degradation, with Doa10 recognizing the exposed hydrophobic face of 

an amphipathic helix normally buried when Matα2 forms a heterodimer with Mata1 

(Johnson et al., 1998; Ravid et al., 2006). Lastly, degradation of the mutant nuclear 

protein Ndc10-2 requires the hydrophobic side of an amphipathic helix as well as a 

hydrophobic C-terminal tail (Furth et al., 2011). In all cases of PQC degradation where 

hydrophobicity is exposed, the minimal hydrophobic feature recognized has not been 

demonstrated. In the case of San1, which does not have a universal requirement of 

chaperones and directly binds its substrates, we wanted to examine the abnormal 

feature of San1 substrates. 

 

Classes of PQC substrates San1 recognizes 

Under normal physiological conditions, PQC degradation systems typically target 

only a small, random portion of an individual protein’s total pool that has become 

misfolded through synthesis errors or post synthesis damage, or has failed to complex 

correctly with its partner proteins. Because of the difficulties in examining a small portion 

of any protein’s pool, PQC degradation studies have routinely used three different types 

of substrates whose entire pool can be induced to misfold. The first type of PQC 

substrate comprises synthetic peptides, which when fused to reporter proteins can 

cause their PQC ubiquitin-protein ligase-dependent degradation (Gilon et al., 1998, 

2000; Metzger et al., 2008). It is thought that synthetic short peptides mimic some 

feature present in misfolded proteins that is typically recognized by PQC ubiquitin-

protein ligases. Synthetic short peptides represent “gibberish” sequences that can arise 

in a cell through a number of common mechanisms: termination codon read through, 

failure to suppress cryptic transcription, frameshift mutations, and mRNA splicing 

defects. With San1, we have identified 6 such peptides fused to the GAD from the 2-

hybrid selection (Figure 2.19). 

  

The second type of PQC substrate consists of truncated proteins (Fredrickson et 

al., 2011; Heck et al., 2010; Park et al., 2007; Prasad et al., 2010; Ward et al., 1995). 

Presumably, truncated proteins cannot fold into a proper structure and thus represent 

constitutively misfolded proteins targeted by PQC ubiquitin-protein ligases. Truncated 
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proteins can arise in a cell through a number of common mechanisms: frameshift 

mutations, nonsense mutations, failures in nonsense-mediated decay, premature 

transcription or translation termination, mRNA splicing defects, and the action of cellular 

proteases. In fact, proteolytic cleavage precedes aggregation and neurodegeneration in 

a number of tauopathies and polyQ-expansion disorders (Walsh et al., 2005). We have 

identified 20 truncated proteins that require San1 for their degradation (Figure 2.19).   

 

 The third type of PQC substrate encompasses missense mutant proteins 

(Betting and Seufert, 1996; Biederer et al.; Bordallo et al., 1998; Dasgupta et al., 2004; 

Estruch et al., 2009; Gardner et al., 2005; Kaganovich et al., 2008; Lewis and Pelham, 

2009; Matsuo et al., 2011; Ravid et al., 2006; Wang et al., 2006; Wang and Prelich, 

2009). In these cases, single missense mutations lead to misfolding of a protein and 

subsequent recognition by PQC ubiquitin-protein ligases. Often, the missense mutations 

cause temperature-dependent loss of protein function that can be recovered by 

eliminating their PQC degradation (Betting and Seufert, 1996; Bordallo et al., 1998; 

Dasgupta et al., 2004; Estruch et al., 2009; Gardner et al., 2005; Ravid et al., 2006; 

Wang et al., 2006), indicating that the misfolding caused by the mutations is not so 

severe that all protein function is lost. Missense mutants historically have been a main 

class of substrates used to study PQC degradation systems, due to the ability to 

genetically selection for temperature sensitive mutants in yeast. With San1, there are 

seven missense mutants that are dependent on San1 for their degradation (Estruch et 

al., 2009; Gardner et al., 2005; Lewis and Pelham, 2009). 

 

Because San1 degrades misfolded proteins from each class, we hypothesized 

San1 is likely recognizing a similar abnormal feature in each substrate. For our studies 

on the abnormal feature San1 recognizes, we used examples from each type of 

substrate to see if we could identify a universal feature of abnormality targeted by San1. 

 

Small hydrophobic peptides function as degrons for San1-mediated degradation 

From the two-hybrid selection we performed with San1 and a yeast cDNA library 

(Figure 2.19), we noticed one interesting class of substrates were cDNAs oriented in the 

reverse direction to the GAD, causing the translation of random peptide sequences 

fused to the GAD rather than the desired protein encoded by the cDNA. Inspection of the 

peptide sequences revealed that 5 of the 6 peptides contain long tracts of hydrophobic 
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residues (Figure 4.1, peptides 1-6), suggesting that San1 targets exposed 

hydrophobicity. To explore this further, we obtained a quantitative measure of peptide 

hydrophobicity by averaging the Kyte-Doolittle hydrophobicity (Kyte and Doolittle, 1982) 

values for each residue in the peptide, thus yielding an average hydrophobicity score for 

each peptide (which we call a K-D score). We classified a peptide as hydrophobic if it 

has a K-D score >0 and as hydrophilic if it has a K-D score <0. All 6 peptides have K-D 

scores >0 (Figure 4.1). 

 

To determine if San1 generally binds hydrophobic peptides, I subsequently 

performed a 2-hybrid selection using a library of ~107 random 16-mer peptides fused to 

the GAD (Yang 1995). I identified 10 unique peptides that interact with San1, and 9 of 

the 10 have K-D scores >0 (Figure 4.1, peptides A-J). The K-D scores again suggested 

that San1 targets hydrophobicity. To determine the likelihood that this result could occur 

by chance, Tom selected at random 106 simulated peptides from the library (based on 

the library’s idealized composition) and found that the probability of selecting a peptide 

with a K-D score >0 is 0.336  (Figure 4.2). Therefore, it is unlikely that 9 of 10 peptides 

chosen at random from the library would have K-D scores >0 (P value = 3.8x10-4). To 

verify the library itself is not biased towards hydrophobicity, Melissa and I sequenced 10 

randomly chosen peptides and found 4 to have K-D scores >0 (Figure 4.3, random 

peptides K-T), indicating that the peptide composition of the library is as expected (P 

value = 0.448). None of the randomly chosen peptides interact with San1 by 2-hybrid 

(Figure 4.3), which we expected since they weren’t identified as interactors in the 2-

hybrid selection. 

 

Because San1 is highly flexible (chapter II), we considered the possibility that the 

San1-interacting hydrophobic peptides might simply interact with any IDP non-

specifically. To test this, Melissa measured the 2-hybrid interaction between all peptides 

and the deubiquitinating enzyme Ubp10, which is predicted to be as highly disordered 

outside of its catalytic domain as San1 (Figure 4.4). No peptide interacted with Ubp10 

(Figure 4.5), demonstrating that the hydrophobic peptides’ interactions are specific for 

San1 and ruling out the possibility that they simply interact non-specifically with any 

intrinsically disordered protein.  
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Melissa and I verified that the San1-interacting peptides target reporter fusions 

for San1-mediated degradation by attaching the peptides to green fluorescent protein 

(GFP) containing a nuclear localization signal (NLS), which allowed us to target the GFP 

fusions to the nucleus where San1 resides (Gardner 2005). Melissa and I analyzed the 

degradation of the GFPNLS-peptide fusions in mutant san1∆ and wild-type SAN1 cells 

using a cycloheximide-chase assay. Each GFPNLS-peptide is degraded in wild-type 

SAN1 cells and stabilized in mutant san1∆ cells (see representative examples in Figure 

4.6), which is consistent with their interactions with San1 in the 2-hybrid assay (Figure 

4.1). By contrast, the randomly selected peptides, which do not interact with San1 in the 

2-hybrid assay (Figure 4.3), are not subject to San1-dependent degradation; the GFPNLS-

random peptide fusions are either stable or degraded in a San1-independent manner 

(see representative examples in Figure 4.7). Because the San1-interacting cDNA-

derived peptides have stretches of hydrophobic residues and hydrophilic residues, Joel 

confirmed that the hydrophobic residues are solely responsible for San1-dependent 

degradation by splitting peptides 2 and 3 into their constituent hydrophobic and 

hydrophilic parts. He observed San1-dependent degradation only when the hydrophobic, 

but not the hydrophilic, part of these peptides is fused to GFPNLS (Figure 4.8).  
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Figure 4.1: San1 interacts with hydrophobic peptides fused to the GAD. Cells 

expressing GBD-San1C279S and each listed peptide fused to GAD were spotted onto 

media with or without histidine to measure spotting efficiency and 2-hybrid interaction. 

Hydrophobic residues are in gray. Average Kyte-Doolittle (K-D) scores for each peptide 

are listed on the right. 

 

 

 

 

 

 
Figure 4.2: Hydrophobic content in simulation of peptide library. Histogram of Kyte-

Doolittle scores generated from 106 simulated peptides selected randomly from the 16-

mer peptide library. 
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Figure 4.3: Random peptides do not interact with San1. Cells expressing GBD-

San1C279S and the indicated randomly selected peptide fused to GAD were spotted onto 

media with or without histidine to measure spotting efficiency and 2-hybrid interaction. 

Hydrophobic residues are in gray. Average Kyte-Doolittle (K-D) scores for each peptide 

are listed on the right. 
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Figure 4.4: Disorder of Ubp10 and San1 is similar. Disorder predictions of Ubp10 and 

San1. Panels were generated from IUPred (http://iupred.enzim.hu/index.html). Predicted 

disordered regions are in yellow and predicted ordered regions are in blue. 
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Figure 4.5: San1-interacting peptides do not interact with Ubp10. Cells expressing 

GBD-Ubp10 and each listed peptide fused to GAD were spotted onto media with or 

without histidine to measure spotting efficiency and 2-hybrid interaction. Hydrophobic 

residues are in gray. 

 

 

 

 
Figure 4.6: San1-dependent degradation of hydrophobic peptides. Cycloheximide-

chase assays were performed to assess stability of the indicated GFPNLS-peptide fusion 

in the presence or absence of SAN1. Western blots were probed with anti-GFP 

antibodies. Time after cycloheximide addition is indicated above the blots. 
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Figure 4.7: Random peptides are not San1 substrates. Cycloheximide-chase assays 

were performed to assess stability of the indicated GFPNLS-peptide fusion in the 

presence or absence of SAN1. Western blots were probed with anti-GFP antibodies. 

Time after cycloheximide addition is indicated above the blots. None of the peptides 

evaluated exhibited SAN1-dependent stability, indicating that they are not San1 

substrates. 

 

 
Figure 4.8: San1 targets hydrophobic parts of peptides. Cycloheximide-chase 

assays were performed to assess stability of GFPNLS-Peptide 2 and 3 fusions and their 

isolated hydrophobic and hydrophilic components in the presence or absence of SAN1. 

Western blots were probed with anti-GFP antibodies. Time after cycloheximide addition 

is indicated above the blots. 



 57 

A window of hydrophobicity defines peptide recognition via San1 

A few of the randomly selected peptides do not interact with San1 but do have K-

D scores >0  (Figure 4.3), so it is likely that San1 recognizes something other than the 

overall hydrophobicity of the peptide. Because each peptide contained long, 

uninterrupted stretches of hydrophobic residues, we hypothesized that San1 recognizes 

regions within each peptide where hydrophobic residues are concentrated. To test this, 

Joel determined the minimum number of contiguous hydrophobic residues required for 

San1-dependent degradation by substituting an increasing number of serine or threonine 

residues for the N-terminal hydrophobic residues in the peptide 2 and 3 hydrophobic 

variants. He found that San1 requires a minimum of 5 contiguous hydrophobic residues 

to target the GFPNLS-peptides for degradation (Figure 4.9). Consistent with the idea that 

a window of hydrophobicity rather than overall hydrophobicity is recognized by San1, 

Joel found that the peptide 2 and 3 variants with only 4 contiguous hydrophobic residues 

are not degraded despite the fact that they have overall K-D scores >0 (TSTSTSYIII = 

0.77, TSTSTSVILL = 1.18). Thus, we conclude that a local window of concentrated 

hydrophobicity rather than overall peptide hydrophobicity is the primary determinant of 

San1 recognition.  

 

 To examine the “window of hydrophobicity” hypothesis further, Joel evaluated the 

local K-D hydrophobicity score in a 5-residue sliding window across the length of all 

San1-interacting and non-interacting peptides. He recorded the maximum 5-residue 

window value found for each peptide and plotted the values of San1-interacting and non-

interacting peptides separately for comparison (Figure 4.10). He observed a significantly 

higher mean K-D window value for the San1-interacting peptides compared with that for 

the non-interacting randomly selected peptides (P value = 2.9x10-5). Kyte-Doolittle has 

particular biases in characterizing hydrophobicity (Kyte and Doolittle, 1982), so we also 

evaluated the maximum hydrophobicity window value in all peptides using 

AGGRESCAN – an algorithm trained to predict the aggregation propensity of protein 

regions based on their residues’ hydrophobic content (Conchillo-Sole et al., 2007). Joel 

found that the San1-interacting peptides also have higher maximum AGGRESCAN 

window values than their non-interacting counterparts (Figure 4.10), with even greater 

statistical separation of the mean values (P value = 2.8x10-7). Altogether, the 

experimental evidence coupled with the hydrophobicity analyses indicates that San1 

recognizes a window of concentrated hydrophobicity in its target peptides. 
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 Although there is a significant correlation between the window of hydrophobicity 

in a peptide and its interaction with San1 and San1-dependent degradation, there are 

some interesting outliers that can’t be explained solely by this simple model. Both 

peptides 1 and G interact with San1 and are degraded in a San1-dependent manner, but 

each has significantly lower K-D and AGGRESCAN maximum window averages than 

the other interacting peptides. Conversely, random peptides L and Q have maximum 

window averages that resemble those of San1-interacting peptides. However, these 

peptides do not interact with San1 and are subject to San1-independent degradation. 

See the Discussion section for the potential reasons why we think these outliers are 

consistent with the “window of hydrophobicity” model of San1 recognition.  
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Figure 4.9: San1 can target five contiguous hydrophobic residues. Polar 

substitutions were made in the N-termini of Peptide 2 and 3 hydrophobic regions and 

were evaluated for SAN1 dependency via cycloheximide-chase. Western blots were 

probed with anti-GFP antibodies. Time after cycloheximide addition is indicated above 

the blots. Peptides evaluated are SAN1 substrates as long as they have 5 contiguous 

hydrophobic residues. 
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Figure 4.10: Peptides are defined by a local window of hydrophobicity. Kyte-

Doolittle (top panel) and AGGRESCAN (second panel) sliding scales of 5 residues were 

used to determine the maximum hydrophobic window in San1-interacting (●) and non-

interacting (○) peptides. A vertical line marks the mean of each group. Maximum window 

values for interacting and non-interacting peptides are listed below. 
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Type of hydrophobic residue is relevant in San1 recognition 

 Although our “window of hydrophobicity” model of San1 recognition correlated 

with nearly all peptides, we only tested the degradation of two isolated, contiguous 5-

residue stretches of hydrophobic peptides (Figure 4.9). These two isolated 5-residue 

stretches did not cover the entire spectrum of hydrophobicity. Both 5-residue stretches 

contained Leu, Tyr, and Ile residues, but only one stretch contained a Val residue, and 

neither contained Phe, Ala, Met, or Trp residues. Because each of these hydrophobic 

residues was present in at least one of the peptides we identified in the 2-hybrid 

selection (Figure 4.1), we decided to test the ability for San1 to recognize each individual 

hydrophobic amino acid.  

 

 To determine San1’s ability to recognize specific hydrophobic residues, I 

examined the degradation of five hydrophobic residues where each residue is identical, 

which we called “homopentamers”. I predicted the window of hydrophobicity score for 

the homopentamer would correlate with San1-dependent degradation. Only five Leu, 

Val, or Ile residues have a K-D hydrophobic window value similar to the San1-interacting 

peptides (Figure 4.11-4.13). By using AGGRESCAN hydrophobic window values, Leu, 

Val, Ile, and Phe residues have values similar to the San1-interacting peptides (Figure 

4.11-4.13). Thus I predicted only Leu, Val, Ile and Phe residues would be degraded as 

homopentamers. To experimentally test this prediction, I fused a TSTST-5mer sequence 

to GFPNLS and examined degradation in SAN1 and san1∆ cells. The degradation of each 

homopentamer fit into one of three distinct groups. The first group consisted of Phe (5F) 

and Ile (5I) residues, which were clearly degraded in a San1-dependent manner (Figure 

4.11). The second group consisted of Tyr (5Y), Met (5M) and Trp (5W) residues, which 

were stable for the entirety of the assay (Figure 4.12). The final group consisted of Leu 

(5L), Val (5V) and Ala (5A) residues, which were degraded in a San1-independent 

manner (Figure 4.13). In each case, the degradation of “TSTSTYVILL” was similar to 

Figure 4.9. Overall, the homopentamers that are degraded are consistent with higher 

AGGRESCAN 5-residue window values, but surprisingly, San1 was not universally 

required for their degradation.  

 

 Because many peptides we identified in the 2-hybrid contained long stretches of 

only Val and Leu residues (Figure 4.1), I was surprised to see little to no dependence on 

San1 for the degradation of 5V or 5L. I hypothesized the lack of San1-dependence was 
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either because San1 prefers a non-homogenous stretch of Val and Leu residues or 

because other degradation pathways preferentially target these residues. To determine if 

San1 more readily targets a mix of Val and Leu residues, I examined the degradation of 

“LVLVL” fused to GFPNLS in SAN1 and san1∆ cells. The degradation of this peptide 

mirrored that of 5V (Figure 4.14), suggesting San1 recognition for Val and Leu residues 

does not change in a heterogeneous 5mer. To determine the minimal number of Ile 

residues in a stretch of Val residues that leads to San1-dependent degradation, I 

examined the degradation of “VIVIV” in SAN1 and san1∆ cells. “VIVIV” was degraded in 

a San1-dependent manner, as was “VVVIV” (Figure 4.14), suggesting a single Ile 

residue imbedded in a stretch of Val residues is sufficient for San1-dependent 

degradation. 

 

Next I wanted to determine what PQC degradation machinery targets the San1-

independent class of homopentamers. I focused on 5V, as it was degraded the most 

rapidly. To find the other pathway(s) that target 5V for degradation, I first tested 

dependence on the proteasome for 5V degradation. To test dependence of the 

proteasome, I used the proteasome inhibitor MG-132, and this use led to a complete 

stabilization of 5V (Figure 4.15), demonstrating the other pathway involves proteasomal 

degradation. With proteasome degradation in mind, I selected Doa10 and Ubr1, both 

ubiquitin-protein ligases known to target abnormal proteins, as candidates for 5V 

degradation. To test the dependence of Doa10 and Ubr1 for 5V degradation, I examined 

degradation in ubr1∆doa10∆ and ubr1∆san1∆doa10∆ cells and similar to san1∆, it was 

almost completely degraded by one hour (Figure 4.16). This result indicates an unknown 

PQC ubiquitin-protein ligase likely exists in the nucleus.   
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Figure 4.11: San1 targets five contiguous Ile or Phe residues. Cycloheximide-chase 

assays were performed to assess stability of GFPNLS-homopentamer fusions in the 

presence or absence of SAN1. Western blots were probed with anti-GFP antibodies. 

Time after cycloheximide addition is indicated above the blots. Peptides here are 

degraded via San1. The Kyte-Doolittle (K-D) and AGGRESCAN (AG) scores for each 5-

mer are listed on the right. 

 

 

 

 
 

Figure 4.12:  Five contiguous Met, Trp or Tyr residues are stable. See Figure 4.11. 

Peptides here are not degraded. The Kyte-Doolittle (K-D) and AGGRESCAN (AG) 

scores for each 5-mer are listed on the right. 
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Figure 4.13: Five contiguous Val, Leu or Ala residue degradation is San1-

independent. See Figure 4.11. Peptides here are degraded via a pathway that is not 

San1. The Kyte-Doolittle (K-D) and AGGRESCAN (AG) scores for each 5-mer are listed 

on the right. 
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Figure 4.14: San1-dependent degradation of a mix of Val, Leu and Ile residues. 

Cycloheximide-chase assays were performed to assess stability of GFPNLS peptide 

fusions in the presence or absence of SAN1. Western blots were probed with anti-GFP 

antibodies. Time after cycloheximide addition is indicated above the blots. Hydrophobic 

peptides with only one Ile residue are degraded via San1, while a mix of Leu and Val 

residues are not.  
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Figure 4.15: Five Val residue degradation is proteasome-dependent. 

Cycloheximide-chase assays were performed to assess stability of GFPNLS-5V in the 

presence or absence of SAN1 and MG-132, a proteasome inhibitor. Western blots were 

probed with anti-GFP antibodies. Time after cycloheximide addition is indicated above 

the blots. 

 

 

 

 
Figure 4.16: Five Val residue degradation is not via Doa10 or Ubr1. Cycloheximide-

chase assays were performed to assess stability of GFPNLS-5V in the presence or 

absence of SAN1, UBR1 and DOA10. Western blots were probed with anti-GFP 

antibodies. Time after cycloheximide addition is indicated above the blots. 
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Hydrophobic residue degradation changes with length 

 Because my initial observations were made using a minimal stretch of 

hydrophobicity, I wanted to determine if the residue preferences of San1 change with 

longer stretches of hydrophobicity. I had two reasons to believe a longer stretch of 

hydrophobic residues might change San1 dependency. First, most peptides we identified 

in the 2-hybrid selection had stretches of hydrophobicity longer than five residues 

(Figure 4.1). Secondly, the two isolated 5 residue hydrophobic windows are degraded 

sluggishly compared to the peptides from which they are derived (Figure 4.8 and 4.9), 

suggesting length differences affect the rate of degradation. To determine if San1’s 

ability to recognize specific hydrophobic residues changes in longer stretches of 

hydrophobicity, I fused TST-7mers (homosepatmer) to GFPNLS and their examined 

degradation in SAN1 and san1∆ cells.  As with the homopentamers, the degradation of 

the homoseptamers comprised three distinct groups. The first group, consisting of 7I, 7F, 

7L, 7V, and 7Y, were degraded in a San1-dependent manner (Figure 4.17). The second 

group, consisting of 7M and 7A, were degraded, but almost entirely in a San1-

independent manner (Figure 4.17). Lastly, 7W was a stable protein (Figure 4.17, 

bottom). San1-dependent degradation of the homoseptamers correlated with higher 

AGGRESCAN 5-residue window values, except with 7Y (Figure 4.17). Interestingly, 5Y 

was stable, indicating a threshold effect for San1 recognition (See discussion for more). 

Overall, the San1-dependent degradation of contiguous stretches of hydrophobic 

residues is altered by length.  
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Figure 4.17: Seven contiguous hydrophobic residues changes San1-dependency. 

Cycloheximide-chase assays were performed to assess stability of GFPNLS-

homoseptamer fusions in the presence or absence of SAN1. Western blots were probed 

with anti-GFP antibodies. Time after cycloheximide addition is indicated above the blots. 

Residues targeted by San1 are different from homopentamers. On the right are the K-D 

and AGGRESCAN 5-residue scores. 
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San1 targets hydrophobicity in truncated substrates   

 The hydrophobicity that San1 recognizes in the peptides likely reflects a similar 

feature that San1 targets in the misfolded proteins it typically encounters in the nucleus.  

To see if this is the case, we turned to the other San1 substrates that we discovered in 

the 2-hybrid cDNA selection (Figure 2.19), which are predominantly truncated proteins 

fused to the NLS-containing GAD.  For these substrates, we hypothesized that the 

truncations cause hydrophobic regions normally buried in the full-length protein to 

become surface exposed and accessible to San1 when they are localized to the nucleus 

by virtue of their fusion to the GAD. We identified candidate hydrophobic regions in each 

truncated substrate by plotting K-D hydrophobicity values along their sequence lengths. 

Fifteen truncated substrates have multiple hydrophobic stretches scattered throughout 

the protein; we categorized these as group I substrates (Figure 4.18, left plot). Six 

truncated substrates contain only a single pronounced stretch of hydrophobicity; we 

categorized these as group II substrates (Figure 4.18, right plot).  

 

To determine if San1 recognizes hydrophobicity in truncated substrates, we 

focused on members of group II due to their single stretch of hydrophobicity. One group 

II substrate is Rad16*, a mutant form of the nuclear excision repair protein Rad16 in 

which residues 116-664 have been deleted. Rad16* possesses a 28 residue 

hydrophobic patch spanning residues 142-169 in the truncated Rad16* protein (Figure 

4.19, left panel). This region corresponds to residues 691-718 in full-length Rad16 that 

normally would have been buried. Another group II substrate is Sed1*, which is a mutant 

form of the cell wall protein Sed1 in which the first 20 residues have been deleted. The 

truncated Sed1* protein contains a hydrophobic region spanning its final 44 residues 

(Figure 4.19, right panel). The hydrophobic patches in both Rad16* and Sed1* each 

contain a maximum 5-residue hydrophobic window values similar to the San1-interacting 

peptides (Figure 4.20), making them the likely regions recognized by San1 when 

localized to the nucleus. Both Rad16* and Sed1* interact with San1 in the 2-hybrid 

assay (Figure 4.21), and undergo San1-dependent degradation (Figure 4.22). Deletion 

of the hydrophobic patch in Rad16* and Sed1* disrupts their interaction with San1 

(Figure 4.20, GAD-Rad16*∆h and -Sed1*∆h), and eliminates their San1-dependent 

degradation (Figure 4.21). Conversely, the isolated hydrophobic patch from Rad16* 

(residues 691-718 of full-length Rad16) and Sed1* (residues 294-338 in full-length Sed1) 

is sufficient to cause interaction with San1 (Figure 4.21, GAD-Rad16*hydro only and -
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Sed1*hydro only), and induce San1-dependent degradation (Figure 4.22). Based on these 

results, we conclude that San1 also recognizes a window of exposed hydrophobicity in 

its truncated substrates that is both necessary and sufficient. 
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Figure 4.18: Examples of hydrophobicity profiles in truncated substrates. Kyte-

Doolittle hydrophobicity evaluation is shown for a truncated San1 substrate with 

dispersed hydrophobicity (left) and a truncated San1 substrate with a distinct (right) 

hydrophobic region. 

 

 

 

 

 

 

 
Figure 4.19: Rad16* and Sed1* are defined by a single hydrophobic patch. Kyte-

Doolittle plots of Rad16* and Sed1* hydrophobicity. Gray indicates a stretch of 

hydrophobicity. The amino acid sequence of Rad16* and Sed1* in the gray box is 

indicated. 

 



 72 

 
Figure 4.20: Rad16* and Sed1* in context of 5-residue hydrophobic window. Kyte-

Doolittle and AGGRESCAN sliding-scale analyses were performed to determine the 

maximum average hydrophobic window in the hydrophobic stretches of Rad16* and 

Sed1*. Arrows indicate their maximum average hydrophobicity in the context of the 

interacting and non-interacting hydrophobic peptides shown in Figure 4.10. 

 

 

 

 

 

 
Figure 4.21: Two-hybrid between San1 and Rad16* or Sed1*. Cells expressing GBD-

San1C279S and the indicated GAD-Rad16*and GAD-Sed1* fusions were spotted onto 

media with or without histidine to measure spotting efficiency and 2-hybrid interaction. 

Middle rows indicate necessity (by deletion of the hydrophobic region) and bottom rows 

indicate sufficiency (hydrophobic region expressed alone) of substrate hydrophobic 

regions for San1 interaction. 
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Figure 4.22: San1-dependent degradation of Rad16* and Sed1*. Cycloheximide-

chase assays were performed to assess stability of the indicated GFP-Rad16* and 

GFPNLS-Sed1*. Bottom panels indicate necessity (by deletion of the hydrophobic region) 

and sufficiency (hydrophobic region expressed alone) of substrate hydrophobic regions 

for San1 degradation. 
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Missense mutant San1 substrates have increased surface hydrophobicity 

 In addition to the peptides and truncated proteins, San1 also targets seven 

different proteins containing single missense mutations for degradation Sir4-9, Cdc68-1, 

Sir3-8, Cdc13-1, Mex67-5, Ura3-2 and Ura3-3 (Dasgupta et al., 2004; Estruch et al., 

2009; Evans et al., 1998; Gardner et al., 2005; Lewis and Pelham, 2009). Most 

missense mutant proteins degraded via San1 retain a significant portion of wild-type 

function after elimination of their PQC degradation by deletion of San1 (Addinall et al., 

2008; Estruch et al., 2009; Gardner et al., 2005; Lewis and Pelham, 2009; Schnell et al., 

1989; Xu et al., 1993), suggesting that the functional structure of the mutant proteins is 

largely intact. In these cases, we hypothesized that the mutation causes a local 

misfolding that exposes normally buried hydrophobic residues in a part of the protein not 

primarily involved in the protein’s function.  

 

To test this hypothesis, we wanted to measure the surface hydrophobicity of 

missense mutant San1 substrates to see if the mutant versions had increased exposed 

hydrophobicity compared with their wild-type counterpart. For this analysis, we focused 

on missense mutant San1 substrates that have a crystal structure solved for the wild-

type protein because we reasoned that these should be the best behaved during 

purification from bacteria and use in vitro. The yeast protein Ura3 has a known crystal 

structure (Chan et al., 2009), and two mutants Ura3-2 (P144L) and Ura3-3 (D243G) that 

are subject to San1-mediated degradation (Lewis and Pelham, 2009). Each wild-type 

Ura3 residue that is mutated is positioned near hydrophobic regions of at least 5 

residues long buried in the structure (Figure 4.23): P144 is positioned near regions 84-

89 (YNFLLF), 146-151 (GLLMLA), and 178-184 (FVIGFIA), whereas D243 is positioned 

near regions 197-206 (WLIMTPGVGL) and 230-234 (IIIVG). When we examined Ura3’s 

sequence using the K-D or AGGRESCAN sliding window measures, we found that these 

local hydrophobic regions possess a maximum hydrophobicity window value comparable 

to the values in the San1-interacting peptides and truncated proteins (Figure 4.24).   

 

I purified Ura3, Ura3-2, and Ura3-3 from E. coli and Joel and I examined their 

surface hydrophobicity by measuring their ability to bind the dye 1-anilinonaphthalene-8-

sulfonate (ANS) in vitro. ANS is negligibly fluorescent in an aqueous environment but 

binds hydrophobic residues and fluoresces in a hydrophobic environment (Hawe et al., 

2008). ANS incubated with recombinant Ura3-2 and Ura3-3 produced a fluorescence 
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signal significantly brighter than seen with recombinant Ura3 (Figure 4.25), indicating 

greater surface exposed hydrophobicity in the mutants. This result correlates with the 

San1-dependent degradation of Ura3-2 and Ura3-3 in vivo (Figure 4.26), and is 

consistent with the hypothesis that San1 also targets exposed hydrophobicity in this type 

of substrate.  

 

Although it is difficult to ascertain how a missense mutation causes misfolding by 

sequence and position alone (Gianni et al., 2010), we hypothesized that the misfolding 

might be local. Therefore, we focused our attention on the proximal hydrophobic regions 

located near each residue mutated in the Ura3 structure. I first examined if these 

mutation-proximal hydrophobic regions could function as San1 degrons in vivo by fusing 

16mer peptides containing the five highest maximum Ura3 hydrophobic windows (Figure 

4.24) to GFPNLS and testing for San1-dependent degradation. We chose peptides with 

lengths of 16 residues so that the experiment is consistent with the peptide lengths used 

in Figure 4.1. I found only the GFPNLS fusions with the Ura3 peptides spanning residues 

140-155 and 226-241, the most proximal to each mutated residue (P144 and D243), are 

degraded in wild-type SAN1 cells (Figure 4.27, left). Each is partially stabilized in the 

absence of SAN1 (Figure 4.27, right), indicating that San1 can recognize these regions if 

they become exposed.  

 

Because the peptide 226-241 was competent for San1-dependent degradation 

when fused to GFPNLS, we decided to see if we could mutate this region near the D243G 

mutation to reduce the hydrophobicity in Ura3-3. Unfortunately, when I mutated the 

hydrophobic residues proximal to the Ura3-3 mutation (I231 and V233), I found the 

additionally mutated Ura3-3I231A, V232A protein was now subject to primarily San1-

independent PQC degradation (Figure 4.28), thus hindering our ability to test the 

exposed hydrophobicity model in Ura3-3 through mutation. This was not unexpected, 

however, in that additional mutations to hydrophobic residues could cause further 

misfolding that now reveals an abnormality recognized by other PQC degradation 

systems. As an alternative to lowering hydrophobicity, I attempted to “lock” the region 

around the D243 mutation by introducing two cysteines that could form a disulfide bond 

(Clarke and Fersht, 1993). We predicted a disulfide bound would prevent exposure of 

hydrophobic residues near the D243G mutation in Ura3-3. To test this prediction I made 

two pairs of mutations based on the crystal structure, D221C/A258C and K54C/E249C, 
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and examined their degradation compared to Ura3-3. Both mutants Ura3-3D221C, A258C and 

Ura3-3K54C, E249C were subjected to San1-independent degradation (Figure 4.29), 

suggesting no disulfide bond formed. There are two potential reasons the locking 

mechanism did not work. First, the conditions used for the assay may not have been 

ideal for disulfide bond formation and second, the misfolding event might occur in a 

different region of the protein. Despite our inability to test the hypothesis in full-length 

Ura3-2 and Ura3-3 by mutational analyses, the rest of the data is consistent with San1 

recognizing exposed hydrophobicity in missense mutant substrates. 
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Figure 4.23: Hydrophobic residues near Ura3 mutations. The top panel illustrates 

local regions in the structure of Ura3 that surround residues P144 and D243. Red 

indicates the residue that is mutated in each version of Ura3 (P144 and D243), and 

yellow indicates surrounding hydrophobic residues. Images were produced from PDB 

3GDK using macPyMOL. The bottom panel shows the amino acid sequence of Ura3 

with relevant mutations highlighted in yellow and hydrophobic stretches underlined. 
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Figure 4.24: Ura3 in context of 5-residue hydrophobic window. Kyte-Doolittle and 

AGGRESCAN sliding-scale analyses were performed to identify hydrophobic windows in 

Ura3 (closed triangles, ▲). Triangles are placed in the context of the interacting and 

non-interacting hydrophobic peptides shown in Figure 4.10. Below, the Kyte-Dootlittle 

and AGGRESCAN hydrophobic window values are listed for the Ura3 region. Shown in 

both panels are the Ura3 regions with the top 5 maximum values. 

 

 

 

 

 

 

 

 



 79 

 
Figure 4.25: Ura3 missense mutants expose hydrophobicity. Purified recombinant 

Ura3 and missense variants Ura3-2 and Ura3-3 were incubated with 30 µM ANS for 1 

hour and evaluated for fluorescence. Relative fluorescence was measured with 

excitation and emission wavelengths of 375nm and 485nm, respectively. Samples were 

measured in triplicate, with means and standard error shown. Statistical significance of < 

0.001 was found when comparing means of Ura3 wild-type and mutant groups, and is 

indicated by asterisks (***). 

 

 

 

 

 

 
Figure 4.26: San1-dependent Ura3 missense mutant degradation. Cycloheximide-

chase assays were performed to assess stability of the indicated GFP-Ura3 fusion in the 

presence presence or absence of SAN1. Western blots were probed with anti-GFP 

antibodies. 
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Figure 4.27: Peptides derived from Ura3 are degraded via San1. Cycloheximide-

chase assays were performed to assess stability of the indicated GFPNLS-Ura3 peptide 

fusion in the presence or absence of SAN1. Western blots were probed with anti-GFP 

antibodies. Peptides proximal to Ura3 mutations are San1 substrates. 

 

 

 

 

 

 
Figure 4.28: Mutation of Ura3 hydrophobicity leads to San1-independent 

degradation. Cycloheximide-chase assay was performed to assess stability of GFPNLS-

Ura3-3I231A, V232A fusion in the presence or absence of SAN1. Time after cycloheximide 

addition is indicated. Western blots were probed with anti-GFP antibodies. 
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Figure 4.29: Cysteine mutations do not prevent Ura3-3 degradation. Cycloheximide-

chase assays were performed to assess the stability of GFPNLS-Ura3-3D221C, A258C and 

Ura3-3K54C, E249C fusions in the presence or absence of SAN1. Time after cycloheximide 

addition is indicated. Western blots were probed with anti-GFP antibodies. 
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San1 substrates are toxic in a hydrophobicity dependent manner 

From an evolutionary perspective, San1 likely evolved to recognize an abnormal 

feature that has negative consequences if allowed to persist in the cell. Misfolded 

proteins tend to aggregate due to the interaction of inappropriately exposed hydrophobic 

surfaces (Chiti, 2006). Protein aggregation can have deleterious effects on cell viability 

as evidenced by the many known protein aggregation disorders (Skovronsky et al., 

2006). When Rich went to verify the truncated proteins Zara found in the two-hybrid are 

San1 substrates and undergo San1-mediated degradation, he transformed the GAD-

fusion plasmids into san1∆ cells. In many cases, He obtained few, if any transformants 

indicating that some of the GAD fusions might be toxic in San1’s absence. Because the 

fusions are expressed from a constitutive promoter, Rich placed them behind a 

galactose-inducible promoter in order to regulate their expression. He examined toxicity 

by comparing the growth of SAN1 and san1∆ cells containing each GAD fusion on 

media that repressed (glucose) or induced (galactose) expression. Of the 28 proteins, 11 

conferred observable growth defects in san1∆ cells (Figures 4.30 for representative 

examples). As expected from San1’s nuclear PQC function, the toxicity of all fusions 

depended upon their nuclear localization. When the NLS was removed from the GAD, 

the growth defects for all fusions was attenuated (Figure 4.30, bottom half).  

 

Since San1 targets hydrophobicity, we reasoned that aggregation resulting from 

exposed hydrophobicity in these substrates is likely responsible for their toxic effects. 

We tested this hypothesis using Rad16*, which confers toxicity when expressed in 

san1∆ cells (Figure 4.31, Rad16*). Deletion of the hydrophobic region in Rad16* 

ameliorates its toxicity (Figure 4.31, Rad16*∆h), linking exposed hydrophobicity to the 

detrimental effects of Rad16* expression. Using AGGRESCAN, we found that the 

Rad16* hydrophobic region is an aggregation “hot spot” (Figure 4.32). Concordant with 

this prediction, Rad16*-GFP forms an inclusion body in the cytoplasm of wild-type SAN1 

cells but is absent from the nucleus due to San1-mediated degradation (Figure 4.33, 

Rad16*-GFP). In san1∆ cells, Rad16*-GFP additionally accumulates throughout the 

nucleus and in a nuclear inclusion. Because Rad16* is toxic only in san1∆ cells (Figure 

4.31), we concluded that it is the nuclear pool of Rad16* that confers toxicity, not the 

cytoplasmic pool. Deletion of the hydrophobic region in Rad16* results in uniform 

cytoplasmic and predominantly nuclear localization in both SAN1 and san1∆ cells, with 

no observable inclusion formation (Figure 4.33, Rad16*∆h). Thus, the hydrophobic region 
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in Rad16* targeted by San1 is responsible for both Rad16* aggregation and toxicity 

when present in the nucleus. In other words, San1 targets the very abnormal feature in a 

misfolded protein that can cause aggregation and toxicity. 
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Figure 4.30: Truncated substrates are toxic in a San1-dependent manner. Wild-type 

SAN1 or mutant san1∆ cells expressing the indicated GAD fusion, with or without an 

NLS, were spotted in 10-fold serial dilutions onto media with glucose to measure 

spotting efficiency or galactose to induce expression and toxicity. 

 

 

 

 

 
Figure 4.31: Rad16* toxicity is mediated by hydrophobic region. SAN1 or san1∆ 

cells. expressing either Rad16* or Rad16*∆h were spotted via ten-fold dilutions onto 

media containing glucose to measure spotting efficiency or galactose to induce 

expression. 
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Figure 4.32: Rad16* hydrophobic region is predicted to aggregate. AGGRESCAN 

scores (y-axis) of Rad16* sequence (x-axis) are plotted from the N-terminus to the C-

terminus. Regions with residue scores that fall above the blue threshold are considered 

aggregation prone. 
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Figure 4.33: Rad16* nuclear aggregation is mediated by hydrophobic region. 

Expression of GFP-tagged Rad16* or Rad16*∆h was induced in SAN1 and san1∆ cells 

by growth in galactose for 8 hours. Left panel shows GFP fluorescence, middle panels 

show nuclear membrane (NM) visualized by a Dbp5-DsRed fusion, and nuclear DNA 

(nDNA) visualized by staining with DAPI. Right two panels show overlays of the previous 

panels. 
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Discussion 

For effective PQC degradation to occur in the cell, PQC ubiquitin ligases must 

target an abnormal feature that is commonly shared among many divergent misfolded 

proteins. Our analysis of San1 and its substrates indicates that exposed hydrophobicity 

is the feature San1 recognizes in its disparate substrates, with a window of 5 contiguous 

hydrophobic residues defining the minimum amount of exposed hydrophobicity required 

for San1-mediated degradation. To determine how common this feature is among yeast 

proteins, we used the PatMatch tool in the S. cerevisiae database 

(http://www.yeastgenome.org/cgi-bin/PATMATCH/nph-patmatch). The search identified 

31583 instances of 5 contiguous hydrophobic residues in 2471 of 5885 proteins (42% of 

the queried proteins), demonstrating that this feature is very common in the yeast 

proteome. It is reasonable to assume that the vast majority of these hydrophobic 

stretches are normally buried in a protein’s core, at a protein-protein interface, or within a 

membrane environment, and that their exposure would signify a defect in folding, 

assembly, or membrane insertion. 

 

The hydrophobic preference of San1 was further defined by the degradation of 

contiguous stretches of identical hydrophobic residues. Homopentamer degradation 

demonstrated that San1 only degrades 5 Phe or Ile residues (Figure 4.11). Interestingly, 

the 5-residue AGGRESCAN values for 5I and 5F are higher than all other hydrophobic 

residues (Figure 4.11 to 4.13), suggesting San1 preferentially targets the residues most 

likely to aggregate. To determine if 5 contiguous Ile or Phe residues are present in the 

yeast genome, we again used PatMatch. The search identified five proteins with a 

stretch of five contiguous Ile residues and three proteins with a stretch of five contiguous 

Phe residues. Thus, while not common, homopentameric stretches of the hydrophobic 

residues San1 targets do exist in the yeast genome. Homoseptamer degradation 

demonstrated San1 targets Val, Leu and Tyr residues when present in longer contiguous 

stretches (Figure 4.17). The 5-residue AGGRESCAN hydrophobicity values of the Val 

and Leu residue septamers are predicted to be San1 substrates, but the Tyr residue 

septamer is not predicted to be a substrate. The most likely reason for this discrepancy 

is that the 5-residue sliding window of hydrophobicity value does not reflect the increase 

of local hydrophobicity in a septamer. Overall, the hydrophobic residue degradation 

results support the idea that there is a hydrophobicity threshold for San1.      
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 The San1-interacting and non-interacting peptides (Figure 4.1 and 4.3) show 

statistically significant differences in the means of their 5-residue maximum sliding 

window Kyte-Doolittle and AGGRESCAN hydrophobicity values (Figure 4.10). There 

was some overlap, however, in the range of values for San1-interacting peptides and 

non-interacting peptides. In particular, San1-interacting peptides 1 and G have maximum 

window values that fall within the range observed for the non-interacting peptides (Figure 

4.10). There are two potential reasons these peptides interact with San1. The first 

possibility is that these peptides contain hydrophobic residues that San1 preferentially 

targets. Supporting this reason is that Peptide 1 contains a stretch with Ile and Phe 

residues, which San1 prefers (Figure 4.1). Second, neither measure takes into account 

secondary structure. If a linear stretch of sequence forms an amphipathic α-helix or β-

strand with hydrophobicity concentrated on one side of the secondary structure element, 

the peptide would not have a high maximum window value by either measure. 

Supporting this idea, using the JPRED 3 secondary structure predictor (Cole et al., 

2008) we find that peptide 1 is predicted to form an amphipathic β-strand and peptide G 

is predicted to form an amphipathic α-helix (Figure 4.34). 

 

Two of the random peptides, L and Q, possess maximum window values that are 

in the range of the San1-interacting peptides, but neither peptide interacts with San1 or 

is degraded in a San1-dependent manner. There are two possibilities why this might 

occur. The first is that these peptides are recognized by San1 but are also degraded by 

additional PQC degradation systems. In this scenario, the degradation of the GAD-

peptide fusions would prevent acquisition of a sufficient steady-state level to trigger the 

2-hybrid interaction with San1. Supporting this idea is that other PQC ubiquitin ligases 

are involved in the degradation of Peptide L (data not shown). However, the two-hybrid 

interaction was not retested in an ubr1∆doa10∆ strain, so it remains unknown if the 

peptides would now interact with San1. The second possibility is that Peptide L and Q do 

not possess hydrophobic residues San1 can recognize. This possibility seems likely, as 

Peptide L contains Trp and Ala residues and Peptide Q contains multiple Trp residues, 

which are residues that San1 is unable to target (Figure 4.17).    

 

In considering what misfolding means in the context of the Ura3 missense 

mutants, it is probable that overall secondary structures, including amphipathic ones, will 

remain relatively intact while their positioning in the Ura3 tertiary structure becomes 
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disrupted. In support of this, a recent mutational study was undertaken to probe the 

folding kinetics of the PDZ domain from the D1 C-terminal processing protease (D1p) of 

Scenedesmus obliquus (Gianni et al., 2010). Interestingly, 10 of 40 different point 

mutations were found to trap the D1pPDZ domain in a common misfolded intermediate, 

which possesses nearly the same overall secondary structure content as the native 

protein but the positions of its secondary structure elements are perturbed in its tertiary 

structure. By comparing the solvent-exposed surface area in the structure of the native 

protein with that of the misfolded intermediate, it was also found that the misfolded 

intermediate displays substantial surface exposure of hydrophobic regions that are 

normally buried in the native structure and distal to the mutations. This result mirrors that 

for the Ura3 missense mutant proteins that we used in this study, in which we observed 

increased surface hydrophobicity of the mutant proteins by ANS fluorescence in vitro. To 

determine what San1 actually recognizes in the Ura3 mutants we are collaborating with 

Jeremy England. Interestingly, through modeling, he has found the 150-180 residue 

range in Ura3-3 and the 50-80 and 100-125 residue ranges in Ura3-2 are likely to have 

increased surface exposure compared to Ura3 (data not shown). These ranges are not 

proximal to the mutations; demonstrating misfolding is not necessarily a local event. 

Definitive conclusions as to what San1 actually recognizes in the Ura3 mutants must 

await detailed structural studies of the mutants, but the results presented here are 

consistent with the hypothesis that San1 recognizes exposed hydrophobicity in 

misfolded missense mutant proteins. 

 

It is generally assumed PQC degradation systems target misfolded proteins that 

are toxic to the cell but there are few published examples of PQC degradation substrates 

that are toxic. It surprised us then that toxic proteins constituted a large proportion of the 

San1 substrates identified by our 2-hybrid selection, particularly as this was performed 

without a selection for toxicity being imposed. We think the high number of toxic proteins 

identified in the 2-hybrid analysis reflects the fundamental reason for PQC degradation – 

to protect the cell from harm caused by the accumulation of misfolded proteins. 

Supporting this idea, the hydrophobic region Rad16* that San1 targets is also 

responsible for toxicity and aggregation. This underscores the functional purpose of 

PQC degradation systems like San1 – to recognize structural abnormalities within 

misfolded proteins that can harm the cell. It is well established that exposed 

hydrophobicity can lead to deleterious protein aggregation (Chiti, 2006). The nucleus in 
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particular is highly susceptible to aggregation as evidenced by the many human 

disorders associated with nuclear aggregation (Woulfe, 2007). From an evolutionary 

perspective, it is not surprising then that exposed hydrophobicity is the specific structural 

abnormality recognized by San1.  
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Figure 4.34: Peptide 1 and G are predicted to form secondary structures. JPRED3 

predictions (http://www.compbio.dundee.ac.uk/www-jpred/) of peptide 1 and peptide G 

secondary structures are shown with cartoon representations of predicted amphipathic 

beta-strand and alpha-helical structures for each peptide. 
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CHAPTER V: SELF-CONTROL OF SAN1 STABILITY 

Introduction 

Because E3s interact with E2s charged with ubiquitin as well as substrates 

(Glickman and Ciechanover, 2002), there is the potential for an E3 to cause its own 

autoubiquitination, which can lead to the E3’s proteasomal degradation. Unnecessary 

autoubiquitination and degradation would reduce the functional levels of active E3s, thus 

mechanisms must exist to prevent this possibility. Thus far, three mechanisms have 

been identified that minimize E3 autoubiquitination and maintain E3 stability. The first 

mechanism is through the interaction of the E3 with its complex partners. For example, 

interaction of the yeast E3 Hrd1 with its complex partner Hrd3 prevents 

autoubiquitination of Hrd1 and its degradation by the proteasome (Gardner et al., 2000). 

The second mechanism is through post-translational modification of the E3. For 

example, phosphorylation by protein kinase B or acetylation by CREB-binding protein 

decreases autoubiquitination of the mammalian E3 Mdm2 and its subsequent 

degradation (Feng et al., 2004; Wang et al., 2004). The third mechanism is removal of 

ubiquitin from the E3 by the activity of a deubiquitinating enzyme. For example, the 

stability of the mammalian E3 Nrd1 is dependent on the catalytic activity of USP8 (Wu et 

al., 2004). In each case of E3 autoubiquitination, it is not clear if the autoubiquitination is 

a functional means to regulate the E3, similar to the specific ubiquitination of a target 

substrate, or is simply due to the inherent activity of the E3. 

 

Due to our previous findings, we decided to focus on potential self-stability 

mechanisms of San1. First, San1 possesses highly disordered N- and C-terminal 

regions that are used for misfolded substrate recognition (chapter II). In particular, San1 

recognizes exposed hydrophobicity within its misfolded substrates (chapter IV). These 

observations lead to two questions concerning how San1 prevents its own ubiquitination 

and subsequent proteasome degradation. First, how does San1 prevent its highly 

disordered and conformationally flexible arms from in cis ubiquitination if/when they 

become positioned near the charged E2 bound by San1’s RING domain? Second, if 

San1 is highly disordered and lacks structure, why is one San1 molecule not recognized 

for in trans ubiquitination by another San1 molecule if San1 is capable of targeting 

proteins that have lost their native structures? Here, we show that San1 has minimized 

the presence of key residues in its highly disordered regions to prevent its degradation 

through in cis and in trans autoubiquitination. 
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San1 lacks Lys residues in its disordered N- and C-terminal domains 

 An initial clue for how San1 might prevent in cis autoubiquitination came from 

examining the amino acid characteristics of its disordered N- and C- terminal domains. I 

noticed that the disordered N- and C-terminal domains of San1 were devoid of Lys 

residues. The 13 Lys residues that are present in San1 are clustered in or near the 

RING domain (Figure 5.1, top). Based on codon usage, a yeast protein the size of San1 

is predicted to have 44 Lys residues (http://www.yeastgenome.org), which suggests 

San1 has a significant reduction of Lys residues. To determine if a lack of Lys residues 

is a common feature among PQC E3s, I examined the Lys residue content of the E3s 

CHIP, Ubr1, Hrd1 and Doa10. Each E3 contained a number of Lys residues more 

consistent with codon usage and also a more even distribution of Lys residues 

compared to San1. A key difference between San1 and these other PQC E3s is their 

disorder content based on disorder prediction algorithms. Thus I predicted intrinsic 

disorder is the reason for the reduced Lys residue content in San1.  

 

To test my prediction, I plotted San1’s disorder using PONDR-VLT (Dunker et al., 

2008) and examined the distribution of Lys residues. Supporting my hypothesis, I found 

the regions in San1 without Lys residues are all highlighted by a high degree of intrinsic 

disorder (Figure 5.1, bottom). Interestingly, the Lys residues that exist in San1 are also 

in a disordered region. However, these Lys residues make up the nuclear localization 

signal within the RING domain and probably need to be in a region of disorder for proper 

nuclear import. Because ubiquitin is covalently attached to the free amino group on Lys 

residues, I predicted the lack of Lys residues in the N- and C- terminal disordered 

regions of San1 is to prevent in cis autoubiquitination.  
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Figure 5.1: Lys residue layout in San1. San1 topology, with Lys residue positions 

marked (top), aligned with PONDR evaluation of San1’s disorder (bottom). Light gray 

indicates disorder and dark gray indicates order. Gray box highlights the RING domain. 

The disordered N- and C- terminal substrate binding regions lack Lys residues.   
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Introduction of Lys residues in San1’s disordered N- and C-terminal domains 

causes degradation via an in cis mechanism 

I predicted that if the lack of Lys residues in San1’s disordered substrate binding 

domains prevents autoubiquitination, then the addition of a single Lys residue in these 

regions would disrupt San1’s stability. To test my prediction, I examined the stability of 

single Arg or Asn to Lys residue point mutants (+Lys) in San1’s substrate binding 

domains (San1N13K, San1N332K, San1N444K, and San1R556K). To monitor their stability, each 

San1+Lys mutant was tagged with 3HSV, which is functional in the degradation of Sir4-9 

(Gardner et al., 2005). To test the stability of the San1+Lys mutants, I examined their 

degradation in SAN1 and san1∆ cells. Each San1+Lys mutant was rapidly degraded in 

both the presence and absence of endogenous San1 (Figure 5.2). The instability was 

due to the additional Lys residue because wild-type San1-3HSV was stable (Figure 5.2, 

top). This result indicates San1 stability is regulated through a lack of Lys residues in its 

disordered N- and C- terminal domains. 

 

Next, I wanted to determine the mechanism by which San1+Lys mutants are 

degraded. I predicted degradation of the San1+Lys mutants was either in cis, where a 

single San1 molecule ubiquitinates a Lys residue within its own disordered domains, or 

in trans, where one San1 molecule ubiquitinates a Lys residue in the disorder of another 

San1 molecule (Figure 5.3). If degradation was in cis, I predicted a catalytically inactive 

San1+Lys mutant would be stable in presence of wild-type San1 (Figure 5.3, model). Thus 

I introduced a catalytically inactive mutation (R280A) to the San1+Lys mutants and 

examined their degradation in SAN1 and san1∆ cells. Each mutant was not degraded in 

the presence of wild-type San1 and this stability matched that of San1R280A (Figure 5.4), 

demonstrating an in cis degradation mechanism for the San1+Lys mutants.  
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Figure 5.2: Introduction of Lys residues in San1 disorder alters stability. 

Cycloheximide-chase assays were performed to assess the stability of San1N13K, 

San1N332K, or San1R556K in the presence or absence of SAN1. Time after cycloheximide 

addition is indicated. Western blots were probed with anti-HSV antibodies. Each San1 

mutant is degraded in both SAN1 and san1∆ cells. 

 

 

 

 
Figure 5.3: Model of in cis vs in trans San1 autodegradation. Top represents in cis 

autodegradation. If endogenous San1 cannot target mutant San1, catalytically inactive 

(R280A) mutant San1 will be stable. Bottom represents in trans autodegradation. If 

endogenous San1 can target mutant San1R280A, mutant San1 will be degraded only in 

the presence of endogenous San1. The expected anti-HSV blot for each mechanism is 

indicated on the right.  
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Figure 5.4: San1 with a Lys residue in a disordered region are degraded in cis. 

Cycloheximide-chase assays were performed to assess the stability of San1N13K, 

San1N332K, or San1R556K coupled with R280A (catalytically inactive) in the presence or 

absence of SAN1. Time after cycloheximide addition is indicated. Western blots were 

probed with anti-HSV antibodies. Each San1+Lys mutant is stable. 
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San1 has minimal hydrophobicity in its disordered N- and C-terminal domains 

An initial clue for how San1 might prevent in trans autoubiquitination also came 

from examination of the residue content in San1’s disordered N- and C- terminal 

domains. I noticed San1 had a low hydrophobic content in these regions, which was 

apparent when I plotted Kyte-Doolittle hydrophobicity values along San1’s sequence 

length (Figure 5.5). A key feature of intrinsically disordered proteins is a low hydrophobic 

content (Tompa, 2002), which fits my San1 observation. I predicted low hydrophobic 

content in the disordered regions of San1 is important for autodegradation prevention, 

because San1 targets exposed hydrophobicity in its substrates (chapter IV).  To 

examine local San1 hydrophobicity more quantitatively, I used Kyte-Doolittle 

hydrophobicity or AGGRESCAN sliding window of hydrophobicity measures (Figure 

4.10). Surprisingly, the maximum 5-residue hydrophobicity window values within San1’s 

disordered N- and C- terminal domains are only slightly below the average for San1-

interacting peptides (Figure 5.6). However, these hydrophobic regions within San1 are 

not sufficient for degradation, which could due to a number of reasons. First, the 

sequences of the maximum 5-residue hydrophobic window values are “LVLSF” and 

“FFLVP”. The lack of five contiguous hydrophobic residues in both windows is significant 

because San1 can target five contiguous hydrophobic residues, but not four (Figure 4.9). 

This lack of five contiguous hydrophobic residues within San1 may explain why San1 

does not autoubiquitinate another San1 molecule in trans. Another possibility is that the 

hydrophobicity within San1 may not be exposed as it is in misfolded substrates, which 

would prevent recognition by another San1 molecule. 
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Figure 5.5: San1 contains little hydrophobicity. Kyte-Doolittle hydrophobicity 

evaluation of San1 is shown. Two of the most hydrophobic regions are highlighted in 

gray. Overall San1 contains very little hydrophobicity. 

 

 

 

 

 
Figure 5.6: San1 in context of 5-residue hydrophobic window. Kyte-Doolittle and 

AGGRESCAN sliding-scale analyses were performed to identify hydrophobic windows in 

San1. Arrows are placed in the context of the interacting and non-interacting 

hydrophobic peptides shown in Figure 4.10.  
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Introduction of an appropriate hydrophobic region in San1’s disordered N- and C-

terminal domains leads to degradation via an in trans mechanism 

If low hydrophobicity in San1’s disordered N- and C- terminal domains prevents 

San1 in trans autodegradation, I predicted adding hydrophobicity to these regions would 

alter San1’s stability. To test our prediction, I increased the number of contiguous 

hydrophobic residues in two regions of San1’s C-terminal domain that have high window 

of hydrophobicity values (grey boxes, Figure 5.5). Mutation of two or three non-

hydrophobic residues to hydrophobic residues in these regions resulted in the highly 

hydrophobic sequences of “FFLVLIV” and “WVLLILTLF”. Similar to the San1+Lys mutants, 

these “plus hydro” mutants contained a 3HSV tag to assess stability. To determine if the 

plus hydro San1 mutants are unstable via in trans autodegradation, I examined the 

degradation of catalytically inactive (R280A) San1P411L, I412L, P413I and San1P361L, Q362I, N363V 

in SAN1 and san1∆ cells. Both plus hydro San1 mutants were slightly degraded in SAN1 

cells, but stable in san1∆ cells (Figure 5.7), suggesting an in trans mechanism. Overall, 

these results support the idea that low hydrophobicity in San1’s C-terminal disordered 

domain prevents in trans autodegradation.  
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Figure 5.7: in trans degradation of San1 “plus hydro” mutants. Cycloheximide-

chase assays were performed to assess the stability of San1P411L, I412L, P413I and San1P361L, 

Q362I, N363V coupled with R280A (catalytically inactive) in the presence or absence of 

SAN1. Time after cycloheximide addition is indicated. Western blots were probed with 

anti-HSV antibodies. Each mutant is slightly degraded in a San1-dependent manner. 
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Some Lys substitutions in San1’s disordered N- and C-terminal domains cause 

degradation via an in trans mechanism 

While testing the stability of San1+Lys mutants, we noticed not all mutations 

behaved equally. The degradation of the four San1+Lys mutants in Figure 5.3 was in cis, 

but other San1+Lys mutants were different. The catalytically inactive (R280A) mutants 

San1N71K, San1R104K, San1R354K were degraded rapidly in the presence of SAN1, but 

stable in san1∆ cells (Figure 5.8), suggesting in trans autoubiquitination. Different 

degradation mechanisms for San1+Lys mutants suggest the location of the Lys residue 

within San1’s disordered N- and C- terminal domains is important. Because the addition 

of hydrophobicity leads to in trans autodegradation (Figure 5.7), we hypothesized the in 

trans San1+Lys mutants cause the exposure of hydrophobicity. Supporting our 

hypothesis, each in trans San1+Lys mutant is located near more hydrophobic residues 

compared to the in cis San1+Lys mutants (our observation). In fact, three of the highest 5-

residue window of hydrophobicity values in San1 exist near the in trans San1+Lys mutants 

(Figure 5.8, right). Future work will test our hypothesis that the in trans San1+Lys mutants 

expose hydrophobicity.  
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Figure 5.8: in trans degradation of San1 mutants with an additional Lys residue. 

Cycloheximide-chase assays were performed to assess the stability of San1N71K, 

San1R104K, or San1R354K coupled with R280A (RING mutation) in the presence or 

absence of SAN1. Time after cycloheximide addition is indicated. Western blots were 

probed with anti-HSV antibodies. Each San1+Lys mutant is degraded in a San1-

dependent manner. Hydrophobic residues near the added Lys residue with the highest 

5-residue hydrophobic window AGGRESCAN value are listed on the right.  
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Lack of Lys residues in San1’s disordered N- and C-terminal domains is 

conserved 

 While my results demonstrated S. cerevisiae San1’s lack of Lys residues in its N- 

and C- terminal disordered domains are critical for self-stability, it was unclear if this 

feature exists in other disordered PQC E3s. To date, no other disordered PQC E3s have 

been identified, so to determine the importance of a lack of Lys residues, I examined 

San1 homologs in other fungal species. We previously demonstrated S. bayanus and S. 

mikatae San1 homologs complement S. cerevisiae function (Figure 2.12 and 2.13). 

Additionally, we identified San1 genes in S. castellii, Ashbya gossypii, and Candida 

albicans. Lastly, a homolog of San1 was recently identified and characterized in S. 

pombe (Matsuo et al., 2011). This collection of homologs ranged from closely related (S. 

bayanus) to distantly related (S. pombe). I predicted if a lack of Lys residues in 

disordered regions is important for self-stability, it would be conserved in distant 

homologs. Before examining the Lys residue content, I plotted the order/disorder 

topology of each homolog using PONDR. Each homolog is predicted to contain large 

regions disorder interspersed within regions of order, similar to S. cerevisiae San1 

(Figure 5.9). Next, I examined the Lys residue content in each homolog. As with S. 

cerevisiae, each homolog contained very few Lys residues and those that did exist were 

contained in or near the RING domain (Figure 5.9). The one outlier is S. pombe, which 

contains three Lys residues far from the RING domain. One explanation is that this 

region may not be important for substrate interaction. Supporting this explanation, the 

region with the three Lys residues contains the remnants of another RING domain (Cys 

and His residues). Such a region does not exist in any of the other homologs. Overall, 

the conservation of a lack of Lys residues within disordered regions among San1 

homologs supports the idea that this feature is critical for the stability of disordered E3s.  
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Figure 5.9: Lack of Lys residues and disorder is conserved among San1 

homologs. As in Figure 5.1, San1 topology with Lys residues indicated by their position 

(top) aligned with PONDR evaluation of San1’s disorder (bottom). Yellow indicates 

disorder and blue indicates order. S. bayanus, S. mikatae, S. castellii,, Ashbya gossypii, 

Candida albicans, and Schizosaccharomyces pombe were each evaluated in the same 

manner. All Lys residues fall in the RING domain or ordered region in the N-terminal 

domain, except S. pombe, which contains three Lys residues in the C-terminus.     
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Discussion 

For effective ubiquitination to occur, an E3 needs to maintain its stability. These 

San1 findings identified two previously unknown mechanisms by which an E3 maintains 

its stability. First, San1 lacks Lys residues in its disordered N- and C- terminal domains. 

Each Lys residue that does exist in San1 resides in or near the RING domain (Figure 

5.1). This lack of Lys residues in disordered regions prevents in cis autodegradation 

(Figure 5.2 and 5.4).  I think the lack of Lys residues in San1’s substrate binding regions 

suggests other E3s might lack Lys residues in their substrate binding domains. Any 

region of an E3 that could become close to the catalytic site upon substrate binding 

might also lack Lys residues. Testing this is difficult, as the full structures of most E3’s 

are unknown. Additionally, I think San1’s lack of Lys residues in its disordered domains 

suggests other disordered proteins might be depleted of amino acids that could be 

improperly modified. In disordered proteins, there is no folded core and thus all residues 

are surface exposed and likely susceptible to improper modification. This differs from 

structured proteins, where a modifiable residue could be inaccessible in a structure and 

thus not improperly modified. Thus a lack of certain modifiable residues in intrinsically 

disordered proteins might be essential, especially if the modification improperly alters the 

function of the protein. My finding that the addition of a Lys residue in San1’s disordered 

regions leads to rapid degradation supports this idea. It remains unclear if other 

disordered proteins are devoid of certain amino acids, like San1.  

 

The second mechanism of E3 stability identified using San1 is that an E3 lacks 

the very feature it targets in substrates. I found San1 lacks five contiguous hydrophobic 

residues in its N- and C- terminal disordered domains, which is the feature San1 targets 

in substrates. From this observation, I predicted that if an E3 contains the feature that it 

targets in its substrates, it would see itself as a substrate. Supporting this idea, 

placement of longer stretches of hydrophobicity in San1 led to in trans autodegradation 

(Figure 5.7). It is unclear if other E3s lack the feature or sequence they recognize in 

substrates, but most E3s are structured, where the feature or sequence might be 

inaccessible and thus not targeted as a substrate. An open question in E3 

autoubiquitination is if autoubiquitination is similar to substrate recognition, where a 

specific feature or sequence is targeted. These results with San1 suggest 

autoubiquitination can be similar to substrate recognition (in trans) and also very 

different (in cis).  
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Both a lack of Lys residues and a pattern of disorder/order are conserved among 

fungal homologs of San1 (Figure 5.9). To date, no E3 in higher organisms has been 

identified that functions like San1. One issue with identifying a homolog to San1 is that 

highly disordered proteins have low conservation of linear sequence, which is apparent 

in the fungal homologs of San1 (our unpublished observation, Figure 2.15). A lack of 

linear sequence conservation would confound current homology analyses (Brown, 

2002), thus a different approach is necessary. Because a lack of Lys residues and an 

order/disorder topology are conserved across fungal homologs, I predict higher 

organism homologs may also have these features. To determine if these features exist 

in higher organisms, I examined the Lys residue content of all human proteins predicted 

to have a RING domain. I identified multiple proteins with a reduced number of Lys 

residues that have large regions of disorder. It remains unclear if any candidate 

identified functions in PQC degradation, but searching for these features appears to be a 

feasible strategy for homolog identification. Overall, the conserved sequence features in 

San1 demonstrate sequence characteristics in disordered proteins are probably crucial 

for homolog identification.  
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CHAPTER VI: CONCLUSIONS 

 

Overall, the research in this dissertation elucidated much about how nuclear 

PQC degradation functions, which differs from much of the previous ubiquitin-mediated 

PQC degradation work. First, we demonstrated the nuclear PQC ubiquitin-protein ligase 

San1 directly binds misfolded proteins using disordered N- and C- terminal domains. 

Next, we demonstrated there is not a universal chaperone requirement for San1-

mediated degradation. Then we showed San1 targets exposed hydrophobicity in 

multiple classes of misfolded proteins. San1 can target as few as five contiguous 

hydrophobic residues and recognizes Phe and Ile residues most readily, which are the 

two residues most likely to aggregate. Additionally, we found San1 protects the nucleus 

from toxic proteins and that San1 recognizes the very feature that confers toxicity. 

Lastly, we discovered two features of San1 that maintain San1’s stability, a lack of Lys 

residues and reduced hydrophobicity in the N- and C- terminal disordered domains. 

While each aspect of this research furthered our understanding of how San1 functions in 

nuclear PQC degradation, many questions remain, such as: Are there other functions of 

San1? What does San1-substrate interaction look like at the molecular level? Are there 

normal proteins that are substrates of San1? Future studies will address these questions 

among others. 

  

 One concern in the PQC degradation field is that much of our knowledge is 

based on one or two substrates that are grossly misfolded and overexpressed. With 

San1, many of the substrates we identified were grossly misfolded and overexpressed, 

but the missense mutant substrates were not. However, we still do not know the actual 

substrates of San1 in vivo. One idea is that a small portion of most nuclear proteins is 

ubiquitinated via San1, solely for PQC degradation. The ability to query the folded state 

of individual members of a protein pool over time would help answer this question. 

Another finding that supports the idea of San1 targeting portions of proteins pools is that 

San1 expression is repressed during heat shock and increased upon a return to room 

temperature (Gasch et al., 2000). Higher temperatures increase protein misfolding and 

thus San1 would degrade more proteins. Perhaps San1 is repressed to give chaperones 

the chance to refold proteins and then increased to degrade any misfolded proteins that 

were unable to be refolded. Another substrate possibility is that San1 degrades proteins 

for non-PQC functions within the nucleus. This seems somewhat unlikely, but there were 
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nucleolar proteins identified in the IP-Mass spec experiment that could be San1 

substrates or interactors (Figure 2.3). 

 

One observation from these studies is that not all San1 substrates are completely 

stable in the absence of San1, which suggests other E3s exist in the nucleus of S. 

cerevisiae. I previously described experiments with the E3s Ubr1 and Doa10 (chapter 

V), which are able to degrade portions of certain San1 substrates. It is difficult to 

determine where the degradation of these substrates occurs. The issue is that San1 

substrates are translated in the cytoplasm and then transported into the nucleus via 

importins. It’s probable that Ubr1, a cytoplasmic PQC E3, targets a pool of San1 

substrates before they reach the nucleus. Even in the absence of Ubr1, Doa10 and 

San1, we noticed some substrates were still not completely stable. Future studies are 

needed to identify other potential nuclear PQC E3s and determine if Ubr1 and Doa10 

are involved in nuclear PQC degradation.  

 

 An important next step in nuclear PQC research is determining if an E3 like San1 

exists in higher organisms. The mammalian E3s PML-IV and URHF-2 have been 

implicated in mammalian nuclear PQC degradation San1 (Fu et al., 2005; Iwata et al., 

2009; Janer al., 2006), but neither possesses the disordered topology of 

San1. Thus, a true San1 functional homolog has yet to be discovered in mammals. As 

described in chapter V, perhaps the use of sequence features will be crucial in finding a 

homolog of San1. It’s likely other disordered proteins have features that are conserved, 

even if primary sequence is not, and these features may help identify homologs to these 

IDPs. 

 

 

 

 

 

 

 

 

 

 



 110 

 

APPENDIX 1: MATERIALS AND METHODS 

2-hybrid Assays 

All interaction tests were performed in duplicate using two independent isolates. Growth 

of cells expressing a GAD fusion and a GBD-San1 deletion was scored relative to 

growth of cells expressing the identical GAD fusion and full-length GBD-San1 on each 

different stringency plate. Growth of cells expressing a San1 deletion that resulted in 

colony sizes larger than cells expressing full-length San1 was scored 5. Growth similar 

to cells expressing full-length was scored 4. Growth resulting in smaller colony sizes or 

reduced 10 fold in spotting was scored 3. Growth reduced 102-103 fold was scored 2. 

Growth reduced ≥104 fold was scored 1. For the dendogram in Figure 2.24, an 

agglomerative hierarchical clustering was computed for the interactions on -his+3AT 

media using Euclidean distance to quantify the dissimilarity of substrates and Ward 

linkage to quantify the dissimilarity of clusters. The hierarchical clustering package of 

Mathematica (Version 7.0, Wolfram Research Inc) was used to generate the 

dendrogram. 

 

Mass spectrometry 

Independent 3HSV-San1C279S or untagged San1C279S cultures were grown to ~1x107 

cells/ml. Formaldehyde was added to 1% (v/v) and cells incubated for 2 minutes. Glycine 

was added to 125mM to quench crosslinking. Cells were lysed in SUME (8M urea, 1% 

SDS, 10mM MOPS, pH6.8, 10mM EDTA). Lysates were diluted 1:5 in IP buffer (15mM 

Na2HPO4, 150mM NaCl, 2% Triton X-100, 0.1% SDS, 0.5% deoxycholate, 10mM EDTA) 

and incubated for 16 hours at 4˚C with 1:1000 mouse anti-HSV antibody (Novagen) 

bound to 1.25mg/ml Protein A Dynabeads (Invitrogen). Beads were washed 3x in IP 

buffer and 2x in IP wash buffer (50mM NaCl, 10mM Tris-Cl, pH7.5). Proteins were eluted 

by incubation at 65˚C for 10 minutes in SUMEB (SUME + 0.01% bromophenol blue). 

Samples were run 1cm into an 8-16% SDS-PAGE gel and gel slices excised. Proteins in 

the slices were trypsin digested and peptides identified by tandem MS using an Orbitrap 

mass spectrometer (Fred Hutchinson Cancer Research Center Proteomics facility). We 

used Peptide Prophet (Keller et al., 2002) to evaluate the validity of peptide 

identifications eliminating peptides with a score <0.85 (<2.5% false discovery rate). 
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In vitro ubiquitination 

0.27µM luciferase in 50mM Tris-HCl (pH7.5) was denatured by incubating at 23˚C for 10 

minutes in 4M urea. 15µl reactions containing 0.08µg ubiquitin activase (Uba1), 0.1µg 

ubiquitin conjugase (UbcH5a), 0.76µg San1, 2.5µg ubiquitin, 2mM Mg-ATP, 50mM Tris-

HCl (pH7.5), 2.5mM MgCl2, and 0.9µg denatured or native luciferase were incubated at 

30˚C for 60 minutes. For heat denaturation, the reaction was incubated at 42˚C. 15µl of 

SUMEB was added to each sample and incubated at 65˚C for 10 minutes to stop the 

reaction. 

 

In coli ubiquitination  

Components of the San1 ubiquitination cascade were cloned behind T7lac promoters in 

Duet expression vectors (Novagen) that were maintained in T7 Express competent E. 

coli (New England Biolabs) with appropriate antibiotic selection. Cells were grown at 

37˚C to OD600 ~1.0 and induced with 800µM IPTG for 6 hours at 30˚C. Cells were lysed 

in Bugbuster (Novagen) with 10mM PMSF. To immunoprecipitate the 2xHA-tagged 

substrates, soluble extract was incubated for 16 hours at 4˚C with 1:2000 mouse anti-HA 

antibodies (Sigma) conjugated to 0.75mg/ml Protein A Dynabeads (Invitrogen) in IP 

buffer. Beads were washed 3x in IP buffer then incubated at 65˚C for 10 minutes in 

SUMEB. 

 

Expression and purification of San1 

StrepII-San1-3HSV-8His was cloned into pACYCDuet and transformed into BL-21 cells. 

Cells were grown in LB + chloramphenicol to an OD600 ~1.0 and induced with 600µM 

IPTG overnight at 16˚C. Cells were harvested and lysed in BugBuster with PMSF, 

aprotinin, leupeptin, and pepstatin A. Soluble extract was applied to TALON resin 

(Clontech) equilibrated in a 300mM NaCl, 50mM Na2HPO4 pH8.0 buffer and eluted with 

1M imidazole added to the buffer. The elution fraction was applied to Strep-Tactin resin 

(Novagen) equilibrated with a 150mM NaCl, 100mM Tris-HCl, 1mM EDTA, pH8.0 buffer. 

San1 was eluted with 2.5mM desthiobiotin and concentrated using an Amicon Ultracel 

concentrator (cut-off 30 kDa). Purified San1 was centrifuged at 100,000xg for 45 minutes 

to eliminate aggregates prior to gel filtration. 
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Limited Proteolysis 

Proteolysis of San1 and BSA was carried out by trypsin and thermolysin digestion at 25˚C in 

digestion buffer (50mM NaCl and 15mM Na2HPO4, pH7.3). The enzyme to substrate ratio 

was 1:50. Proteolysis was stopped by addition of SUMEB and boiling for 10 minutes.  

 

Circular dichroism spectroscopy 

Far-UV CD spectra of purified San1 or BSA were obtained on an Aviv 62DS CD 

spectrometer. Spectra were recorded at 25˚C with a 1mm optical cuvette from 260 to 

190 nm. An average of three runs was obtained by sampling every 2nm with a 30 

second averaging time. Each sample was in 50mM NaCl and 15mM Na2HPO4, pH7.3 

and the protein concentrations were between 5 and 10µM. We subtracted the 

background buffer spectrum from each protein spectrum. 

 

Degradation Assays 

Cycloheximide-chase degradation assays were performed similar to previously 

described (Gardner et al., 2005). Cells were grown at 23˚C or 30˚C in media with 3% 

raffinose to ~1x107 cells/ml. Galactose was added to 3% and the cells incubated 3-5 

hours at 23˚C or 30˚C. Cycloheximide was added to 50µg/ml and the cells further 

incubated at 30˚C or 37˚C for 0-3 hours. Cells were lysed at the appropriate time point in 

200µl SUMEB. Cycloheximide-chase assays in chapter 3 and 5 were performed using 

media with 2% glucose because the substrates were constitutively expressed.  

 

Sliding window analysis 

Kyte-Doolittle and AGGRESCAN hydrophobicity values for each peptide tested were 

measured using a 5-residue moving window. The maximum values recorded for each 

peptide were grouped according to that peptide's ability to interact with San1 by 2-hybrid. 

Interacting and non-interacting groups were evaluated by normal quantile plot and both 

conformed to normal distributions.  However, the sample groups had unequal sample 

sizes and variances. Therefore, we compared the means for interacting and non-

interacting groups using Welch's unpaired t-Test. One-tailed P-values are reported 

because we are testing the hypothesis that San1-interacting peptides are more 

hydrophobic than non-interacting peptides. 
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In vitro hydrophobic binding assay 

Plasmid DNA coding for Ura3, Ura3-2 and Ura3-3 6His fusions (see plasmid list) was 

transformed into T7 express cells (New England Bio Labs). Cells were grown in 

lysogeny broth (LB) with chloramphenicol at 37˚C until an OD600 ~ 1.0 was reached. 

Protein expression was induced by adding IPTG (isopropyl β-D-1-thiogalactopyranoside) 

(Gold Biotechnology Inc.) to a final concentration of 300µM followed by incubation at 

16˚C overnight. Harvested cells were lysed in 10 ml of BugBuster (Novagen) with 10mM 

of phenylmethylsulfonyl fluoride (PMSF).  Soluble extract was applied to TALON resin 

(Novagen) equilibrated in a 300mM NaCl, 50mM Na2HPO4, pH7.0 buffer. The column 

was washed with 7.5mM imidazole (Sigma) added to the equilibration buffer and protein 

was eluted with 150mM imidazole. 40µL of 0.6mg/ml recombinant protein and 10µL of 

varying concentrations of ANS (8-anilinonaphthalene-1-sulfonate) (Acros Organics) were 

mixed in a 96-well plate and incubated at 25˚C for 1 hour. ANS fluorescence was excited 

at 375nm and absorbance measurements taken at 485nm. All ANS assays were 

conducted in triplicate. 

 

Microscopy  

Fixation and DAPI-staining of cells was performed as previously described (Gardner 

2005). Cells expressing GFP(S65T) or DsRED fusion proteins were grown in synthetic 

media with 3% raffinose to ~1x107 cells/ml. Galactose was added to 3% and the cells 

incubated 8 hours. Cells were fixed for 15 minutes in 4% paraformaldehyde.  Fixed cells 

were washed and resuspended in potassium phosphate buffer (1.2M sorbitol, 100mM 

potassium phosphate, pH7.5). Cells were then permeabilized by addition of 2% (v/v) 

Triton X-100 and stained for 1 minute with the blue nucleic acid-binding dye DAPI (4',6-

diamidino-2-phenylindole) (Molecular Probes). Following staining, cells were washed 

and resuspended in potassium phosphate buffer.  Fixed and stained cells were 

visualized at room temperature on a Nikon Eclipse E600 microscope (Nikon Inc.) 

equipped with a 60X oil immersion objective, a 100W mercury lamp, and filter sets to 

visualize GFP (FITC-HYQ), DsRED (Texas Red-HYQ), and DAPI (UV-2A). Images were 

captured with a Photometrics CoolSNAP fx, 12-bit, cooled CCD camera (Roper 

Scientific) and the accompanying RS Image software. All images were cropped and 

processed for publication using the Mac version of Photoshop CS. 
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