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ABSTRACT OF THE DISSERTATION

Characterization of Rad23, as a shuttle factor

By EVELYN IFEOMA OKEKE

Dissertation Director:

Kiran Madura

The ubiquitin proteasome pathway (UPP) is the primary proteolytic system
for the spatial and temporal elimination of intracellular proteins, and is conserved
from yeast to humans. Proteins that are targeted for degradation become
covalently linked to a small protein called ubiquitin and are subsequently degraded
by the 26S proteasome. Key enzymes of this pathway and their function are well
characterized, but the regulation of its activities is not well understood. For
instance, it is widely believed that nuclear proteins are degraded inside the nucleus
despite the evidence that some nuclear proteins are degraded following their
export. There were a number of discoveries regarding the site of protein turnover.
First, the Madura group and others reported that the degradation of some nuclear
proteins required export from the nucleus. Second, substrates were stabilized
inside the nucleus when nuclear export was blocked, strongly suggesting that
proteasomes do not operate inside the nucleus. Third, it was reported that



catalytically active proteasomes exist predominantly in the cytosol, since purified
nuclei lacked proteasome peptidase activity. Fourth, it was determined that Sts1
plays a central role in proteasome localization. Through its interaction with Srp1
(an importin-a protein), and Rpn11 (a 19S proteasome subunit), Sts1 appears to
localize proteasomes to the nuclear surface. Fifth, Srp1 was shown to harbor two
distinct functions; it can act as nuclear import factor, and can tether the proteasome
to the nuclear surface. These findings provide a basis for a mechanism for
targeting proteasomes to the nucleus. Sixth, Rad23 functions as a shuttle factor
that can translocate ubiquitylated proteins to the proteasome, and is known to
control the stability of the nuclear protein Rad4. The shuttle factor Rad23 is present
in both the nucleus and cytosol. This suggests that Rad23 might deliver nuclear
substrates to cytosolic proteasomes. Using two genetic mutants, | tested this
hypothesis and found that Rad23 bound high levels of polyUb substrates when it
was trapped inside the nucleus. In contrast, when it was trapped in the cytosol it
interacted with low levels of polyUb substrates. Whereas previous studies
examined artificial substrates, | confirmed this binding pattern using the
physiological substrate Ho-endonuclease (Ho), which functions in mating type
switching in yeast. Therefore | propose that the function of Rad23 is to deliver
nuclear substrate to proteasomes in the cytosol. The mode of nucleocytoplasmic

trafficking of Rad23 remains to be discovered.
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INTRODUCTION



1.1 The Ubiquitin Proteasome System

The expression of genes is tightly controlled to permit optimal growth, and
response to external stimuli. Therefore, it is of utmost importance to not only
regulate the timing and levels of protein expression, but also their elimination when
necessary. Thus, cellular homeostasis reflects a careful balance of synthesis and
degradation that carefully controls the levels of key factors, including mRNA and
protein.

All proteins are continually degraded into their constituent amino acids and
replaced by new synthesis (Lecker et al., 2006). Although, it may seem wasteful
to continually break down proteins, it serves an important homeostatic function
(Lecker et al., 2006). The stability of proteins in different cellular compartments,
such as the nucleus, mitochondria, and cytoplasm, are regulated independently,
and can differ from minutes for some regulatory protein, such as cell cycle proteins,
to weeks for proteins functioning in skeletal muscle, such as actin and myosin
(Lecker et al., 2006). Hemoglobin in red cells can even function for months before
they become replaced (Lecker et al., 2006). However, the rate of degradation and
synthesis has to be regulated precisely because even a small imbalance can have
deleterious effects (Lecker et al., 2006).

There are two major pathways in eukaryotes that degrade cellular proteins.
One is the ubiquitin proteasome pathway (UPP), and the other is through
autophagy by the lysosome (Lilienbaum, 2013). The UPP is the primary proteolytic
system degrading 80-90% of the intracellular proteins, including damaged, and

native proteins that are no longer required (Lilienbaum, 2013). In contrast,



autophagy by lysosomes is mainly responsible to degrade long-lived, and
aggregated proteins, as well as cellular organelles, such as mitochondria
(Lilienbaum, 2013). Nevertheless, both pathways are critically important for the
maintenance of cellular homeostasis (Lilienbaum, 2013).

There are several examples that demonstrate the importance of a protein
degradation system. For instance, the age-related decrease in proteasomal
activity is marked by a deteriorating capacity to remove unwanted proteins, which
is linked to disease (Lilienbaum, 2013). Another common age-related feature of a
deficient degradation process is the accumulation of Ub-tagged proteins, whose
failure to be degraded can cause toxicity (Lilienbaum, 2013). Diseases associated
with the aggregation of ubiquitylated substrates include Alzheimer’'s disease,
Parkinson’s disease, and prion disease (Lilienbaum, 2013). In cardiomyocytes, a
dysfunction in UPP is associated with a variety of cardiac pathophysiologies, such
as heart failure and cardiac hypertrophy (Depre et al., 2006; Pagan et al., 2013).
There are many factors that may contribute to a dysfunctional UPP, including
reduced synthesis of proteasomes, chronic exposure to free radicals, and
accumulation of genetic errors (Lilienbaum, 2013). UPP related pathophysiologies
have been studied extensively in cancer biology. This has led to the development
of therapeutic drugs that inhibit the proteasome (Almond et al., 2002). By reducing
the degradation of key cell cycle regulators, proteasome inhibitors slow the
proliferation of cancer cells (Almond et al., 2002). These examples illustrate the

importance of a functional degradation system.



The UPP is conserved from yeast to humans, and its involvement in other
important cellular processes, including DNA repair, cell cycle control, transcription,
and apoptosis, has been well described (Lecker et al., 2006; Lilienbaum, 2013). It
consists of a coordinated cascade of enzymatic activities that result in the
attachment of the small molecule ubiquitin (Ub) to a proteasomal substrate
(Hershko et al., 1983). This initial Ub is extended into a polyubiquitin (polyUb)
chain. This posttranslational modification targets the substrate to the proteasome
for degradation (Hershko et al., 1983). The polyUb chain is recognized by subunits
within the 26S proteasome, a large, multi-subunit protein complex that degrades
substrates and recycles Ub.

The Noble Prize in Chemistry in 2004 was awarded to Aron Ciechanover,
Irwin Rose, and Avram Hershko for their characterization of this proteolytic system
(https://www.nobelprize.org/prizes/chemistry/2004/summary/). In the late 70s, in
collaboration with each other, Rose, Hershko and Ciechanover began studying the
previously discovered protein of yet unknown function: Ubiquitin. They discovered
that the attachment of Ub to a substrate was required for its degradation by a large
complex called the proteasome. They also found that multiple Ub’s were covalently
linked into a chain that was essential for substrate turnover. Hershko and co-
workers discovered the enzymes that conjugate Ub to artificial substrates (Hershko
et al., 1983). The discovery and characterization of this mechanism led to an
understanding of numerous other pathways that also involve similar targeting

events.



1.2 Ubiquitin

Ub is a highly conserved 76 amino acid protein and differs in only three
positions between yeast and human (Komander et al., 2012). Its C-terminus ends
with a critical glycine (G) residue that is preceded by an arginine and glycine (RG)
(Pickart et al., 2004). This (R-G-G) motif is essential for Ub interactions with key
enzymes in the pathway, for its eventual ligation to a substrate, and in the formation
of a polyUb chain (Pickart et al., 2004). The R-G-G motif is required for forming a
thiolester linkage with enzymes participating in the conjugation machinery.
However, Ub is linked by an isopeptide bond to substrates, and to additional Ubs
in a polyUb chain. In all these covalent interactions the terminal residue G-76
participates in the covalent bond (Pickart et al., 2004; Lecker et al., 2006;
Komander et al., 2012).

Ub contains several lysine residues (K-6, K-11, K-27, K-29, K-33, K-48, and
K-63) that are present on its surface (Lecker et al., 2006; Finley et al., 2012). A
number of these lysine residues have been shown to participate in polyUb chain
assembly and other assembly variations (Lecker et al., 2006). In some instances,
Ub is attached to a substrate, and remains a monomer.  Substrate
monoubiquitylation is believed to have a regulatory significance (Hicke et al.,
1996). Specific surface residues on Ub come together to create hydrophobic
patches that are recognized by Ub binding partners (Komander et al., 2012). These
hydrophobic patches are essential for protein-protein interactions (Komander et

al., 2012).



Because of Ub’s reactive C-terminus, it is always expressed as a fusion
protein that blocks the terminal residue. Ub is expressed as a chain of tandemly
linked proteins, or as an N-terminal fusion to specific ribosomal subunits (Lecker
et al., 2006). In yeast four Ub fusion proteins are expressed, including Ubi1, Ubi2,
Ubi3 and Ubi4 (Finley et al., 2012). UBI1, UBI2, and UBI3 are fused to ribosomal
protein subunits and provides Ub in normal growing cells. Their fusion to ribosomal
proteins can regulate the assembly of ribosomes (Finley et al., 1987). The UBI4
gene is specifically activated during stress responses, and results in six tandem
repeats of Ub (Ozkaynak et al., 1984). Ub becomes active only after cleavage from

the fusion product (Lecker et al., 2006).

1.3 E1, E2 and E3 Enzymes

The attachment of Ub requires a cascade of several enzymatic reactions
(Pickart et al., 2004). The first step is carried out by the Ub-activating (E1) enzyme
that catalyzes the activation of the Ub’s C-terminal in an ATP dependent manner
(Lecker et al., 2006). In the budding yeast, there is only one known E1, encoded
by the UBA1 gene expressing an abundant 114 kDa protein (McGrath et al., 1991).
Uba1 uses ATP to form a Ub-AMP intermediate with the C-terminal glycine in Ub.
This step initiates the formation of an intramolecular thiolester linkage with a
Cysteine (C) residue in E1 (McGrath et al., 1991).

The activated thioester-bound Ub is transferred to an active site cysteine

residue in a Ub-conjugating (E2) enzyme (Lotz et al., 2004). E2 enzymes are



generally smaller than E1, with an average size of 21kDa. The catalytic Cysteine
residues in E2 enzymes are highly conserved (Lotz et al., 2004; Lecker et al.,
2006). In yeast, there are 11 unique E2s that can conjugate Ub to substrates. The
large number of E2 enzymes can extend the range of substrate-targeting
specificity (Lecker et al., 2006).

The transfer of Ub from the E2 to a substrate involves an isopeptide bond
(Lecker et al., 2006; Herrmann et al., 2007). This step can be catalyzed directly by
the E2 enzyme or by an associated Ub (E3) ligase (Lecker et al., 2006). E3-ligases
are the key factors in substrate recognition, and they make up the largest group of
proteins involved in the ubiquitylation process (Lecker et al., 2006; Finley et al.,
2012). There are close to 100 E3-ligases in yeast. (Finley et al., 2012). It is believed
that the formation of distinct E2-E3 complexes greatly increases the specificity of
substrate-targeting (Pickart et al., 2004; Lecker et al., 2006).

E3’s can be grouped into two general structural classes: HECT domain E3s
and RING domain E3s (Finley et al., 2012). Most E3s belong to the RING family
of E3-ligases. Only five HECT domain E3s have been identified in yeast (Finley et
al., 2012). RING domain E3s enable Ub to be transferred from the E2 to the lysine
acceptor residue in the substrate (Finley et al., 2012). Thus, the E2 directly
facilitates the formation of the isopeptide linkage with the substrate, whereas the
RING domain E3s activate E2 for ubiquitylation of the substrate (Finley et al.,
2012). In contrast, HECT E3s possess a Cysteine residue in their active site that
receives Ub from the E2. The Ub is then attached to the substrate directly by the

HECT E3 (Finley et al., 2012). HECT E3s have a modular structure in the



approximate 350 residue catalytic domain. The N-terminal lobe of the HECT
domain is involved in interacting with the E2s, whereas the C-terminal lobe binds
substrates (Finley et al., 2012). Once Ub has been conjugated to a substrate the

polyUb chain is assembled in a mechanism that is poorly understood.

1.4 Polyubiquitin Chains

The assembly of a polyUb chain requires conjugation of multiple Ubs via
specific lysine residues (Finley et al., 2012). The type of linkage (and length) exerts
distinct regulatory signals, although most depict a degradation signal (Finley et al.,
2012). Studies of the polyUb chain structure revealed that the different types of
linkages created distinct chain conformations (Finley et al., 2012; Komander et al.,
2012). The topology of polyUb chains is expected to differ when (1) a chain is
formed with a homogenous linkage to a specific lysine residue, (2) a polyUb chain
is formed using different lysine residues (mixed linkage), (3) a branched polyUb
chain, and (4) an unanchored polyUb chain (Komander et al., 2012). The topology
of polyUb chains will determine if neighboring Ubs can form electrostatic
interactions to form a stable “compact” structure. Other linkages favor an “open”
conformation (Komander et al., 2012). It is estimated that ~ 30% of linkages occur
through K-48, 28% through K-11, and 16% through K-63 (Finley et al., 2012). The
K-48 linkage chain, as well as the K-11 and K-6 linkage adopt a compact
conformation in which a hydrophobic patch centered on lle-44 are aligned to form

a targeting surface for protein interactions (Hicke et al., 2005). In contrast, a polyUb



chain assembled through K-63 adopts an open conformation in which the
hydrophobic patches in Ub are not clustered (Komander et al., 2012). Binding
partners of these open conformation chains may exploit the flexibility and distance
between chain moieties instead of recognizing a distinct stretch of hydrophobicity
on Ub’s surface, (Komander et al., 2012). It is poorly understood how the length
and topology of the polyUb chains is controlled. However, there is some evidence
that the E2 enzymes take on that role in conjunction with binding partners, such as
E3 (Komander et al., 2012). It is thought while the E3 is responsible primarily for
substrate recognition, the E2 enzyme recognizes distinct surface lysine residues
on Ub (Komander et al., 2012). Not every E2 can recognize the same lysine
residue. Therefore, a specific E2-E3 complex may be required for the selection of
the appropriate lysine to generate a particular topology (Komander et al., 2012).
Once the chain has been assembled, its interaction with regulatory proteins that
bind polyUb chains are likely to mediate the functional effect of a specific chain.
Specifically, substrates conjugated to polyUb chains assembled via a K-48 linkage
are guided to the proteasome for degradation, whereas a K-63 chain controls
ribosome efficiency, and internalization of cell surface receptors (Spence et al.,

1995).

1.5 De-Ubiquitylating Enzymes (DUbs)
De-ubiquitylating enzymes (DUbs) are required for the processing of Ub

fusion proteins that are the only source of Ub in the cell (Finley et al., 2012). DUbs
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are responsible for releasing the Ub from the precursor fusion, as mentioned
above, although it is not known which DUbs play a key role in this process (Finley
et al., 2012).

DUbs are also required for reversing substrate ubiquitylation (Komander et
al., 2012). DUbs make up a large and diverse protein family that recognize distinct
polyUb chains linkages, and topologies (Tanaka et al., 1998; Komander et al.,
2012). The twenty DUDbs in yeast are categorized into four families: (1) the Usp
family with 16 members (2) the Otu family with two members (3) JAMM family with
one member and (4) Uch family with one member (Finley et al., 2012). Each family
exhibits a different selectivity and function in the de-ubiquitylation process. Some
DUbs function in chromatin remodeling, such as Ubp8, and others function
specifically on the endosome, for instance Ubp4 (Finley et al., 2012). All DUbs are
Cysteine proteases that specifically hydrolyze the amide bond immediately after
the C-terminal Gly-76 residue in Ub (Glickman et al., 2002). Although the Dub’s
hydrolyze the Ub linkage in an identical chemical mechanism, they interact with
their substrate in different ways (Clague et al., 2019). For instance, some DUbs
interact with substrates via a specific domain in the DUb that is distinct from the
catalytic domain (Clague et al., 2019). Other DUbs show selectivity for a specific
polyUb chain topology (Clague et al., 2019). Some Dubs can dismantle all but the
last (substrate-linked) Ub in a polyUb chain (Clague et al., 2019). The resulting
monoubiquitylated substrate is recognized by a distinct DUb (Clague et al., 2019).

DUbs plays an important role in controlling the concentration of free Ub, and

the stability of substrates (Glickman et al., 2002). One important function of DUbs
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is to recycle Ub by removing Ub from the target protein as it is being processed for
degradation (Finley et al., 2012). The key DUbs in yeast that release Ub from
substrates that have arrived at the proteasome are Rpn11, Ubp6, and Doa4
(Swaminathan et al., 1999; Amerik et al., 2000; Leggett et al., 2002; Chernova et
al., 2003; Hanna et al., 2003; Hanna et al., 2007; Kimura et al., 2009). While Rpn11
and Ubp6 remove Ub from substrates at the proteasome, Doa4 removes Ub from
membrane proteins that are internalized by multivesicular bodies and targeted to
the lysosome (Finley et al., 2012). Both, Rpn11 and Ubp6 may release Ub as intact
chains, rather than sequentially dismantling the polyUb chain (Glickman et al.,
2002). However, there are DUbs, such as Ubp14, that only dismantle unanchored
chains (Glickman et al., 2002). Interestingly, the DUb Doa4 can do both, remove
chains that are attached to substrates, and disassembly an unanchored chain
(Glickman et al., 2002). In addition, some DUbs specialize in cleaving
monoubiquitin from substrates, while others may modify existing chains by
cleaving within the chain (Clague et al., 2019). Overall, the unique substrate
specificity of DUbs underscores their remarkable functional diversity (Finley et al.,

2012).
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Figure 1. Schematic of the enzymatic cascade of ubiquitylation and
degradation by the proteasome. Ub is activated by E1, the Ub-activating
enzyme, in an ATP-dependent manner, and then transferred to an E2, the Ub-
conjugating enzyme. E2 associates with an E3-ligase, and together they transfers
the activated Ub moieties to a substrate bound E3. PolyUb chain extension occurs,
which is recognized by the 26S proteasome where the protein becomes degraded,
but the Ubs are recycled (Rahimi, 2012).
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1.6 The 26S Proteasome

The proteasome is a large multi-subunit protein complex that serves as a
major site for intracellular protein degradation. The proteasome can be found in all
archaea and eukaryotes, and in certain bacteria (Darwin, 2009). Although the
bacterial and archaeal proteasomes are much simpler than eukaryotic
proteasome, the structure of this protease complex has been conserved over the
course of evolution (Humbard et al., 2013). In eukaryotes, many proteins have
been shown to be degraded in a Ub-proteasome dependent manner. In contrast,
Ub and the Ub-conjugating system do not exist in bacteria or archaea, thus the
targeting of substrates involves a different mechanism. Although, recently a Ub-
like protein called Pup (prokaryotic Ub-like protein), was found to target proteins
for proteasomal degradation in mycobacterium tuberculosis (Pearce et al., 2008).
This strengthens the idea that post-translational modifications are an evolutionarily
conserved mechanism that marks proteins for proteasomal degradation.

The fully assembled 26S proteasome is an approximately 2.5 MDa complex
that consists of at least 33 individual subunits (Glickman et al., 2002). It is a
complex protease, and all subunits are highly conserved (Glickman et al., 2002;
Finley et al., 2012). The 26S proteasome comprises two major subcomplexes: (1)
the 20S core particle (CP), also called the catalytic particle because it contains all
the hydrolytic activities, and (2) the 198 regulatory particle (RP) which is a non-
catalytic component that recognizes substrates conjugated to a polyUb chain
(Glickman et al., 2002; Finley et al., 2012). An intact proteasome (26S) consists of

a single 20S subunit that is bound to two 19S particles at each end.
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1.6.1 The 19S Proteasome (Reqgulatory Particle)

Once the polyUb substrate has been targeted to the 26S proteasome a
series of events ensue at the 19S subunit. Some of the major functions of the 19S
particle are (1) substrate recognition through specialized receptors, (2) substrate
unfolding through the action of resident ATPases, (3) Ub recycling by resident DUb
enzymes, and (4) substrate translocation into 20S particle (Glickman et al., 2002).
The 19S subunit also controls the opening of the translocation channel into the
20S.

The 19S particle consists of at least 19 distinct subunits, and has a total
mass of 1TMDa (Glickman et al., 1998b). The 19S can be partitioned into a base
subcomplex with at least 10 subunits, and a lid subcomplex containing nine
subunits (Glickman et al., 1998a).

The lid houses several subunits of the Rpn type, which stands for
Regulatory Particle Non-ATPase (Glickman et al., 2002). For instance, Rpn6 plays
a pivotal role in stabilizing the interaction between 19S and 20S by interacting with
key residues of the ATPase subunits in the base (Lander et al., 2012; Pathare et
al., 2012). PolyUb chain recognition is accomplished by Rpn13, one of the two
known polyUb chain receptors in the 19S subunit (Husnjak et al., 2008). The other
one is Rpn10, which interacts with polyUb chains through an Ubiquitin-Interacting-
Motif (UIM) (Elsasser et al., 2004; Verma et al., 2004; Mayor et al., 2007). In
contrast, Rpn13 requires a Pleckstrin homology (PH) domain for binding polyUb
chains (Husnjak et al., 2008). Rpn10 and Rpn13 are located on opposite sides of

the substrate translocation channel at the 20S, but may interact with the same
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polyUb chain (Lander et al., 2012; Sakata et al., 2012). The function of Rpn10 as
polyUb chain receptor can be regulated (Isasa et al., 2010). It was reported that
monoubiquitylation of Rpn10 inhibits its interaction with polyUb chains via its UIM
motif, and can cause its release from the proteasome (Isasa et al., 2010).

Additionally, Rpn10 can stabilize the interaction between lid and base
(Glickman et al., 1998b; Saeki et al., 2000). The first 190 amino acid residues in
Rpn10 contain a VWA domain, which appears to stabilize the interaction between
the lid and the base (Glickman et al., 1998a). In the presence of high concentration
of sodium chloride (NaCl), the lid dissociated from the base in yeast cells lacking
Rpn10, consistent with a role in stabilizing the 19S complex (Glickman et al.,
1998a). However, Rpn10 is expressed at stoichiometric excess compared to other
proteasome subunit and only ~ 10% is present in the proteasome. The function of
the free form of Rpn10 is not known.

The removal of the polyUb chain, after a substrate has been delivered to
the proteasome, is critical for successful degradation. Intriguingly, the removal of
the polyUb chain is closely coupled to substrate unfolding and translocation into
the 20S subunit. Substrate deubiquitylation is mediated by resident DUbs,
including Rpn11 and Ubp6 (Amerik et al., 2000; Leggett et al., 2002; Chernova et
al., 2003; Hanna et al., 2003; Hanna et al., 2007). Ubp6 is located distant from the
translocation channel, and removes Ub in an ATP-independent manner (Finley et
al., 2012; Lander et al.,, 2012). In contrast, Rpn11 is located close to the
translocation channel, and its activity is closely coupled to the energy dependent

unfolding step (Finley et al., 2012; Lander et al., 2012; Worden et al., 2017).
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Six ATPases, which assemble into a hexameric ring, form the base of the
19S particle, and coordinate substrate unfolding and translocation (Tomko et al.,
2010). These six ATPases belong to the AAA family, and are termed Rpt1-6, which
stands for Regulatory Particle Triple A) (Finley et al., 2012). These ATPase
subunits, as well as Rpn1, Rpn2 and Rpn10, form the base subcomplex of the 19S
RP (Lander et al., 2012). Substrate unfolding is essential because the translocation
channel into the 20S CP is only 13 angstroms in diameter, which is too narrow for
native proteins to traverse (Glickman et al., 2002). The mechanism of unfolding

and translocation remains to be fully understood.

1.6.2 The 20S Proteasome (Core Particle)

After substrate recognition, de-ubiquitylation coupled to unfolding, and
translocation, the substrate is now inside the 20S CP. The 20S subunit is a barrel
shaped structure made up of four stacked rings, each consisting of seven subunits
(Groll et al., 1997). The outer rings consist of a-subunits (a1 — a7), and the two
inner rings are comprised of B-subunits (B1 - B7) (Glickman et al., 2002; Finley et
al., 2012). In eukaryotes, the seven a- and B-subunits are related but not identical,
whereas in the prokaryotic proteasome, the seven subunit ring is comprised of
identical subunits (Darwin, 2009). Therefore, the prokaryotic 20S is comprised of
two homoheptameric rings of [-subunits sandwiched between two
homoheptameric rings of a-subunits, whereas the eukaryotic 20S particle consists

of four heteroheptameric rings (Darwin, 2009).
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In prokaryotes and archaea, the proteolytic activity lies within the B-subunits
(Darwin, 2009). However, since all B-subunits are identical, there are 14
peptidases of only one type. In contrast, in the eukaryotic proteasome, the
peptidase activity is located in subunits 31, 32 and 5; thus the intact proteasome
contains six peptidase sites (Groll et al., 2005). These threonine proteases have
the active site in their N-terminal threonine amino group (Groll et al., 2005).
However, each protease has different substrate specificity. The 31 subunit has
trypsin-like activity; hence it cleaves after basic residues (Groll et al., 2005). The
B2 subunit has caspase-like activity that cleaves after acidic residues, and 5 has
chymotrypsin-like activity and cleaves predominantly after hydrophobic residues
(Groll et al., 2005). The multiplicity of protease activities favors complete hydrolysis
of substrates.

All proteolytic subunits of the 20S are synthesized as inactive precursors
(also called propeptides) that are processed during their assembly into the 20S CP
(P. Chen et al., 1996; Arendt et al., 1997; Groll et al., 1997). The B-subunits active
sites face the inner cavity within the 20S barrel, thereby restricting their action only
on accurately targeted substrates (Groll et al., 2000; Kohler et al., 2001). The two
outer a rings form the translocation channel that can be regulated to control
substrate entry into the 20S CP (Groll et al., 2000; Whitby et al., 2000; Bajorek et
al., 2003). In a free 20S subunit, access into the proteolytic chamber is occluded
by the N-termini extensions from all seven a-subunits (Groll et al., 2000). These
extensions form an asymmetric structure that obstructs entry into the 20S particle

(Groll et al., 2000; Whitby et al., 2000). However, the a3-subunit differs from the
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other a-subunits because its N-terminal domain extends across the translocation
channel, while also interacting with every other a-subunit (Groll et al., 2000). In
order for a substrate to enter the chamber the a-subunit extensions have to be
displaced. This can be controlled by the assembly of the 19S subunit to the 20S
proteasome, and can also be mimicked by a denaturant such as sodium dodecyl
sulfate (Larsen et al., 1997; Glickman et al., 1998b; Smith et al., 2007). Another
significant role for the 20S subunit is to serve as docking station for the 19S RP.
The junction between each a-subunit in the 20S particle creates a pocket that
interacts with C-terminal extensions in ATPase subunits in the 19S particle (Tian
et al., 2011).

Eukaryotic 20S CP assembly proceeds through a series of steps and
involves five dedicated chaperones (Ramos et al.,, 1998; Finley et al., 2012;
Kunjappu et al., 2014). The assembly is believed to begin with the formation of
the seven membered a-ring, which is facilitated by the chaperone complex Pba1-
PbaZ2 in yeast (Kusmierczyk et al., 2011). The a-ring serves as a template for the
assembly of the [-ring, and requires the chaperone complex Pba3-Pba4
(Kusmierczyk et al., 2008). Once the ar[37 structure (also called “half-proteasome”)
is formed, two such half-proteasomes are combined, and B-subunits propeptides
are removed, leading to a mature 20S CP (Kunjappu et al., 2014). In yeast, the
Ump1 chaperone binds the half-proteasome and promotes their dimerization into
the mature a7B7B7a7 complex (Ramos et al., 1998). Loss of any of these
chaperones result in proteasomal abnormalities (Ramos et al., 1998; Kusmierczyk

et al., 2008; Kusmierczyk et al., 2011).



19

After the chaperone guided 20S CP assembly is complete, it serves as the
template on which the 19S RP is assembled by a distinct family of chaperones.
Four chaperones that function in this process include Nas2, Nas6, Rpn14, and
Hsm3 (Funakoshi et al., 2009; Kaneko et al., 2009; Le Tallec et al., 2009; S. Park
et al., 2009; Roelofs et al., 2009; Saeki et al., 2009). Each of the 19S particle
chaperones binds to the C-terminal domain in an Rpt protein (Finley et al., 2012).
The base of the 19S subunit, which consists primarily of the hexaheteromeric
ATPase ring, is assembled from three precursor modules (Finley et al., 2012).
Each module consists of an Rpt pair that is bound to at least one chaperone
(Funakoshi et al., 2009; Kaneko et al., 2009; Saeki et al., 2009). The Rpt1-Rp2
complex is chaperoned by Hsm3 bound to Rpt1, whereas the Rpt4-Rpt5 module
has Nas2 on Rpt5 (Funakoshi et al., 2009; Saeki et al., 2009; Tomko et al., 2010).
The Rp3-Rpt6 module has Nas6 bound to Rpt3 and Rpn14 associated with Rpt6
(Saeki et al., 2009; Tomko et al., 2010). The mechanism of proper base assembly
has not been described, but the C-terminal tails of Rpt4 and Rpt6 play a key role
(S. Park et al., 2009). The deletion of a single amino acids from their C-termini
leads to a defect in 198 particle assembly (S. Park et al., 2009).

Interestingly, a distinct type of proteasome, termed the
‘immunoproteasome” has been described in mammals (Goldberg et al., 1992;
Kunjappu et al., 2014). Upon interferon-y signaling the three B-subunits harboring
peptidase activity are replaced by distinct Bi-subunits, also called Low molecular
Mass Proteins (LMPs) (Goldberg et al., 1992; Bochtler et al., 1999). Each of these

Bi-subunits is genetically homologous to their corresponding B-subunits; thus the
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B1i/LMP2 replaces the B1-subunit, B2 is substituted by B2i/LMP10, and 35 is
swapped with B5I/LMP (Goldberg et al., 1992; Bochtler et al., 1999). In addition,
upon interferon-y signaling the 19S is replaced by the 11S regulator, also called
PA28, which binds to the a-ring to activate the 20S CP (Whitby et al., 2000).
Immunoproteasomes generate peptides that are more suitable for binding MHC
Class | molecules, which appear on the surface of antigen presentation cells
(Kloetzel, 2001; Yewdell et al., 2001).

In summary, polyubiquitylated substrates can interact with several subunits
in the 19S RP. The dismantling of the polyUb chains is coordinated with substrate
unfolding and translocation into the 20S subunit. The six ATPases that provide the
energy for protein unfolding are located near the translocation channel into the
20S. Following entry into the catalytic chamber the substrate is hydrolyzed to

amino acids and small peptides.

1.7 Ubiquitin-Like Proteins

The Ub-fold is a conserved structural motif that is widely distributed in
proteins. However, most of these ubiquitin-like proteins do not function in
proteolysis (Pickart et al., 2004; Herrmann et al., 2007). Only a small number of
ubiquitin-like proteins consist solely of the ubiquitin-fold, and are classified into two
groups: (1) Ubiquitin-like modifiers (ULM) and (2) Ubiquitin-domain proteins (UDP)

(Pickart et al., 2004) (Fig. 2).
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Figure 2. Proteins in the UbL protein family and their main characteristic. Ub
requires E1, E2, and E3 enzymes for its activation and conjugation to a substrates.
Type 1 UbL proteins resembles Ub in that they share the characteristic Ub-fold
and require E1, E2 and E3 enzymes for the activation and conjugation to a target
protein. Type 1 enzymes differ from those E1, E2s and E3s that Ub requires. Type
2 UbL are different in that the characteristic Ub-fold is a domain as part of the
protein itself, thus they do not require conjugation factors.



22

1.7.1 Ubiquitin-Like Modifiers (ULM)

The ULM family include proteins such as Ub, Nedd8, and Sumo in
Saccharomyces cerevisiae (Pickart et al., 2004). However, in mammals there are
at least eight additional members, including FAT10, ISG15, and Ufm1 (Herrmann
et al., 2007). ULMs share the characteristic Ub-fold, and their c-terminal tail also
ends with a glycine residue for ligation to target proteins via an isopeptide bond
(Kerscher et al., 2006). Each ULM has a unique set of substrate conjugation
factors (Welchman et al., 2005). These enzymes are also grouped into E1, E2,
and E3 enzymes, but they differ from those of Ub (Welchman et al., 2005). ULMs
are also expressed as precursor proteins, just like Ub; thus they require cleavage
from their fusion products for maturation (Tanaka et al., 1998). The cleavage is
performed by UbL-specific proteases (ULPs) that resemble DUbs (Kerscher et al.,
2006).

The conjugation of ULMs to substrates serves a regulatory role (Welchman
et al., 2005). For instance, SUMOylation can facilitate protein-protein interaction,
either by creating a new interaction surface, or by altering the conformational state
of the target protein (Ulrich, 2005). SUMO is the only ULM known to assemble
into chains, although its function is poorly understood (Ulrich, 2005; Kerscher et
al., 2006). Initially, SUMO and Ub were thought of as distinct homotypic signals
with divergent functions. In fact, it was assumed that the conjugation of SUMO or
Ub to a substrate exerted opposite effects (Ulrich, 2005; Kerscher et al., 2006;
Guzzo et al.,, 2013). However, the recent discovery of chains containing both

SUMO and Ub adds another level of complexity that is not understood (Guzzo et
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al., 2013). The synthesis of these chains depends on the activity of SUMO-targeted
Ub-ligases (STUbLs) that ubiquitylate polySUMOylated substrates (Guzzo et al.,
2013). SUMO-Ub hybrid chains were originally identified as a targeting signal for
degradation by the proteasome (Guzzo et al., 2013). More recent studies revealed
that SUMO-Ub hybrid chains can also mediate the recruitment of DNA repair
factors to sites with DNA lesions (Guzzo et al.,, 2013). Taken together, these
observations suggest that Ub and ULM modifications provide versatile ways for

regulating protein function (Kerscher et al., 2006).

1.7.2 Ubiquitin-domains proteins (UDP)

The Ub-fold has been exploited extensively during the evolution of protein
structure (Dantuma et al., 2009). This characteristic fold is found in many proteins
that promote protein-protein interactions. Unlike the ULM family of proteins, the
Ub-fold in Ubiquitin-domain proteins (UDPs) is generally a domain that makes up
a portion of the larger protein, and is not conjugated to other proteins (Elsasser et
al., 2004). Consequently, UDPs do not contain a reactive C-terminus. Instead, this
characteristic Ub-like domain (UbL), which is almost always positioned at the
extreme N-terminal, is an essential part of the protein that facilitate protein-protein
interaction (Watkins et al., 1993). It was later discovered that the UbL domain can
also interact with the proteasome (Schauber et al., 1998).

Specific UDPs can also harbor either one or two Ub-associated (UBA)
domains through which they can bind Ub or polyUb chains. UBA domains are small

domains of ~ 40 amino acids (Dieckmann et al., 1998). They adopt a very specific
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fold that is made up of three tightly packed a-helices separated by two flexible
regions (Dieckmann et al., 1998; Mueller et al., 2002). However, the main residues
involved in making contact with Ub are found in the first and third helix (Mueller et
al., 2004). Mainly the hydrophobic residues surrounding lle44 in Ub are
responsible for binding the UBA domain, as well as other Ub-binding domains
(Hicke et al., 2005). UDPs were later referred to as shuttle factors, and it was
proposed that they function in the UPP, because they can bind the proteasome

through their UbL domain and polyUb substrates through their UBA domains.

1.7.3 Rad23, a connection between DNA Repair and the UPP

Rad23 was initially studied in its role in the DNA Nucleotide Excision Repair
(NER) pathway (Madura et al., 1990; Watkins et al., 1993; Guzder et al., 1995).
NER is one of many pathways that functions to maintain genome integrity. NER is
required for the removal of large and diverse helix-distorting lesions that can
interfere with replication and transcription (Boiteux et al., 2013). These DNA
lesions include UV-induced cyclobutane pyrimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidone photoproducts (6-4PPs) (Cadet et al., 2005; Friedberg et al.,
2006). In humans, at least seven complementation groups are linked to NER, and
defects cause xeroderma pigmentosum (XP), a disease that is characterized by
extreme sensitivity to UV light (Friedberg et al., 2006).

NER consists of two main subpathways: (1) transcription-coupled repair
(TCR), which removes DNA lesion at actively transcribed genes to quickly resume

transcription; and (2) global genome repair (GGR), which repairs DNA lesions in
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heterochromatin, and in the non-transcribed strand of transcriptionally active
genes (Giglia-Mari et al., 2011). Five distinct biochemical steps make up the NER
pathway: (1) damage recognition, (2) DNA strand-incision, (3) oligonucleotide
excision, (4) repair synthesis, and (5) DNA ligation (Xie et al., 2004). TCR and
GGR differ only in the recognition step, which requires additional factors for GGR,
but converge thereafter.

Biochemical analysis of a cell free reconstituted system revealed six
essential NER factors that play a key role in the damage recognition and DNA
strand incision step. Amongst them is NEF2, which is a complex consisting of
Rad23 and Rad4, (Guzder et al., 1995). NEF2 mainly functions to bind DNA and
to tether NER factors NEF1 and NEF3 tightly to the damage site (Guzder et al.,
1995). The discovery that Rad23 can bind the proteasome through its N-terminal
UbL domain immediately suggested a role for the UPP in NER. However, it was
shown that the proteasome is not required for the dual incision step in NER,
suggesting the proteasome most likely plays a role during post-incision steps in
NER. In contrast, Rad23’s UbL domain is required for full complementation of the

UV sensitivity of a rad23A yeast stain ((Watkins et al., 1993).

Rad23-Rad4

The stable NEF2 (Rad23-Rad4) complex was shown to specifically bind
UV-damaged DNA, and is an essential factor in the reconstituted system for dual
incision (Guzder et al., 1995; Jansen et al., 1998). The human homolog HR23A-

XPC performs the same function as Rad23-Rad4 in yeast. Whereas Rad4 is
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absolutely essential for NER, Rad23 is not. The loss of Rad4 leads to severe UV
sensitivity, whereas loss of Rad23 moderately increases UV sensitivity. This is
likely to be caused by the reduced stability of Rad4, which is rapidly degraded in
the absence of Rad23 (Ortolan et al., 2004). It was reported that expression of
Rad4 in the temperature sensitive proteasome mutants rpt7-1(cim5-1) lead to its
stabilization (Lommel et al., 2002). PolyUb conjugates to Rad4 are readily
detectable by immunoblotting (Lommel et al., 2002). Interestingly, when Rad23
was co-expressed with Rad4 in rpt1-1 proteasome mutant, the polyUb-Rad4
conjugates were not present, suggesting that Rad23 inhibited Rad4 ubiquitylation
(Lommel et al., 2002). Indeed, it was later reported that Rad23 can prevent polyUb
chain assembly on Rad4 and other substrates by binding to short Ub chains and
blocking their assembly into longer polyUb chains (L. Chen et al., 2001; Xie et al.,
2004; Kang et al., 2006). Consistent with this discovery, Pickart and colleagues
reported that Rad23 can prevent the disassembly of pre-formed polyUb chains
(Raasi et al., 2003). These findings suggest that Rad23 plays a regulatory role in
polyUb chain dynamics. How these activities of Rad23 contribute to DNA repair

and substrates shuttling remains to be determined (Wade et al., 2010).

1.7.4 Rad23 and its Role in the UPP

An efficient way of targeting substrates to the proteasome is by assembly
of a polyUb chain. Although the polyUb chain might by itself permit substrate
interaction with the proteasome, it is evident that additional factors can promote

the targeting of many substrates to the proteasome. For instance, shuttle factors



27

that bind the proteasome via their N-terminal UbL domain and bind polyUb chains
through UBA domains define one such class of trafficking proteins. Shuttle factors
are not degraded after they bind the proteasome, consistent with my view that they
deliver substrates. Instead they dissociate from proteasome to repeat the cycle of
substrate delivery. Yeast encodes three shuttle factors, Rad23, Ddi1, and Dsk2

(Fig. 3).

1 398

Rad23 | UbL UBA1 | Ii I UBA2|
1 7-7 146 187 261 308 355 395
1 428
Ddi1 | UbL | | UBA |
1 éO 389 428
1 373
1 7-6 327 371

Figure 3. Schematic of domains in Rad23, Ddi1, and Dsk2 that are of
significance in the UPP. All shuttle factors have one N-terminal UbL domain. Ddi1
and Dsk2 have each one C-terminal UBA domain, whereas Rad23 has two UBA
domains in addition to its Rad4-Binding Domain (R4BD).
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An initial connection between Rad23 and the UPP was established when
the RAD23 gene was isolated as a dosage suppressor of the toxicity caused by
overexpressing the yeast E2 Ubc2 and the E3 Ubr1 (Madura et al., 1994). Rad23
was the first UbL-containing protein discovered (Watkins et al., 1993). It is a 398
amino acid protein with a predicted size of 42kDa that has no known enzymatic
activity (Dantuma et al., 2009). It has three major domains including (1) a Rad4-
Binding Domain (R4BD), (2) a UbL domain, and (3) two UBA domains (Dantuma
et al., 2009). The R4BD binds and stabilizes Rad4, and is important for its function
in NER. Its UbL was shown to be important in proteasome binding, as UbL by itself
when immunoprecipitated was shown to co-purify several proteasomal subunits,
while a Rad23 mutant lacking the UbL was unable to bind the proteasome
(Schauber et al., 1998; Trempe et al., 2016). Interestingly, replacing Rad23’s UbL
domain with Ub allowed Rad23 to function in NER and bind the proteasome
(Lambertson et al., 2003).

The UbL domain in Rad23 cannot be processed by DUbs, unlike Ub or
ULMs, because it lacks the characteristic R-G-G motif at its C-terminus (Watkins
et al., 1993). Rad23’s UbL spans the first 77 amino acid and contains 14 of its 15
lysine residues. These lysine residues, similar to Ub, may be essential for its
functions. For instance, Kim and colleagues reported that lysine-seven (K-7) is
essential for proteasome interaction (Kim et al., 2004). The preferred proteasomal
binding partner of Rad23 is Rpn1, which also binds the UbL domains in Ddi1 and
Dsk2 (Elsasser et al., 2002; Rosenzweig et al., 2008). Structural studies suggest

that Rpn1 and Rpn2 form a docking station for UbL containing proteins (Saeki et
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al., 2002; Rosenzweig et al., 2008). Because Rpn1 is part of the base (together
with the ATPases, Rpn2, and Rpn10), Rad23 docking to Rpn1 allows for an
efficient transfer of polyUb substrates to Rpn10, one of the major polyUb chain
binding protein in the proteasome.

In addition to the R4BD and UbL domains in Rad23, it also contains two
UBA domains: UBA1 in the central region of the protein, and UBA2 at the extreme
C-terminal region. Both UBA domains can interact with Ub and polyUb chains,
although the affinity for polyUb chains is much higher than that of monoUb
(Bertolaet et al., 2001; L. Chen et al., 2001; Wilkinson et al., 2001; L. Chen et al.,
2002; Rao et al., 2002; Raasi et al., 2005). Binding studies revealed that UBA1
interacts with much higher levels of polyUb substrates than UBA2 (L. Chen et al.,
2002). Mutation in UBAZ2 did not substantially decrease interaction of Rad23 with
polyUb substrates although it destabilized the protein (L. Chen et al., 2001; L. Chen
etal., 2002). In contrast, a defective UBA1 domain significantly impacts the binding
properties of Rad23 to polyUb proteins (L. Chen et al., 2001; L. Chen et al., 2002).
This suggests that UBA1 in Rad23 is the primary binding site for polyUb
substrates.

Overexpression of Rad23 can lead to polyUb substrate accumulation in
vivo, suggesting a role for Rad23 in proteolysis (Ortolan et al., 2000; L. Chen et
al., 2002). It was previously reported that the UBA domains in Rad23 are required
for inhibition of polyUb chain assembly on substrates (L. Chen et al., 2001).
Consistent with a negative regulatory role for Rad23 in the UPP is the observation

that purified Rad23 inhibited the degradation of polyUb substrates by purified
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proteasomes, which was shown to be dependent on the UBA domains (Raasi et
al., 2003). Raasi and colleagues have also shown that Rad23’s UBA domains
preferentially bind K-48 linked polyUb chains (K-29 and K-63 were also tested)
(Raasi et al., 2005). The Rad23 homolog in S. pombe was also shown to protect
K-48 linkage polyUb chains against disassembly by DUBs in a UBA dependent
manner (Hartmann-Petersen et al., 2003). All these observations reinforce the idea
that UBA domains in Rad23 play a significant role in the dynamic assembly and
disassembly of polyUb chains. However, the fact that artificial substrates can be
stabilized in strains lacking (rad234), or overexpressing Rad23, excludes a simple
model for Rad23 function in the UPP (Lambertson et al., 1999; Ortolan et al., 2000;
Rao et al., 2002).

A further complexity in the cellular function of Rad23 is that it can interact
with a number of additional proteins through its UbL or UBA domains. For instance,
the binding of Ub chain elongation factor Ufd2 to its UbL domain facilitates
proteasomal degradation of substrates (Kim et al., 2004). In contrast, the binding
of peptidyl tRNA hydrolase Pth2 can impede this process (Ishii et al., 2006).
Interaction with the Png1 protein and UBA2 promotes the turnover of glycosylated
proteins (Kim et al., 2006). The Viral protein r (Vpr), an accessory protein of the
Human Immunodeficiency Virus (HIV) was shown to bind the UBA2 domain in
Rad23 to presumably deregulate normal cellular processes (Withers-Ward et al.,
1997; Withers-Ward et al., 2000). Another protein that has been reported to
interact with Rad23 through its C-terminal UBA2 domain is p300/cyclic AMP-

responsive element binding (CREB) protein, a transcriptional co-activator that
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supports transcriptional activity of tumor suppressor p53 (Q. Zhu et al., 2001).
Although all these additional binding partners have been identified, a significance
of these interactions as it relates to Rad23’s role in the UPP remains to be

established.

1.8 Degradation of Nuclear Substrates Requires Export from Nucleus
Nuclear proteins are among the best characterized substrates of the
proteasome (Lecker et al., 2006). However, the site of their turnover remains
uncertain. There is a general belief that nuclear proteins, because they function
inside the nucleus, are also degraded inside the nucleus (Blondel et al., 2000;
Prasad et al., 2010; S. H. Park et al., 2013). This belief is further supported by the
fact that many components of the UPP, including enzymes of the tagging
machinery and proteasome subunits can be detected inside the nucleus (Blondel
et al., 2000; Prasad et al., 2010; S. H. Park et al., 2013) (Fig. 4). It was shown that
the turnover of Far1, a bifunctional nuclear protein that is required for cell cycle
arrest and establishing cell polarity during yeast mating, is increased when nuclear
export was blocked (Blondel et al., 2000). In addition, its turnover was completely
halted when translocation to the nucleus was prevented (Blondel et al., 2000).
Similarly, it was reported that the ubiquitylation and degradation of Xenopus p27
required nuclear localization (Chuang et al., 2001). MyoD, a transcription factor

pivotal for muscle differentiation, was described to be degraded by a fully
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functioning “nuclear” UPP (Floyd et al., 2001). Taken together these observations

suggest that nuclear proteins are degraded inside the nucleus.
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Figure 4. Model of localization of UPP components. Ub conjugation factors can
be detected inside the nucleus. Subunits of the proteasome that can be detected
in the nucleus were found to perform non-proteolytic functions, including
transcription and DNA repair. Ub can be found in the nucleus and cytoplasm. Many
proteins shown to be degraded in a Ub-proteasome dependent manner are nuclear
proteins.
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However, the fact that Far1 is stabilized when translocation to the nucleus
is blocked can simply be explained by the fact that nuclear proteins receive their
degradation signal only in the nucleus. For instance phosphorylation is a
commonly used post-translational modification to trigger polyubiquitylation, and it
is known that the kinase that initiates Far1 turnover is located in the nucleus.
Moreover, none of the above mentioned examples convincingly demonstrated that
the proteasome is fully assembled and proteolytic active inside the nucleus.
However, proteasome subunits have been found to perform non-proteolytic
functions in DNA repair and transcription (Aravind et al., 1998; Russell et al., 1999;
Russell et al., 2001; Kodadek, 2010) (Fig. 4).

In contrast, there is compelling evidence that some nuclear proteins are
degraded following their export from the nucleus. A number of discoveries in this
regard were made and suggest that the cytosol is a major site for degradation of

nuclear proteins.

A. Degradation of some nuclear substrates requires their export

The Madura group and others reported that the degradation of some
nuclear proteins required export from the nucleus (Freedman et al., 1998; L. Chen
et al., 2014a). It was first reported that the addition of Leptomycin B, a drug that
inhibits Xpo1, a nuclear export factor, inhibited the degradation of p53, a tumor
suppressor protein (Freedman et al., 1998). This suggests that p53 has to exit the
nucleus to be degraded. Further studies have shown that the RING finger domain

of the E3 Ub-ligase Mdm2 is crucial for the nuclear export of p53 (Boyd et al., 2000;
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Geyer et al., 2000). The requirement of the RING finger domain, which recruits an
E2, suggests that the conjugation of at least a few Ub to p53 occurs inside the
nucleus, but the completion of polyUb chain assembly and degradation by the
proteasome occurs in the cytosol (Lai et al., 2001).

Studies from the Madura laboratory showed that substrates that are
stabilized in nuclear export mutants accumulated inside the nucleus (L. Chen et
al., 2014a). This important discovery suggests that catalytically active
proteasomes do not function inside the nucleus. Mutant derivatives of a yeast
exportin (xpo1-1; crm1) are defective in nuclear export. In contrast, nuclear import
is unaffected in these mutants (L. Chen — unpublished studies). Chen and Madura
reported that the DNA repair protein Rad4, and the DNA polymerase | subunit
Cdc17 were both stabilized in xpo7-1 and crm17539C  indicating that their
degradation required export from the nucleus (L. Chen et al., 2014a). If proteolysis
occurred inside the nucleus, proteasome subunits should have entered the
nucleus to degrade these proteins, because nuclear import is not affected in these

export mutants.

B. Catalytically active proteasome are detected predominantly in the cytoplasm
Yeast and human cells were fractionated and proteasome activity in the
nuclear and cytosolic fractions was measured (Dang et al., 2016). Essentially all
cellular proteasome activity was detected in the cytosol (Dang et al., 2016). To
verify that the nuclear and cytosolic fractions were not cross-contaminated, the

level of histone deacetylase (HDAC) activity, an enzyme that functions only inside
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the nucleus, was measured and its activity was present in the nuclear fraction only

(Dang et al., 2016).

C. The proteasome can be targeted to the nuclear surface

Key factors that enable proteasomes to be targeted to the nuclear surface
were identified (L. Chen et al., 2014b). STS1 was isolated as a genetic suppressor
of rad23Arpn10A (Romero-Perez et al., 2007). The yeast gene STS7 encodes for
a protein of unknown function. However, it was shown that Sts1 is a very short-
lived protein with a half-life of less than five min (Romero-Perez et al., 2007; L.
Chen et al.,, 2011). The characterization of the sts7-2 mutant revealed a
proteasome localization defect, resulting in the stabilization of nuclear proteins.
Sts1 contains an nuclear localization sequence (NLS), which binds Srp1, a
member of the importin-a family of soluble nuclear import factors (Tabb et al.,
2000). In fact, Tabb and colleagues demonstrated that Srp1 could bind both Sts1
and the proteasome subunit Rpn11 (Tabb et al., 2000).

Collectively, these results predicted a mechanism for targeting
proteasomes to the nuclear pore (Tabb et al., 2000; L. Chen et al., 2014b). Recent
studies indicate that Srp1 interaction with Sts1 is distinct from its well-characterized
role in NLS-mediated nuclear import (L. Chen et al., 2014b). The use of genetic
mutants of SRP171 was instructive. It was reported that srp7-49 exhibited a defect
in proteasome localization, which resulted in the stabilization of nuclear substrates
(L. Chen et al., 2014b). However, nuclear import of NLS-bearing proteins, such as

the substrates themselves, was unaffected in srp7-49. In contrast, in srp7-317 the
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proteasome was properly targeted to the nucleus; even though import of NLS-
proteins was blocked (L. Chen et al., 2014b). Since proteasomes were correctly
localized even when nuclear import was inhibited, it was proposed that
proteasomes are tethered to the nuclear surface. Consistent with this suggestion,
in the fission yeast, S. pombe, a similar observation has been described (Tatebe
et al., 2000). Cut8, a distant relative to Sts1 was shown to tether the proteasome
to the nuclear surface (Tatebe et al., 2000). In agreement with my findings in sts7-
2, nuclear substrates were stabilized in srp7-49 due to the absence of functional

proteasomes at the nuclear surface (L. Chen et al., 2014b).

D. Rad23 can bind the proteasome and polyUb substrates

Rad23 functions as a shuttle factor that can translocate polyubiquitylated
proteins to the proteasome (Schauber et al., 1998; L. Chen et al., 2001; L. Chen
et al.,, 2002). Studies from the Madura group showed that Rad23 binds the
proteasome via its Ub-like (UbL) domain (Schauber et al., 1998). However, Rad23
also interacts with polyubiquitylated proteins via its two ubiquitin-associated (UBA)
domains (L. Chen et al.,, 2001; L. Chen et al., 2002). In agreement, a model
substrate was stabilized in cells expressing Rad23 variants with point mutations in
its UBA domains (rad23'ba1, rad23!0a2 and rad23ua’-uba2) (L. Chen et al., 2002). It
was also shown that high level expression of the UbL domain of Rad23 inhibited
the turnover of a model substrate (L. Chen et al., 2002). This finding is consistent

with the idea that UbL can bind the proteasome and interfere with the delivery of
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proteolytic substrates by other shuttle factors. These results reinforced my view

that Rad23 operates as a shuttle factor (Lambertson et al., 2003).

1.9 Summary

The ubiquitin proteasome pathway (UPP) is conserved from yeast to
humans, and is the primary proteolytic system for the spatial and temporal
elimination of intracellular proteins. The UPP is composed of enzymes that link
Ub and polyUb chains to substrates that are marked for degradation. The
enzymatic cascade of polyubiquitylation begins with activation of Ub’s C-terminal
catalyzed by E1. The next step involves the transfer of the activated Ub from the
E1 to an E2. E2s in conjunction with an E3 transfers then the Ub to a substrates,
followed by polyUb chain extension. The polyUb chains is the structural feature
that targets the substrate to the 26S proteasome, a large multi-subunit protein
complex that houses the catalytic active sites deep in the interior of the 20S
subunits. The 19S regulatory particle, which assembles at either end of the barrel
shaped 20S subunit, predominantly functions to recognize, unfold, and translocate
substrates. The energy for these processes is provided by six ATPases that form
a hexameric ring as part of the 19S subunit. DUbs, which are also present in the
proteasome, can reverse the polyUb chain conjugation on substrates. PolyUb
chains can have varying length and topologies, and they can even be mixed with
other conjugation factors, such as SUMO; all of which is believed to represent a
distinct regulatory signal. There are additional factors that can interact with the

polyUb substrates and the proteasome. These proteins are called shuttle factors,
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and are characterized by an N-terminal UbL domain and one or two UBA domains.
One such shuttle factor is Rad23. It was initially characterized as DNA repair
molecule functioning in NER, but later found to contain a UbL domain with which
it can interact with the proteasome. It has also been shown that Rad23 can bind
polyUb substrates through its two UBA domains, and that it regulate their turnover.

My studies indicate that many nuclear proteins are exported to the cytosolic
proteasomes that are located at the nuclear surface. However, this model does not
explain how the substrates are targeted for export, and how they locate the
proteasome after their exit from the nucleus. One possibility is that Rad23 and
other shuttle factors provide a transport mechanism to specifically guide proteolytic
substrates from the nucleus to the proteasomes located at the nuclear surface.

With this body of work, | explored the role of Rad23 as a shuttle factor.
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2.1 Strains and Media

The yeast S. cerevisiae is the model organism used in my studies, and all
strains were generated in the laboratory or obtained from other investigators. The
source of these strains is cited in the tables below.

Growth: Complete medium (Yeast peptone + dextrose= YPD) and synthetic
minimal medium (SM) were prepared according to standard protocols. Yeast cells
were grown at 30°C, unless otherwise stated. Yeast expressing genes from the
galactose-inducible GAL1 promoter were first cultured in SM medium containing
2% raffinose for 18 hours. The cultures where then diluted into minimal (SM) or
rich (YP) media containing 2 % galactose to induce gene expression for two to
three hours. Genes expressed from the copper-inducible CUP1 promoter were
grown in SM medium supplemented with 100 yM CuSOa4 for 18 hours, and then
diluted when needed. Yeast cultures were harvested in exponential growth phase
(unless stated otherwise) and prepared immediately for experimental
manipulation, or stored at -80 °C until analysis.

Yeast transformations using plasmids in Table 2 were performed using standard

techniques to yield strains described in Table1.
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Table 1. Saccharomyces cerevisiae strains used in this study

Strain Genotype Source
NA10 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 STS1 F. Wyers
NA25 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 sts1-2 F. Wyers
FSY86 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 RNA1 M. Roshbash
FSY87 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 rna1-1 M. Roshbash
BR4 MATaleu2-3, 112, ura3-5 his3-11, 15 pre1-1 pre2-2 J. Dohmen

LCY826 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 RAD23  This study

EOY32 MATa leu2-3,112 trp1-1 wura3-1 his3-11,15 ade2-1 This study
rad23::URA3 5-FOA treated

Table 2. Plasmids used in this study

Plasmid Description Source

LEP645 Pcupi-GFP-RAD23 URA3 CEN6 This study
HA-GFP-Ddi1 Pcupi-HA-GFP-Ddi1 LEU2 2u J. Gerst

LEP650 Pcup1-GFP-rad23*""- URA3 CEN6 This study
LEP649 Pcupi-GFP-rad23* URA3 CEN6 This Study
LEP743 Pcurr-GFP-rad23"%" URA3 CEN6 This study
LEP52 Pcupi-FLAG-RAD23 LEU2 2u This study
EOP34 Pcupi-FLAG-DDI1 LEU2 2u This study
LEP155 Pcupi-FLAG-DSK2 LEU2 2u This study
LEP97 Pcupi-FLAG-RPN10 LEU2 2u This study

pYES2-GFP-Ho PgaLi- GFP-Ho URA3 2u D. Raveh
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Mata2-GFP Pcup-MATa2-GFP URA3 CEN6 U. Lenk

LEP793 Pecar1-Clb2-GFP URA3 CENG6 This study
YCplac111 Empty vector ARS LEU2 CEN4 R. D. Gietz
EOP53 Pcups-ddi1AYBA LEU2 2u This study
EOP59 Pcupr-ddi1UBA=UBAT(Rad23) | F )2 2u This study
EOP18 Pcupr-rad234VB1A:UBADA) TRP1 2u This study
LEP151 Poup-FLAG-rad23*"" LEU2 2u This study
LEP213 Poupr-FLAG-rad23* LEU2 2u This study
LEP740 Poup-FLAG-rad23"" LEU2 2u This study
LEP264 pBSHU-Rpn11-GFP-HA URA3 integration C. Enenkel
LEP771 Pup1-RFP URAS3 integration This study
LEP591 Empty vector ARS LEU2 2u J. Brodsky
EOP83 Pcup1-myc-Ho-2HA CEN4 This study
EOP85 PeaL-HO-2HA URA3 2u This study

2.2 Ho-HA Plasmid Construction

The HO gene was amplified from plasmid DNA (KEP181) by polymerase
chain reaction (PCR) using a 5’ EcoR1 and a 3’ Kpn1 restriction sites and the
following Oligonucleotides: 5-
GCCGGAATTCATGCTTTCTGAAAACACGACTATTCTGATG-3 and 5-
ATATAGGTACC TGCAGATGCGCGCACCTGCGTTGTTACCACA-3 (Fig. 6).
Plasmid LEP1004 was digested with EcoR1 and Kpn1 to remove a previously
inserted Rad14 fragment (Fig. 5). The digested DNA fragments were resolved in

a 0.8 % agarose gel and the bands of interest were excised and purified. PCR
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products were similarly purified, following digestion with EcoR1 and Kpn1 (Fig. 6).
Following the vector and insert purification, HO insert and vector were ligated using
a 3:1 (insert to vector) ratio at 16°C overnight in 20 pL volume (Fig. 6). An aliquot
of five ul of the ligation reaction were transformed into DH5a to yield E. coli strain
EOP83 (Fig. 7). Bacterial transformants were recovered on LB agar plates
containing the Ampicillin selection drug. Ligation of HO was confirmed by
diagnostic restriction enzyme digestion, and by PCR. EOP83 was digested with
EcoR1 and Xba1 to yield a fragment containing Ho-2xHA (Fig. 7), which was

ligated into LEP591 (Table 2) to generate PGAL-Ho-HA (EOP85; Table 2) (Fig. 8).
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2.3 Protein Stability Measurements

To determine the level of turnover of a protein of interest, yeast cultures
were first grown in protein induction conditions as described above. If protein was
produced from the GAL1 promoter, induction was shut off by placing cells into SM
or YP medium supplemented with 2% glucose and 200 pg/ml cycloheximide
(CXH). If proteins of interest were expressed from the CUP1 promoter, 200 pg/ml
CXH was supplemented to the existing media. Starting volume before chase was
usually 50 ml, and 10 ml aliquots were drawn at indicated time points. Time zero,
is a 10 ml aliquot that was withdrawn before CXH and/or glucose was added.
Aliquots were pelleted, transferred to 1.5 ml Eppendorf tubes, stored at -80°C until

lysis.

Cycloheximide (Sigma)

Stock solution: 200 mg/ml in DMSO

Working concentration 200 ug/ml

2.4 Preparation and Quantification of Yeast Cell Lysate

Yeast cultures were pelleted, and suspended in pre-chilled (4°C) Buffer A
supplemented with protease inhibitors. Cells were lysed twice by multidirectional
mechanical disruption with glass bead (Thermo-Savant Fast Prep FP100) for 30
seconds at 6.0 intensity setting. The cells were chilled on ice for 10 minutes in

between pulses. The disrupted cells were centrifuged at 10600 x g for five minutes.
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Supernatant of each sample was transferred to pre-chilled (on ice) Eppendorf tube
and centrifuged again for five minutes at 10600 x g. All samples and reagents were
kept on ice during the preparation. Refrigerated centrifuge was pre-chilled to 4 °C.

Lysates were quantified using the Bradford method and a Beckman Coulter
DU 800 spectrophotometer. One cuvettes for each sample was filled with 1 ml
Bradford dye (Bio-Rad). 1 yl of sample was suspended in Bradford dye and mixed
by inversion. Samples were allowed to rest at room temperature (21°C) for two
minutes before analysis. DU 800 was set to fixed wavelength for protein
concentration determination. If concentration of samples was not in a linear range
based on the 1 mg/ml bovine serum albumin standard, samples were diluted using
lysis buffer as described above. Extracts were used for further analysis, including
electrophoresis, or immunoprecipitation (IP). For direct electrophoresis
experiments, 50 to 100 ug total protein concentration was re- suspended in 4X

sample buffer. Unused lysates were stored at -80 °C.

Buffer A:
50 mM HEPES, pH =7.5, 150 mM NaCl, 5 mM EDTA, 1 % Triton X-100

Supplemented with protease inhibitor cocktail:

e Pefabloc: TmM/ml working concentration
e Aprotinin: 2ul/ml working concentration

e Leupeptin: 5ul/ml working concentration
e Pepstatin: 1ug/ml working concentration

¢ Antipain: 50ug/ml working concentration
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Acid washed glass beads (Sigma)
Protein assay dye reagent concentrate (Bio-Rad)
Thermo-Savant Fast Prep FP100

DU 800 Spectrophotometer (Beckman Coulter)

2.5 Immunoprecipitation

All affinity matrices used in this study were well suspended before aliquots
were withdrawn. For isolating Flag-tagged proteins, yeast protein lysates was
added to 20 yL of anti-FLAG affinity beads. Anti-HA and Glutathione Sepharose
(GST) beads were first washed three times with Buffer A before yeast protein
lysate was added. | used 20 pl aliquots for HA-IP and 25 ul of suspension for GST
pull-down. Low retention Eppendorf tubes were used for all affinity protein
purification. One to two milligrams of total protein lysate was added to the affinity
beads, and incubated at 4°C with constant rocking. FLAG and HA purification were
incubated for two hours, whereas GST pull-downs were incubated for a minimum
of four hours. The bound proteins were pelleted by brief centrifugation (420 x g) in
a refrigerated centrifuge and washed three times with pre-chilled (4 °C) Buffer A.
SDS-containing loading buffer was combined with the pellets, and samples were

either stored at -80 °C, or subjected to SDS-polyacrylamide gel electrophoresis.

Anti-Flag M2 agarose beads (Sigma)

Glutathione Sepharose beads (GE Healthcare Life Science)
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Anti-HA affinity agarose matrix (Roche Applied Science)

1.5 ml low retention microcentrifuge tubes (Fisherbrand)

Gel Electrophoresis Sample Buffer (4X):

250 mM Tris-HCL, pH 6.8, 8 % SDS, 40 % glycerol, 4 % B-mercaptoethanol (BME)

2.6 SDS-PAGE and Electrotransfer

Protein samples were denatured by boiling for 10 minutes in SDS-
containing loading buffer. Proteins were separated in 12% PAGE using either
Hoefer SE400 or the Bio-Rad mini gel system. A9 % - 12 % acrylamide gradient
was used to separate high molecular weight proteins. For protein interaction
experiments, 90% of the sample was used to detect binding, and 10% was
examined to determine protein loading. Resolved proteins were transferred to
nitrocellulose using a semi-dry Hoefer SemiPhor transfer system. Gels and
membranes were briefly incubated in transfer buffer containing 20% methanol, and
transferred for two hours (at 200mA). To efficiently transfer high molecular weight
proteins, the transfer buffer contained 10% methanol, and the duration of transfer

was increased to three hours (at 200mA).

10X lower buffer:

2 M Tris-HCI, pH = 8.9

10X upper buffer:
1 M Tris-HCI, pH = 8.25, 1 M Tricine, 1 % SDS
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Gel Buffer:
3 M Tris-HCI, pH = 8.45, 0.3 % SDS

10X TBE
89 mM Tris-HCL, 89mM boric acids, 2 mM EDTA

1X Transfer buffer
1X TBE, 20 % methanol

1X Transfer buffer 10%
1X TBE, 10% methanol

Nitrocellulose membrane 0.45uM (Bio-Rad)

Hoefer SE400 electrophoresis unit (Amershan Pharmacia)
Hoefer SemiPhor semi-dry transfer cell (Amershan Pharmacia)

PowerPac Basic (Bio-Rad)

2.7 Immunoblotting

Following protein transfer membranes were briefly washed with ddH20 and
stained with Ponceau S. If membranes were to be probed with anti-Ub antibodies
they were boiled for 10 minutes between two glass plates that were submerged in
ddH20. Membranes were then quickly transferred into a suspension of 5 % non-
fat dry milk, prepared in 1X TTBS, and blocked for one hour at 21°C. If the blots
were not probed for Ub, the membranes were boiled for one minute in ddH20, and

then blocked as described above. After blocking, the membrane was washed three
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times with TTBS and incubated with primary antibodies for 18 hours at either 21°C,
or 4°C. The membranes were then washed three times for 10 minutes with TTBS.
Secondary antibodies were diluted 1:5000 in 1X TTBS, and applied to the
membrane for one hour at 21°C. Membranes were washed three times with TTBS
for 10 min and then examined by enhanced chemiluminescence (ECL). Exposure

times varied from 30 seconds to two minutes.

10X TTBS
25 mM Tris-HCI, pH= 7.4, 137 mM NaCl, 2.7 mM KCl, 0.5 %Tween

Ponceau solution

1 % Ponceau S, 5 % Trichloroacetic acid (TCA)

Blocking Buffer

5 % nonfat dry milk in 1X TTBS

Stripping buffer

55 mM Tris-HCI (Trizma), 0.03 % SDS, 0.1M BME

ECL (Perker Elmer Life Science)
GelLogic 1500 Imaging system

Imaging software (Eastman Kodak Co.)
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Antibody Dilutions Secondary | Source Catalog nr.
GST-Rad23 | 1:5000-10,000 | anti-rabbit | our lab n./a.
GST-Ubc2 | 1:2000 anti-rabbit | our lab n./a.
Ubiquitin 1:100-500 anti-rabbit | Sigma Us379
FLAG-HRP | 1:1000 n./a. Sigma A8592
Myc 1:5000 anti-mouse | Sigma 630914
HA-HRP 1:1000 anti-mouse | Roche 12 013 819 001
Anti-GFP 1:2000 anti-rabbit | Sigma C1544

D. Skowyra | n./a.
Rpn12 1:10,000-20,000 | anti-rabbit | (St. Louis

University)

D. Skowyra | n./a.
Rpn10 1:10,000-20,000 | anti-rabbit | (St. Louis

University)
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2.8 Microscopy

For microcopy, a small volume of cultures was grown as described above.
If cells were imaged live, cells were pelleted, re-suspended in residual liquid and
spotted on microcopy slides. When experimental design required staining of the
nucleus, Hoechst 33342 was added and cells were incubated for 30 minutes with
constant rocking at 21°C. Cells were washed three times with ddH20 before re-
suspended in residual liquid and spotted on microscope slides. Yeast cells were

imaged using the Zeiss Imager M1 microscope.

Hoechst 33342 (Sigma)
Poly-Prep slides (Sigma)

Zeiss Imager M1 microscope
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3.1 Experimental Results

Recent studies revealed compelling evidence that many nuclear substrates
have to be exported to be degraded by the proteasome. The Madura group
showed that (1) nuclear substrate are stabilized when export is blocked, (2)
catalytically active proteasomes are located primarily in the cytosol, (3) a
mechanism for targeting the proteasome to the nuclear surface was identified, and
(4) shuttle factors, such as Rad23, can bind polyUb substrates and deliver them to
the proteasome. This mechanism is envisioned to promote the delivery of nuclear
substrates to cytosolic proteasomes. | hypothesized that Rad23 would play a key
role in this process, which required it to repeatedly enter and exit the nucleus
bearing a cargo of polyUb substrates (Fig. 7). An important aspect of this
hypothesis is that Rad23 is not degraded by the proteasome, but like ubiquitin is

recycled.
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Figure 9. Model of transport mechanism of nuclear substrates. Rad23 enters
the nucleus through the nuclear core complex (NPC). Inside its binds polyUb
substrates and delivers them to the proteasome that is tethered to the nuclear
surface for degradation.
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3.1.1 Rad23 binds high levels of polyUb substrates in the nucleus

The proteasome localization defect of sts7-2 was confirmed by examining
localization of Rpn11-GFP (a 19S subunit) and Pup1-RFP (a 20S subunit). The
198 and 20S subunits were both localized to the nucleus at the non-permissive
temperature (37°C) in wildtype cells, as confirmed by detecting the nuclei with
DAPI (Fig. 10). The co-localization of these proteasome subunits produced an
orange color when merged (Fig. 10). In contrast, Rpn11-GFP and Pup1-RFP
showed diffuse signal in the cytoplasm in sts7-2 at 37°C, and no co-localization

with DAPI was observed at the non-permissive temperature (Fig. 10).
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Figure 10. Proteasome is mislocalized in sts1-2. Rpn11-GFP and Pup1-RFP
were co-expressed in either STS1 or sts1-2. Cells were grown in 10ml of synthetic
complete (SM) medium for 16 hours at 21°C. Cultures were then diluted into fresh
SM and incubated at either 21°C or 37°C for 5 hours. One ml aliquots of
exponentially growing culture were withdrawn, pelleted and re-suspended into 1
ml of sterile water containing 1 pg/ml Hoechst 33342. The cells were incubated for
30 minutes at 21°C, and then washed with water three times. Cell pellets were
suspended in 50ul water. Aliquots (2.5ul) were spotted on Poly-Prep slides, and
live cells were imaged.
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| investigated the localization of Rad23 in the sts7-2 mutant. | expressed
GFP-Rad23 in either wildtype or sts7-2 and examined cultures grown for five hours
at either permissive (21°C) or non-permissive (37°C) temperatures. At 21°C GFP-
Rad23 was detected in the nucleus and cytoplasm in both wildtype and sts7-2 (Fig.
11). A similar localization was observed at 37°C in the wildtype strain (Fig. 11). In
contrast, GFP-Rad23 was strongly enriched in the nucleus in sts1-2 at 37°C (Fig.
11). The location of the nucleus was confirmed by imaging cells treated with
Hoechst 33342 (Fig. 11).

| examined Rad23 protein levels to ensure that its mislocalization in sts7-2
at 37°C was not caused by altered protein levels. After five hours of incubation at
either 21°C or 37°C, cycloheximide was added to yeast cultures to block protein
synthesis. Cells were harvested at the time points indicated (Fig. 12). GFP-Rad23
levels were unaffected in wildtype and sts7-2 (Fig. 12). In addition, temperature
did not alter GFP-Rad23 levels (Fig. 12).

The degradation of several nuclear substrates requires export. The
translocation of some of these nuclear proteins is mediated by a conserved export
factor that in yeast is termed Xpo1. However, since polyUb substrates bind shuttle
factors, | questioned the role of Rad23 in the export of proteasome substrates.
Since proteasomes are mislocalized in sts7-2, and results in the stabilization of
nuclear substrates, | examined the localization of Rad23 (L. Chen et al., 2014b). |
speculated that if Rad23 was trapped inside the nucleus it would be bound to
stabilized nuclear substrates. To test this idea | examined Rad23 interaction with

polyUb substrates in sts7-2. FLAG-Rad23 was purified from cultures grown at
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21°C or 37°C, and its interaction with polyUb proteins was tested by
immunoblotting (Fig. 13). Overall levels of polyUb substrates that were co-purified
with FLAG-Rad23 were similar in STS7 and sts7-2 at 21°C (Fig. 13a, lane 2 and
3). Although the levels of polyUb substrates detected in STS7 at 37°C were higher
than in sts7-2 (Figure 13a, compare lane 2 and 4), higher levels of polyUb proteins
were co-purified with FLAG-Rad23 from sts71-2 at 37°C (Figure 13a, compare lanes
3 and 5). Immunoblotting showed that equivalent levels of Rpn10 were co-purified
with  FLAG-Rad23 in STS7 and sts1-2 at 21°C and 37°C (Figure 13a).
Densitometry showed that ~ 3-4 fold higher levels of polyUb proteins in association
with FLAG-Rad23 in sts71-2 at 37°C (Fig. 13b).

In sts1-2, the proteasome is mislocalized and substrates are stabilized inside the
nucleus. | determined that the accumulation of Rad23 in the nucleus in sts71-2 is
not a result of altered protein levels. In addition, | showed that when Rad23 is

trapped inside the nucleus it forms a robust interaction with polyUb substrates.
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Figure 11. Rad23 is enriched in the nucleus in sts7-2. GFP-Rad23 was
expressed in STST and sts71-2. Cells were grown overnight in 10 ml of SM for 16
hours at 21°C overnight. Cultures were then diluted into fresh SM and incubated
for 5 hours at either 21°C or 37°C. One ml aliquots were withdrawn from of
exponentially growing culture, pelleted and re-suspended into 1 ml of sterile water
containing 1 pg/ml Hoechst 33342. Cells were incubated for 30 minutes at 21°C.
Cells were pelted, washed 3 times with dH20, and re-suspended in 50 pl dH20.
For imaging, 2.5 ul aliquots were spotted on Poly-Prep slides, and cells were
imaged live.
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Figure 12. Rad23 protein levels are not affected in sts7-2. GFP-Rad23 was
expressed in STS71 and sts71-2. Cells were grown in 50 ml of SM for 16 hours at
21°C. Cultures were then diluted into fresh non-selective media (YPD), and
incubated for 5 hours at either 21°C or 37°C. Cycloheximide (200ug/ml)
cycloheximide was then added and 10 ml aliquots were withdrawn at 0, 15, 30, 60,
and 90 minutes. Yeast lysates were prepared and equal amount of total protein
was separated in a 12 % polyacrylamide SDS-Tricine gel. Gels were transferred
to nitrocellulose membrane, and probed with antibodies against GFP, and Rpn10.
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Figure 13. Rad23 interaction with polyUb substrates is higher in the nucleus.
(a) FLAG-Rad23 was expressed in STS1 and sts71-2. Cells were grown in 50 ml of
SM for 16 hours 21°C. Cultures were then diluted into fresh non-selective media
(YPD and incubated for 5 hours at either 21°C or 37°C. Cells were pelleted and
yeast lysates were prepared. Equal amount of protein lysate was applied to anti-
FLAG matrix and incubated for 2 hours at 4 °C. Purified proteins were separated
in a 12 % polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane and probed with antibody against FLAG, Ub, and Rpn10. (b) Levels of
polyUb proteins co-purified with Rad23 (panel a, lanes 2-5) were quantified. Data
is representative of four independent experiments.
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3.1.2 Rad23 binds low levels of polyUb substrates in the cytosol

Additional studies were performed to confirm the role of the
nucleocytoplasmic trafficking pathway in the export of substrates and the shuttle
factor Rad23. The Madura group demonstrated that Cdc17 and Rad4 were
stabilized when they were not exported in the xpo7-1 and crm1 export mutants.
They also reported that when the proteasome is unavailable at the nuclear surface,
as observed in sts7-2 and srp1-49, nuclear substrates are stabilized. In addition,
preliminary studies showed that mutations in a key nucleocytoplasmic trafficking
factor RanGAP, (called Rna1 in yeast), stabilized DNA repair factor Rad4 (data not
shown — L. Chen — unpublished studies). Rna1 facilitates nucleotide exchange on
the Ran protein, which oscillates between the nucleus and cytoplasm, based on
its interaction with GTP or GDP. This mechanism controls the nuclear import and
export of various proteins. Intriguingly nuclear substrates are stabilized in rnat-1
mutant, although proteasomes are properly localized (data not shown — L. Chen —
unpublished studies). Because Rna1 plays a critical role in nucleocytoplasmic
trafficking, | examined Rad23 localization in rna1-1. GFP-Rad23 was expressed in
RNA1 and rna1-1, and cultures were examined after growth for one hour at 21°C
and 37°C (Fig. 14). GFP-Rad23 was present in both nucleus and cytoplasm at
21°C in wildtype and rma-1, as well as at 37°C in the wildtype strain (Fig. 14).
However, in rna71-1 GFP-Rad23 was enriched in the cytoplasm at 37°C (Fig. 14).
Thus, GFP-Rad23 in enriched in the nucleus in sts71-2 (Fig. 11), but is cytosolic in
rmai-1 (Fig. 14). Treatment with Hoechst 33342 confirmed the location of the

nucleus (Fig. 14).
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| investigated if the mislocalization of Rad23 to the cytosol was caused by
altered protein levels. GFP-Rad23 was expressed in RNA1 and rna1-1, and yeast
cells were treated with cycloheximide after one hour incubation at 21°C and 37°C
(Figure 15). | determined that GFP-Rad23 protein levels were unaffected in
wildtype and rna7-1 at 21°C and 37°C (Fig. 15).

Significantly, proteasome localization is not affected in rna7-1 (data not
shown — L. Chen — unpublished studies). However, since Rad23 accumulates in
the cytoplasm in this mutant, | investigated if it could still bind polyUb nuclear
proteins. | examined Rad23 interaction with polyUb substrates in wildtype and
rna1-1. FLAG-Rad23 was purified from cultures grown at 21°C or 37°C, and bound
proteins were analyzed by immunoblotting (Fig. 16). While the levels of polyUb
substrates that were co-purified with FLAG-Rad23 were similar in RNA1 and rna1-
1 at 21°C (Fig. 16a, lane 2 and 3), the amount of polyUb substrates bound to
FLAG-Rad23 was strongly reduced in rna7-1 at 37°C (Figure 16a, compare lane
5 and 6). Higher levels of polyUb substrates were observed in RNAT at 37°C,
which | believe is caused by heat stress (Figure 16a, lane 5). | confirmed that
equivalent levels of Rpn10 were co-purified with FLAG-Rad23 in RNA1 and rna1-
1 at 21°C and 37°C. The level of polyUb proteins isolated with FLAG-Rad23 was
quantified by densitometry (Figure 16b).

The rna1-1 mutant exhibits a severe defect in both nuclear import and
export at the non-permissive temperature. Although proteasomes are efficiently
targeted to the nuclear surface in rna1-1, nuclear substrates are stabilized (data

not shown — L. Chen, unpublished studies). | determined that Rad23 is enriched in
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the cytoplasm in rna1-1, which could be the result of the deficient nuclear transport
system. Thus the failure to reimport Rad23 leads to its cytosolic accumulation.
Moreover, Rad23 interaction with polyUb substrates is strongly reduced in rna7-1,
leading to the conclusion that it primarily binds nuclear substrates of the
proteasome. The stabilization of these nuclear substrates can be attributed to the

lack of availability of the Rad23 shuttle factor.
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Figure 14. Rad23 is enriched in the cytoplasm in rna71-1. GFP-Rad23 was
expressed in RNA1 and rna1-1. Cells were grown in 10ml of SM for 16 hours at
21°C. Cultures were diluted into fresh SM and incubated for 2 hours at 21°C.
Cultures were then split and incubated for 1 hour at 21°C or 37°C. One ml aliquots
were withdrawn from exponentially growing culture, pelleted and re-suspended
into 1 ml of sterile dH20 containing 1 ug/ml Hoechst 33342. Cells are incubated
for 30 minutes at 21°C. Cells were pelted, washed 3 times with dH20, and re-
suspended in 50 pl dH20. For imaging, 2.5ul aliquots from each sample was
withdrawn and spotted on Poly-Prep slide, and cells were imaged live.
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Figure 15. Rad23 protein levels are not affected in rna7-1. GFP-Rad23 was
expressed in either RNA1 or rna1-1. Cells were grown overnight in 50 ml of SM
media at room temperature (21°C). Next day, cultures were diluted into fresh YPD
media and incubated at either 21°C or 37°C for 1 hr. After incubation period,
200ug/ml cycloheximide was added to cultures and 10 ml aliquots were drawn at
0, 15, 30, 60, and 90 minutes interval. Yeast lysates were prepared and equal
amount of total protein was separated in a 12 % polyacrylamide SDS-Tricine gel.
Gels were transferred to nitrocellulose membrane, and probed with antibodies
against GFP, and Rpn10.
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Figure 16. Rad23 interaction with polyUb substrates is lower in the cytosol.
(a) FLAG-Rad23 was expressed in RNA1 and rna1-1. Cells were grown in 50 ml
of SM for 16 hours at 21°C. Cultures were then diluted into fresh non-selective
media (YPD) and incubated for 2 hours at 21°C. Cultures were split incubated for
1 hours at 21°C and 37°C. Following the incubation, cells were pelleted and yeast
lysates were prepared. Equal amount of protein lysate was applied to anti-FLAG
matrix and incubated for 2 hours at 4 °C. Purified proteins were separated in a 12
% polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane and probed with antibody against FLAG, Ub and Rpn10. (b) The levels
of polyUb proteins bound to FLAG-Rad23 (panel a; lanes 2, 3, 5, 6) were quantified
(N =5).
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3.1.3 Rad23 with defective UbL and UBA domains displays the same subcellular

localization as the wildtype Rad23 protein

It was previously reported that Rad23 binds the proteasome through its UbL
domain (Schauber et al., 1998). It was also shown that Rad23 could bind polyUb
substrate via its two UBA domains (L. Chen et al., 2001; L. Chen et al., 2002).
Therefore, | investigated if the UbL and UBA domains contributed to Rad23
trafficking into and out of the nucleus. | expressed GFP-tagged mutant derivatives
of Rad23 in STS1, sts1-2, RNA1, and rna7-1. The rad232Y and rad23X"A are
unable to interact with the proteasome, while rad23*2" is unable to bind polyUb
substrates. | found that rad232YtL and rad23X7A was present in both the nucleus
and cytosol at non-permissive temperature in wildtype and specific mutants strains
(Fig. 17a, 17b). rad23!ta" also showed no alteration in localization at 21°C, despite
its defect in binding polyUb substrates. All three mutants, rad232Y°- and rad23K7A,
rad2342a! were completely localized to the nucleus in sts7-2, and to the cytosol in
rna1-1 at the non-permissive temperature, as | observed with wildtype Rad23 (Fig.
11, 14). These results suggest that the localization of Rad23 is independent of its

ability to bind polyUb substrates, or the proteasome.
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Figure 17. Mutant Rad23 is enriched in the nucleus in sts7-2 and in the
cytosol in rna1-1. GFP-tagged derivatives Rad23: rad232YtL rad23KA and
rad23'a’ were expressed in (a) STS? and sts7-2, and in (b) in RNA7 and ma1-1.
Cells were grown in 10 ml SM for 16 hours at 21°C. Cells were diluted to fresh SM
and incubated (a) for 5 hours at 21°C and 37°C, and (b) for 2 hours at 21°C before
cultures were split and grown for 1 hour at 21°C and 37°C. For (a) and (b) one ml
aliquots were withdrawn, pelleted and re-suspended in residual liquid. A 2.5 pl
aliquot was spotted on Poly-prep slides for live cell imaging.



76

3.1.4 Ddi1 shows same pattern of localization and polyUb substrate binding as

Rad23 in sts1-2 and rma1-1

Substrate specificity in the UPP is in part mediated by selectively targeting
substrates for ubiquitylation. However, shuttle factors are not intrinsic subunits of
the proteasome, but are thought to play a critical role in trafficking substrates to
the proteasome (Wade et al., 2010). There are three known shuttle factors in yeast:
Rad23, Ddi1, and Dsk2. These proteins are thought to have overlapping functions
in targeting substrates to the proteasome, although the evidence in support of this
conjecture is limited (C. Liu et al., 2009).

Each yeast shuttle factors was initially characterized in other cellular
processes. For instance, Rad23 was shown to function in DNA repair. Rad23 was
also the first protein reported to contain an N-terminal UbL domain, although the
significance of this feature was unknown at that time (Watkins et al., 1993). Biggins
and colleagues reported Dsk2 as the second protein to contain an N-terminal UbL
domain (Biggins et al., 1996). It has a well-characterized role in spindle pole
duplication and transition through G2/M phase in the cell cycle, although a specific
role in the UPP was not investigated (Biggins et al., 1996).

The shuttle factor Ddi1 was found be expressed from a bidirectional
promoter expressing also MAG1, a 3-methyladenine DNA glycosylase involved in
base excision repair (BER) (Y. Liu et al., 1997a; Y. Liu et al., 1997b). Therefore it
was suggested that Ddi1 functions in one of the DNA-damage checkpoint
pathways (Zhu et al., 1998; Y. Zhu et al., 2001; Fu et al., 2008). It was recently

reported that Ddi1 plays a key role in the DNA replication stress response pathway
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(Svoboda et al., 2019). Ddi1 was also identified as a SNARE-interacting protein,
and its overexpression in sec9 mutant yeast inhibited protein secretion; thus Ddi1
is suggested to functions as negative regulator of exocytosis (Lustgarten et al.,
1999; Marash et al., 2003). Structural studies revealed that Ddi1 harbors a central
retroviral protease-like (RVP) domain, which in yeast is required for protein
secretion (Krylov et al., 2001; White et al., 2011). Similar to Dsk2, Ddi1 contains
an N-terminal UbL domain and only one C-terminal UBA domain. It is predicted
that Ddi1 will function as a polyUb shuttle factor, with Rad23 and Dsk2. In
agreement, Bertolaet and colleagues reported that Ddi1 could bind polyUb
substrates (Bertolaet et al., 2001).

| investigated Ddi1 localization, stability, and interaction with polyUb
substrates. | also investigated if these interactions would resemble the properties
of Rad23 in sts7-2 and rna1-1. | expressed GFP-Ddi1 in STS1, sts1-2, RNA1, and
rnai-1, and exposed cultures to either 21°C, or 37°C for either 5 hours (STS1,
sts1-2) or 1 hour (RNA1, rmna1-1) (Fig 18, 20). Similar to Rad23, | discovered that
GFP-Ddi1 was present in both the nucleus and cytoplasm in STS7 and sts7-2 at
21°C, and STS1 at 37°C. However, it was completely localized to nucleus in sts7-
2 at 37°C (Fig 18). The same was observed for Ddi1 in the rna7-1 mutant. While
Ddi1 was localized to the nucleus and cytoplasm in wildtype and rna7-1 at the
permissive temperature, it was completely cytosolic in rma7-1 at non-permissive
temperature (Fig.20). In addition, | found that Ddi1 is stable in STS7 and sts7-2 at
both 21°C and 37°C (Fig. 19), and in RNA1 and rna1-1 (Fig. 21). To characterize

Ddi1 interaction with polyUb substrates in these two genetic mutants, FLAG-Ddi1
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was expressed in STS1, sts1-2, RNA1 and rna1-1, and cultures were grown for
five hours (sts7-2), or one hour (rna-1) at 21°C and 37°C. | discovered that Ddi1
exhibited increased binding to polyUb substrates in sts71-2 at the non-permissive
temperature (data not shown — L. Chen, unpublished studies). In contrast, its
binding to polyUb substrates was reduced in rna7-1 at non-permissive temperature
(Fig. 22).

The discovery that Ddi1 exhibits the same localization and polyUb substrate
binding properties as seen with Rad23 suggests that these shuttle factors are

functionally similar.
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Figure 18. Ddi1 is enriched in the nucleus in sts71-2. GFP-Ddi1 was expressed
in STS1 and sts7-2. Cells were grown in 10 ml of SM for 16 hours at 21°C. Cultures
were diluted into fresh SM and incubated at for 5 hours at 21°C and 37°C. One ml
aliquots were withdrawn from exponentially growing culture and pelleted. For
imaging, 2.5 ul aliquots from each sample was withdrawn, spotted on Poly-Prep
slides, and cells were imaged live.




80

210
5T51 st51-2
0 15 30 60 90 0 15 30 60 90 minin CXD
e LT ——— e e R )

37°C
als1 sis1-2
0 15 30 60 90 0 15 30 60 90 minin CXD
TR o W w————— (S [

. ——— —— - [

Figure 19. Ddi1 protein levels are not affected in sts7-2. GFP-Ddi1 was
expressed in STS7 and sts71-2. Cells were grown in 50 ml of SM for 16 hours at
21°C. Cultures were then diluted into fresh YPD media and incubated for 5 hours
at 21°C and 37°C. After incubation period, 200ug/ml cycloheximide was added to
cultures and 10 ml aliquots were withdrawn at 0, 15, 30, 60, and 90 minutes. Yeast
lysates were prepared and equal amount of total protein was separated in a 12 %
polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane, and probed with antibodies against GFP, and Rpn10.
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Figure 20. Ddi1 is enriched in the cytoplasm in rna7-1. GFP-Ddi1 was
expressed in RNA1 and rna1-1. Cells were grown in 10ml of SM for 16 hours 21°C.
Cultures were then diluted into fresh SM and incubated for 2 hours at 21°C.
Following this incubation, cultures were split and incubated for 1 hour at 21°C and
37°C. One ml aliquots were withdrawn from exponentially growing cultures,
pelleted, and suspended in residual liquid. For imaging, 2.5ul aliquots from each
sample was withdrawn, spotted onto Poly-Prep slides, and cells were imaged live.
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Figure 21. Ddi1 protein levels are not affected in rna7-1. GFP-Ddi1 was
expressed in RNA1 and rna1-1. Cells were grown in 50 ml of SM for 16 hours at
21°C. Cultures were then diluted into fresh YPD media and incubated for 2 hours
at either 21°C. Following this incubation, cultures were split and incubated for 1
hour at 21°C or 37°C. After this incubation, 200ug/ml cycloheximide was added to
cultures and 10 ml aliquots were withdrawn at 0, 15, 30, 60, and 90 minutes. Yeast
lysates were prepared and equal amount of total protein was separated in a 12 %
polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane, and probed with antibodies against GFP, and Rpn10.
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Figure 22. Ddi1 interaction with polyUb substrates is decreased in the
cytosol. FLAG-Ddi1 was expressed in RNA7 and rna1-1. Cells were grown in 50
ml of SM for 16 hours at 21°C. Cultures were diluted into fresh YPD media and
incubated for 2 hours at either 21°C. Cultures were then split and incubated for 1
hour at 21°C, and 37°C. Cells were pelleted and yeast lysates were prepared.
Equal amount of protein lysate was applied to anti-FLAG matrix and incubated for
2 hours at 4 °C. Purified proteins were separated in a 12 % polyacrylamide SDS-
Tricine gel. Gels were transferred to nitrocellulose membrane and probed with
antibody against FLAG, Ub and Rpn10.
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3.1.5 The degradation of some nuclear substrates involves the nucleocytoplasmic

transport system

The Madura lab previously reported that some nuclear proteins, including
Rad4 and Cdc17 are degraded only after export from the nucleus (L. Chen et al.,
2014a). Raveh and co-workers found that Ho-endonuclease (Ho) was similarly
degraded by the proteasome in an export-dependent mechanism, with a specific
role for the Ddi1 shuttle factor (Kaplun et al., 2005). However, the shuttle factors
that promote turnover of most nuclear substrates of the proteasome have not been
described. Only a few physiological targets of Rad23 have been identified; thus |
expanded my efforts to identify other substrates whose proteasome-mediated
degradation required nuclear export.

The Mata2 protein is a well-studied proteasome substrate (P. Chen et al.,
1993), and its turnover requires nuclear export (data not shown — L. Chen,
unpublished studies). Mata2-GFP was expressed in STS7 and sts7-2 mutants and
| found that Mata2-GFP levels increased markedly in sts1-2 at 37°C (Fig. 23). |
also examined Mata2-GFP in RNA71 and ma7-1 and | found that it was depleted
from the nucleus in rna7-1 within 15 minutes (Fig. 23). Mata2-GFP was detected
in discrete cytosolic deposits after 90 minutes (APPENDIX Il — Okeke et al.,
manuscript in review). Based on these results, | propose that the transport of
nuclear substrates to cytoplasmic proteasomes requires a functional export
mechanism.

To determine if the cytosolic aggregates contained intact Mata2-GFP cells

expressing Mata2-GFP were grown at 21°C and 37°C. Yeast lysates were
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prepared and equal amount of protein was characterized by immunoblotting with
antibody against GFP. It was determined that Mata2-GFP levels in rnaf-1
increased significantly at 37°C when compared to 21°C suggesting that the
cytosolic aggregates contain intact Mata2-GFP (APPENDIX Il — Okeke et al.,

manuscript in review).
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Figure 23. Mata2 accumulates in the nucleus in sts7-2, but localizes to the
cytosol in rna1-1. Mata2-GFP was expressed in wildtype, sts7-2 and rna-1.
Cultures were grown in 10 ml SM for 16 hours at 21°C. Cultures were then diluted
into fresh SM media and split for STS7 and sts7-2, and incubated at for 5 hours at
21°C, and 37°C. Cultures for RNA1 and rna1-1 were incubated for 2 hours at 21°C,
before their were split and further incubated for 15 minutes at 21°C, and 37°C. One
ml aliquots were withdrawn, pelleted, and suspended in residual liquid. For
imaging, 2.5 yl aliquots were spotted Poly-prep slides, and cells were imaged live.
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CIb2 is a well-studied nuclear substrate of the proteasome. It is a cell cycle
protein that is involved in cell cycle progression. Clb2 stimulates Cdc28 to promote
transition through G2/M phase of the cell cycle. It is only expressed during G2 and
M phase, and is then rapidly degraded by the UPP. Since CIb2 is a nuclear
substrate of the proteasome, | was interested in studying its turnover, and the
possible requirement for nuclear export.

| expressed GFP-CIb2 in STS71 and sts71-2 yeast cells, and incubated
cultures at 21°C and 37°C. Following two hour incubation, exponential-phase cells
were arrested in G2/M phase with 15 pg/ml Nocodazole. This allowed CIb2 protein
levels to increase. Incubation was continued for three hours at either permissive
or non-permissive temperatures. After five hour incubation aliquots were
withdrawn and examined microscopically (Fig 24a). The remainder of the cultures
was released from cell cycle arrest and incubated for an additional hour at 21°C
and 37°C before imaging (Fig. 24b). As expected, Clb2 accumulated inside the
nucleus during G2/M phase arrest at 21°C and 37°C in wildtype and sts7-2 (Fig.
243a). Cells were stained with Hoechst 33342 to confirm nuclear co-localization of
Clb2 (Fig. 24a). After the cells were released from G2/M phase, GFP-CIb2 was
barely detectable in STS7 at 21°C and 37°C, and sts7-2 at 21°C. In contrast, GFP-
CIb2 levels remained elevated in sts1-2 at 37°C (Fig. 24b), as observed Mata2-
GFP in sts1-2 (Fig. 23). Turnover and localization of GFP-CIb2 in rna1-1 was also
examined, and it was found be stabilized and aggregate in the cytosol similar to

Mata2 (data not shown — L. Chen, unpublished studies).
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Figure 24. CIb2 is stabilized in sts7-2. CIb2-GFP was expressed in STS7 and
sts1-2. Cultures were grown in SM for 16 hours at 21°C. Cultures were diluted into
fresh SM and incubated for 2 hours at 21°C, and 37°C. Exponentially growing cells
were supplemented with 15 pg/ml Nocodazole and incubated for 3 hours at above
listed temperatures. One ml aliquots were withdrawn, and pelleted. Cells from
21°C were re-suspended in 1 ml dH20 with 1ug/ml Hoechst 33342 and incubated
for 30 min at 21°C. Before imaging Hoechst 33342 stained cells were washed 3
times with dH20. The remainder of cultures were washed 4 times with sterile dH20,
and re-suspended SM. Cultures from 37°C were placed in pre-warmed media.
Cells were incubated for 1 hour at 21°C and 37°C before imaged. For all samples,
2.5 ul aliquots were spotted on Poly-prep slides, and cells were imaged live.
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3.1.6 The localization of Rad23 affects turnover of Ho-endonuclease

My discovery that Rad23 can be confined to the nucleus (sts7-2) or cytosol
(rna1-1) offered a unique opportunity to test its interaction with a physiological
substrate in the nucleus versus the cytosol. | investigated if GFP-Ho localization
was influenced by the sub-cellular distribution of Rad23. Proteasomes are
mislocalized to the cytosol in sts7-2 at 37°C (Fig. 10), and nuclear substrates were
stabilized (L. Chen et al., 2014a). Significantly, Rad23 was enriched in the nucleus
in sts1-2 (Fig. 11), where it interacted with higher levels of polyUb proteins (Fig.
13). | detected higher levels of GFP fluorescence in the nucleus at 37°C in sts7-
2, compared to STS1 (Fig. 25; right panel).

It was previously shown that the stability of artificial substrates increased in
sts1-2 (Romero-Perez et al., 2007). However, the localization of these engineered
substrates was not examined. | therefore examined if the elevated levels of nuclear
GFP-Ho was caused by stabilization. Lysates containing GFP-Ho were prepared
from STS1 and sts7-2 cells grown at 21°C and 37°C. Immunoblotting showed that
GFP-Ho was efficiently degraded at 21°C in both STS7 and sts71-2 (Fig. 26a).
However, GFP-Ho was stabilized in sts7-2 at 37°C (Fig. 27a), indicating that the
higher GFP signal observed in sts7-2 is the result of protein stabilization. The

relative turnover of GFP-Ho was quantified (Fig. 26b, 27b).
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Figure 25. Ho-endonuclease accumulates inside the nucleus in sts1-2. GFP-
Ho was expressed from the GAL7 inducible promoter in either STS1 or sts7-2.
Cells were grown overnight in 10 ml of SM media containing raffinose at 21°C.
Next day, cultures were diluted into fresh SM media and incubated at either 21°C
or 37°C. After two hours incubation, cultures were places in media containing
galactose for GFP-Ho induction. Cultures at 37°C were placed in pre-warmed
media (37°C). Incubation continued at temperatures listed above for three hours.
1 ml aliquots of exponentially growing culture were drawn, pelleted and re-
suspended into 1ml of sterile water containing 1 ug/ml Hoechst 33342. Cells are
incubated with Hoechst solution for 30 minutes at 21°C. Aliquots were pelted and
washed with water three times and re-suspended in 50 ul water. For imaging, 2.5
pl aliquots were spotted onto microscope slides. Yeast cells were imaged live.
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Figure 26. GFP-Ho turnover not affected in STS7 and sts7-2 at 21°C. (a) GFP-
Ho was expressed from the GAL7 inducible promoter in either STS1 or sts7-2.
Cells were grown overnight in 50 ml of SM media containing raffinose at 21°C.
Next day, cultures were diluted into fresh SM media and incubated at either 21°C.
After two hours incubation, cultures were places in media containing galactose for
GFP-Ho induction. Incubation continued at 21°C for three hours. To discontinue
expression cells places in glucose containing media with 200ug/ml cycloheximide.
10 ml aliquots were drawn at 0, 15, 30, 60, and 90 minutes interval. Yeast lysate
was prepared and equal amount of total protein was resolved in a 12 %
polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane, and probed with antibodies against GFP and Rpn10. (b) quantification
of results in panel (a).
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Figure 27. GFP-Ho is stabilized in sts71-2 at 37°C. (a) GFP-Ho was expressed
from the GALT inducible promoter in either STS1 or sts7-2. Cells were grown
overnight in 50 ml of SM media containing raffinose at 21°C. Next day, cultures
were diluted into fresh SM media and incubated at 37°C. After two hours
incubation, cultures were places in media containing galactose for GFP-Ho
induction. Incubation continued at 37°C for three hours. To discontinue expression,
cells were placed in glucose containing media with 200ug/ml cycloheximide that
was pre-warmed media (37°C). 10 ml aliquots were drawn at 0, 15, 30, 60, and 90
minutes interval. Yeast lysate was prepared and equal amount of total protein was
resolved in a 12 % polyacrylamide SDS-Tricine gel. Gels were transferred to
nitrocellulose membrane, and probed with antibodies against GFP and Rpn10. (b)
quantification of results in panel (a).
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Similarly, | expressed GFP-Ho in RNA71 and rna7-1 mutant. Cells were
examined at 21°C and 37°C, and nuclear localization was observed in both
wildtype and rna1-1 at 21°C (Fig. 28; left panel) After transfer to 37°C GFP-Ho
was detected in the nucleus in RNA1, but was not localized to the nucleus in rna1-
1 (Fig. 28; right panel). Instead, GFP-Ho was observed in multiple punctate
cytosolic aggregates (Fig. 28; right panel). Interestingly, other reports also
reported that nuclear proteins were detected in cytosolic aggregates in Rna1l
mutants (Schlenstedt et al., 1995).

The lack of hydrolysis of RanGTP (by cytosolic Rna1) leads to a failure to
dissociate an exported substrates from the export complex. This could cause
cytosolic aggregation of exported complexes (Schlenstedt et al., 1995).
Immunoblotting showed that GFP-Ho was efficiently degraded at 21°C in both
RNA1 and rna1-1 mutant (Fig. 29a). The levels of Rpn10 confirmed equal loading.
GFP-Ho was also degraded at 37°C in RNA1, but was stabilized in rna7-1 (Fig.
30a). These results suggest that the cytosolic aggregates seen in Fig. 28
represent GFP-Ho that exited the nucleus but was not degraded. The relative
turnover of GFP-HO was quantified (Fig. 29b, 30b).

In agreement with the localization and turnover of nuclear proteins Mata2
and CIb2, | determined that Ho is also stabilized, and accumulates inside the
nucleus in sts7-2 and in the cytosol in rna7-1. Although these studies established
that the proteasome has to available at the nuclear surface to degrade nuclear

substrates, it does not explain how substrates accumulate in the cytosol.
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Figure 28. GFP-Ho accumulates in the cytoplasm in rna7-1. GFP-Ho was
expressed from the GAL7 inducible promoter in RNA1 and rna1-1. Cells were
grown in 10 ml of SM containing raffinose for 16 hours at 21°C. Cultures were then
diluted into SM containing galactose and incubated for 2 hours at either 21°C. After
two hour incubation cultures were split, and incubated for 1 hour at 21°C and 37°C.
One ml aliquots were withdrawn from exponentially growing cultures, pelleted and
re-suspended into 1 ml of sterile dH20 containing 1 ug/ml Hoechst 33342. Cells
are incubated for 30 minutes at 21°C. Aliquots were pelted, and washed 3 times
with dH20, and re-suspended in 50 uyl dH20. For imaging, 2.5 pl aliquots were
spotted on Poly-prep, and cells were imaged live.
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Figure 29. GFP-Ho turnover not affected in RNA71 and rna1-1 at 21°C. (a) GFP-
Ho was expressed from the GAL1 inducible promoter in RNA1 and rma1-1. Cells
were grown in 50 ml of SM containing raffinose for 16 hours at 21°C. Cultures were
then diluted into fresh SM containing galactose and incubated for 2 hours at 21°C.
After two hours incubation, cultures incubated for 1 hours at 21°C. To discontinue
expression cells placed YPD with 200ug/ml cycloheximide. 10 ml aliquots were
withdrawn at 0, 15, 30, 60, and 90 minutes. Yeast lysate was prepared and equal
amount of total protein was resolved in a 12 % polyacrylamide SDS-Tricine gel.
Gels were transferred to nitrocellulose membrane, and probed with antibodies
against GFP and Rpn10. (b) quantification of results in panel (a)
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Figure 30. GFP-Ho is stabilized in rna1-1 at 37°C. (a) GFP-Ho was expressed
from the GAL 1 inducible promoter in RNA71 and rna1-1. Cells were grown in 50 ml
of SM containing raffinose for 16 hours at 21°C. Cultures were then diluted into
fresh SM containing galactose and incubated for 2 hours at 21°C. After two hours
incubation, cultures were incubated for 1 hour at 37°C. To discontinue expression,
cells switched to YPD with 200ug/ml cycloheximide. 10 ml aliquots were withdrawn
at 0, 15, 30, 60, and 90 minutes. Yeast lysate was prepared and equal amount of
total protein was resolved in a 12 % polyacrylamide SDS-Tricine gel. Gels were
transferred to nitrocellulose membrane, and probed with antibodies against GFP
and Rpn10. (b) quantification of results in panel (a)
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3.1.7 Rad23 is the major shuttle factor that traffics Ho-endonuclease

Substrates of the proteasome can represent either nuclear or cytosolic
proteins. Therefore, examining shuttle factor interaction with bulk polyUb
substrates offers only limited insight into the export-dependent transport of polyUb
substrates to the cytosolic proteasome. However, studying the interaction with a
specific physiological substrate can provide valuable insight into this mechanism,
since mutations can be generated in the substrate. In addition, the two genetic
mutants, sts7-2 and rna7-1, will allow me to regulate the localization of the
substrate-specific shuttle factors (Rad23; Ddi1). Moreover, these mutants would
permit me to study compartment specific interaction of shuttle factors with its
physiological substrates. The Ub-proteasome dependent degradation of Ho-
endonuclease was reported to require interaction with Ddi1 (Kaplun et al., 2000).
To test if this was a general property of shuttle factors, | investigated if Rad23 and
Dsk2 could also bind Ho. | co-expressed GFP-Ho with epitope-tagged (FLAG-)
derivatives of the three primary yeast shuttle-factors; Rad23, Ddi1, and Dsk2, as
well as Ub-receptor Rpn10 (Fig. 31a). | detected a strong interaction between
GFP-Ho and FLAG-Rad23 (Fig. 31a, lane 2), but an unexpectedly weak interaction
with FLAG-Ddi1 (Fig. 31a, lane 3). Significantly, FLAG-Ddi1 was expressed at
higher levels than FLAG-Rad23 (Fig. 31b; compare lanes 2 and 3).

| confirmed that GFP-Ho is conjugated to ubiquitin, because a key role for
shuttle factors is to interact with polyUb chains on proteasomal substrates. | co-
expressed myc-tagged Ub and Ho-HA, and yeast lysates were incubated with

antibodies against HA. The purified proteins were separated by SDS/PAGE,
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transferred to nitrocellulose and incubated with antibody against the myc epitope
(Fig. 32a). An extensive smear representing polyubiquitylated Ho-HA was seen
(lane 1), consistent with the idea that Ho is conjugated to polyUb chains. As noted
earlier, Rad23 efficiently binds cellular proteins that are conjugated to Ub (see Fig.
13, 16), suggesting that it also binds Ho through its ubiquitin chains. | also
confirmed Ho as substrate of the proteasome, by expressing GFP-Ho in a yeast
proteasome mutant that is deficient for proteolysis (Fig. 32b). | found that GFP-Ho

stabilized in this mutant (Fig. 32b).
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Figure 31. Rad23 is a major shuttle factor for Ho-endonuclease. (a) Wildtype
cells expressing GFP-Ho endonuclease were co-transformed with constructs
expressing different FLAG-tagged polyUb chain binding proteins. The interaction
between GFP-Ho and shuttle-factors FLAG-Rad23, FLAG-Ddi1, and FLAG-Dsk2,
as well as a proteasome receptor FLAG-Rpn10 was investigated. GFP-Ho was
expressed from galactose-inducible GAL1 promoter, thus cultures were grown in
SM with raffinose overnight, and then transferred to galactose medium three hours.
Yeast lysates were prepared. FLAG-tagged proteins were first purified, and
resolved in a 12% SDS-polyacrylamide gel. Gels transferred to nitrocellulose
membrane and blots were examined by immunoblotting to detect GFP, FLAG,
Rpn12, and ubiquitin (not shown). (b) 100ug total lysates were examined to gauge
the expression level of the FLAG-tagged proteins and GFP-Ho.
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Figure 32. Ho is a substrate of the proteasome. (a) Ho-2xHA was co-expressed
with myc-Ub. Ho-2xHA was expressed from galactose-inducible GAL1 promoter,
thus cultures were grown in SM with raffinose for 16 hours, and then transferred
to SM with galactose for 2 hours. Yeast lysates were prepared. Equal amount of
total protein was applied to an antibody matrix against HA. Purified proteins were
resolved in a 12 % polyacrylamide SDS-Tricine gel, and transferred to
nitrocellulose membrane. Proteins were examined by immunoblotting with
antibodies against myc and HA epitopes. (b) GFP was expressed galactose-
inducible GAL1 promoter in wildtype and pre1-1 pre2-2. Yeast were grown in 50
ml SM with raffinose for 16 hours. Cells were diluted into YP with galactose and
incubated for 2 hours. Cycloheximide (200 ug/ml) was added and 10 ml aliquots
were withdrawn at 0, 15, 30, 60, and 90 minutes. Yeast lysate were prepared and
100 pg of total protein was resolved in a 12 % SDS-polyacrylamide gel, and
transferred to nitrocellulose membrane. Proteins were examined by
immunoblotting with antibodies against the GFP epitopes, and Rpn 10.
Quantification is representative of 3 independent experiments for wildtype and
pre1-1 pre2-2. Ho levels were normalized to that of Rpn10 levels.
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A polyUb chain is present on many substrates of the proteasome.
Therefore, this general structure cannot confer substrate specificity. However, the
polyUb chain could affect binding to other proteins, such as the interaction between
the Rad4 protein and R4BD in Rad23 (Ortolan et al., 2004). Rad23 showed a much
stronger interaction with Ho than Ddi1 (Fig. 31). A possible explanation for this is
that shuttle factors may exhibit some specificity towards their substrates following
their conjugation to polyUb chains. Therefore, | investigated if Rad23 exhibited a
preference for binding Ho by swapping their polyUb binding domains. The
constructs | made include a Rad23 that had its UBA1 domain replaced with the
one UBA domain of Ddi1 (rad23YBA1:UBA(DAM) "gand a Ddi1 construct that received
Rad23’s UBAT1 in place of its one UBA domain (ddi1YBA:UBAT(Rad23)) Al constructs
were tagged with epitope tagged (FLAG) and co-expressed with GFP-Ho. Because
GFP-Ho was expressed from the galactose inducible GAL7 promoter, cells were
first grown in raffinose and then switched to galactose. FLAG-tagged proteins were
purified and examined for co-purification of GFP-Ho. | confirmed that Rad23
exhibits a more robust interaction with GFP-Ho than Ddi1 (Fig. 33, compare lanes
2 and 6). As expected, | found that ddi12Y8A does not bind GFP-Ho, indicating a
requirement for the UBA domain (Fig. 33, lane 3). In contrast, Rad23 with the UBA
domain from Ddi1 still showed high levels of GFP-Ho binding when compared
wildtype Ddi1 (Fig. 33, compare lanes 2 and 4). Interestingly, a Ddi1 construct
containing the UBA1 domain from Rad23 did not show increased binding to GFP-

Ho (Fig. 33, compare lanes 2 and 6). Total extracts were examined to verify
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equivalent expression of the protein constructs (Fig. 33, right panel, and lanes 8 to
14).

Interestingly, Rad23 and Ddi1 did not show altered binding to polyUb Ho
when UBA domains were swapped. This suggests shuttle factors may not bind
specific substrates. However, a possible explanation for increased binding of
Rad23 to polyUb Ho is that Rad23 has two UBA domains instead of one UBA
domain like Ddi1. This would also explain why Rad23 forms a more robust

interaction with Ho than Ddi1.
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Figure 33. UBA domains do not exhibit substrate specificity. GFP-Ho was
expressed from GAL1 promoter; thus cells were grown SM with raffinose for 16
hours, and then switched to SM with galactose for 2 hours. GFP-Ho was co-
expressed with FLAG-tagged Rad23, ddi12UBA  rad23UBA1:UBA(DdI1)
ddi1UBA=UBAT(Rad23) empty vector. Yeast lysates were prepared, and equal amount
of protein was incubated with anti-FLAG matrix for 2 hours at 4°C. Purified proteins
were washed and resolved in a 12 % polyacrylamide SDS-Tricine gel. Gels were
transferred to nitrocellulose membrane, and blots were immunoblotted with
antibodies against FLAG, GFP, and Ub.
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To test the importance of UBA1 and UBAZ2 in Rad23 binding to its
physiological substrate | studied the binding of mutant Rad23 proteins with GFP-
Ho. | examined wildtype Rad23, as well as two Rad23 mutants that are unable to
bind the proteasome (rad232"°- and rad23X7A). | also examined Rad23 with a point
mutation in UBA1 which disables binding to polyUb proteins (rad231ta"). Although
the UBA2 domain is still present in rad23'2' it binds polyUb substrates very
poorly. FLAG-tagged constructs were co-expressed with GFP-Ho in rad23A (Fig.
34). FLAG-tagged proteins were purified, and the co-purification of GFP-Ho was
examined (Fig. 34). | determined that Rad23, rad232Y- and rad23X"A interacted
strongly with GFP-Ho (Fig. 34, compare lanes 1, 2, and 3). However, this binding
was lost when rad23*2! was co-expressed with GFP-Ho (Fig. 34, lane 4). Extracts
were characterized to verify that protein levels were unaffected (Fig. 34, lane 5 to
8).

In this study | verified the degradation of Ho by the proteasome, and that it
is conjugated to a polyUb chain. In addition, | found that Rad23 binds significant
higher levels or Rad23 than Ddi1. In contrast, Dsk2 showed no appreciable binding
to Ho. | also discovered that the binding to polyUb Ho did not change when UBA
domains of Rad23 and Ddi1 were swapped. This result suggests that shuttle
factors do not exhibit specificity towards polyUb substrates. However, the stronger
binding exhibited by Rad23 could be due to the presence of two UBA domains,
unlike Dsk2 and Ddi1, which have only one. Indeed, the loss of a single functional

UBA domain in Rad23 prevents its interaction with polyUb substrates, and as
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expected, disrupts interaction with polyUb Ho. In agreement with previous studies,
| confirmed that the UBA1 domain in Rad23 is the primary polyUb binding motif.
My studies also suggest that Rad23 is the predominant shuttle factor that traffics

polyUb substrates to the cytosolic 26S proteasome.
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Figure 34. Rad23 binds Ho predominantly through its UBA1 domain. GFP-
Ho was expressed from the galactose-inducible GAL7 promoter. Cells were grown
in 50 ml SM containing raffinose for 16 hours, and then diluted in fresh non-
selective rich media (YP) with galactose for 2 hours. GFP-Ho was co-expressed
with FLAG-tagged Rad23, rad232YtL rad23K7A, and rad23'2!. Yeast lysates were
prepared, and equal amount of protein was incubated with anti-FLAG matrix at4°C
for 2 hours. Purified proteins were washed and resolved in a 12 % polyacrylamide
SDS-Tricine gel. Gels were transferred to nitrocellulose membrane, and blots were
immunoblotted with antibodies against FLAG, GFP, and Ub.
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3.1.8 Rad23 interaction with Ho-endonuclease is altered by its subcellular

localization

The use of sts7-2 and rna7-1 mutants allowed me to manipulate the
localization of Rad23, and demonstrate that its binding to polyUb proteins
increased when it was present in the nucleus, but decreased when it was trapped
in the cytosol. Since Rad23 forms a robust interaction with Ho, | investigated their
interaction in sts7-2 and rna1-1. Both proteins were co-expressed and examined
at 21°C and 37°C (Fig. 35). Consistent with results described in Fig. 13, FLAG-
Rad23 interaction with GFP-Ho was higher in sts7-2, than in STS1 at 37°C (Fig.
35a; compare lanes 4 and 5). Differential binding was also evident at 21°C (Fig.
35a, compare lanes 2 and 3). | speculate that the higher levels of nuclear Rad23
accounts for increased binding to Ho. Total protein lysates were also examined
(Fig. 35b) to verify equal expression of FLAG-Rad23. The amount of GFP-Ho
detected in Fig. 35a was quantified by densitometry, and adjusted to the levels of
FLAG-Rad23 (Fig. 35c). In a similar analysis, FLAG-Rad23 and GFP-Ho were co-
expressed in RNA1 and rna7-1 mutant (Fig. 36). | detected no interaction between
Rad23 and Ho at 37°C in rna1-1 (Fig. 36a, lane 5), which is consistent with reduced
interaction of Rad23 and polyUb substrates observed in Fig. 16. Analysis of total
protein showed comparable expression of FLAG-Rad23 (Fig. 36b). The results in

Fig. 36a were quantified by densitometry (Fig. 36c).
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Figure 35. Rad23 interaction with GFP-Ho is increased in the nucleus. (a)
Yeast co-expressing GFP-Ho from the GAL1 promoter, and FLAG-Rad23 from the
CUP1 promoter were grown in SM with raffinose at 21°C overnight. Next day,
cultures were diluted into YP raffinose and incubated at either 21°C or 37°C for 3
hours. Cultures were switched to YP galactose and incubated for an additional 2
hours at 21°C and 37°C. Cultures from 37°C were placed in pre-warmed media.
Yeast lysate were prepared and equal amount of total protein was incubated with
anti-FLAG agarose matrix. Purified proteins were resolved in a 12 %
polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane, and probed with antibodies against GFP, FLAG, and Rpn10. A lysate
prepared from a strain expressing GFP-Ho, but lacking FLAG-Rad23, is shown
(lane 1). (b) Total protein lysate was separated in a 12 % polyacrylamide SDS-
Tricine gel, and analyzed as described in (a). The expression levels of GFP-Ho,
FLAG-Rad23, and Rpn10 are shown. (c) The results in panel (a) were quantified
by densitometry, and the relative amount GFP-Ho that was co-purified with FLAG-
Rad23 is shown.
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Figure 36. Rad23 interaction with GFP-Ho is decreased in the cytosol. (a)
Yeast co-expressing GFP-Ho from the GAL1 promoter, and FLAG-Rad23 from the
CUP1 promoter were grown in 50 ml SM with raffinose at 21°C overnight. Next
day, cultures were diluted into 100 ml YP galactose and incubated at 21°C for 2
hours. Cultures were split and incubated at 21°C and 37°C for one hour. Yeast
lysate were prepared and equal amount of total protein was incubated with anti-
FLAG agarose matrix. Purified proteins were resolved in a 12 % polyacrylamide
SDS-Tricine gel. Gels were transferred to nitrocellulose membrane, and probed
with antibodies against GFP, FLAG, and Rpn10. A lysate prepared from a strain
expressing GFP-Ho, but lacking FLAG-Rad23, is shown (lane 1). (b) Total protein
lysate was separated in a 12 % polyacrylamide SDS-Tricine gel, and analyzed as
described in (a). The expression levels of GFP-Ho, FLAG-Rad23, and Rpn10 are
shown. (c) The results in panel (a) were quantified by densitometry, and the
relative amount GFP-Ho that was co-purified with FLAG-Rad23 is shown.
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Examining shuttle factor interaction with bulk polyUb substrates was
instructive, but studying the interaction with a specific substrate provided me with
more insight into the compartment-specific interaction of Rad23 with a
physiological substrate. By using sts7-2 an rna7-1 mutants | demonstrated that
Rad23 binds high levels of Ho when it is trapped inside the nucleus, but low levels
when it is trapped in the cytosol. These findings are fully consistent with my
characterization of Rad23 binding to bulk polyUb proteins. This suggests that
Rad23 functions to shuttle predominantly nuclear substrates to the proteasome at

the nuclear surface.
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3.1.9 Sub-cellular distribution of Ub is affected in sts7-2 and rna1-1

To determine if the cellular stabilization of nuclear substrates was caused
by the failure to translocate Ub to the nucleus, | examined the cellular distribution
of GFP-Ub, and found that it was distributed throughout the cell, with no
enrichment in the nucleus in STS7 and sts7-2 at 21°C. However, at 37°C GFP-
Ub showed clear nuclear enrichment in sts7-2, which is similar to the nuclear
accumulation of substrates, and Rad23. | also examined the localization of GF-
Ub in rna1-1, and found that it was present in the nucleus and cytosol in both RNA1
and rma1-1 at 21°C and at 37°C. These findings led me to question if the
accumulation of GFP-Ub in the nucleus in sts7-2 might be explained by its
conjugation to substrates. To test this idea | characterized RFP-ub”RCC; a mutant
that cannot be ligated to lysine side-chains on substrates, or polyubiquitin chains.
RFP-ub2RCCG was co-expressed with GFP-Ub in STS1, sts1-1, RNA1, and rna1-1.
Whereas GFP-Ub accumulated in the nucleus in sts7-2, RFP-ub”RSC remained
cytosolic. In rna1-1, RFP-ub®R®C was located in the cytosol in both RNA7 and rma1-
1 at 21°C and 37°C, while GFP-Ub was present in the nucleus and cytoplasm.
These findings suggest that ubiquitin is conjugated to nuclear substrates in sts7-
2, and that these polyUb proteins are bound to shuttle-factors, such as Rad23

(APPENDIX Il, — Okeke et. al., manuscript in review).
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CHAPTER IV

Summary/Discussion
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4.1 Summary

Presented here is evidence in support of my hypothesis that Rad23 plays a
key role in targeting nuclear polyUb substrates to the proteasome at the nuclear
surface; thus suggesting the existence of a transport mechanism that guides
substrates from the nucleus to the proteasome. Emerging studies indicate that
proteasomes are tethered at the nuclear surface. | confirmed proteasome
mislocalization, and examined localization of Rad23 in the sts7-2 yeast mutant. |
found that Rad23 is enriched in the nucleus in sts7-2. Based on previously reported
data that substrates are stabilized in sts7-2, | examined Rad23 interaction with
polyUb substrates while trapped inside the nucleus. | determined that Rad23 binds
higher levels of polyUb substrates in the nucleus. In contrast, Rad23 is enriched in
the cytosol in rna1-1. | determined that Rad23 interaction with polyUb substrates
is decreased in rna1-1. This suggests that once Rad23 exits the nucleus, it rapidly
delivers polyUb substrates to the proteasome, and is free to re-enter the nucleus
to repeat this transport cycle. Interestingly, the shuttle factor Ddi1 is also enriched
in the nucleus and cytosol in sts1-2 and rna1-1 respectively. In addition, Ddi1
showed the same polyUb binding properties in these mutants; high level binding
to polyUb substrates in sts7-2 and low level association in rma7-1. This finding
demonstrates that shuttle factors operate in a mechanistically similar way, and may
have overlapping functions.

To investigate if Rad23’s domains, including its UbL and UBA domains, play
a key role in its ability to shuttle in and out of the nucleus, | examined the

localization of three specific Rad23 mutants. The availability of the sts7-2 and
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rma1-1 mutants allowed me to examine their localization. | found that Rad23
mutants that are unable to bind the proteasome localize to the nucleus or
cytoplasm in sts7-2 and rna1-1 respectively. Similarly, a Rad23 mutant that is
unable to bind polyUb substrates shows the same subcellular distribution as
wildtype Rad23. This suggests that Rad23 can oscillate between the nucleus and
cytoplasm without a requirement for binding polyUb proteins, or the proteasome.
There are only a few known physiological substrates of Rad23, and
because extensive experimental manipulation was required, they were not
considered for further study. Instead, | sought more suitable physiological
substrates of Rad23 that are known to be degraded in a Ub-proteasome
dependent manner. | examined nuclear substrates Ho-endonuclease, Mata2, and
Clb2. Each of these proteins were stabilized inside the nucleus in sts7-2, and
accumulated in aggregates in the cytosol in rna7-1. Because Ho requires the
shuttle factor Ddi1 for its turnover, | examined if other shuttle factors were also able
to bind Ho through its polyUb chain. | discovered that Ho formed a much more
favorable interaction with Rad23, than with Ddi1. No binding was detected with
Dsk2. To determine if Rad23 and Ddi1 exhibited specificity towards Ho, | swapped
the key UBA domains in these proteins. Specifically, | exchanged Ddi1’s single C-
terminal UBA domain with UBA1 from Rad23, and replaced Rad23’s UBA1 domain
with the UBA domain from Ddi1. A co-immunoprecipitation experiment showed that
Rad23, containing the UBA domain from Ddi1, continued to form a significant

interaction with Ho. Similarly, Ddi1 containing the UBA1 domain from Rad23
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continued to form a weaker interaction with Ho. One explanation for this difference
is that Rad23 contains two UBA domains, whereas Ddi1 contains only one.

Based on my characterization of Rad23 movement between the nucleus
and the cytosol, and its nuclear-specific binding to polyUb proteins, | investigated
if Rad23 interaction with Ho-endo was similarly strong in the nucleus, but weak in
the cytosol. | found that Rad23 binds high levels of Ho in the nucleus in sts7-2, but
in rna1-1, when Rad23 is enriched in the cytosol, this interaction is diminished.

Using a Ho as the physiological substrate, | wanted to determine if levels of
binding are altered when Rad23’s domains are compromised. | studied the
interaction of Rad23 with Ho using the proteasome binding mutant rad232Y¢-, and
rad23X7A, as well as rad23'@! a mutant that is unable to interact with polyUb
chains. While similar levels of Ho were co-purified with Rad23, rad232'Y, and
rad23X7A, only low levels were detected in association with rad231%2". In a separate
experiment, | compared Ho binding to GST-UBA1 and GST-UBAZ2, and found that
GST-UBA1 co-purified high levels of polyUb Ho; even higher than Rad23
(APPENDIX 1, Fig. 37). In contrast, UBA2 showed no significant binding to Ho
(APPENDIX I, Fig. 37). This confirms, that the UBA1 domain in Rad23 is the
primary domain interacting with polyUb substrates, as reported earlier. In addition,
it suggests that Rad23 may function as the primary shuttle factor in yeast.

In my studies, | confirmed that Ho is a polyUb substrate of the proteasome.
| showed for the first time that Ho specifically binds the shuttle factor Rad23; which
defines a new a physiological substrate of Rad23. This discovery allowed me to

examine Rad23’s role as a shuttle factor, using Ho. Moreover, the characterization
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of sts1-2 and rna1-1 genetic mutants allowed me to test Rad23 interactions with
polyUb substrates, based on its subcellular localization. | have shown for the first
time that Rad23 forms variable interactions with polyUb substrate, based on its
location in the cell. Similarly, using Ho as physiological substrate of Rad23, | have
confirmed that Rad23 binds higher levels of Ho when in nucleus, and lower levels
when in the cytosol. | also determined that Rad23 may have overlapping function
with other shuttle factors (Ddi1), but it is the primary shuttle factor for transporting

nuclear substrates.

4.2 Discussion

4.2.1 Nuclear substrates are exported from the nucleus

Numerous reports have proposed that nuclear substrates of the
proteasome are degraded inside the nucleus. However, these studies have not
convincingly demonstrated that catalytically active proteasome are present inside
the nucleus and promote protein degradation. While subunits of the proteasome
have been found inside the nucleus, and shown to perform non-proteolytic
functions in transcription and DNA repair, it has not been demonstrated that these
subunits assemble into 26S proteasomes that have peptidase activity. In contrast,
the Madura group reported that catalytic active proteasomes are detected primarily
in the cytosol (Dang et al., 2016). Moreover, only the cytosol contained intact 26S

proteasomes (Dang et al., 2016). In contrast to the idea that protein degradation
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can occur inside the nucleus many studies have reported that nuclear substrates
are exported from the nucleus to be degraded. These are summarized below.

Levine and coworkers showed that the nuclear tumor suppressor protein
p53 was stabilized when nuclear export was blocked (Freedman et al., 1998).
Specifically, p53 was stabilized in cells treated with LMB, an inhibitor of the nuclear
export factor Xpo1/Crm1 (Freedman et al., 1998). These investigators also
reported that p53 accumulated inside the nucleus and remained transcriptionally
active, implicating a lack of active proteasomes inside the nucleus (Freedman et
al., 1998).

Wiechens et al., characterized the export of 3-catenin, a nuclear protein with
dual functions in gene transcription and in cell-cell adhesion (Wiechens et al.,
2001). The export of B-catenin was independent of RanGTP and the Crm1-
mediated export pathway, suggesting that its turnover occurred independently of
the primary nuclear export factors (Wiechens et al., 2001). However, blocking
nuclear export in Xenopus oocytes stabilized B-catenin, and as a result it
accumulated inside the nucleus (Wiechens et al., 2001). These results showed
that B-catenin requires nuclear export, and its degradation occurred in the
cytoplasm (Wiechens et al., 2001).

The degradation of TRIP-Br2 also requires export from the nucleus (Cheong
et al., 2008). TRIP-Br2 promotes tumorigenesis, and its removal arrests cell growth
(Cheong et al., 2008). Cheong et al., demonstrated that TRIP-Br2 is a short-lived
protein that is expressed in G1/S phase of the cell cycle. Significantly, the

degradation of TRIP-Br2 requires the proteasome (Cheong et al., 2008). TRIP-Br2
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was stabilized when nuclear export was inhibited by LMB, and also by deleting its
export (NES) motif (Cheong et al., 2008).

Collectively, these observation strongly suggest that the degradation of
many nuclear substrates requires export to cytosolic proteasomes. Moreover,
since blocking nuclear export does not affect import, proteasomes should have
entered the nucleus to degrade nuclear substrate, based on the current model.
However, this was not observed, supporting my view that many nuclear proteins

are exported and degraded by cytoplasmic proteasomes.

4.2.2 Proteasome is predicted to be located on the nuclear surface

The localization of the 26S proteasome is an important requirement for the
degradation of nuclear proteins. It was previously reported that when proteasomes
are mislocalized to the cytosol in sts7-2 multiple nuclear substrates become
stabilized (L. Chen et al., 2011; L. Chen et al., 2014a). Similarly, the failure to
properly localize proteasomes in srp7-49 causes nuclear substrates to become
stabilized and to accumulate in the nucleus (L. Chen et al., 2014b). These studies
suggest that the availability of proteasomes at the nuclear surface is important for
the degradation of nuclear proteins. In agreement with this idea, a number of
studies showed that catalytically active 26S proteasomes are enriched at the
nuclear surface (Enenkel et al., 1998; Fabunmi et al., 2000; Laporte et al., 2008;
Niepel et al., 2013).

The nucleus and cytoplasm are separated by the nuclear envelope, a

double membrane structure that partitions the DNA in the nucleus from the
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cytoplasm. The nuclear envelope is characterized by its many nuclear pore
complexes (NPCs), which span the two lipid bilayers, and through which molecules
are transported bi-directionally employing nuclear transport factors. The NPCs
consists of a cytoplasmic ring bearing cytoplasmic filaments, a central pore, and a
nuclear ring attached to a proteinaceous nuclear basket extending into the interior
of the nucleus. Niepel et al., showed that yeast proteins MIp1 and MIp2 are located
in the nuclear basket, and interact with proteasomes in the NPC (Niepel et al.,
2013). This observation is consistent with a previous study, which showed that
proteasomes are enriched in the nuclear envelope (Enenkel et al., 1998). Niepel
demonstrated that the 26S proteasome is linked via its 19S regulatory subunit to
Esc1p, a nuclear envelope-associated protein that binds Mip1 and Mip2. These
findings suggested that proteasomes are located near the nuclear periphery
(Niepel et al., 2013). Another study showed high levels of proteasomes in
association with the centrosome (Fabunmi et al.,, 2000). Significantly, the
centrosome could be co-purified with high levels of active 26S proteasomes
(Fabunmi et al., 2000). Because the centrosome is present on the outer membrane
of the nuclear envelope, its association with proteasomes suggests that a major
fraction of cytosolic proteasomes are located near the nuclear periphery.

Laporte et al., reported that in non-proliferating yeast cells nuclear surface
localized proteasomes are rapidly redistributed to cytoplasmic aggregates termed
proteasome storage granules (PSGs) (Laporte et al., 2008). Although it was
reported that the 26S proteasome is disassembled when cells enter the stationary

phase, Laporte and colleagues showed that different subunits of the 19S and 20S

123
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subunits all co-localize to cytoplasmic PSGs (Laporte et al., 2008). Intriguingly, the
20S complex remained assembled throughout stationary stage (Laporte et al.,
2008). Laporte proposed that PSGs function to store proteasomes when they are
not needed. However, the PSGs provide a way to rapidly release preassembled
complexes once the cells begin proliferating (Laporte et al., 2008). Laporte showed
that proteasome subcomplexes are rapidly mobilized from the PSGs to intact 26S
proteasomes at the nuclear periphery (Laporte et al., 2008).

These important observations support my model that proteasome targeting

to the nuclear periphery plays a key role in nuclear substrate turnover.

4.2.3 Proteasome is targeted to the nuclear surface

Proteasome localization is an essential part of the Ub-proteasome
dependent turnover of nuclear substrate. However, the mechanism of its targeting
is not well understood.

The Yanagida group described a mechanism for targeting the proteasome
to the nuclear periphery in the fission yeast S. pombe (Takeda et al., 2005). Cut8,
a distant relative of the yeast Sts1 protein, was found to physically interact with the
proteasomes (Takeda et al., 2005). It has been shown to tether the proteasome to
the nuclear surface (Takeda et al., 2005). Cut8 is highly unstable and its first 72
residues act as the degron that is recognized by Ubc2 and Ubr1 (E2 and E3,
respectively). The degradation of Cut8 is important for nuclear enrichment of the
26S proteasome (Takeda et al., 2005). In agreement, when all lysine residues in

the Cut8 degron were replaced with arginine, the mutant Cut8 exhibited weak
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interaction with proteasome, and was associated with the failure in proteasomal
targeting (Takeda et al., 2005). Similarly, this failure was also observed in ubc2
and ubr1 null mutants (Takeda et al., 2005). These mutants also exhibited
sensitivity to DNA damage, which might be due to improperly localized
proteasomes (Takeda et al., 2005). The proteasome tethering mechanism was
predicted to be a conserved because Cut8 homologs are present in S. cerevisiae,
Neurospora, and D. melanogaster (Takeda et al., 2005).

Tabb et al., reported about Sts1, a protein of unknown function that was
found to contain an NLS domain (Tabb et al., 2000). It was described that Sts1,
the import factor Srp1, and the 19S proteasome subunit Rpn11 are able to interact
(Tabb et al., 2000). The Madura group demonstrated that Sts1 plays a key role in
targeting the proteasome to the nuclear periphery in S. cerevisiae (L. Chen et al.,
2011). As observed with Cut8 in S. pombe, Sts1 is highly unstable (L. Chen et al.,
2011). It was found that proteasomes were not targeted to the nucleus in sts71-2, a
temperature sensitive mutant (L. Chen et al., 2011). The mislocalized proteasomes
were intact and catalytically active, indicating that only its localization to the
nucleus was disrupted in sts7-2 (L. Chen et al., 2011). This defect was fully
rescued by expressing wildtype Sts1 in sts7-2 (L. Chen et al., 2011). Sts1 was
shown to bind Srp1, a classic importin-a subunit, through its NLS domain (Tabb et
al., 2000). Importantly, this interaction was required for the targeting of the
proteasome to the nuclear periphery, thus demonstrating a role for the
nucleocytoplasmic transport system in targeting proteasomes to the nucleus (L.

Chen etal., 2011). The Madura group reported that the targeting of the proteasome
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to the nucleus was distinct from the import function of Srp1 (L. Chen et al., 2014b).

A recent report from Albert et al., showed that proteasomes are detected in
two distinct sites within the nuclear pore complex. They used cryo-electron
tomography to locate proteasomes in the native cellular environment in C.
reinhardtii (Albert et al., 2017). These studies suggested that the proteasome
subunit Rpn9, functioned to anchor proteasomes to these two distinct NPC
locations (Albert et al., 2017). A fraction of proteasomes were found to be tethered
to the nuclear basket, while a more abundant binding site was observed at the
inner nuclear membrane that encircles the NPC (Albert et al., 2017). Based on
these data it was proposed that the 26S proteasome binds the NPCs to establish
a cellular hub for protein degradation at the interface between nucleus and
cytoplasm (Albert et al., 2017). These findings are significant because they are
consistent with my hypothesis that many nuclear substrates are exported and
degraded by cytosolic proteasomes. Since the NPC and its associated nuclear
basket define cytosolic volume (although they penetrate deep into the nucleus), it

is expected that an export mechanism would be required.

4.2.4 The role of shuttle factors

In my study, | show that shuttle factors play key role in nuclear substrate
turnover. | determined that the subcellular location of Rad23 affects the turnover
of Ho-endonuclease, a nuclear protein that is degraded by the proteasome, in an
export-dependent mechanism (Fig. 25, Fig. 27, Fig. 32, Fig. 35, and Fig. 36). | also

found that Rad23 and Ddi1 were similarly localized to the nucleus or cytoplasm in
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yeast genetic mutants sts7-2 and rna1-1 (Fig. 11, Fig. 14, Fig. 18, and Fig. 20). A
previous report showed that the degradation of Ho required export and the Ddi1
substrate shuttle factor (Kaplun et al., 2005). Although Kaplun et al., proposed that
Ddi1 was the sole shuttle factor trafficking Ho (Kaplun et al., 2005). | determined
that Rad23 can also bind Ho efficiently (Fig. 29, 31, 32, 33, and 34). Moreover, |
discovered that Rad23 binds higher levels of Ho than Ddi1 (Fig. 31, and Fig. 33).
The Rad23/Ho interaction was confirmed by placing different epitopes on both
Rad23 (FLAG; GST) and Ho (HA; GFP). The experimental disparity could be due
to different methodological approaches. For instance, Kaplun et al., characterized
a beta-galactosidase-Ho fusion protein, which yields a chimera of over 700 MDa,
since beta-galactosidase is a tetramer (Kaplun et al., 2005). This large appendage
could sterically disrupt Ho binding to Rad23. Moreover, Kaplun et al., mixed lysates
containing Ho-LacZ and either Rad23 or Ddi1 to test the binding in vitro. In
contrast, | fused Ho-endo to smaller epitopes (GFP; HA) and characterized binding
to shuttle factors by performing co-purification studies using yeast cell lysates. My
data, and the conserved domain structures of shuttle factors suggest that they
operate in similar ways and may have overlapping function.

Rad23 exhibits a more robust interaction with polyUb Ho than Ddi1. This
difference could be due to different substrate specificity among shuttle factors. To
test this idea | replaced the UBA1 domain in Rad23, with the UBA domain in Ddi1.
A reciprocal construct was also made. | found that Rad23 containing UBAPY" in
place of the UBA1 continued to bind high levels of polyUb Ho, similar to native

Rad23. In addition, Ddi1 containing the UBA1 domain from Rad23 did not show
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improved binding to polyUb proteins (Fig. 33). Therefore, the more robust
interaction with polyUb Ho observed with Rad23 could be due to the presence of
two UBA domains. In agreement with this view, a Rad23 mutant containing only a
single functioning UBA2 domain was unable to bind Ho efficiently, suggesting that
it is the primary shuttle factor for this, and possibly other nuclear substrates (Fig.
34.). The idea that shuttle factors perform distinct roles in the UPP is consistent
with the failure of the Dsk2 shuttle factor to bind Ho (Fig. 31). Dsk2 was reported
to play a role in organizing the microtubule organizing center; known as the spindle
pole body (SBP) in yeast (Biggins et al., 1996). Dsk2 was also reported to play a
role in the endoplasmic reticulum-associated protein degradation (ERAD)
(Medicherla et al., 2004). Although the ER contains an efficient protein quality
control system to recognize misfolded proteins, there is no proteolytic system in
the ER. Therefore, misfolded proteins are captured and retrotranslocated to
cytosolic proteasomes; reminiscent of the nuclear export model | have proposed.
ERAD defines a highly conserved mechanism to ensure the timely elimination of
damaged proteins (Medicherla et al., 2004). Finally, Dsk2 was shown to interact
with polyUb substrates via its UBA domain to target them to the proteasome for
degradation (Medicherla et al., 2004). This study suggested that shuttle factors
can perform compartment specific roles within the UPP. Significantly, ERAD
demonstrates that the degradation of certain substrates requires translocation
across a membrane barrier, to be trafficked to cytosolic proteasomes. Moreover,
this event can require dedicated shuttle factors to traffic the polyUb substrates to

the proteasome.
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| proposed that the Rad23 shuttle factor transports polyUb proteins to the
proteasome (L. Chen et al., 2002). This model envisions that the shuttle factor
initially binds a polyUb substrate, and subsequently traffics it to the proteasome.
Elsasser et al. proposed an alternative model. They speculated that Rad23 was
located in the proteasome, where it operated as a polyUb receptor (Elsasser et al.,
2004). In agreement with other studies, Elsasser reported that the proteasome
interacted with polyUb chains through Rpn10, a well-characterized polyUb
receptor in the proteasome (Elsasser et al., 2004). However, Rpn10 also
interacted with these polyUb chains through Rad23. Therefore, Rad23 was
proposed to form reversible interactions with the proteasome (Elsasser et al.,
2004). The key distinction between my model, and that proposed by Elsasser et
al., is that | predict Rad23 binds polyUb substrates first, and then the proteasome,
whereas Elsasser argues that Rad23 binds the proteasome first, and then the
polyUb substrate (Elsasser et al., 2004). More significantly, Rad23 is present in
both the nucleus and cytoplasm (Fig. 11, and Fig. 14), and its movement is
independent of its ability to bind the proteasome, or polyUb chains (Fig. 17). | found
that Rad23 binds high levels of polyUb substrates when it is trapped inside the
nucleus (Fig. 13), where proteasomes are absent. In addition, it forms a weak
interaction with polyUb proteins when it is trapped in the cytosol (Fig. 16); the
location of proteasomes. This is in agreement with the idea that Rad23 functions
predominantly to deliver nuclear substrates to proteasomes at the nuclear surface,
and refutes the model that Rad23 functions as a transient receptor in the

proteasome. My model also predicts an efficient way to target polyUb substrates
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to the proteasome via shuttle factors, rather than capturing them as they traffic out
of the nucleus. To strengthen the idea that Rad23 exits the nucleus to deliver
substrates to the proteasome it will be important to examine the interaction
between rad232YtL and polyUb substrates in ra7-1; rad232'0 is enriched in the
cytosol in this mutant. If Rad23 function as | hypothesized, rad232YtL unable to
deliver its substrate to the proteasome should be bound to high levels of polyUb
substrates in the cytosol, unlike wildtype Rad23.

Because components of the UPP, as well as shuttle factors are conserved
across eukaryotic evolution my studies will be broadly applicable, from yeast to
humans. For instance, Rad23 has been identified in fruit fly, mouse, and humans.
Chen et al., examined the two isoforms of human Rad23 (hHR23A and hHR23B).
It was discovered that human Rad23 functions in a similar way to yeast Rad23,
since they are also involved in DNA repair and protein degradation. However,
hHR23A and hHR23B formed distinct interactions with the proteasome and polyUb
chains, which could suggest functional divergence in humans (L. Chen et al.,
2006). A more recent study in support of my studies described a transport
mechanism for nuclear polyUb substrates using a human cell based system and
C. elegans (Hirayama et al., 2018). In this study, a complex that mediates the
export of polyUb substrates from the nucleus to the cytosol was found to consist
of a UBA domain-containing protein, called UBIN that shuttles between the nucleus
and cytosol in a Crm1-dependent manner despite the lack of an NES motif
(Hirayama et al., 2018). Instead, the UBIN binding protein polyUb substrate

transporter, called POST that contains the NES domain, translocates UBIN across
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the nuclear pore (Hirayama et al., 2018). It was demonstrated that UBIN interacts
with polyUb substrates through it UBA domains, and that the UBIN-POST complex
shuttled the polyUb substrates out of the nucleus (Hirayama et al., 2018).
Furthermore, nuclear substrates accumulated in the cytosol when the proteasome
was inhibited, while a Crm1 inhibition resulted in the nuclear accumulation of
polyUb substrates (Hirayama et al., 2018). Taken together these results are
consistent with my findings that export of nuclear proteins is essential for the
maintenance of nuclear protein homeostasis (Hirayama et al., 2018).

My studies have potential clinical implications. Since high levels of
proteasome activity is associated with disease, including cancer, a number of,
chemotherapy drugs have been developed to inhibit the proteasome. However,
these drugs are highly toxic, because they also inhibit proteasomes in healthy
cells. By defining the important role Rad23 performs as a substrate shuttle factor
it is possible that controlling its activity could have a therapeutic benefit. Moreover,
since nuclear substrates are exported to cytosolic proteasomes new cancer drugs
may be developed to specifically control its nuclear localization, and the export
mechanism. Because Rad23 exhibits a preferred interaction with Ho-
endonuclease, in contrast to Ddi1, substrate-specificity provides a basis for

developing drugs that alter the targeting properties of shuttle factors.
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Previous studies have shown that overexpression of Rad23’s UbL
(UbLRad23) domain leads to stabilization of a test substrate examined. In this study,
GST-UbL was co-expressed with the artificial substrates Ub-Pro-3-Galactosidase
(Ub-Pro-p-Gal), and protein levels over time were examined. This can be explained
that the UbLR2923 domain competes for binding sites in the19S subunit with shuttle
factors, and by overexpressing UbLR2923 will outcompete other 19S binding
partners. | wanted to examine the subcellular localization of GFP-UbL to elucidate
in this observation. | expressed GFP-UbL in either sts7-2, in which proteasome are
stabilized and nuclear substrates stabilized, as well as in rna7-1, which exhibits a
significant nuclear transport defect. | found that GFP-UbL localized to the cytosol
in wildtype, sts1-2 and rna1-1 at permissive (21°C) and the non-permissive
temperature (37°C) (Fig 35). Additionally, | wanted to examine a physiological
nuclear substrates, since other studies examined only artificial substrate in
conjunction with the overexpression of GST-UbL. | selected Ho because |
discovered robust binding to Rad23 (Fig. 29). | co-expressed GFP-Ho with GST-
UbL in rad23A cells. | overserved an increased fluorescent signal of GFP-Ho in
cells expressing GST-UbL when compared to wildtype, suggesting Ho becomes
stabilized (Fig. 36). The observations that GFP-UbL localizes to the cytosol, and
GFP-Ho appears to be stabilized when co-expressed with GST-UbL are in
agreement with the idea that nuclear substrates are exported to the cytosolic

proteasome.
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Figure 37. GFP-UbL localizes to the cytosol. GFP-UbL was expressed in
STS1, RNA1, sts1-2, and rna1-1. Cells were grown in 10 ml of SM for 16 hours at
21°C. Cultures were diluted into fresh SM and incubated at for either 5 hours (sts7-
2), or 1 hours (rna1-1) at 21°C and 37°C. One ml aliquots were withdrawn from
exponentially growing culture, pelleted, and re-suspended in residual liquid. For
imaging, 2.5 pl aliquots from each sample was withdrawn, spotted on Poly-Prep
slides, and cells were imaged live.
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Figure 38. GFP-Ho is stabilized in the presence of GST-UbL. GFP-Ho was
expressed in rad23A. Cells were grown in 10 ml of SM with 2% raffinose for 16
hours at 30°C. Cultures were diluted into fresh SM with 2% galactose and
incubated at for 3 hours 30°C. One ml aliquots were withdrawn from exponentially
growing culture, pelleted, and re-suspended in residual liquid. For imaging, 2.5 pl
aliquots from each sample was withdrawn, spotted on Poly-Prep slides, and cells
were imaged live.
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Figure 39. UBA1 domain in Rad23 primarily interacts with Ho and polyUb
substrates. GFP-Ho was expressed from the galactose-inducible GAL 1 promoter.
Cells were grown in 50 ml SM containing raffinose for 16 hours, and then diluted
in fresh non-selective rich media (YP) with galactose for 2 hours. GFP-Ho was co-
expressed with GST-tagged Rad23, rad232'°t, UbL, UBA1, UBA2, and R4BD.
Yeast lysates were prepared, and equal amount of protein was incubated with anti-
FLAG matrix at 4°C for 2 hours. Purified proteins were washed and resolved in a
12 % polyacrylamide SDS-Tricine gel. Gels were transferred to nitrocellulose
membrane, and blots were immunoblotted with antibodies against FLAG, GFP,
and Ub.
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Abstract

The Rad23 protein contains structural motifs that allow it to bind polyubiquitin chains and
the proteasome; implicating a role in transporting substrates to the proteasome. The validation
of this model, however, has been hindered by the lack of specific physiological substrates of
Rad23. We have determined that Rad23 can bind Ho-endonuclease (Ho-endo), a nuclear
protein that initiates mating-type switching in Saccharomyces cerevisiae. We observed that Ho-
endo degradation required export from the nucleus, in agreement with a previous report [1].
The subcellular distribution of Rad23 is noticeably altered in genetic mutants that disrupt
proteasome localization and nucleocytoplasmic trafficking. We therefore investigated if the
location of Rad23 affected its interaction with polyubiquitylated (polyUb) substrates. We report
here that mutations in both export and import stabilize nuclear substrates. Significantly, these
substrates accumulated in the nucleus and formed an interaction with Rad23. In contrast,
Rad23 that was localized to the cytosol showed markedly reduced binding to polyubiquitylated
nuclear substrates. These studies show that substrates can be conjugated to polyubiquitin
chains in the nucleus, but require an export-dependent mechanism to be degraded by
proteasomes. The evolutionarily conservation of Rad23 and similar trafficking proteins suggests

that the export mechanism represents a general requirement in the turnover of nuclear proteins.

Keywords: export / degradation / Ho-endonuclease / shuttle factor / ubiquitin
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Introduction

It is widely believed that proteasomes are present in the nucleus to degrade proteins [2-
5] [6] [7]. However, the preponderance of proteasome peptidase activity is detected in the
cytosol [8], and not in the soluble nuclear fraction. Proteasomes have been shown to be located
near the nuclear surface [9-11] [12], and are specifically detected in the centrosome, and the
nuclear basket of the nuclear pore complex (NPC) [13, 14]. We and others showed that several
nuclear proteins are degraded only after export [15] [16] [17] [18]; predicting an important role
for the nucleo-cytoplasmic trafficking system. The proteasome-mediated degradation of specific
substrates, such as Far1, involves entry into the nucleus [2]. However, this requirement does
not exempt a subsequent role for export in Far1 turnover, and the degradation of other nuclear
substrates. Although it is possible that nuclear substrates may be degraded either within the
nucleus, or after export to cytoplasmic proteasomes, the evidence for intra-nuclear turnover is
indirect [2-5] [6] [7]. In contrast, evidence that nuclear proteins are degraded after export has
been recognized using by both genetic and pharmacologic strategies [15] [16] [17] [18]. Injection
of fluorogenic proteasome substrates directly into nucleoplasm [19] suggested nuclear-specific
activity. However, the physiological significance remains to be established since this approach
circumvents the role of the nucleocytoplasmic transport system. Our studies indicate that some

nuclear proteins are degraded only after exit from the nucleus.

Individual proteasome subunits that are detected in the nucleus may not be engaged in
a proteolytic function, because proteasome sub-complexes perform non-proteolytic roles in
transcription [20, 21], and DNA repair [22]. Moreover, the detection of proteasome subunits in
the nucleus [15, 23, 24], does not indicate that they are assembled in functionally intact
proteasomes. We reported that proteasomes are not targeted to the nucleus in sts1-2, but

accumulate in the cytosol in catalytically active form [23]. Nuclear substrates are stabilized in
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sts1-2, demonstrating that the availability of proteasomes at the nuclear periphery is required for
degradation. Whether proteasomes enter the nucleus, or remain tethered to the nuclear
surface, is uncertain. However, it is notable that in S. pombe proteasomes are tethered to the
nuclear surface by Cut8 [25]. Similarly, Sts1 in S. cerevisiae (a distant homolog of Cut8), also
promotes the nuclear targeting of proteasomes [23].

Srp1 is a member of the importin-a family that perform a vital role in the nuclear import
of proteins that contain nuclear localization signals (NLS) [26] [27]. Significantly, proteasomes
are mislocalized to the cytosol in srpl-49, and nuclear substrates are stabilized [28].
Importantly, nuclear import is not impaired in srpl1-49 [28], which suggests that Srp1 does not
import proteasomes, but likely localizes them to the nuclear surface. In agreement with this
idea, we showed in a different mutant, in which nuclear import defect is inhibited (srp1-31),
proteasome localization occurred normally [28]. The cytosolic accumulation of proteasomes in
sts1-2 and srpl-49 causes stabilization of nuclear substrates, and their accumulation in the
nucleus. Both Sts1 and Cut8 are cytosolic proteins that are degraded by proteasomes [29] [30],

indicating that they do not escort proteasomes into the nucleus.

We used genetic and pharmacological approaches to demonstrate that the degradation
of nuclear proteins (Rad4, CIb2, and Cdc17) required export [15] [1]. A similar effect is seen in
human cells, where p53 [16], B-catenin [17], TRIP-Br1 [31], and hMSHS5 [32] are degraded only
after export from the nucleus. These results show that certain substrates are not degraded in
the nucleus, but by proteasomes at the periphery, or in the cytosol. Proteasomes were shown
to be located in the nuclear basket, which is associated with the NPC [13, 14]. Although an
export mechanism is in contravention to the current view, it is conceptually analogous to
endoplasmic reticulum associated degradation (ERAD) [33], where damaged proteins are

translocated across the ER membrane to proteasomes in the cytosol.
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Our findings led us to question how polyubiquitylated (polyUb) nuclear substrates were
transported out of the nucleus. A role for the export factor (Xpo1) in trafficking nuclear
substrates is suggested by the presence of a functional nuclear export sequence (NES) in Clb2
[34]. However, polyubiquitylated proteins also interact with a family of trafficking proteins,
among which Rad23 is the paradigm [35-37]. This family of proteins contain an amino-terminal
ubiquitin-like (UbL) domain [38] that binds the 19S regulatory particle in the proteasome [37],
and two ubiquitin-binding (UBA) motifs that interact with polyUb chains [36, 39, 40]. In Rad23,
the UBA1 motif is the primary polyUb-binding determinant [36]. These key structural motifs are
also present in other yeast shuttle-factors, Ddi1 and Dsk2, which enable them to transport of
polyubiquitylated substrates to the proteasome [35]. The UbL/UBA architecture is conserved
across eukaryotic evolution, with mouse and human Rad23 proteins retaining strong functional

similarity to their yeast counterpart [41, 42].

We discovered that the subcellular location of Rad23 can be restricted to either the
nucleus or the cytosol. Rad23 is completely nuclear localized in sts1-2, and is predominantly
cytosolic in rnal-1, a mutant that regulates the nucleocytoplasmic trafficking system. Nuclear
substrates are stabilized in both mutants. This allowed us to investigte the effect of subcellular
localization of Rad23 on its interactions with polyUb nuclear substrates. We determined that
nuclear Rad23 interacted with total polyUb substrates, and Ho-endonuclease, a specific
physiological target. The degradation of another nuclear substrate (Mata2) was similarly
affected in these two mutant strains. Taken together with our recently reported studies, we
propose that the regulated movement of Rad23, between the nucleus and the cytosol, promotes

the export-dependent degradation of nuclear proteins.
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Results

Rad23 binds high levels of polyUb substrates in the nucleus

GFP-Rad23 was expressed in STS1 (wildtype) and sts1-2 mutant cells. GFP-Rad23
was detected in the nucleus and cytosol in both STS1 and sts1-2 at 21°C. However, at 37°C
GFP-Rad23 was nuclear-localized in sts1-2 (Fig. 1a). A merged image (DAPI + GFP) confirmed
the nuclear accumulation of GFP-Rad23 in stsl-2. We confirmed that the abundance and
stability of GFP-Rad23 was not affected in sts1-2 at both 21°C (Fig. 1b) and 37°C (Fig. 1c).
Because FLAG-Rad23 accumulated in the nucleus in sts1-2 we tested its interaction with
polyUb substrates. FLAG-Rad23 was purified from cultures grown at 21°C and 37°C, and the
bound proteins were characterized by immunoblotting (Fig. 1d). The overall levels of polyUb
species were similar in STS1 and sts1-2 at 21°C and 37°C (Extracts; lanes 6-11). Moderately
higher levels of polyUb species were co-purified with FLAG-Rad23 at 37°C in STS1 (Fig. 1d,
compare lanes 2 and 4). However, significantly higher amounts were co-purified in sts1-2 (Fig.
1d, compare lanes 3 and 5). The immunoblot was also treated with antibodies against Rpn10,
and equivalent levels were co-purified with FLAG-Rad23 in STS1 and sts1-2 (at both 21°C and
37°C). The level of polyUb proteins isolated with FLAG-Rad23 was quantified by densitometry

and 2 - 3 fold higher levels were detected in sts1-2 at 37°C (Fig. 1e).
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Cytosolic Rad23 binds low levels of polyUb substrates

Rna1 plays a critical role in controlling nucleocytoplasmic trafficking. We examined the
localization of GFP-Rad23 in rnal-1 and found that it was enriched in the cytosol at 37°C (Fig.
2a). Nuclear import and protein synthesis cease rapidly in rnal-1 at 37°C [43]. Therefore, the
cytosolic accumulation of GFP-Rad23 is most likely due to the movement of nuclear GFP-
Rad23 into the cytosol. As we found in sts1-2 (Fig. 1b, ¢) GFP-Rad23 levels were unaffected in
RNA1 and rnal-1 at both 21°C and 37°C (Fig. 2b, c). We examined Rad23 interaction with
polyUb proteins in rnal-1, as described in Fig. 1d. FLAG-Rad23 was immunopurified from
RNA1 and rnal-1 to test the level of bound polyUb proteins. Immunoblotting showed FLAG-
Rad23 isolated from rnal-1 (lane 6) failed to display the dramatic increase in polyUb proteins
observed in RNAL1 (compare lanes 5). Importantly, similar levels of polyUb proteins were
isolated with FLAG-Rad23 from RNA1 and rnal-1 at 21°C (lanes 2 and 3). These binding

studies were quantified by densitometry (Fig. 2e).

The sub-cellular distribution of ubiquitin is affected in sts1-2 and rnal-1

We examined the cellular distribution of ubiquitin (GFP-Ub) to determine if the
stabilization of nuclear substrates was caused by a failure to accurately transport ubiquitin into
the nucleus. We found that GFP-Ub was distributed throughout the cell, with no enrichment in
the nucleus in STS1 and sts1-2 at 21°C (Supplementary Results). However, at 37°C GFP-Ub
showed nuclear enrichment in sts1-2 (Fig. 3a), which is similar to the nuclear accumulation of
substrates, and Rad23 (Fig. 1a). The localization of Nup49-RFP identifies the nuclear
perimeter. We also determined that GFP-Ub was primarily cytosolic in RNA1 and rnal-1 at
21°C (Supplementary Results), and at 37°C (Fig. 3b). These findings led us to question if the
nuclear accumulation of GFP-Ub in sts1-2 (Fig. 3a) might be explained by its conjugation to

substrates. To test this we examined RFP-ub**®®; a mutant that cannot be ligated to lysine

bARGG

side-chains on substrates, or polyubiquitin chains. RFP-u was co-expressed with GFP-Ub
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in STS1 and sts1-2. In contrast to the nuclear accumulation of GFP-Ub in sts1-2, RFP-ub*?¢®
was detected in the cytosol (Fig. 3c). A similar analysis in rnal-1 showed RFP-ub*R®® |ocated
in the cytosol in both RNA1 and rnal-1 at 21°C and 37°C (Fig. 3d). These findings suggest that
the conjugation of ubiquitin to substrates explains its nuclear accumulation in sts1-2. Moreover,

these polyubiquitylated proteins bound efficiently to FLAG-Rad23 in sts1-2 (Fig. 1d).

Rad23 is a major substrate trafficking protein for Ho-endonuclease.

Testing shuttle-factor binding to bulk polyUb proteins does not provide insight on the
export-dependent transport of nuclear substrates to the proteasome, because polyubiquitylated
substrates are detected throughout the cell. However, characterizing shuttle factor binding to a
specific substrate provides a way to monitor this process. Moreover, since the location of
Rad23 can be regulated, its compartment-specific binding to physiological substrates can be
determined. Nuclear proteins that bind Rad23 include Rad4 [44] and Sic1 [45]. However, due
to technical considerations the characterization of their turnover was challenging. We therefore
examined Ho-endonuclease (Ho-endo), a nuclear substrate of the proteasome that requires an
export mechanism and the Ddi1 shuttle factor [46]. Because shuttle-factors have overlapping
substrate specificity we investigated if Rad23 could promote Ho-endo turnover. We co-
expressed GFP-Ho with epitope-tagged (FLAG-) derivatives of the three primary yeast shuttle-
factors; Rad23, Ddi1, and Dsk2 (Fig. 4a). We observed a strong interaction between GFP-Ho
and FLAG-Rad23 (Fig. 4a, lane 2). We detected a surprisingly weak interaction between GFP-
Ho and FLAG-Ddi1 (Fig. 4a, lane 3), despite the high expression of this shuttle factor (Fig. 4b;
compare lanes 2 and 3). These divergent findings may reflect different experimental conditions;
the previous study showing an interaction between Ddi1 and Ho-endo-LacZ used a

reconstituted system [46].
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We confirmed that GFP-Ho is conjugated to ubiquitin, because this is the key
determinant that binds a shuttle-factor. Lysates were prepared from yeast cells co-expressing
myc-Ub and Ho-HA, and incubated with antibodies against HA. The purified proteins were
separated by SDS/PAGE, transferred to nitrocellulose, and incubated with antibody against the
myc epitope (Fig. 4c). An extensive smear was observed, consistent with the polyubiquitylation
of Ho-HA (lane 1). Because Rad23 efficiently binds cellular proteins that are conjugated to Ub

(see Fig. 1d) its interaction with Ho-endo is likely to occur through polyubiquitin chains.

The localization of Rad23 affects Ho-endo turnover.

As noted in Figures 1 and 2, Rad23 can be enriched in the nucleus (sts1-2), or cytosol
(rnal-1). This offered a unique opportunity to test Rad23 interaction with a physiological
substrate. Based on its strong interaction with Ho-endo (Fig. 3a), we investigated if GFP-Ho
localization was influenced by the sub-cellular distribution of Rad23. Proteasomes are
completely mislocalized to the cytosol in sts1-2 at 37°C, and nuclear substrates are stabilized
[15]. Significantly, Rad23 is enriched in the nucleus in sts1-2, where it binds higher levels of
polyUb proteins (Fig. 1). We detected higher levels of GFP-Ho fluorescence in the nucleus at
21°C in sts1-2, compared to STS1 (Fig. 5a; left panel). The nuclear level of GFP-Ho increased
further at 37°C in sts1-2 (Fig. 5a; right panel). We previously showed that the stability of
artificial substrates increased in sts1-2 [30]. However, the localization of these engineered
substrates was not determined. We therefore investigated if the high level of nuclear GFP-Ho
was caused by stabilization. Lysates containing GFP-Ho were prepared from STS1 and sts1-2
cells grown at 21°C and 37°C. Immunoblotting showed that GFP-Ho was efficiently degraded at
21°C in both STS1 and sts1-2 (Fig. 5b). However, GFP-Ho was stabilized in sts1-2 at 37°C
(Fig. 5c), indicating that the higher GFP signal observed in stsl-2 is caused by protein

stabilization. The relative turnover of GFP-Ho-endo was quantified (Fig. 5d and e).
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Similarly, we expressed GFP-Ho in RNA1 and rnal-1 mutant. Cells were examined at
21°C and 37°C, and nuclear localization was observed in both wildtype and rnal-1 at 21°C (Fig.
6a; left panel) After transfer to 37°C GFP-Ho was detected in the nucleus in RNAL (Fig. 6a;
right panel), but was not observed in the nucleus in rnal-1. Instead, GFP-Ho was detected in
the cytosol in discrete, punctate aggregates. Interestingly, other reports described the formation
of cytosolic aggregates of nuclear proteins in rnal mutant [47]. Rna1 plays a vital role in
converting GTP-bound Ran protein to GDP-Ran. The failure to catalyze this step prevents
dissociation of the export complex, and results in cytosolic aggregation [47, 48]. Immunoblotting
showed that GFP-HO-endo was efficiently degraded at 21°C in both RNA1 and rnal-1 mutant
(Fig. 6b). Antibody reaction against Rpn10 confirmed equal loading. GFP-HO-endo was also
degraded at 37°C in RNAL, but was stabilized in rnal-1 (Fig. 6¢). These results suggest that
the cytosolic aggregates seen in rnal-1 (Fig. 6a) represent GFP-Ho that exited the nucleus but

failed to be degraded. The relative turnover of GFP-HO-endo was quantified (Fig. 6d and e).

Degradation of Mata2 involves the nucleocytoplasmic transport system.

We reported previously that functionally unrelated nuclear proteins (including Rad4,
CIb2, and Cdc17), are degraded only after export from the nucleus [15]. However, the shuttle
factors that promote turnover of most nuclear substrates of the proteasome have not been
described. Therefore we characterized Mata2 protein, a well-studied proteasome substrate
[49]. Although we have not identified a shuttle factor for Mata2 we determined that its
degradation required nuclear export (L. Chen, unpublished studies). We expressed Mata2-GFP
in sts1-2 and rnal-1 mutants and in agreement with our studies of GFP-Ho (Fig. 5a), Mata2-
GFP was detected in the nucleus in STS1 at 21°C (Fig. 7a). This GFP signal decreased at
37°C, possibly due to more rapid turnover at the elevated temperature. In contrast, Mata2-GFP
levels increased markedly in sts1-2, at both 21°C and 37°C, consistent with the stabilization of

nuclear proteins in this mutant.
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We examined Mata2-GFP in RNA1 and rnal-1. Yeast cells were grown at 21°C and
examined by fluorescence microscopy (Fig. 7b). Mata2-GFP was readily detected in the
nucleus in both RNA1 and rnal-1 at 21°C. Because protein synthesis is rapidly inhibited in
rnal-1 (at 37°C) [43], we blocked translation by transferring both cultures to pre-warmed
medium (37°C) containing cycloheximide. The level of nuclear Mata2-GFP was largely
unchanged in RNAL after transfer from 21°C to 37°C (Fig. 7b). In contrast, in rnal-1 Mata2-
GFP was rapidly depleted from the nucleus (within 15 min), and was seen in discrete deposits in
the cytosol at 45 min and 90 min. This finding resembles the accumulation of GFP-Ho in
cytosolic aggregates in rnal-1 (Fig. 6a), and is consistent with our hypothesis that the transport
of nuclear substrates to cytoplasmic proteasomes requires an export mechanism. To determine
if Mata2-GFP was present in cytosolic aggregates we prepared lysates from cultures described
in Fig. 7b. Equal amount of soluble and insoluble proteins, prepared from cells grown at 21°C
and 37°C (90 min time point) was examined by immunoblotting with antibody against GFP (Fig.
7c¢). Whereas equal amount of Mata2-GFP was detected in the soluble (S) and insoluble (P)
fractions prepared from RNAL and rnal-1 at 21°C, significantly higher levels were detected at

37°C in rnal-1 in the insoluble fraction (Fig. 7c, lane 8).

The subcellular location of Rad23 affects its interaction with Ho-endonuclease.

The use of sts1-2 and rnal-1 mutants allowed us to manipulate the location of Rad23
and demonstrate that its binding to polyUb proteins increased when it was present in the
nucleus (Fig. 1 and 2). Because Rad23 and other shuttle factors transport proteolytic
substrates to the proteasome we examined the location of Ho-endonuclease, since its
degradation requires nuclear export ([1] and our unpublished studies). FLAG-Rad23 and GFP-
Ho were co-expressed in sts1-2 and rnal-1 at 21°C and 37°C. Consistent with previous results
(Fig. 1), FLAG-Rad23 showed increased binding to GFP-Ho in sts1-2, than in STS1 (Fig. 8a;

compare lanes 4 and 5). Differential binding was also evident at 21°C (compare lanes 2 and 3).
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Since the nuclear levels of both Rad23 and Ho-endo increases in stsl-2, it is to be expected
that higher binding is observed in this mutant. Total protein lysates were also examined (Fig.
8b) to confirm equal expression of FLAG-Rad23. The amount of GFP-Ho detected in Fig. 8a
were quantified by densitometry, and adjusted to the levels of FLAG-Rad23. In a similar
analysis, FLAG-Rad23 and GFP-Ho were co-expressed in RNA1 and rnal-1 mutant (Fig. 8d).
We detected no interaction between Rad23 and Ho-endo at 37°C in rnal-1 (lane 5). Although
both proteins are cytosolic in rnal-1, it is likely that the partitioning of GFP-Ho into the insoluble
fractions precludes efficient binding to FLAG-Rad23. Analysis of total protein showed
comparable expression of FLAG-Rad23. The results in Fig. 8d were quantified by densitometry

(panel f).

Discussion

Proteasomes are mislocalized to the cytosol in sts1-2 [23], and results in the stabilization
of multiple nuclear substrates [23, 30]. However, the degradation of cytosolic substrates is
accelerated in sts1-2, probably due to the increased availability of proteasomes [23]. We also
showed that when proteasomes are mislocalized in srpl-49 [28], substrates are similarly
stabilized. In both sts1l-2 and srpl-49 substrates accumulate in the nucleus. Since nuclear
import is unaffected in these mutants we conclude that proteasomes do not enter the nucleus at
appreciable levels. In this report we show that the substrate trafficking protein Rad23
accumulates to high levels in the nucleus in sts1-2. Moreover, Rad23 is bound to higher levels
of polyUb proteins in the nucleus. Based on these results we propose that polyUb substrates
are not transported out of the nucleus if proteasomes are not available at the nuclear periphery.
In agreement with this idea we note that proteasomes are located in the nuclear pore complex

[13, 14], and are highly enriched in fractionated preparations of the nuclear envelope [9].
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Nucleo-cytoplasmic trafficking is regulated by a number of factors, including an
evolutionarily conserved GTPase activating enzyme (Rna1) that promotes the recycling of Ran
protein [50, 51]. Mutation in RNA1 (rnal-1) disrupts this mechanism and causes a failure in
MRNA export [52], which results in the termination of protein synthesis. In rnal-1 Rad23 is
stable but accumulates in the cytosol, which we speculate is due to the failure to reimport it into
the nucleus. Therefore, the stabilization of nuclear substrates in rnal-1 can be attributed, at
least in part, to the inability of shuttle factors to reenter the nucleus. Previous studies have
shown that nuclear proteins can be detected in the cytosol in punctate aggregates in rnal-1.
We made a similar observation with both GFP-Ho (Fig. 6a) and Mata2-GFP (Fig. 7b). However,

these substrates do not remain bound to cytosolic Rad23 (Fig. 8d).

Rad23 interacted efficiently with polyUb species in sts1-2 (Fig. 1d), suggesting that the
import of ubiquitin and its conjugation to substrates occurred efficiently. In contrast, inhibition of
nucleocytoplasmic trafficking in rnal-1 could prevent ubiquitin import and block protein turnover
by hindering polyUb chain assembly. We therefore investigated the localization of ubiquitin in
mutants that affected proteasome, Rad23, and substrate localization. GFP-Ub was broadly
distirbuted in the cytosol and nucleus in STS1, at both 21°C and 37°C. In contrast, GFP-Ub
accumulated in the nucleus in sts1-2, similar to the high nuclear levels of both Rad23, and
proteolytic substrates. In contrast, a ubiquitin mutant that cannot be conjugated to substrates
(RFP-ub”R®®), remained cytosolic. We speculate that the conjugation of Ub to substrates can
explain its nuclear accumulation in stsl-2. Similarly, ubiquitin, substrates, and Rad23
accumulated in the nucleus in srp1-49 (data not shown). It is significant that proteasomes are
efficiently localized to the nucleus in rnal-1 (L. Chen; unpublished studies). However, nuclear
substrates and ubiquitin are both present in the cytosol. One interpretation of these results is
that in rnal-1 shuttle-factors (Rad23) are unable to guide nuclear substrates to proteasomes in

the nuclear pore complex [13, 14]. An important observation is that E2 and E3 ubiquitin-
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conjugating enzymes were readily available in the nucleus in sts1l-2 and rnal-1, because the

polyubiquitylation of nuclear proteins was unaffected.

Both Ddi1 and Rad23 shuttle-factors can bind Ho-endonuclease. However, we
observed that Rad23 formed a much stronger interaction than Ddi1. Rad23/Ho-endo interaction
was tested using different epitopes on both Rad23 (FLAG; GST), and Ho-endo (HA; GFP). In
contrast, no interaction was detected with Dsk2 (Fig. 4), underscoring significant substrate
selectivity among shuttle factors. In contrast to our findings Kaplun et al reported that Ddi1
formed a strong interaction with Ho-endo [46]. These experimental disparities could be due to
different methodological approaches. Specifically, studies described in Kaplun at al used Ho-
LacZ, a tetramer larger than 700 MDa, which could sterically affect binding Rad23 and Ddi1.
Moreover, in these previous studies lysates that contained Ho-LacZ were combined with lysates
containing either Rad23 or Ddi1, and the binding was tested in vitro. Our studies differ in that
Ho-endo was fused to a small epitope (GFP; HA), and co-expressed in yeast cells with various
shuttle-factors. The UbL domains in yeast shuttle factors bind the Rpn1 subunit in the
proteasome [53]. However, we found that Rad23 formed a very robust interaction with the
proteasome (Fig. 4a), whereas both Ddi1 and Dsk2 formed very weak interactions. These
differential protein-binding properties are consistent with a report showing that a protein domain
from Ufo1 containing a UIM motif interacted with all three shuttle-factors (Rad23; Ddi1; Dsk2).
However, full-length Ufo1 only bound Ddi1 [54]. Although shuttle-factors may perform broadly
overlapping roles, our studies suggest that Ho-endo interaction with shuttle-factors is variable,
which could have functionally different effects. It remains to be determined if Ddi1 can form a

stronger interaction with Ho-endo and the proteasome in the absence of Rad23.

Mutations in Rna1 can cause cytosolic accumulation of nuclear proteins, frequently in
the form of protein aggregates [47]. Similarly, GFP-Ho and GFP-Mata2 were detected in one or

more cytosolic aggregates in rnal-1, after extensive incubation (~ 90 min) at the restrictive
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temperature. We and others found that Ho-endo degradation requires export from the nucleus
[1]. However, these nuclear substrates (such as GFP-Ho; GFP-Mata2) were detected in
cytosolic aggregates in rnal-1, suggesting that they are not targeted to the proteasome (which
remained efficiently nuclear localized). The action of Rna1 on the Ran protein results in the
conversion of GTP to GDP, which promotes the release of nuclear proteins from the export

complex. It is possible that a failure to convert Ran®™" to Ran®"®

results in a persistent
interaction with exported nuclear proteins, such as GFP-Ho and GFP-Mata2. This association
might preclude substrate delivery to the proteasome. We propose that the failure to traffic

nuclear substrates to the proteasome underlies the proteolytic defect in rnal-1.
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Materials and Methods

Yeast strains and plasmids

Yeast transformations were performed using standard techniques to vyield strains
described in Table 1. The Pga-GFP-Ho plasmid was a gift from Dr. D Raveh (Ben Gurion
University, Israel). The HO gene was amplified by polymerase chain reaction (PCR) using a 5’
EcoR1 and 3’ Kpn1 restriction sites. The following oligonucleotides were designed: 5'-
GCCGGAATTCATGCTTTCTGAAAACACGAC TATTCTGATG-3’ and 5-
ATATAGGTACCTGCAGATGCGCGCACCTGCGTTGTTACCACA-3. The PCR product was
cloned into LEP1004 (Table 2) to generate (EOP83), which was maintained in DH5a (Table 2).
To generate Pga-Ho-HA plasmid EOP83 was digested with EcoR1 and Xba1 and a DNA
fragment containing Ho-2xHA was ligated into LEP591 to yield EOP85 (Table 2). Other relevant
constructs are described in Table 2. Expression of genes from the CUP1 promoter required
growth in medium containing 100 uM CuSO,. For genes expressed from the GAL1 promoter
yeast cultures were pre-grown at 30°C in medium containing 2% raffinose, and then induced
following transfer to galactose-containing medium. Temperature sensitive yeast mutants were
grown at the permissive temperature (21°C), before transfer to the non-permissive temperature
(37°C). Protein turnover was determined by immunoblotting following the addition

cycloheximide (200 pg/ml; Sigma).

Microscopy

Ten milliliters of yeast cultures were grown in selective media as described above. Cells
were spotted on Poly-Prep slides (Sigma), and stained with Hoechst 33342 (Sigma). Following

30 min incubation at 21°C, the cells were washed three times with distilled water (3X), and
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examined with a Zeiss Imager M1 microscope. Yeast cell were imaged live and after fixation in

paraformaldehyde, using the same setting and exposure times.

Cell fixation

Exponential phase yeast cells were fixed in 4% paraformaldehyde solution (15 min at

21°C). Cells were washed with 500 ul KPO,/sorbitol buffer before examination by microscopy.

Western blotting

Yeast pellets were suspended in Buffer A (150 mM NacCl, 1% Triton X-100, 50 mM Tris
pH 7.5, 5 mM EDTA), containing a protease inhibitor cocktail. Following addition of acid
washed glass beads (Sigma) the cells were lysed by disruption using Thermo-Savant Fast Prep
FP100. Protein concentration was determined using the Bradford reagent (Bio-Rad), and equal
amount of protein lysate was separated in a 12 % polyacrylamide SDS-Tricine gel. Lysates
were incubated with anti-Flag (Sigma) or anti-HA (Roche Applied Science) affinity matrix to
purify the relevant tagged proteins. Immunoprecipitates were washed with Buffer A, resolved in

a 12% polyacrylamide SDS-Tricine gel, and transferred to nitrocellulose.

Antibodies and Reagents

Antibodies against yeast Rpn10 and Rpn12 were kindly provided by Dr. D. Skowyra (St.
Louis University). Monoclonal antibodies against HA-HRP were obtained from Roche Applied
Science. Monoclonal antibodies against ubiquitin, GFP, myc and Flag-HRP were purchased
from Sigma. Polyclonal anti-Ubc4 antibodies were generated by the laboratory. Enhanced
chemiluminescent reagents (ECL) were obtained from PerkinElmer Life Science, and analysis

was performed using GelLogic 1500 imaging system and software (Eastman Kodak Co.).
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Supplementary Material

Figure providing additional information related to Fig. 3 is included as supplementary

data.
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Tables

Table 1. Saccharomyces cerevisiae strains

Strain Genotype Source
NA10 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 STS1 F. Wyers
NA25 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 sts1-2 F. Wyers
FSY87 MATa leu2-3,112 trp1-1 ura3-1 his3-11,15 ade2-1 rnal-1 M. Roshbast

Table 2. Plasmids

Plasmid Description Source
LEPG45 Pcupi-GFP-RAD23 URA3 CENG6 This study
LEP52 Pcupi-FLAG-RAD23 LEU2 21 This study
EOP34 Pcup1-FLAG-DDI1 LEU2 2u This study
LEP155 Pcupi-FLAG-DSK2 LEU2 2 This study
LEP97 Pcupi-FLAG-RPN10 LEU2 2u This study
pYES2-GFP-Ho Pga - GFP-HO URA3 2u D. Raveh
Mata2-GFP Pcupi-MATa2-GFP URA3 CEN U. Lenk
LEP778 Pcupi-MATa2-2HA LEU2 2u This study
YCplac111 Empty vector ARS LEU2 CEN4 D. R. Gietz
EOP85 Pcai-HO-2HA URA3 2 This study
KEP443 Pcupi-myc-Ub TRP1 2u This study
LEP846 Pcupi-GFP-Ub URA3 CENG6 This study

LEP1008 Pcuri-RFP-ubARGG URA3 CENG6 This study
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FIGURE LEGENDS

Fig. 1: Rad23 interaction with polyubiquitylated proteins is increased in the nucleus. (a) GFP-
Rad23 was expressed in wildtype yeast (STS1), and a mutant in which the proteasome is
mislocalized to the cytosol (sts1-2) [23]. Cultures grown at the permissive (21°C) and non-
permissive temperatures (37°C) were examined by microscopy. GFP-Rad23 is predominantly
nuclear in sts1-2 at 37°C. (b) (c) The stability of GFP-Rad23 was measured after the addition of
cycloheximide to STS1 and sts1-2 cultures at 21°C (b) and 37°C (c). The levels of GFP-Rad23
and a proteasome subunit (Rpn10) are shown. (d) Flag-Rad23 was isolated from lysates
prepared from STS1 and stsl-2. (- and + indicate strains that lacked or contained FLAG-
Rad23). An immunoblot containing total extract (lanes 6-11) was also reacted with anti-ubiquitin
antibody. The amount of polyubiquitylated proteins co-purified with FLAG-Rad23 was similarly
examined (lanes 1-5). The filters were also reacted with antibodies against FLAG and Rpn10.
(e) The levels of polyubiquitylated proteins bound to FLAG-Rad23 (panel (d); lanes 2-5) were

quantified. (These data are representative of four independent trials).

Fig. 22 Rad23 interaction with polyubiquitylated substrates is decreased in the cytosol.
(a) GFP-Rad23 was expressed in RNAL and rnal-1, and cultures grown at either permissive
(21°C) or non-permissive (37°C) temperatures were examined by microscopy. (b) (c) The
stability of FLAG-Rad23 was tested in RNA1 and rnal-1 at 21°C and 37°C, following the
addition of cycloheximide. The levels of Rpn10 are also shown as a loading control. (d) RNA1
and rnal-1 were grown at 21°C and 37°C and the level of polyubiquitylated proteins bound to
Flag-Rad23 was tested. The filter was also incubated with antibodies against FLAG and Rpn10.

Lanes 1, 4, 7 and 11 are extracts from cells that did not contain FLAG-Rad23 (-). (e) The level
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of polyUb proteins isolated with FLAG-Rad23 (panel (d); lanes 2, 3, 5, and 6) was quantified by

densitometry. These results are representative of four independent trials.

Fig. 3: Ubiquitin (GFP-Ub) accumulates in the nucleus in sts1l-2. Based on the severe
mislocalization of the proteasome in stsl-2 [23], and nuclear accumulation of Rad23, we
examined the localization of ubiquitin. (a) GFP-Ub was uniformly distributed in STS1 at 37°C,
but accumulated in the nucleus in sts1-2. Nup49-RFP was imaged to define the nuclear
periphery. Control studies at 21°C (see Supplemental Results) showed no difference between
STS1 and sts1-2. (b) GFP-Ub was expressed in rnal-1 and was detected primarily in the
cytosol. (c) A ubiquitin mutant that cannot be conjugated (ub“R®®) is cytosolic in both sts1-2,

and rnal-1 (d).

Fig. 4: Rad23 is a major shuttle-factor for Ho endonuclease. (a) Wildtype cells expressing
GFP-Ho endonuclease were co-transformed with constructs expressing different polyubiquitin
chain binding proteins. The interaction between GFP-Ho and shuttle-factors FLAG-Rad23,
FLAG-Ddi1, and FLAG-Dsk2, as well as a proteasome receptor FLAG-Rpn10 was investigated.
Because the expression of GFP-Ho was regulated by the galactose-inducible GAL1 promoter
cultures were first grown in raffinose and then transferred to galactose medium. Protein
extracts were prepared and resolved in a 12% SDS-polyacrylamide gel, and then transferred to
nitrocellulose. FLAG-tagged proteins were purified and the bound proteins detected by
immunoblotting to detect GFP, FLAG, Rpn12, and ubiquitin (not shown). (b) Total lysates were
examined to gauge the expression level of the FLAG-tagged proteins and GFP-Ho. (c)
Endonuclease Ho-HA was co-expressed with myc-ubiquitin in wildtype yeast. Cultures were

grown in raffinose medium and then diluted into galactose-containing selective medium. Cells
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were harvested after 2 hrs, and protein extracts were incubated with anti-HA antibodies. The

level of myc-polyubiquitylated Ho-HA was also tested by immunoblotting (anti-myc).

Fig. 5: Ho-endonuclease accumulates in the nucleus in sts1-2. (a) GFP-Ho was expressed in
STS1 and sts1-2 and the cells were examined at 23°C (left panel). Yeast cells were transferred
to 37°C and GFP-Ho localization was re-examined (right panel). Unfixed cells were stained with
Hoechst 33342 for 30 min. (b, ¢) The turnover of GFP-HO was tested in STS1 and sts1-2, at
both 21°C and 37°C. Cultures grown in raffinose medium were transferred to galactose-
containing medium for 5 h. GFP-Ho synthesis was terminated following transfer to glucose-
containing medium. Lysates were prepared at the intervals indicated and the levels of GFP-Ho
and Rad23 were determined by immunoblotting. Rpn10 served as a loading control. (d) (e)

Quantification of the results in panels (b) and (c).

Fig. 6: Ho-endonuclease is stabilized in rnal-1. (a) The sub-cellular localization of GFP-Ho was
examined in RNA1 and rnal-1 at 21°C (left panel). The cultures were transferred to 37°C and
GFP-Ho localization was re-examined (right panel). Punctate cytosolic aggregates of GFP-Ho
were detected in rnal-1. (b, ¢c) GFP-Ho stability was measured in RNA1 and rnal-1 at 21°C
and 37°C. Yeast cultures were grown in galactose-containing medium to induce expression of
GFP-Ho, and after 4 h glucose was added to block further expression of GFP-Ho. Protein
lysates were prepared at the times indicated and immunoblots were reacted with antibody
against GFP and Rpn10. (d) (e) GFP-Ho levels shown in panel (b) and (c) were quantified by

densitometry.
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Fig. 7: Mata2 is stabilized in rnal-1. (a) GFP-Matoa2 was expressed in wildtype and sts1-2 and
its localization was examined at 21°C and 37°C. (b) GFP-Mata2 was expressed in RNAL and
rnal-1 at 21°C, and then transferred to pre-warmed medium at 37°C. The nuclear level of GFP-
Mata2 was unchanged in RNA1. However, GFP-Mata2 was depleted from the nucleus in rnal-
1, and was detected in cytosolic aggregates (see 90 min). (c) Protein lysates were prepared
from cultures described in panel (b) at 21°C, and after 90 min incubation at 37°C. We examined
GFP-Mata?2 in the soluble (S) and insoluble (P) fractions. Ubc4 levels serves as a cytosolic
loading control. (d) The same filter was stained with Ponceau S to examine protein loading.
Lower protein levels are lower in rnal-1 at both 21°C and 37°C (d), although the amount of

GFP-Mata?2 in the insoluble fraction was noticeably increased in the mutant (c; lane 8).

Fig. 8: The subcellular location of Rad23 affects its binding to Ho endonuclease. (a) Protein
extracts were prepared from STS1 and sts1-2 that co-expressed FLAG-Rad23 and GFP-Ho.
We expressed GFP-Ho at either 21°C or 37°C using the galactose-inducible GAL1 promoter.
Extracts were incubated with anti-FLAG agarose to isolate FLAG-Rad23. A nitrocellulose filter
was treated with antibodies against GFP, FLAG, and Rpn10. A lysate prepared from a strain
expressing GFP-Ho, but lacking FLAG-Rad23, is shown (lane 1). (b) Total protein lysates were
separated in a 12% SDS-polyacrylamide gel, and characterized as described in (a). The
expression levels of GFP-Ho, FLAG-Rad23, and Rpn10 are shown. (c) The results in panel (a)
were quantified by densitometry, and the relative amount of GFP-Ho that was co-purified with
FLAG-Rad23 is shown. The results were adjusted to the levels of FLAG-Rad23 detected. (d)
GFP-Ho was also expressed in RNA1 and rnal-1 and cultured at 21°C in selective media
containing 2% raffinose. Exponential-phase cells were diluted into selective media containing
2% galactose, and incubated at either 21°C or 37°C for 1hr. Yeast cells were collected and

protein extracts were characterized by immunoblotting using antibodies against GFP, FLAG,
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and Rpn10. Lane 1 is a strain expressing GFP-Ho, but lacks FLAG-Rad23. (e) Total protein
extracts from the same lysates were similarly examined. (f) The results in panel (d) were
quantified by densitometry, and adjusted to the levels of FLAG-Rad23 that was

immunoprecipitated.
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Supplemental Data for Fig. 3

(a) (b)
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Figure Legend

RNA1
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(a) GFP-Ub was co-expressed with Nup49-RFP in STS1 and sts1-2. Yeast cultures were

grown at 21°C and examined by fluorescence microscopy. A merged image is shown
in the right column.

(b) GFP-Ub was co-expressed with Nup49-RFP in RNA1 and rma1-1. Yeast cultures were

grown at 21°C and examined by fluorescence microscopy. A merged image is shown
in the right column.
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