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A key function of the ubiquitin-proteasome system is targeting of misfolded proteins
for degradation. In the cytosol, specialized E3 ligases target soluble misfolded
proteins for ubiquitination and subsequent proteasomal degradation. However, the
case is more complicated for integral membrane proteins. Following co-
translational insertion in the ER membrane, proteins that fail to fold properly in the
ER are subject to ER-assisted degradation (ERAD), which involves
retrotranslocation of proteins back into the cytosol followed by ubiquitin-
dependent proteasomal degradation. Properly folded PM proteins, such as signaling
receptors, ion channels, and nutrient transporters, exit the ER and traffic through
the Golgi to the cell surface where they mediate their specific functions.
Maintenance of proper PM proteostasis, particularly with respect to ion channels
and nutrient transporters, is crucial to prevent loss of PM integrity and dissipation
of essential ion and chemical gradients. As such, when PM resident proteins become
damaged or misfolded, they must be recognized, removed by endocytosis and
delivered to the lysosome for degradation. Thus, cells maintain a “cradle to grave”

quality monitoring system for integral membrane proteins, yet the mechanisms of
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quality surveillance, particularly at the PM, remain poorly understood.

Here we present evidence that the E3 ubiquitin ligase Rsp5, the yeast homolog of
Nedd4, is part of a critical protein quality surveillance mechanism at the PM. We
show that proteotoxic stress triggers global activation of Rsp5-dependent
ubiquitination, endocytosis, and vacuolar trafficking of PM proteins. Mutants
defective for this protective response exhibit toxic accumulation of integral
membrane proteins at the cell surface and suffer catastrophic loss of PM integrity
during misfolding stress, phenotypes that can be suppressed by the presence of
chemical chaperones. We present the identification of specific Rsp5 adaptors which
target the ubiquitination of misfolded PM proteins during proteotoxic stress.
Genetic interaction analysis reveals that this PM quality surveillance mechanism
exhibits striking synthetic defects with components of both ERAD and the unfolded
protein response, indicating that different quality control pathways cooperate to
protect cells during misfolding stress. We propose that this ubiquitin-mediated PM
quality surveillance pathway, together with other quality control pathways like
ERAD, protects cells from proteotoxic stress by limiting the toxic accumulation of

misfolded integral membrane proteins at the PM.
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Chapter I

INTRODUCTION

Protein biosynthesis, folding, maintenance and degradation requires an elaborate
yet balanced network of systems that coordinate to ensure the health of a cell.
Cellular protein homeostasis, called proteostasis, plays a critical role in many
normal cellular functions. Cells have developed elaborate protein quality control
(PQC) systems that assist nascent proteins in proper folding, help damaged proteins
to refold, and target misfolded /unfolded proteins for degradation. Perturbation of
proteostasis can lead to nonfunctional protein or proteotoxic aggregation.
Therefore, maintenance of proteostasis is central to understanding the causes of
many diseases. In this chapter, I will summarize the current understanding of
proteostasis networks with a special emphasis on protein ubiquitination and

degradation.

L. Protein folding, misfolding and unfolding

Protein folding is a complex process influenced by various environmental factors
including temperature, solute concentration, pH, mechanical forces, and oxidation.
Under unfavorable conditions, proteins can lose their tertiary or even secondary
structures. In certain harsh conditions, the 3D structure of a protein can be fully
abolished and reduced to a random coil. This process is called denaturation. In some
cases, proteins can be refolded into their native states. However in most cases, the

fully-denatured state is irreversible and thus the protein cannot refold.



Molecular mechanisms of protein folding

Three-dimensional structure is essential for protein function. Nascent proteins
emerge from the ribosome as a linear polypeptide chain which folds as it reaches a
low-energy state by traversing a unique free energy landscape. This process of
protein folding can take place co- or post-translationally and can happen either
spontaneously or with the assistance of molecules called chaperones (Hardesty and
Kramer 2001). Chaperones are molecules that help unfolded/misfolded proteins
navigate the free energy landscape of folding to achieve a correct low-energy
conformation that corresponds to proper folding. Heat shock protein 90 (Hsp90)
has the substrate binding region at its C terminus, where hydrophobic residues can
attract exposed hydrophobic regions of an unfolded protein with high affinity. Upon
ATP hydrolysis at Hsp90 N terminus, a large comformational change of Hsp90 will
help its substrate protein gain the low energy native state. Chaperones can be small
molecules or other proteins, which are often upregulated in conditions that promote

protein misfolding.

Many studies have made significant progress towards understanding how nascent
proteins fold into unique three-dimensional structures. One driving force is the
hydrophobic effect, which minimizes hydrophobic residues exposed to solvent.
Besides hydrophobic interactions, intramolecular hydrogen bond formation and van
der Waals forces both play critical roles in establishing protein secondary and

tertiary structures. Physiological conditions, such as solvent, temperature, and salt



concentration, also influence the outcome of protein folding. For example, all
proteins unfold at high temperature. Similarly, point substitutions in a protein, such
as the most common mutation of cystic fibrosis (the cystic fibrosis conductance
regulator CFTR AF508), can influence protein folding, alter stability, and shorten

half-life.

Chaperones

Often protein folding is assisted by a group of specialized proteins called
chaperones. Chaperones are key players in the protein quality control system and
they function to maintain the intricate balance between protein synthesis and

degradation.

Chaperones are ubiquitous, highly conserved across evolution, and generally
function to assist the folding and assembly of polypeptides into their correct tertiary
and quaternary structures (Ellis 1987). Partially folded or misfolded proteins tend
to have exposed hydrophobic sequences, which can serve as a platform for
chaperone recognition. Some chaperones, such as Hsp60 and Hsp70, bind to
partially folded clients to prevent them from aggregating. Some chaperones target
misfolded proteins via intrinsically disordered regions, which tend to bind the
exposed hydrophobic regions of clients, thereby improving client solubility. In
contrast to chaperones that prevent protein aggregation, Hsp104 is a chaperone
that functions to disassemble existing protein aggregates (Parsell, Kowal et al. 1994;

Glover and Lindquist 1998). After several cycles of binding and releasing from



different chaperones, proteins have opportunities to fold or refold into a native

state. (Garcia-Mata, Gao et al. 2002; Horwich 2004).

Because chaperones are excellent at distinguishing native from misfolded proteins,
they also can be adapted to target misfolded proteins for degradation. Some
chaperones can interact with the ubiquitination machinery, ensuring that proteins
which cannot fold are ultimately ubiquitinated and targeted for proteasomal
degradation. For example, Hsc70-Hsp70 and Hsp90 interact with the
tetratricopeptide (TPR) domain of carboxyl terminus of Hsc70-interacting protein
(CHIP). CHIP has an E3 ubiquitin ligase activity that ubiquitinates clients of Hsc70-
Hsp70 and Hsp90. Thus, extended binding to chaperones can result in CHIP-
recruitment, client ubiquitination, and proteasomal degradation (Connell, Ballinger

et al. 2001; Murata, Udono et al. 2001).

Chemical chaperones are a group of low molecular weight compounds known to
assist proteins in achieving their native conformation. Several studies have shown
that cellular osmolytes, such as glycerol, arabitol, mannitol, mannose, and sorbitol,
act as chemical chaperones to counteract proteotoxic environments. Probably these
organic osmolytes function to protect proteins against the proteotoxic stress by
raising the free energy of the unfolded/ denatured state, and in turn the equilibrium
of protein folding is shifted in favor of the native state (Bolen and Baskakov 2001).
Some of these chemical chaperones such as glycerol and TMAO (trimethylamine

oxide) are effective in correcting folding defects associated with the maturation of



A F508-CFTR protein (Brown, Hong-Brown et al. 1996). One of the most commonly

used chemical chaperones in scientific research is glycerol, which has been
demonstrated to stabilize native protein conformations probably via the
osmophobic effect (Gekko and Timasheff 1981; Meng, Hong et al. 2004; Shearer and

Hampton 2004).

Chaperones and stress responses

Environmental conditions that are not favorable for protein folding may resultin a
broad accumulation of misfolded proteins, triggering proteotoxic stress. For
example, misfolding of proteins in the ER can trigger the unfolded protein response
(UPR), an evolutionarily conserved stress response. UPR triggers the upregulation
of chaperones and degradation pathways in the ER while simultaneously down-
regulating protein translation. When ER stress is not reversible or defects in UPR

can result in cell apoptosis.

Like UPR, the heat-shock response is an evolutionarily conserved stress response
that involves the upregulation of chaperones and protein folding pathways in
response to high temperatures. The main mediator of the heat shock response is a
transcription factor called HSF1 (Heat shock factor 1). HSF1 monomers form a
complex with Hsp40/Hsp70 and Hsp90, which keeps HSF1 inactive in the cytoplasm.
Following heat stress, HSF1 rapidly dissociates from the complex and traffics to the
nucleus, where it is activated and binds to heat shock elements (NGAAN). This DNA

binding event activates transcription of heat shock response genes (Nunes and



Calderwood 1995; Shi, Mosser et al. 1998; Hu and Mivechi 2003). Interestingly,
accumulation of misfolded proteins activates mammalian target of rapamycin
complex 1 (mTORC1) signaling and cellular protein synthesis is transiently
increased. mTORC1 signaling can balance protein homeostasis in response to celluar

molecular chaperon accessibility (such as Hsp90) (Qian, Zhang et al. 2010).

Folding of integral membrane proteins

Integral membrane proteins have domains that span lipid bilayers and are anchored
in membranes. Roughly one third of proteins encoded in eukaryotic genomes is
integral membrane proteins with various cellular functions including signaling
receptors, nutrient transporters, and ion channels. Some transmembrane proteins
have beta barrels that insert into the membrane; however, the majority of
transmembrane domains are alpha-helices which are found mostly in the inner

membranes of bacterial cells or the plasma membrane of eukaryotes.

Unlike soluble proteins, integral membrane proteins undergo a distinct protein
folding mechanism. Most eukaryotic secretory protein transmembrane domains
become inserted into the membrane of the endoplasmic reticulum (ER) through a
membrane embedded protein-conducting pore, the Sec61 translocon. In this
process, nascent polypeptides pass through Sec61 following “the positive-inside
rule”, in which positively charged flanking regions are oriented on the cytosolic side

of the membrane (Sipos and von Heijne 1993). For most transmembrane proteins,



the orientation of the first hydrophobic span determines the topology of subsequent

membrane spans (Blobel 1980).

After membrane insertion, proteins achieve their tertiary and quaternary structures
including assembly and reorientation of TM segments, establishment of soluble
domain interactions, insertion of reentrant portions of the chain, and subunit
oligomerization (Bowie 2005). All of these events are influenced by many factors
including lipid composition of the bilayer, pH, and temperature. Integral membrane
domain structure is critical for many transmembrane proteins, such that any
perturbation of alpha helices forming the wall of an ion channel might cause the
channel to lose its selectivity (leaky) or integrity. In general, transmembrane
proteins, with their transmembrane domains anchoring to lipid, are relatively
stable. More energy is required for them to completely unfold. However, under
stress conditions, transmembrane domains and soluble portions of proteins can still
misfold, and these partially folded membrane proteins can easily aggregate together

within the surrounding lipids.



II. Mechanisms of Protein Degradation

The accumulation of misfolded proteins can be extremely toxic to cells. As a result,
cells have developed protein quality control (PQC) mechanisms to ensure that
misfolded and damaged proteins are maintained at limited levels to prevent toxic
aggregation. While chaperones can help protect cells from misfolding stress,
terminally misfolded or damaged proteins must be degraded in order to protect
cells. This section summarizes the current understanding of the molecular

mechanisms that constitute the degradation arm of protein quality control.

Eukaryotic cells mark misfolded and damaged proteins for degradation by
conjugation to ubiquitin, a 76 amino acid peptide that is covalently attached to
substrates by the formation of an isopeptide bond between its C terminal glycine
carboxyl group and a e-amino group (usually of a lysine side chain) of a substrate
(Hochstrasser 2009). Ubiquitin has seven lysine residues (K6, K11, K27, K29, K33,
K48, and K63) which can be further ubiquitinated to form polyubiquitin chains, with
different linkage types conferring distinct structures and properties. The K48
linkage usually targets a substrate protein for proteasome degradation, whereas
other types of linkages are associated with both proteolytic and nonproteolytic
outcomes. For example, the K63 polyubiquitin chain and linear polyubiquitin chain
(head to tail) have been shown to play important roles in the NF-AB pathway
signaling cascade activation (Kopito 2000; Tokunaga, Sakata et al. 2009). Ubiquitin
modification of damaged or misfolded proteins is highly selective. Thus, the

detection of quality control substrates requires the recognition of aberrant



structural elements that allow the ubiquitination machinery to distinguish between

native and misfolded or damaged proteins.

Ubiquitination requires a series of three distinct enzymatic reactions. Frist, the
ubiquitin-activating enzyme E1 hydrolyzes ATP to activate ubiquitin. Second,
ubiquitin is transferred to an ubiquitin-conjugating enzyme E2. In the last step, an
E3 ubiquitin ligase binds specifically to both the E2 enzyme and the substrate
protein, and the activated ubiquitin moiety is then covalently attached to a lysine
residue on the protein substrate. There are two major families of E3 ubiquitin
ligases that function by very different mechanisms. RING (really interesting new
gene) domain-containing E3 ligases serve as scaffolds that can recruit both E2
ubiquitin conjugating enzymes and substrates, providing a steric orientation that
promotes ubiquitin transfer to substrate. In contrast, HECT (Homology to E6AP C-
Terminus) domain-containing E3 ubiquitin ligases contain a conserved cysteine
residue that accepts activated ubiquitin from the E2 conjugation enzyme and
subsequently transfers the ubiquitin to substrates. Humans have 616 RING E3
ligases and 28 HECT E3 ligases, while the yeast genome encodes 40 RING and 5

HECT E3 ligases (Macgurn, Hsu et al. 2012).

In this section, [ summarize the current understanding of the recognition and
degradation of misfolded proteins by two major protein degradation systems:

Ubiquitin-Proteasome System (UPS) and lysosomal degradation
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Figure 1.1 Ubiquitin and ubiquitination of target protein

(A) Structure of ubiquitin (PDB identifier 1ubq)

(B) Nascent protein folds into its native conformation with the help of a set of
chaperones. Damaged and unfolded protein will undergo chaperone mediated
refolding or be recognized by UPS. Deubiquitinase can reverse the ubiquitin

modification and give target protein a chance to fold into its native state.

(C) Ubiquitin modification happens via a three steps process: ubiquitin is first
activated by E1, and it is subsequently transferred to an ubiquitin-conjugating
enzyme E2. In most cases, the E2 enzyme and the protein substrate both bind to an

ubiquitin-protein ligase E3, and ubiquitin is then transferred to the target protein.
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Ubiquitin-proteasome system (UPS)

The ubiquitin proteasome system (UPS) plays a critical role in protein quality
control. Many cellular proteins are degraded by the proteasome, which degrades the
majority of soluble proteins. The proteasome also degrades many misfolded
secreted proteins that have been targeted by ER associated degradation (ERAD),
which involves retrotranslocation from the ER followed by proteasomal degradation.
Furthermore, several studies have suggested that a mitochondria associated
degradation (MAD) pathway may target mitochondrial proteins for proteasomal

degradation (Heo, Livnat-Levanon et al. 2010).

The proteasome is a large protein complex located in both the cytoplasm and
nucleus. The main function of the proteasome complex is to degrade proteins. The
proteasome consists of a 20S core particle and a 19S regulatory particle. The 20S
core contains the proteolytic activities of the proteasome, whereas the 195
regulatory particle contains an ATP-dependent activity that unfolds ubiquitin
protein conjugates. The 20S core is made up of four stacked rings around a central
pore. The two inner rings consist of 7 B (f1 - §7) subunits, which have protease
active sites and proteolysis activity. Seven a subunits (a1 - a7) form two outer rings,
serving as docking domains for regulatory subunits and to block non-substrate
proteins from getting into the interior cavity. p1, B2, and 5 have catalytic activity.
5 has chymotrypsin-like activity which can cleave protein after hydrophobic
residues, while B1 (caspase-like activity) and 2 (trypsin-like activity) cleave after

basic and acidic residues. The substrate protein can be first cleaved into seven to

12



eight amino acid long peptides, which can be further degraded into amino acids and
used to synthesize new protein. The 19S regulatory particle functions to recognize
the K48-linked polyubiquitinated substrates, unfold them and finally feed them into
the core particle for proteolysis. Meanwhile, the19S also functions to remove the
ubiquitin chain from the substrate so that the ubiquitin can be recycled back to

cytoplasm.

The ER is the main organelle where secretory proteins are made. Aberrant ER
proteins are degraded by the cytoplasmic UPS. This process is mediated by a well-
studied pathway: endoplasmic reticulum associated protein degradation (ERAD).
Terminally misfolded protein substrates are recognized and exported from ER via a
channel formed by Sec61. Once exposed to the cytoplasm, lysine residues of the
substrate protein are ubquitinated by ER-localized ubiquitin ligases. Cdc48/p97
complexes assist in the extraction of substrate protein from the ER membrane.
Ubiquitinated substrates are then destroyed by the cytoplasmic UPS (Meusser,
Hirsch et al. 2005). Defects in ERAD have been implicated in many human diseases,
including Parkinson’s disease and cystic fibrosis. Protein misfolding related diseases

will be further discussed in a later section.

Protein degradation by lysosomal /vacuolar trafficking
The lysosome (vacuole in yeast and plants) is an organelle that contains an acidic
environment (around pH4.5) and a plethora of degradative enzymes. Lysosomes

maintain low pH by pumping H+ from the cytosol through vacuole membrane
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proton pumps and chloride ion channels. The lumen of the lysosome/vacuole
contains many acid hydrolases, which digest the proteins, lipids and other
macromolecules. Specialized channels and pumps on the limiting membrane of the
lysosome/vacuole are responsible for transporting macromolecules from the lumen
into the cytosol for reuse. Importantly, trafficking of most proteins to the
lysosome/vacuole requires ubiquitination. Whereas K48-linked polyubiquitin
targets a substrate for proteasomal degradation, lysosomal trafficking often involves

conjugation to mono- or K63-linked poly ubiquitin.

Degradation of integral plasma membrane proteins occurs primarily by a
complicated process called endocytic downregulation, which involves endocytosis,
endosomal sorting into intralumenal vesicles, and endosomal-lysosomal fusion. In
yeast, ubiquitination is required and sufficient for the endocytosis of various plasma
membrane proteins, including the ABC transporters Ste6 and Pdr5, alpha-factor
pheromone receptor Ste2, as well as numerous ion channels and nutrient
transporters (Kolling and Hollenberg 1994; Egner and Kuchler 1996; Hicke and
Riezman 1996; Jenness, Li et al. 1997). In mammalian cells, there are ubiquitin-
dependent as well as ubiquitin-independent pathways for endocytosis. Although
many plasma membrane proteins are endocytosed in an ubiquitin independent
manner, several membrane proteins, such as receptor tyrosine kinase (RTKs) and G
protein-coupled receptors (GPCRs), have been shown to be turned over by ubiquitin
mediated endocytosis (Haglund, Sigismund et al. 2003; Sigismund, Woelk et al.

2005; Macgurn, Hsu et al. 2012).
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Ubiquitination plays a key role in several steps along the path of endocytic
downregulation. At the PM, ubiquitin is recognized as a sorting determinant.
Several components of the endocytic machinery, including the Edel and the Ent
proteins (Eps15 and epsins in mammalian cells, respectively) contain ubiquitin
binding domains (UBDs) thought to recognize and sort ubiquitinated proteins into
budding vesicles. During endosomal sorting, several key complexes, including
ESCRT-0, ESCRT-I and ESCRT-II, have been demonstrated to have UBDs that can
interact with ubiquitinated cargoes. For example, TSG 101 (yeast Vps23) of ESCRT-I
has a UEV (Ubiquitin E2 Variant) domain, which has been shown to bind ubiquitin
(Katzmann, Babst et al. 2001). In the ESCRT-II complex, the GLUE domain of Vps36
was shown to contain a UBD domain (Slagsvold, Aasland et al. 2005; Hirano, Suzuki
et al. 2006). Prior to budding into the lumen of the endosome, ubiquitin is removed
from cargo that has been captured and sorted by the deubiquitinating enzyme Doa4,

which serves to recycle ubiquitin.

Ubiquitination has also been shown to function as a sorting determinant at the Golgi
complex. Ubiquitination of carboxyperptide S (CPS) is required for its Golgi to
endosome/vacuole sorting and trafficking (Katzmann, Sarkar et al. 2004). For many
integral membrane proteins that normally are delivered to the plasma membrane,
including the general amino acid transporter (Gap1) and the PM localized proton
pump (Pmal), ubiquitin modification at the Golgi complex results in sorting directly
to endosomes without reaching the plasma membrane (Pizzirusso and Chang 2004;

Rubio-Texeira and Kaiser 2006; Risinger and Kaiser 2008; Macgurn, Hsu et al. 2012).
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Ubiquitination at the Golgi complex is thought to play an important role in Golgi
protein quality control (GQC). GQC targets unfolded proteins, which escape from ER,
for degradation in lysosome. Unfortunately, very little is known about the GQC
system. One possible component of GQC is Vps10, a transmembrane protein
required for CPY (Carboxypeptidase Y) sorting that may recognize misfolded
proteins at the Golgi and target them for trafficking to the vacuole (Marcusson,
Horazdovsky et al. 1994; Macgurn, Hsu et al. 2012). One study fused mutant lambda
repressor to secreted protein and found that at high temperature the hybrid protein
is transported from the Golgi to the vacuole by a Vps10 mediated pathway (E hong
1996) (Macgurn, Hsu et al. 2012). Golgi-endosome trafficking mediators GGA (Golgi-
localizing,y-adaptin ear homology domain, ARF-binding) proteins, are required for
many cargoes sorting at the Golgi complex. GGAs contain a VHS domain at their N
terminus, a conserved GGA homology domain (GGAH) interacting directly with ADP-
ribosylation factors (ARFs), a proline-rich hinge region required for interaction with
chathrin, and a C terminus adaptor y ear homology (AGEH) domain. The VHS
domain has been shown to bind ubiquitin moiety of cargo proteins and interact with
lipid (Ren and Hurley ; Puertollano and Bonifacino 2004; Wang, Sun et al. 2007;
Demmel, Beck et al. 2008). Cargo ubiquitination can induce GGA mediated
trafficking from Golgi to endosome (Stringer and Piper). GGAs might be potential
factors functioning in Golgi protein quality control. As a post ER compartment, the
Golgi complex must have its own protein quality control to ensure the quality of
secreted proteins, however, the detailed mechanisms of such a Golgi protein quality

control system still needs to be further studied.
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Misfolded protein recognition

Protein quality control requires the ability to distinguish between native and
misfolded states of a protein. Ultimately, understanding how misfolded proteins are
recognized involves investigating the mechanisms of E3 ligase substrate targeting.
Although quality control mechanisms that distinguish native from misfolded
proteins are still poorly understood, a few examples that have been described are

summarized in this section.

Molecular chaperones have been predicted to contain intrinsically disordered
regions which play key roles in misfolded protein recognition. Hsp10 can recognize
a broad spectrum of misfolded proteins and there is no defined common domain
among those substrates. Intrinsically disordered regions are predicted across the
protein, especially in the C terminal lid domain of Hsp10, where substrates bind.
Misfolded proteins are prone to aggregate and tightly associate with chaperones
such as Hsp70 and Hsp40. The cytosolic E3 ligase CHIP does not recognize
misfolded proteins directly, but instead interacts with the chaperone Hsp70. CHIP
binds to Hsp70 via its TRP domain which allows it to target aberrant proteins for
ubiquitination (Connell, Ballinger et al. 2001; Murata, Minami et al. 2001). Although
the yeast genome does not encode a CHIP homolog, the yeast ubiquitin ligases Ubr1
and Ubr2 can target substrates by interaction with Hsp70 and Hsp110 (Heck,
Cheung et al. 2010; Nillegoda, Theodoraki et al. 2010). Thus, indirect targeting via

chaperone association appears to be a major mechanism of misfolded protein
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recognition. In contrast, the nuclear-localized ubiquitin ligase San1 has its own
intrinsically disordered domain which can bind directly to many different substrates
and target them for ubiquitination (Gardner, Nelson et al. 2005). Despite these
examples, recognition of misfolded proteins in the cell is still very poorly

understood.

How cells deal with misfolded plasma membrane proteins

The proteasome and the lysosome are two distinct destinations where
misfolded/damaged proteins are degraded. For membrane proteins, the site where
misfolded proteins are degraded is determined by the location of misfolding. For
example, if misfolding happens at ER, ERAD-mediated proteasomal degradation will
take place, whereas if misfolding happens at a post-ER compartment, degradation is

likely to occur via ubiquitin-dependent trafficking to the lysosome.

The plasma membrane separates the cell interior from the extracellular
environment. Many physiological functions are associated with plasma membranes,
including signal transduction, nutrient and ion uptake, energy conversion as well as
osmotic homeostasis. Most PM functions are fulfilled by integral membrane
proteins. Therefore, many cell surface proteins are vital for the health of an
organism by determining cellular growth, differentiation, and death. Many diseases
have been associated with aberrant proteins at the cell surface, leading to broad

interest in understanding the proteostasis of integral membrane proteins at the PM.
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Several cellular stresses are associated with protein misfolding, including heat,
oxidative stress, genetic mutations and chemical stress. Because these stresses are
known to induce misfolding of soluble proteins or integral membrane proteins at
the ER, we reasoned that such conditions might also induce misfolding of plasma
membrane proteins at a certain rate. The accumulation of misfolded membrane
proteins could result in the loss of plasma membrane integrity. We reasoned that
there may exist a protective PM quality maintenance system to protect the
membrane from toxic protein accumulation in order to maintain membrane
homeostasis. However, unlike the protein quality control system at the ER, less is
known about the mechanism of plasma membrane protein degradation. Several
studies support the existence of protein quality control mechanisms at the plasma
membrane. Mutations in the yeast mating pheromone receptor Ste2, a GPCR, were
shown to be rapidly endocytosed and degraded in the vacuole following a shift to
nonpermissive temperatures (Jenness, Li et al. 1997; Macgurn, Hsu et al. 2012).
Mutant alleles of the arginine transporter Canl and the proton pump Pmal were
also found to be midfolded at nonpermissive temperature and be internalized and
degraded in vacuole (Macgurn, Hsu et al. ; Li, Kane et al. 1999; Gong and Chang
2001). Furthermore, plasma membrane proteins are tightly associated with
surrounding lipids, which have been shown to play an important role in regulating
the folding state of membrane proteins. One study indicated that the absence of

sphingolipids destabilized the general amino acid transporter Gap1, resulting in its
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rapid ubiquitination, endocytosis, and vacuolar degradation (Lauwers, Grossmann

etal. 2007).

Most plasma membrane proteins have transmembrane domains as well as
cytoplasmic and extracellular domains. Nonetheless, little is known about the
mechanism of how and where misfolded/damaged plasma membrane proteins are
recognized. To test how yeast cells recognize and degrade misfolded cytoplasmic
domains, one study anchored temperature-induced misfolding soluble domains to
plasma membrane proteins and found it failed to trigger turnover or endocytosis
(Lewis and Pelham 2009). Several recent studies have shown in mammalian cells

that mutation of cytosolic portion of CFTR A F508 exhibits temperature instability:
at low temperature CFTR A F508 traffics to the cell surface. However, once the
temperature is raised, misfolded CFTR A F508 is recognized and ubiquitinated by an

E3 ligase, CHIP. As we previously discussed, CHIP can interact Hsc70, Hsp90 and
other chaperones with its N-terminal tetratricopeptide repeat domain.
Ubiquitination of CFTR A F508 triggers its endocytosis and lysosome mediated
degradation (Okiyoneda, Barriere et al.). Another study analyzed the temperature-
induced trafficking of CD4 fused to the temperature sensitive bacteriophage A
domain, which is also recognized and ubiquitinated by CHIP (Apaja, Xu et al. ;
Macgurn, Hsu et al. 2012). These studies propose that misfolded soluble domains of
plasma membrane proteins are targeted for turnover by CHIP. However, these

studies do not address mechanisms for detection of aberrent transmembrane
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domains or damaged extracellular domains, which are also likely to be toxic to the

cell (Apaja, Xu et al. ; Macgurn, Hsu et al. 2012).
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Figure 1.2 Compartmentalized quality control systems for membrane protein
The proteasome and the lysosome are two distinct destinations where membrane
proteins are degraded. Where misfolded membrane proteins are degraded is
determined by the location of misfolding. Misfolded ER membrane proteins will be
degraded by ERAD mediated proteasome degradation. Parallel to ERAD, there are
Golgi and PM protein quality control systems that maintain protein homeostasis at

different compartments.
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Role of DUBs in PQC

Ubiquitination is a key determinant of protein degradation, but it can also be
reversed by the activity of deubiquitinating enzymes (DUBs). There are nearly 100
deubiquitinases encoded in human genome and about 20 in yeast. Compared to E3
ubiquitin ligases, DUBs remain poorly understood. However, DUBs clearly play an
important role in cellular proteostasis with key functions in: rescue of proteins from
proteasomal degradation; editing of the ubiquitin chain from one linkage type to
another; regulation of protein function or localization; and maintenance of the level

of monomeric ubiquitin in the cell.

The ubiquitin ligase CHIP has been found to be monoubiquitinaed and this
modification stabilizes its interaction with the deubiquitinase Ataxin-3. Ataxin-3
antagonizes CHIP, limiting the length of polyubiquitin chains of CHIP substrates.
Following CHIP-mediated ubiquitination of substrate, ataxin-3 can effectively
terminate the reaction by deubiquitination of CHIP (Scaglione, Zavodszky et al.
2011). One important deubiquitinase function involves editing of polyubiquitin
chains by the DUB A20. A20 is known as a negative regulator of the NF-kB pathway,
which is activated in response to many stress conditions. A20 has an N-terminal
ovarian tumor (OTU) domain and C-terminal zinc finger containing domain, which
allows A20 to function both as a deubquitinase and as an E3 ligase. One of the
important signaling molecules in the NF-kB signaling pathway is receptor
interacting protein-1 (RIP1). RIP1 is ubiquitnated by the E3 ligases cIAP-1 and

cIAP-2 with K63 polyubiquitin chains, which is required for its interaction with NF-
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kappa-B essential modulator (NEMO). A20 can deubiquitinate RIP1 and prevent its
interaction with NEMO. RIP1 can be further ubquitinated by A20 using its ubiquitin
ligase domain, which modifies RIP1 with a K48 polyubquitin chain and targets it for
proteasomal degradation. Other than the above functions, some DUBs such as Ubp6
and Rpn11 in yeast, (mammalian POH1/PSMD14, USP14 and UCH37) have been
shown to tightly associate with the proteasome (Papa, Amerik et al. 1999; Leggett,
Hanna et al. 2002; Hanna, Hathaway et al. 2006; Finley 2009). These DUBs functions
in recycling ubiquitin as well as control the rate of protein degradation (Lee, Lee et
al.; Yao and Hong 2001; Jacobson, Zhang et al. 2009). DUBs will be further discussed
in chapter III in the context of their role in membrane protein trafficking and

degradation.
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III. Protein misfolding related Diseases

Many human disease states are associated with protein misfolding. The molecular
mechanism of many of these diseases is caused by misfolding that results in loss of a
critical cellular function. A well-studied example is cystic fibrosis (CF), which
results from misfolding and loss of function of a chloride transporter called CFTR.
Diseases can also result when misfolded proteins aggregate, which is a hallmark of
many neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease.

For this type of disease, there are three major hypothesizes that have been proposed
to explain how protein aggregates may interfere with cellular functions: (i) the
channel hypothesis, which suggests that aggregates form pores on the membrane;
(ii) aggregates interact with native proteins to disrupt global cellular proteostasis;
(iii) aggregates may sequester chaperones, ubiquitination machinery, and other
components of protein quality control systems, siphoning them away from their
normal cellular functions. (Barral, Broadley et al. 2004; Aigelsreiter, Janig et al. 2007)
Some cancers, although not considered misfolding diseases, rely on chaperones to
stabilize and protect aberrant oncogenes. For example, Hsp90 has been a target
protein for tumor therapy. As a chaperone, Hsp90 interacts with its substrate
proteins to correct their folding and protect them from degradation. However, many
of those substrate proteins function in tumor progression. Several Hsp90 inhibitors
have been shown efficiently block tumor growth, invasion and angiogenesis (Eccles,

Massey et al. 2008; Jensen, Schoepfer et al. 2008).
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Neurodegenerative diseases are a large class of human diseases, which are
characterized by a wide range of clinical symptoms and distinct pathological
phenotypes associated with various regions of the nervous systems. Many
neurodegenerative diseases are protein deposition disorders including prion
diseases, Huntington’s disease, and Alzheimer’s disease. At the molecular level,
recent studies have indicated that these diseases share a common pathophysiologic
mechanism, and represent a subset of a broader class of diseases known as the
protein conformational or protein misfolding diseases. Failure of a specific protein
to fold into its native functional conformation can contribute to the formation of
protein aggregates, ultimately resulting in broader cellular functions including
mitochondrial dysfunction, increased vulnerability to stress, neurotoxic signaling,
pore formation, synaptic deficits, impairment of axonal transport and defective
cellular trafficking (Winklhofer, Tatzelt et al. 2008). Ubiquitin has been found to be
present in proteinaceous accumulations in various neurodegenerative disorders
(Sokolov, Panyutin et al. ; Mori, Kondo et al. 1987; Lennox, Lowe et al. 1988; Lowe,
Lennox et al. 1988; Paulson and Prior 1997). Therapeutic strategies for these
neurodegenerative disorders have been designed to reduce protein misfolding and
aggregation, as well as to up regulate the activity of the protein quality control
system (Taylor, Hardy et al. 2002; Lansbury and Lashuel 2006; Roberson and Mucke
2006; Wooten and Geetha 2006). Molecular chaperone Hsp104 has a disaggregation
activity and has been shown to inhibit amyloid formation in Alzheimer’s disease and
also reverse a-synulein fiber formation in Parkinson’s disease (Vashist, Cushman et

al.). Theses finding are promising for developing therapeutic strategies that target
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Hsp104. Furthermore, the small molecule Tramiprostate (3- amino-1-
propanesulfonic acid) was found to inhibit and sometime reverse A fibrillar
formation (Melnikova 2007). Further detailed studies of the underlying mechanism
of the protein quality control system will provide more clues for the design of new

targeted therapies for neurodegenerative diseases.

Channelopathies are a group of clinical sydromes caused by altered ion channel
function. Many of these diseases are linked to point substitutions in various ion
channels. Channelopathies lead to a variety of distinct symptoms, such as epilepsy,
migraine headache, ataxia as well as other cardiac and neurological syndromes.
Different mutations in the same ion channels might also give different symptoms
(Magby, Neal et al.). One of most well studied examples is CFTR, which is mutated in

cases of cystic fibrosis.

Cystic Fibrosis

Cystic fibrosis (CF) is caused by a loss of function of the cystic fibrosis
transmembrane conductance regulator (CFTR), an ABC transporter that pumps
chloride ions. Wildtype CFTR protein is localized at the plasma membrane of
epithelial cells and functions as a cAMP-activated chloride channel. CFTR functions
to maintain the anion gradient, which is important to direct water movement and
maintain the normal function of epithelia. CF patients have viscous mucus that

accumulates in the airways of lung and facilitates severe lung infections.
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The CFTR protein is predicted to have two membrane-spanning domains (MSD),
two nucleotide-binding domains (NBDs) and a regulatory (R) domain. Each MSD
contains six transmembrane segments and these transmembrane segments together
form the channel allowing chloride ion to pass through. The R domain resides in
between the two MSDs and is a unique feature of CFTR distinct from other ABC
transporters. Only when the R-domain is phosphorylated by protein kinase A (PKA)
will the NBDs bind ATP, opening the channel to allow CI- ions to pass into the cell
(Sheppard and Welsh 1999). Interestingly, the regulatory R domain is where most

disease causing mutations occur. 70% of all mutations of CFTR happen at F508.

Before wildtype CFTR reaches the apical membrane, it must pass through stringent
PQC systems at different compartments. Within the ER lumen, the folding process of
wildtype CFTR is inefficient: about 45-80% are rapidly degraded with a half-life
about 0.5 hour (Lukacs, Mohamed et al. 1994; Ward and Kopito 1994; Sheppard and
Welsh 1999). Furthermore, newly synthesized CFTR is found in complex with
multiple molecular chaperones, including calnexin and calreticulin, which assist the
folding of CFTR (Yang, Janich et al. 1993; Pind, Riordan et al. 1994; Harada,
Okiyoneda et al. 2006; Rosser, Grove et al. 2008). Moreover, while trafficking from
the ER to the Golgi complex and plasma membrane, CFTR is complexed with many
chaperones including Hsp70, Hsc70, Hsp90 and Hdj-2 (Alberti, Bohse et al. 2004;
Wang, Venable et al. 2006; Sun, Mi et al. 2008; Glozman, Okiyoneda et al. 2009).
CFTR is further modified in the Golgi to a mature form by glycosylation of an

extracellular loop of MSD2 (membrane spanning domain 2) (Lukacs, Mohamed et al.
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1994). Mature CFTR traffics from the Golgi to plasma membrane by clathrin-coated
vesicles. At the PM, 10% of CFTR is turned over consistently (Lukacs, Chang et al.
1993; Ward and Kopito 1994). Misfolded or damaged CFTR at the cell surface can be
ubiquitinated by CHIP, targeting it for degradation in the lysosome (Okiyoneda,

Barriere et al. ; Sharma, Pampinella et al. 2004).

The most frequent mutation of CFTR in cystic fibrosis patients (over 70%) is a

deletion of a phenylalanine residue at position 508 (CFTR A F508). This mutant

protein fails to fold into its native conformation and thereby is targeted for

degradation by ERAD. However, A F508 is sensitive to temperature. By lowering the

temperature below 30°C, a portion of mutant transporters are able to traffic to the
plasma membrane, restoring chloride transport. Interestingly, previous studies have

shown that some chemical chaperones can effectively stabilize A F508 at the cell

surface (Brown, Hong-Brown et al. 1996). Sodium-4-phenylbutyrate (Buphenyl) is a
candidate drug that can promote CFTRAF508 trafficking to the apical membrane,
possibly by down-regulation of Hsc70 and up-regulation of Hsp70 (Rubenstein and
Zeitlin 2000; Choo-Kang and Zeitlin 2001; Rubenstein and Lyons 2001). 4-
phenylbutyric acid (4-PBA) has been found to induce Hsp70 production, which leads
to maturation of CFTR (Rubenstein, Egan et al. 1997). Furthermore, compounds that
interfere with ER protein quality control or chaperone machinery, such as the ER

Ca** pump inhibitor thapsigargin, can promote CFTR A F508 trafficking to the

plasma membrane by lowering ER Ca** level (Egan, Glockner-Pagel et al. 2002).
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Overview of thesis

Properly folded PM proteins, such as signaling receptors, ion channels, and nutrient
transporters, exit the ER and traffic through the Golgi to the cell surface to carry out
their specific functions. Maintenance of proper PM proteostasis, particularly with
respect to ion channels and nutrient transporters, is crucial in preserving PM
integrity and preventing the dissipation of essential ion and chemical gradients from

the cell

My thesis research has focused on addressing three major questions: (1) How do
cells deal with plasma membrane protein misfolding stress? (2) Does ubiquitination
play central role in the turnover of misfolded/damaged PM proteins? (3) What are
the key players involved in protein quality control at the plasma membrane?
Ultimately, the investigation of cell surface quality control mechanisms that
recognize and remove misfolded proteins at the PM will have important

implications for human disease and therapeutic strategies.
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Chapter II

The Rsp5-ART network provides a quality surveillance mechanism that

targets the removal of misfolded, toxic proteins at the PM

Chapter II includes work for a manuscript that will be submitted for publication. The authors are
Yingying Zhao, Jason A. MacGurn, Max Liu, and Scott D. Emr (author name with underline contributed
equally to this study). Yingying’s major contributions to this chapter are presented in Figure 2.2, 2.3,

24,25,27BC, 28,29, 2.108B, 2.11, 2.124, 2.13, 2.14, 2.15,2.16C D, 2.17B, 2.18, 2.19 and Table 2.1.

Abstract

Secretory cargos that cannot fold properly in the ER are targeted for removal by a
well-studied ER-associated degradation pathway, or ERAD. In contrast, very little is
known about post-ER quality control mechanisms for integral membrane proteins.
Here we describe a heat-induced endocytic response, which is mediated by the
Rsp5-ART network of proteins and functions to protect plasma membrane (PM)
integrity. Failure to mediate this protective response during heat stress leads to
toxic accumulation of integral membrane proteins at the cell surface, which causes
loss of PM integrity and cell death. Thus, the Rsp5-ART network comprises a PM
quality control system that works together with parallel quality control pathways to

limit accumulation of toxic proteins at the cell surface during heat stress

Introduction

Cells have evolved elaborate protein quality control mechanisms that assist proteins

in achieving desired native structure and also help target the degradation of
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proteins that have become misfolded, damaged, or otherwise aberrant. This system,
often referred to as the cellular proteostasis network, consists of an elaborate
network of proteins dedicated to preventing the toxic accumulation of unfolded or
misfolded proteins. Often, the cell employs compartment-specific mechanisms that
ensure protein quality control. For example, misfolded protein domains that are
soluble and accessible to the cytosol can be targeted for degradation by CHIP, an E3
ligase that interacts with various chaperones to target ubiquitination of misfolded
substrates (Meacham et al.,, 2001). Similarly, unfolded soluble protein domains in
the lumen of the ER are clients of the Hsp70 family member BiP/Kar2, and extended
association with BiP/Kar2 can lead to targeting for ubiquitination by the ERAD
machinery and substequent proteasomal degradation (Claessen et al., 2011; Walter
and Ron, 2011). In these examples, targeting of misfolded proteins for
ubiquitination and subsequent degradation is mediated by prolonged interaction
with chaperones, which serve as adaptors that recruit E3 ubiquitin ligases to modify
misfolded substrate. In both cases, substrates are ultimately degraded by the

proteasome.

Quality control of integral membrane proteins plays a critical role in many human
diseases because it affects the quantity of functional proteins - ion channels,
nutrient transporters, and signaling receptors - at the cell surface. In contrast to
soluble proteins in the cytosol or the lumen of the ER, which are degraded by the
proteasome, the degradation of most post-ER integral membrane proteins occurs

via lysosomal trafficking. This process is typically ubiquitin-dependent and involves:
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(i) selective recognition of cargo for ubiquitination, (ii) capture of ubiquitinated
cargo for trafficking to the endosome, (iii) endosomal sorting by ESCRT complexes,
which package ubiquitinated cargo into vesicles that bud into the lumen of the
endosome (intralumenal vesicles, or ILVs), and (iv) fusion of these multivesicular
endosomes with lysosomal/vacuolar compartments, resulting in cargo degradation
(Henne etal., 2011; Hurley, 2010; Macgurn et al., 2012; Shields and Piper, 2011).
While the sorting and trafficking mechanisms in this elaborate downregulation
process have been studied extensively, the initial step of cargo recognition for
ubiquitination, particularly with respect to the recognition of misfolded proteins in

post-ER secretory and endocytic pathways, is still poorly understood.

Previously, we identified and characterized a network of Rsp5 adaptors called ARTS,
or arrestin-related trafficking adaptors. The ART modular adaptor network
mediates the recognition and ubiquitination of cell surface proteins, thereby
directing the endocytic remodeling of PM protein composition. Thus, ART proteins
serve as a key point of regulation during changes in nutrient availability and
environmental stress. Here, we report that heat stress triggers extensive cell surface
remodeling in yeast cells that is driven by ubiquitin-mediated endocytosis. This
heat-induced endocytic response is a protective mechanism that requires the
modular ART adaptor network, which targets Rsp5-mediated ubiquitination and
degradation of proteins at the surface. Defects in this endocytic targeting system
result in an accumulation of cell surface proteins that is toxic during heat stress.

This toxicity is associated with loss of PM integrity, which we propose is caused by

42



conformational flux or misfolding of nutrient transporters and ion channels at the
cell surface. The ART-Rsp5 quality surveillance mechanism at the PM functions in
parallel with both ERAD and Golgi QC systems to control both quality and quantity

of protein composition at the cell surface.
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Material and Method

Yeast strains and Plasmid Construction

A list of all Saccharomyces cerevisiae strains and plasmids used in this study and
their genotype can be found in Supplementary Table S1 and S2. Homologous
recombination was used to tag or delete genes in yeast. All integrations were
verified by PCR analysis and expression of fusion proteins was confirmed by
Western Blot analysis. Gene subcloning was performed by PCR using Ex Taq
(Tafara) or KOD Polymerase (Novagen) and subsequent ligation into the designated
expression vector with T4 DNA ligase (Fermentas). The yeast shuttle vectors used in
this study have been previously described ( Sikorski, 1989). Restriction enzymes

were purchased from New England Biolabs (Ipswich, MA)

Fluorescence Microscopy

Yeast cells expressing fluorescent fusion proteins were grown to mid-log in
synthetic media. Microscopy was perfomed using a fluorescence microscope
(DeltaVison RT; Applied Precision) equipped with FITC and rhodamine filters.
Images were captured with a digital camera (Cool Snap HQ; Photometrics) and

deconvolved using softWoRx 3.5.0 software (Applied Precision).

Analysis of Cellular Protein Expression Levels
Yeast cells expressing epitope tagged protein were grown to mid-log in synthetic
media. 0D600 equivalents of mid-log cells pretreated at the indicated temperatures

were harvested by precipitation in 10% trichloroacidic acid (TCA). Precipitates
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were washed in acetone, aspirated, resuspended in lysis buffer (150mM NacCl,
50mM Tris pH7.5, 1mM EDTA, 1% SDS), and mechanically lysed with glass beads.
Protein sample buffer (150mM Tris pH 6.8, 6M Urea, 6% SDS, 10% beta-
mercaptoethanol, 20% Glycerol) was added and extracts were analyzed by SDS-

PAGE and immunoblotting with anti-FLAG (sigma) antibody.

Yeast Growth Assay

Yeast strains were grown to mid-log in synthetic media. Spin down OD600 cells and
resuspend in 1mL of sterilized H20. Serially dilute at a ratio of 1:10 using 96-well
plate. Us plate frogger to plate the dilutions one the drop out plate and incubate at

the appropriate temperature.

Plasma membrane integrity assay

Yeast strains were grown to early-log (around 0.2 OD600) in synthetic media, shift
the culture to 40°C and grow for 3hours, spin down 1 OD 600 cells and resuspend in
PBST (0.01% tween20), add 1uL propidium iodide (sigma) and stain for 20min.
Spin down the cells and wash twice with ddH20. Vortex and run on the flow

cytometry.
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Results

Heat stress triggers extensive endocytic downregulation

Previously, we found that certain environmental changes elicit highly-specific
surface remodeling programs, such as the methionine-induced endocytic
degradation of the methionine transporter Mup1 (Lin et al.,, 2008b), whereas other
changes can stimulate global surface remodeling programs, such as the TORC1-
mediated tuning of PM protein composition by activation of the ART adaptor
network (MacGurn et al,, 2011). Given the affect of temperature on protein folding,
stability, and overall quality (Fang et al., 2011), we hypothesized that heat-stress
might activate a surface remodeling program associated with PM protein quality
control. To characterize heat-induced surface remodeling in yeast, we analyzed the
trafficking and degradation of various PM cargoes in cells grown at 26°C and shifted
to 38°C for 60 minutes. Although a few cargoes appeared to be stable and/or
induced during heat stress (Yor1, Figure 2.1 and 2.2, Pdr5, Figure 2.2), most cargoes
were observed to undergo endocytosis followed by vacuolar trafficking (Figure 2.1)
and degradation (Figure 2.2, 2.3 and Figure 2.4). This heat-induced endocytic
downregulation was observed with varying kinetics and efficiency for many diverse
cargoes including amino acid transporters (Mup1, Lyp1, Dip5), hexose transporters

(Hxt3), and proton pumps (Pmal).

46



Table 1. Cargo Thermostability

Cargo 34°C 38°C 40°C
Pmal 1103 97 53
Mupl 491 100 66
Lypl 164 51 25
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Table 1: Cargo Thermostability (Half-life, in minutes, following temperature

shift)
Kinetic analysis of heat-induced cargo degradation (Supplemental Figure 1, 1B, and

1C) was used to estimate half-lives of each cargo at each temperature tested. Half-

lives are indicated in minutes.
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Figure2.1 Heat Stress Triggers Endocytic Downregulation

38°C, 2 hours
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Figure 2.1. Heat Stress Triggers Endocytic Downregulation

Fluorescence distribution of GFP-tagged endocytic cargoes (green) was analyzed in
wildtype yeast cells expressing the vacuolar marker Vph1-mCherry (red). Cells
were grown to mid-log at 26°C (left panels) and then shifted to 38°C for two hours
(right panels). Plasma membrane (“PM”) and vacuole (“vac”) localization are

indicated.
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Figure 2.2. Heat Stress Triggers Endocytic Downregulation
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Figure 2.2. Heat Stress Triggers Endocytic Downregulation
Stability of affinity-tagged cargoes was analyzed following temperature shift from
26°C (left lane) to 40°C. The number beneath each lane indicates quantification of

protein abundance (relative to 26°C, t=0) determined using the Li-Cor system.
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One possible explanation for the heat-induced endocytic downregulation program
we observed during thermal stress could involve the general induction of bulk
endocytosis. A general increase in the bulk rate of endocytosis predicts that most
cargoes should display similar degradation kinetics in response to heat stress. To
analyze cargo thermostability, we grew yeast cells at 26°C and measured the
kinetics of cargo degradation following shift to various temperatures. We found that
different cargoes exhibited a range of thermostabilities (Figure 2.3, 2.4 and Table 1).
For example, following shift to 34°C, Lyp1 is degraded with a half-life of about 164
minutes, whereas degradation of Mup1 or Pmal is negligible on the same timescale
(Figure 2.4 and Table 1). However, following shift to 40°C both Lyp1 and Mup1 are
degraded with the half-lives of ~25 minutes and ~66 minutes, respectively (Table
1). Our observations that different cargoes exhibit different thermostabilities and
that some cargoes (Yor1, Pdr5) are actually stabilized and/or induced during heat
stress are not consistent with an increased rate of bulk endocytosis and instead

suggest that heat stress triggers thermo-instability that is cargo-intrinsic.
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Figure 2.3 Heat Stress Triggers Endocytic Downregulation
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Figure 2.3 Heat Stress Triggers Endocytic Downregulation

(A) (B) Stability of affinity-tagged cargo Mup1 (A) and Pma1l (B) were analyzed
following temperature shift from 26°C to 30°C, 34°C, 38°C or 40°C. The number
beneath each lane indicates quantification of protein abundance (relative to 26°C,

t=0) determined using the Li-Cor system.

(C) Half live of different cargoes (Mup, Pmal or Lyp1) were generated based on the

quantification from western blot analysis.
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Figure 2.4 Heat Stress Triggers Endocytic Downregulation
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Figure 2.4. Heat Stress Triggers Endocytic Downregulation
(A) (B) Thermostability analysis of various cargo (Mup1, Lyp1, Pma1) at 34 °C (C)

and 38°C with corresponding western blot on the right.
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Since conformational flux and protein misfolding both increase as a function of
temperature, we reasoned that heat-induced endocytosis and degradation of PM
cargoes may relate to misfolding or conformational instability caused by increased
temperature. To test this idea, we performed thermostability analysis of the highly
thermo-labile lysine transporter Lyp1 in the presence of glycerol, which is known to
promote protein folding and function as a chemical chaperone (Bernier et al., 2004).
Importantly, glycerol enhanced the thermostability of Lyp1 (Figure 2.5 A B and B),
indicating that endocytosis and degradation of Lyp1 during heat stress is (at least
partially) the result of conformational instability or misfolding. Importantly,
glycerol did not stabilize the methionine triggered endocytic downregulation of the
methionine transporter Mup1 (Figure 2.5 D), demonstrating that glycerol does not
generally inhibit endocytosis. We believe these data are consistent with a
mechanism whereby heat stress induces conformational instability or misfolding of
integral PM proteins, resulting in recognition and targeting for endocytic

downregulation.
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Figure 2.5 Heat Stress Triggers Endocytic Downregulation
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Figure 2.4 Heat Stress Triggers Endocytic Downregulation

(A) (B) Analysis of heat-induced degradation of Lyp1 in the presence of glycerol, a

chemical chaperone. See also Supplemental Figure 1.

(C) Half life of Lyp1 protein with or without 3% glycerol at different temperature.

(D) Analysis of methionine-induced degradation of Mup1 in the presence of glycerol.
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The Heat-induced endocytic response is mediated by the Rsp5 ubiquitin ligase

To identify the molecular mechanism that targets thermolabile cargo for
endocytosis during heat stress, we tested if this stress response requires Rsp5, a
yeast Nedd4 family ubiquitin ligase that targets many cargoes for ubiquitination and
endocytosis (Lauwers et al., 2010; Macgurn et al., 2012). To do this, we analyzed
heat-induced cargo trafficking in yeast strains expressing various mutant alleles of
Rsp5. While the WW1 domain of Rsp5 was dispensable for heat-induced cargo
degradation, mutations in either WW2 or WW3 significantly abrogated the
endocytic response (Figure 2.6). Since these mutations result in significant
accumulation of cargo at the PM during heat stress, we tested if mutant alleles of
RSP5 exhibited defects in thermotolerance. While rsp5-ww1 mutants did not exhibit
any observable temperature sensitivity defect, rsp5-ww2 and rsp5-ww3 mutants

were extremely temperature sensitive and failed to grow at 38 °C (Figure 2.7A).

62



Figure 2.6 Rsp5 Mediates the Heat-induced Endocytic Response
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Figure 2.6 Rsp5 Mediates the Heat-induced Endocytic Response

Fluorescence distribution of GFP-tagged endocytic cargoes (green) was analyzed in
wildtype (left panels), rsp5-ww2 (middle panels), or rsp5-ww3 (right panels) yeast
cells expressing the vacuolar marker Vph1-mCherry (red). Cells were grown to mid-
log at 26°C and then shifted to 38°C for two hours. Plasma membrane (“PM”) and

vacuole (“vac”) localization are indicated.
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To better understand the basis of this temperature sensitive phenotype, we utilized
a 8 fluorescent vital dye, propidium iodide (PI), which binds to DNA but is
membrane impermeant. Thus, PI staining can be used to score the number of cells in
a population that have lost PM integrity. For example, wildtype yeast cells grown at
26°C exhibit negligible (<1%) PI-positive cells within the population (Figure 2.7 B).
However, if these same yeast cells are treated with the drug nystatin, which binds to
ergosterol and forms pores in the yeast plasma membrane, all yeast cells (100%)
stain positive for PI (Figure 2.7 B), demonstrating the utility of PI as a marker for PM
integrity. Next, we used flow cytometry to analyze PI staining in wildtype and
mutant cells following heat stress. After a three hour heat stress, wildtype and rsp5-
ww] yeast cells did not exhibit any significant PI staining (Figure 2.8). In contrast,
rsp5-wwZ2 and rsp5-ww3 mutant cells exhibited a significant fraction of the
population that stained PI-positive in response to heat stress (Figure 2.7 and 2.8).
Combined with previous analysis of thermotolerance (Figure 2.7 B), these results
suggest that rapid loss of PM integrity during heat stress is the basis of

thermosensitivity of rsp5-wwZ2 and rsp5-ww3 mutants.
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Figure 2.7 Rsp5 Mediates the Heat-induced Endocytic Response
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Figure 2.7 Rsp5 Mediates the Heat-induced Endocytic Response

(A) Heat-sensitivity analysis of wildtype, rsp5-ww2, or rsp5-ww3 yeast cells.

(B) Yeast cells that were either grown at 26°C to mid-log phase (left), heated to
65°C for 10 minutes (middle), or treated with nystatin (right) were stained with
propidium iodide (PI) and analyzed by fluorescence microscopy (top) and flow

cytometry (bottom).

(C) Wildtype (left), rsp5-ww2 (middle), or rsp5-ww3 (right) yeast cells were grown

to mid-log at 26°C, shifted to 42°C for two hours, stained with PI, and analyzed by

fluorescence microscopy.
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We next wanted to determine if loss of PM integrity during heat stress is linked to
the accumulation of cargo at the cell surface. To test this, we analyzed PI staining
following heat stress for mutants that affect different stages of the endocytic
pathway. While mutations that abrogate endocytosis (dend3, Arvs167) resulted in
significant PI staining in response to heat stress, mutant cells defective for
downstream trafficking events such as endosomal sorting and multivesicular body 2
biogenesis (4Avps23), endosomal-vacuolar fusion (Avam3), and vacuolar degradation
(4pep4) exhibited negligible PI staining in response to heat stress (Figure 2.8).
These results indicate that plasma membrane clearance is the critical event
protecting cells from heat-induced loss of PM integrity, while downstream sorting

and trafficking events are dispensable.
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Figure 2.8 Rsp5 Mediates the Heat-induced Endocytic Response
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Figure 2.8 Rsp5 Mediates the Heat-induced Endocytic Response
Flow cytometry was used to analyze PI staining of the indicated strains following

growth at 40°C for three hours.
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The ART adaptor network protects PM integrity during heat stress

In many cases, Rsp5 ubiquitin ligase activity is directed by adaptor proteins which
target specific cargoes at the PM in response to various stimuli. To test if any Rsp5
adaptor proteins function in targeting cargoes for endocytic downregulation during
heat stress, we screened a set of yeast knockout strains to identify Rsp5 adaptors
required for thermotolerance. While most ART (arrestin-related trafficking adaptor)
family proteins were found to be dispensable for growth at high temperatures,
Aartl1 yeast cells were highly sensitive to heat (Figure 2.9 A B). The temperature
sensitivity phenotype of Aart1 yeast cells was not as severe as that observed for
rsp5-wwZ2 and rsp5 ww3 mutant yeast strains (data not shown), indicating that loss
of Artl only partially abrogates the heat stress-induced endocytic response.
Importantly, our analysis revealed that heat-induced endocytosis and vacuolar
degradation of most cargoes is Art1l-independent, with the exception of the lysine
transporter Lyp1 (Figure 2.10 A). In contrast to other cargoes, Lyp1 endocytosis
and vacuolar degradation is abrogated in the absence of Art1 (Figure 2.10),
underscoring the cargo-specific role Art1 plays in the heat-induced endocytic
response. Consistent with its role in the heat-induced endocytic response, we found
that Art1-GFP translocates to the PM in response to heat stress (Figure 2.9C ). Thus,
while rsp5 mutant strains exhibit broad defects in the heat-induced endocytic
response, Aartl mutant cells are defective for the turnover of only a subset of PM

cargoes which is consistent with a less-severe thermotolerance defect.
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Figure 2.9 ARTSs Protect Plasma Membrane Integrity During Heat Stress
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Figure 2.9 ARTSs Protect Plasma Membrane Integrity During Heat Stress

(A) (B) Heat-sensitivity analysis of wildtype and art mutant yeast cells.

(C) At steady state, Art1l GFP mainly localizes in the cytosol and partially colocalizes
with Golgi marker Sec7 (chromosomal tagged with mcherry); Art1 localizes to

plasma membrane upon heat stress.

73



Figure 2.10 ARTs Protect Plasma Membrane Integrity During Heat Stress
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Figure 2.10 ARTs Protect Plasma Membrane Integrity During Heat Stress

(A) Fluorescence distribution of GFP-tagged endocytic cargoes (green) was
analyzed in wildtype (left panels) and Aart1 (right panels) yeast cells expressing the
vacuolar marker Vph1-mCherry (red). Cells were grown to mid-log at 26°C and then
shifted to 38°C for two hours. Plasma membrane (“PM”) and vacuole (“vac”

localization are indicated.

(B) Stability of affinity-tagged Lyp1 was analyzed following temperature shift from

26 °C (left lane) to 40°C. The number beneath each lane indicates quantification of

protein abundance (relative to 26°C, t=0) determined using the Li-Cor system.
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To better understand the function of Art1 during heat stress, we screened for
suppressors of the Aart1 temperature sensitivity phenotype using a multicopy
overexpression plasmid library. All multicopy overexpression plasmids that
suppressed the Adart1 temperature sensitivity defect were found to encode either
ART1 or ARTZ (Figure 2.11 A). The identification of ARTZ as a suppressor of the
Aartl temperature sensitivity phenotype was surprising and indicated that (i)
multiple ART family proteins may protect cells during heat stress and (ii) different
ART proteins may have overlapping cargo specificities which create redundancy in
the system. Although Aart2 mutant cells did not exhibit any temperature sensitivity
defects, we found that deletion of ARTZ in Aart1 mutant cells resulted in an
enhanced temperature sensitivity phenotype (Figure 2.11 B). Furthermore, we
found that loss of specific combinations of ART proteins led to temperature
sensitive phenotypes. One mutant deleted for seven ART genes (dartlA art2A art34
art4Aart5Aart6Aart9) was highly temperature sensitive and this phenotype could be
complimented by overexpression of either Artl or Art2 (Figure 2.11 C).
Furthermore, a quadruple knockout strain (4dart44art5Aart7Aart9) was found to be
highly temperature sensitive, while loss of the corresponding genes individually or
in pairs did not affect thermotolerance (Figure 2.12 A). Importantly, the
thermosensitivity of Aart4Aart5Aart7Aart9 cells correlated with defects in the heat-
induced endocytosis of Artl-independent cargo, including the methionine
transporter Mup1 (Figure 2.12 B). These results illustrate that several different ART
family proteins contribute to the heat induced endocytic response, endowing this

system with robust redundancy and broad cargo recognition capabilities.
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Figure 2.11 ARTSs Protect Plasma Membrane Integrity During Heat Stress
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Figure 2.11 ARTSs Protect Plasma Membrane Integrity During Heat Stress
(A) Multicopy suppressor screen of artl null cell: overexpression of Art1 and Art2

protein can suppressor the temperature sensitive growth of art1null cells at 38°C

(B) Heat-sensitivity analysis of wildtype, Aart1, Aart2, and Aart1Aart2 mutant yeast

cells.

(C) Heat-sensitivity of Aartl, 2, 3, 4, 5, 6,9 mutant yeast cell can be partially

suppressed by overexpression of Artl and Art2.
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Figure 2.12 ARTSs Protect Plasma Membrane Integrity During Heat Stress

A

AartbAart9 ‘ '

Aart4AartSAart7\art9 ‘ 0
cell number e

WT cells, 38°C 2hour Aart4,5,7,9 cells, 38°C 2hour
DIC

79



Figure 2.12 ARTSs Protect Plasma Membrane Integrity During Heat Stress

(A) Heat-sensitivity analysis of wildtype, Aart5, Aart9, and Aart4Aart5Aart7Aart9 mutant

yeast cells.

(B) Fluorescence distribution of GFP-tagged Mup1 (green) was analyzed in wildtype

(left panels) and Aart4Aart5Aart7Aart9 (right panels) yeast cells.
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To further characterize the protective role of the ART adaptor network, we used the
PI staining assay to score a panel of ART 