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Abstract:

Microtubules are proteinaceous that contribute to cell motility and cell division. Microtubules are
highly dynamic, continuously growing and shrinking. Because microtubules are fundamental for
cell division, it is important to understand the molecular mechanisms that regulate them. Paclp,
the Lis1 homologue in yeast, is a microtubule plus-end-tracking protein. Mutations in the LIS/
gene have been correlated with Miller-Dieker Lissencephaly syndrome due to defects in neuronal
migration. Spindle positioning in yeast is an essential process during cell division that is regulated
by the KAR9 and dynein pathways. The KARY pathway guides cytoplasmic microtubules into the
bud. Dynein pulls the spindle across the bud neck via the forces it exerts on the cytoplasmic
microtubule from the cortex. As part of the dynein pathway, Paclp is important for recruiting
dynein to the plus end of the microtubule and regulates its motility. Pac1p interacts with other
plus-end microtubule binding proteins including Bik1p, the CLIP-170 homologue in yeast.
Although Paclp plays vital roles for microtubule function, little is known about its regulation.

Sumoylation is a post-translational modification that covalently attaches a Small Ubiquitin-like
Modifier (SUMO) protein to the target substrate. Using a two-hybrid assay, Paclp interacts with
SMT3, the SUMO homologue in yeast, and other key players of the sumoylation pathway.
Ubiquitin-like-specific protease-1 (Ulpl) is a protease that specifically cleaves Smt3p from its
protein conjugates. Using a temperature sensitive strain that inactivates the Ulp1p protease, we
observe an accumulation of higher molecular weight Pac1p bands. This suggests that the higher
molecular weight forms of Paclp are due to the accumulation of SM73 conjugates. In contrast to
ubiquitination, sumoylation is not a modification that tags the target substrate for direct
degradation. However, SUMO-targeted ubiquitin ligases (STUbLs) can recognize a sumoylated
substrate and promote its degradation of the substrate via ubiquitination. Using a two-hybrid
assay, we show that Paclp interacts with the STUbL enzyme Nislp/Ris1p. Paclp also co-purified
with ubiquitin. Strains deleted for RIS/ and the SUMO isopeptidase WSS/, display an
accumulation of higher molecular weight Paclp conjugates, in comparison to WT. This work
suggests a novel molecular mechanism of regulation for a microtubule-associated protein that
regulates a critical microtubule motor.
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CHAPTER I

INTRODUCTION

Microtubules are proteinaceous polymers that are involved in cell motility, cell division, and serve as
a scaffold for many microtubule-binding proteins (Desai and Mitchison, 1997; Conde and Caceres,
2009; Valiron et al., 2001). It is well known that microtubules are key components of the mitotic
spindle and serve as tracks for the transport of essential cargo in the cell. Microtubule binding
proteins regulate critical microtubule-dependent processes associated with various diseases such as
Alzheimer’s, Lissencephaly, tauopathies, ciliopathies, and Parkinson’s. Errors in microtubule and
chromosome attachment can also lead to chromosome instability, resulting in aneuploidy and/or

polyploidy, which is common in many types of cancers.

Dynein is the major motor protein that walks toward the minus end of microtubules. It both captures
chromosomes during mitosis and carries a variety of different cargoes to specific destinations within
the cell. However, regulation of the attachment of cargo to dynein is poorly understood. Dynein is a
complex motor comprised of several accessory proteins. Two of these are the dynein-activating
complex called the dynactin complex, and Lis1/Paclp. Lis1/Paclp is a dynein adaptor that regulates
dynein motor activity. Once Lis1 binds to dynein, dynein can switch to a “high load transport state”
(Huang et al., 2012; McKenney et al., 2011). This allows dynein to transport a heavier load of cargo

across the cell. Overall, Lisl plays a major role in the regulation of dynein motor function and is



important for microtubule organization in the brain. Although much is known about Lis1 activity and

function, little is known about the regulation of Lis1 or its homologues.

SUMO is a post-translational modification that regulates many cellular processes, but it has never
been previously linked to dynein. A significant gap in our knowledge exists about the signal
transduction system that regulates dynein function. Advancing our understanding of dynein
regulation will help improve therapies that target human disease associated with dynein function,

including Lissencephaly and cancer.

The specific goal of this dissertation is to identify a new regulatory mechanism that controls dynein
through modification of its Lis1/Paclp adaptor. My model is that dynein activity is controlled by
sumoylation of Lis1/Paclp, which switches dynein to a “high” gear motor. Later in the cell cycle,
ubiquitination of Paclp by SUMO-targeted ubiquitin ligases (STUbLs) targets Paclp for proteasome
degradation, thus returning dynein to its “normal” state. The work described in this thesis test several

aspects of this model.



CHAPTER II

LITERATURE REVIEW

Microtubules

Microtubules are proteinaceous polymers that contribute to intracellular motility and cell division
(reviewed in (Conde and Caceres, 2009; Desai and Mitchison, 1997; Etienne-Manneville, 2013;
Howard and Hyman, 2003; Valiron et al., 2001)). They serve as tracks along which various motors
move cargoes throughout the cell. As a major structural element of the mitotic spindle, they are often

referred to as “ropes,” owing to their ability to generate pulling forces on chromosomes.

Microtubules are highly dynamic, continuously growing and shrinking (Akhmanova and Steinmetz,
2008; Cassimeris et al., 1988; Chretien et al., 1995; Gardner et al., 2008; Sammak and Borisy, 1988;
Schulze and Kirschner, 1988). The faster growing end is referred to as the plus end. The less
dynamic end is referred to as the minus end (Allen and Borisy, 1974; Bergen and Borisy, 1980). In
many cell types, the centrosome serves as a major microtubule-organizing center (MTOC), and
stabilizes the minus ends of microtubules embedded within it (Mitchison and Kirschner, 1984b). In
yeast, the spindle pole body serves as the MTOC (reviewed in (Jaspersen and Winey, 2004; Kahana

et al., 1995; Rout and Kilmartin, 1990)).



Two types of tubulin protein, o and P tubulin, are used in the construction of the microtubule wall
(Kirschner, 1978). o and B tubulin form heterodimers, which associate head to tail with B tubulin
facing toward the plus end of the MT (Desai and Mitchison, 1997). This establishes the structural
basis for microtubule polarity (Allen and Borisy, 1974; Bergen and Borisy, 1980; Amos and
Schlieper, 2005). Tubulin heterodimers associate into linear protofilaments. In a classical
microtubule structure, thirteen protofilaments associate laterally to form the hollow microtubule
cylinder, which is about 25nm in diameter. Although both a and B tubulin are GTP-binding proteins,
only B-tubulin has GTP hydrolyzing activity (Hyman et al., 1992). The hydrolysis of GTP affects the
structure of the tubulin dimer within the polymer. The tubulin dimer containing the GDP nucleotide
experiences mechanical strain that leads to a kink in the a- tubulin interface, whereas the tubulin

dimer containing GTP remains straight (Chretien et al., 1999; Mahadevan and Mitchison, 2005).

The plus-end of the microtubule alternates between growing and shrinking phases, a behavior known
as dynamic instability (Mitchison and Kirschner, 1984a). Hydrolysis of the GTP cap at the end of the
microtubules leads to microtubule depolymerization or “catastrophe” (Hyman et al., 1992).
Microtubule depolymerization can be reversed by the addition of new GTP-bound tubulin dimers to
the plus end of the microtubule, thus providing a new GTP cap. The switch from depolymerization to

growth is called microtubule “rescue” (Hyman et al., 1992).

Due to their dynamic instability, microtubules can engage in “search-and-capture” phenomena
(Lansbergen and Akhmanova, 2006; Vaughan, 2004). When a microtubule becomes attached to an
organelle, the microtubule has the potential to perform mechanical work. Microtubules can generate
a pushing force by polymerization and a pulling force by depolymerization (Inoue and Salmon,
1995). Both pulling and pushing forces can be observed during mitotic cell division. During the
early stages of mitosis, microtubules continually “search” for the kinetochore of chromosomes. Once
bound to the kinetochore, the microtubules can either push the sister chromatids away from the

spindle pole or pull them toward the pole, by either polymerizing or depolymerizing.
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Spindle positioning

Asymmetric cell division is a process used by many organisms as a mechanism to create cell-type
diversity. In eukaryotes, correct spindle positioning is fundamental for proper chromosomal
segregation to occur, and ensures that the offspring cells inherit a complete set of chromosomes.
Errors in spindle positioning can lead to aneuploidy and/or polyploidy, which is common in various
types of cancers. Spindle positioning in eukaryotes is highly regulated. The cell can either divide
symmetrically, where both cells are identical in size, or asymmetrically, producing two different size
cells (Figure 2-1). The orientation of the spindle can promote various differentiation outcomes. For
instance, in vertebrates neuroepithelial cells can divide vertically to give rise to more neuroepithelial
cells, or horizontally to produce the downstream neuron and progenitor cells (Huttner and Kosodo,
2005). Other examples of asymmetric cell division include cell division of animal oocytes. In oocytes
the spindle is moved closer to the cell cortex making the cell divide asymmetrically in order to
provide maturing oocytes more cytoplasm to aid in development. During brain development in
Drosophila, progenitor cells use asymmetric cell division to create both the peripheral and central
nervous system (Rhyu et al., 1994). Stem cell differentiation also depends on asymmetrical cell
division. Stem cells must give rise to either daughter stem cells that will maintain stem cell properties,

and daughter cells that will further differentiate (Bu et al., 2013).



Figure 2-1. The mitotic spindle is asymmetrically localized. (A) In C. elegans embryo, (B)

budding yeast (C) and Drosophila (Figure adapted from (McCarthy and Goldstein, 2006)).



Asymmetrically dividing cells use either established landmarks that are inherited from their parent
cell, or form random symmetry-breaking events in response to environment. These signals are
referred as polarity signals. In Saccharomyces cerevisiae, asymmetric cell division is the main form
of cell division. Spatial landmarks are passed on to daughter cells, pre-establishing the site of cell
division (Pringle et al., 1995). Various proteins, Bud8p, Bud5p, Bud2p, Cdc42, and Cdc24, are
targeted to the bud neck, which will be the site of cell division (Irazoqui and Lew, 2004). Cdc42
activity at the bud neck is crucial. Cdc42 signals the organization of the actin network at the site
where the daughter bud emerges. In yeast, two partially redundant pathways, the KAR9 and dynein
pathway, regulate spindle positioning in response to cell polarity (Miller and Rose, 1998) (Figure 2-
2). Disruption of either pathway causes a spindle position defect, while disruption of both the dynein

and KARY pathways is lethal for the cell (Miller and Rose, 1998).

KARY9 Pathway

The KAR9 pathway functions to position the nucleus and orient the mitotic spindle (Miller and Rose,
1998). KAR9 is thought to be analogous to the mammalian adenomatous polyposis coli protein
(APC). Mutations in the APC protein are strongly correlated to a number of human colorectal cancers
(Bienz, 2001; Groden et al., 1991; Markowitz and Bertagnolli, 2009). The Kar9 protein links the
microtubules that extend from the spindle pole body (SPB) to the actin network. This link is achieved
via a bridging complex comprised of Myo2p-Kar9p-Bim1p (Beach et al., 2000; Hwang et al., 2003).
Bimlp is the yeast homologue of the plus-end tracking protein EB1, while Myo2p is a type V
myosin. Kar9p binds the older SPB, which will be inherited by the daughter cell, whereas the new

SPB will remain in the mother cell (Ferreira et al., 2014; Liakopoulos et al., 2003; Moore et al., 2006;



Moore and Miller, 2007). Therefore it is important that Kar9p only localize on the microtubules that

will be directed towards the bud, otherwise both poles would be pulled into the bud.

When the Myo2p-Kar9p-Bim1p complex is formed, Myo2p walks up the actin cable. As Myo2p
walks, it directs the cytoplasmic microtubule into the bud and the attached spindle to the mother-bud
neck (Beach et al., 2000; Korinek et al., 2000; Miller et al., 2000; Yin et al., 2000). Once the spindle

is oriented at the bud neck, the dynein pathway can continue the process.

Dynein pathway

The dynein pathway is responsible for moving the spindle across the mother-bud neck prior to
cytokinesis. The motor protein dynein is a major player in this pathway. Dynein pulls the spindle
across the bud neck via the forces it exerts on the cytoplasmic microtubule from the cell cortex
(Adames and Cooper, 2000; Li et al., 2005; Yeh et al., 1995). Cells lacking the motor dynein fail to
move the spindle across the bud neck resulting in a binucleated mother cell (Eshel et al., 1993). A
similar phenotype is observed when proteins of the dynactin complex, such as JNM, are disrupted
(McMillan and Tatchell, 1994). JNM 1, Just Nuclear Migration protein, is a component of the

dynactin complex that also includes Arplp, and Nip100p.

Dynein participates in a wide range of cellular functions. Dynein plays several roles in the mitotic
spindle and at the kinetochore (Kardon and Vale, 2009). Dynein is important in chromosome capture
and alignment, as well in silencing the spindle assembly checkpoint (Bader and Vaughan, 2010;
Howell et al., 2001; Mao et al., 2010). Together with NuMa, dynein plays a critical role in focusing
the poles of the mitotic spindle, helping to generate its cone-shaped geometry (Gaglio et al., 1997).
Dynein also carries a variety of different cargoes to specific destinations within the cell. Cargoes
include endocytic vesicles, viral particles, organelles in retrograde axonal transport, melanosomes,

and ER to Golgi transport vesicles (Holzbaur and Vallee, 1994; Johansson et al., 2007; LaMonte et
8



al., 2002; Moughamian and Holzbaur, 2012; Rocha et al., 2009; Scherer and Vallee, 2011; Tan et al.,
2011; Watson et al., 2005). However, regulation of the attachment of cargo to dynein is still poorly
understood. Errors in any of these processes can lead to increases in abnormally segregated

chromosomes, a condition known as aneuploidy.

Dynein can be recruited to the plus end of microtubules either by the Kip2p-Bik1p complex or
dynein’s adaptor protein, Paclp (Caudron et al., 2008; Markus and Lee, 2011; Sheeman et al., 2003).
Once dynein is at the plus end of the microtubule, it can bind to the cortical protein Num1p. NumIp
serves as a cortical anchor for dynein. Once bound, dynein can start walking towards the minus end of
the microtubule. As it walks towards the minus end, it pulls the spindle across the bud neck.
Disruption of either the dynactin complex or the cortical anchoring protein Num1p causes anaphase

to occur earlier in the mother cell, leading to bi-nucleated cells (Clark et al., 1994; Heil-Chapdelaine

et al., 2000; Kahana et al., 1998; McMillan and Tatchell, 1994; Muhua et al., 1994).

During these processes of spindle alignment it is also crucial to be able to control the dynamicity of
the microtubules. Microtubule binding proteins have been shown to regulate microtubule dynamics
by binding to their plus-end. Plus-end tracking proteins or +TIPs are a group of protein families that
can alter microtubule dynamics (Akhmanova and Hoogenraad, 2005; Schuyler and Pellman, 2001).
These protein families include the Cytoplasmic Linker Protein, CLIP-170/Bik1p (Diamantopoulos et
al., 1999; Rickard and Kreis, 1991), the end-binding protein EB1/Bim1p (Schwartz et al., 1997), the
Xenapus Microtubule Associated Protein XMAP215/Stu2p (Belmont and Mitchison, 1996; McNally
and Vale, 1993), CLIP-associated protein (CLASP), Adenomatous Polyposis Coli (APC) (Kita et al.,
2006), dynactin subunit p1509"* (Waterman-Storer et al., 1995a), and the type 1 Lissencephaly

disease gene Lis1/Paclp (Sapir et al., 1999). (Figure 2-3).



Kar9 pathway Dynein pathway

SOSEION )

Figure 2-2. Spindle positioning in budding yeast. The Kar9 pathway links the actin and
microtubule cytoskeleton via the Kar9p-Bim1p-Myo2p complex. The Kar9p pathway positions
the mitotic spindle at the mother-bud neck. Dynein then is targeted to the plus-end of the
microtubule via Bik1p and Paclp. Once Dynein is at the plus end of the microtubule, dynein can
be off loaded to the cell cortex via Numl1p. After dynein is anchored to the cell cortex, it pulls on
microtubules that are attached to the microtubule-organizing center, thus pulling the spindle

across the mother-bud neck at the onset of anaphase.

10



Bik1p/ Pac1p/ Dyn1p Kar9p Bim1p/
CLIP170 LIS1 EB1

Figure 2-3: Microtubule Associated Proteins (MAPs). An artistic representation is shown of
the following MAPs: Bik1p/Clip170, Paclp/Lisl, Stu2p/XMAP215, Bim1p/EB1, Kar9p, and
Dynl/dynein. These drawings were developed by combining various crystalized domains of each
protein to create a stylized structure. The following Protein Data Bank accession numbers were
used: Dynl (4AKG), Bik1p/CLIP170 (2HQH), Stu2p/XMAP215 (4U3J, 2QK1), and Biml1p
(4E61). No crystal structure is available for Kar9p, and thus it is a hypothetical structure. The

microtubule portion of the figure was in collaboration with Matt Greenlee.
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SUMOYLATION PATHWAY

The SUMO gene

SUMO is ~100 amino acids in size (Johnson, 2004). Although SUMO and ubiquitin share only
~18% sequence identity, they are structurally quite similar (Bayer et al., 1998; Vijay-Kumar et
al., 1987) (Figure 2-4). Like ubiquitin, the tertiary structure of SUMO contains a BBapfaf fold,
known as the B-grasp fold, which is a common characteristic of the ubiquitin protein family

(Bayer et al., 1998).

However, there are some differences between the two molecules. SUMO has an amino-terminal
extension approximately twenty amino acids long that is absent in ubiquitin. Both are processed
after translation, but by slightly different mechanisms. Ubiquitin can be translated as either a
monomer or as a multimer that is subsequently cleaved into single ubiquitin units by
deubiquitinating enzymes to expose the terminal glycine used in conjugation (Fang and
Weissman, 2004; Larsen et al., 1998; Li and Ye, 2008; Ozkaynak et al., 1987; Wilkinson, 1997).
In contrast, SUMO is translated as a single unit, but with a carboxy-terminal extension that is
proteolytically processed by Ulplp to expose the terminal glycine residue (Li and Hochstrasser,

1999).

Consensus sites

Classically, SUMO conjugates to a lysine residue lying within the consensus sequence WYKxE/D,
where ¥ is a large hydrophobic residue and x is any amino acid (Johnson, 2004; Melchior, 2000).
However, about half of known conjugation events occur within non-consensus or incomplete
consensus sites (Blomster et al., 2009; Matic et al., 2010; Teng et al., 2012). Computational
algorithms designed to accurately predict sumoylation sites are continuously being improved

(Blomster et al., 2009; Chen et al., 2012; Teng et al., 2012; Xu et al., 2008).

12



o & 7 4

Ubiquitin SMT3 SUMO1 SUMO2

Figure 2-4: Structure of ubiquitin and SUMO proteins. Ribbon drawings of ubiquitin, SMT3,
SUMOI, and SUMO2. These molecules share a common secondary structure that assembles into
a ubiquitin-like fold. Renderings were developed using the crystallography coordinates available
from the Protein Data Bank with the following accession numbers: ubiquitin (1UBQ), SMT3
(3V60), SUMOI1 (2UYZ), and SUMO2 (1WM3). The structures for the above molecules were
analyzed using the PyMOL Molecular Graphics System, Version 1.3 Schrodinger, LLC. Figure

and figure legend from Alonso et al. 2015.
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SUMO paralogs

There are four SUMO genes in humans: SUMO1, SUMO2, SUMO3 and SUMOA4. In
Saccharomyces cerevisiae there is only one SM73, and one in the Schizosaccharomyces pombe,
Pmt3 (Meluh and Koshland, 1995; Tanaka et al., 1999). In humans, SUMO1, SUMO2, and
SUMO3 can be found in multiple tissues, whereas SUMO4 mRNA expression is most
pronounced in lymph nodes and kidney (Citro and Chiocca, 2013). Notably, the SUMO4 variant
M55V has been linked to type I and type II diabetes (Guo et al., 2004). SUMO2 and SUMO3 are
97% identical in sequence and are considered redundant with each other. Thus, they are often
referred to as SUMO 2/3. SUMOI1 shares ~50% sequence identity with SUMO2/3 (Saitoh and
Hinchey, 2000). SUMOI is most similar to the yeast Smt3p, sharing fifty percent amino acid
sequence identity and a longer N-terminal extension (Schwarz et al., 1998; Sheng and Liao,

2002).

The enzyme cascade

The enzyme cascade of the sumoylation pathway is analogous to the ubiquitination pathway, but
the enzymes are distinct for each (reviewed in (Ulrich, 2009). Three different classes of enzymes
are required for SUMO conjugation to the target protein: an activating enzyme (E1), a
conjugating enzyme (E2), and a ligating enzyme (E3), which enhances the efficiency of

conjugation and specificity for SUMO targets (Hochstrasser, 2001; Johnson, 2004) (Figure 2-5).

SUMO conjugation consists of an isopeptide bond formation between the carboxyl group of the
terminal glycine of SUMO to the epsilon amino group of a lysine residue within the target
protein. SUMO can either be attached to one lysine residue (mono-sumoylation), multiple lysine
residues (multi-sumoylation), or form SUMO chains on the target lysine residue (poly-

sumoylation) (Bencsath et al., 2002; Hickey et al., 2012).
14



SUMO-activating enzyme

The conjugation of SUMO to its target substrate requires ATP. The activation of SUMO is
initiated with the adenylation of the C-terminal carboxyl group of SUMO in an ATP-dependent
reaction. The process continues with the SUMO-activating enzyme, an E1. These enzymes
consist of a heterodimer of Aoslp and Uba2p, which conserved from yeast to human (Desterro et
al., 1999; Dohmen et al., 1995; Johnson et al., 1997). The thiol group of cysteine within the active
site of Aos1p-Uba2p attacks the adenylated SUMO, forming a high-energy thioester bond
between the Aoslp-Uba2p heterodimer and the C-terminus of SUMO (Olsen et al., 2010). Next,
the activated SUMO is transferred to a cysteine within the active site of the E2 SUMO-

conjugating enzyme, Ubc9p, forming a new thioester bond.

SUMO-conjugating enzyme

The E2 SUMO-conjugating enzyme Ubc9p is conserved from yeast to humans, sharing ~56%
sequence similarity (Johnson and Blobel, 1997; Schwarz et al., 1998). In Saccharomyces
cerevisiae, the UBCY gene is essential. In a clear demonstration of its conservation, the budding
yeast Ubc9p can be replaced by the human version (Desterro et al., 1997; Gong et al., 1999;
Yasugi and Howley, 1996). Ubc9p is the sole SUMO-conjugating enzyme, in contrast to multiple
E2’s in the ubiquitin system (Desterro et al., 1997; Johnson and Blobel, 1997; Jones et al., 2002;

Lee et al., 1998).

Ubc9, is regulated by multiple posttranslational modifications. Ubc9p is sumoylated on two
lysines (Ho et al., 2011). Preventing sumoylation at one site enhances its activity, while
sumoylation at the other site diminishes it (Ho et al., 2011). Sumoylation of Ubc9p also reported
to promote discrimination between substrates (Knipscheer et al., 2008). Acetylation also

promotes targeting of Ubc9p to distinct substrates (Hsieh et al., 2013). Ubc9p phosphorylation
15



by CDKI1 implies that sumoylation is coordinated with the cell cycle (Su et al., 2012). This has

significant ramifications for control of the cytoskeleton with its myriad layers of cell cycle input.

SUMO ligating enzyme

SUMO conjugation can take place in the absence of a SUMO E3. However, the E3 is thought to
bring the Ubc9p in close proximity with the target substrate to enhance SUMO conjugation and
its specificity (Desterro et al., 1999; Okuma et al., 1999; Takahashi et al., 2001). SUMO E3
enzymes share similar features with the RING-domain found in the ubiquitin E3s (Hochstrasser,
2001; Johnson and Gupta, 2001) (Figure 2-6). There are several classes of E3s in humans; the
protein inhibitor of activated STAT, known as the PIAS family (Shuai, 2000), polycomb group
protein Pc2 (Kagey et al., 2003), and the nuclear pore protein complex RanBP2/Nup358 (Pichler
et al., 2002). In budding yeast, there are four SUMO E3 ligases Sizlp, Siz2p/Nfilp, and
Mms21p/Nse2p and Cst9p/Zip3p (Duan et al., 2011; Heideker et al., 2011; Johnson and Gupta,
2001; Reindle et al., 2006; Stephan et al., 2011). Sizlp and Siz2p are responsible for the majority
of SUMO conjugation in vivo, with Sizlp having the larger effect on global sumoylation levels
(Johnson and Gupta, 2001; Takahashi et al., 2001). Mms21p/Nse2p was found in a screen for
mutants that are sensitive to the drug methyl methanesulfonate (MMS), an agent that stalls DNA
replication forks (Prakash and Prakash, 1977). Mms21p is part of the Smc5/6 complex important
for chromosomal integrity, and functions in suppressing gross chromosomal rearrangements
(Albuquerque et al., 2013; Rai et al., 2011; Stephan et al., 2011; Yong-Gonzales et al., 2012).
Mms21p targets include telomeric and kinetochore proteins (Wan et al., 2013; Yong-Gonzales et
al., 2012). Cst9p/Zip3p localizes at double-strand breaks associated with cross-over sites in

meiosis (Serrentino et al., 2013).
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Substrate 4

Figure 2-5: SUMOylation Pathway: To portray each state in the sumoylation pathway, surface
maps were developed using crystallography coordinates available from PDB with the following
accession numbers: SUMO1 and Senp1 (2IY 1), E1 complex (3KYC), E2 complex (2UYZ), E3
complex (3UIP), and sumoylated PCNA (3V60). SUMO is shown in the same orientation
throughout the sumoylation process depicted above. Figure and figure legend from (Alonso et al.,

2015, artwork by Matt Greenlee)
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SUMO chains

Like ubiquitin, SUMO can form poly-SUMO chains, known as polysumoylation (Johnson and
Gupta, 2001). SUMO chains occur mainly through SUMO’s flexible N-terminal extension
containing a WKxE sequence (Tatham et al., 2001). SUMO2/3 uses mainly lysine 11 for SUMO
chain formation (Tatham et al., 2001). In contrast, SUMO1 lacks the lysines needed for chain
formation. Therefore it is less likely to form chains (Matic et al., 2008), although a few examples
of SUMOL1 chains have been observed (Blomster et al., 2010). SUMOI can also cap the end of a
SUMO 2/3 chain, limiting its length (Matic et al., 2008). In contrast, the budding yeast SUMO,
Smt3p, has three attachment sites for chain formation, K11, K15, and K19 (Bylebyl et al., 2003).
SUMO chain formation is controlled and “edited” via the ubiquitin like specific protease Ulp2p in
budding yeast (Bylebyl et al., 2003). Although SUMO chains are not essential for vegetative
growth in yeast (Bylebyl et al., 2003), they are required for synaptonemal complex formation
during meiosis (Cheng et al., 2006; Klug et al., 2013). Interestingly, the sumoylated form of
Ubc9p promotes chain formation (Klug et al., 2013). Chains also play a role in targeting STUbL

enzymes to a sumoylated protein (Tatham et al., 2008; Uzunova et al., 2007).

Conjugation and non-covalent binding

SUMOylation can regulate cellular processes via two major mechanisms. SUMO can become
covalently cross-linked to a target protein or it can interact non-covalently with a binding partner
(reviewed in (Kerscher, 2007)). This latter type of interaction typically occurs through SUMO
interaction motifs (SIMs) on the interacting protein (Kroetz and Hochstrasser, 2009; Minty et al.,
2000; Song et al., 2004). These are short stretches of the branched hydrophobic amino acids,
(isoleucine, leucine, valine), in the pattern (I/L/V) X (I/L/V) (I/L/V) with x being any amino acid

(Kroetz and Hochstrasser, 2009; Yang and Sharrocks, 2010). This motif is sometimes flanked on
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one side by acidic residues, and this enhances binding to SUMO (Hannich et al., 2005; Hecker et
al., 2006; Kerscher, 2007; Uzunova et al., 2007). Some proteins, like the kinetochore kinesin

CENP-E, can interact both covalently and non-covalently (Zhang et al., 2008).

Proteases make sumoylation a reversible process

Regulation of cellular processes by SUMO can be quite dynamic. SUMO is removed from its
targets by cleavage of the isopeptide bond between the glycine of SUMO and the target lysine.
The deconjugating enzymes responsible for this specialized clipping are termed ULPs in yeast for
ubiquitin-like specific protease (Li and Hochstrasser, 1999) and SENPs in plants and metazoans
for SUMO/sentrin-specific proteases. Sentrin was an early name for SUMO (Kamitani et al.,
1997). Several insightful reviews have been written recently on SENPs and Ulps (Drag and
Salvesen, 2008; Gillies and Hochstrasser, 2012; Hickey et al., 2012; Mukhopadhyay and Dasso,

2007; Su and Hochstrasser, 2010).

SUMO deconjugating enzymes are grouped into four classes

In mammals, there are six SUMO-cleaving enzymes: SENP1, SENP2, SENP3, SENP5, SENP6,
and SENP7 (Mukhopadhyay and Dasso, 2007). Phylogenetically, SENPs 1, 2, 3, 5 are classed
with the yeast Ulplp. SENP 6 and 7 are homologues of the yeast Ulp2 protease (Lima and
Reverter, 2008; Mukhopadhyay and Dasso, 2007). SENP 8 is not actually a SUMO-SENP, as it
removes another ubiquitin-like protein, NeddS8, from its conjugates (Gan-Erdene et al., 2003; Shin
etal., 2011; Wu et al., 2003). Whereas SENPs are members of the large cysteine protease family,
Wsslp is predicted to be a zinc-metalloprotease (Lyer et al., 2004; Mullen et al., 2010). In

Saccharomyces cerevisiae, there are only three SUMO proteases (Ulp1p, Ulp2p, and Wsslp),
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each belonging to a distinct class (Gillies and Hochstrasser, 2012). In mammals, a fourth class
has recently been described the de-sumoylating isopeptidase (DESI) (Shin et al., 2012; Suh et al.,

2012).

SENPs

Unlike traditional proteases, SENPs/Ulps do not degrade either SUMO or their targets. Instead,
these enzymes possess two related cleavage activities, endopeptidase and isopeptidase activity.
Whereas both the Ulplp and Ulp2p families of SENPs desumoylate substrates by cleaving the
isopeptide bond located between SUMO and the target, the Ulp1p class (but not the Ulp2 group)
can also act as an endopeptidase (Drag and Salvesen, 2008; Li and Hochstrasser, 1999; Lima and
Reverter, 2008; Mikolajczyk et al., 2007). This activity processes the full-length pro-SUMO to a
conjugatable form by cleaving several amino acids from the carboxy-terminus to expose the
terminal-glycine used in conjugation (Drag and Salvesen, 2008). In Saccharomyces cerevisiae,
this removes three amino acids, ATY. For mammalian SUMOs, two to eleven amino acids are

removed depending on the SUMO paralog (Hickey et al., 2012).

The Ulp1 and Ulp2 classes display distinct substrate specificities (Li and Hochstrasser, 2000), as
evidenced by the fact that when either of the two proteases is absent, different sets of sumoylated
products accumulate (Johnson and Blobel, 1999; Li and Hochstrasser, 1999; Li and Hochstrasser,
2000; Schwienhorst et al., 2000). These two proteases also display different subcellular

localizations and virtually non-overlapping interactomes (Cubenas-Potts et al., 2013; Panse et al.,

2003; Srikumar et al., 2013).

Although few substrates are known for the Ulp2p family of enzymes, localization and protein-
interactome data suggest that it plays a role in the nucleus. Recent evidence also suggests it may

function within the nucleolus, an organelle important for ribosome biogenesis and ribosomal
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DNA transcription (Srikumar et al., 2013). We are not aware of any functional evidence that

physically links Ulp2p to the major cytoskeletal polymers.

In addition to cleaving SUMO from substrates, the Ulp2p class of proteases modify SUMO
chains in a process known as “chain editing” (Bylebyl et al., 2003; Mikolajczyk et al., 2007).
Chain editing reduces the length and/or complexity of poly-SUMO chains, preferring to act on
longer chains over mono-sumoylated entities (Bylebyl et al., 2003; Li and Hochstrasser, 2000;

Lima and Reverter, 2008; Mukhopadhyay and Dasso, 2007; Mullen et al., 2010).

Structurally, SENPs/Ulps contain distinct amino and carboxyl domains (Lima and Reverter,
2008). The carboxy-terminal domain contains the catalytic domain, which is conserved across
species. Functional studies using the amino—terminal domain suggests that it is important for
subcellular localization and substrate targeting (Cubenas-Potts et al., 2013; Di Bacco et al., 2006;
Goeres et al., 2011; Hang and Dasso, 2002; Klein et al., 2009; Kolli et al., 2010; Lima and

Reverter, 2008; Yun et al., 2008).

Wsslp

Wsslp is the original member of a distinct class of SUMO proteases termed the WLM family of
proteases (Wss1-Like Metalloproteases) (Lyer et al., 2004; Mullen et al., 2010). WSS1 was
originally identified as a weak suppressor of sm¢3-1, a temperature sensitive allele of SUMO
(Biggins et al., 2001), clearly implicating it in SUMO-related functions. Wss1 is predicted to be a
zinc-dependent metalloprotease. Several observations make this a particularly fascinating new
protease. Wsslp contains two SIMs (SUMO interacting motifs) within its extreme carboxyl-
terminal domain, and has significant conservation with deubiquitinating enzymes (DUBs)

(Mullen et al., 2010; Uzunova et al., 2007)
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These observations prompted the Brill lab to ask which type of protease Wss1p might actually be,
a SUMO protease or a DUB? Their work suggests that while Wss1p may have both types of
activity, it is more efficient as a SUMO-cleaving enzyme than a ubiquitin-cleaving one. Several
lines of evidence support this contention. A pull down assay showed that Wss1p binds GST-
SUMO but not GST-ubiquitin (Mullen et al., 2010). Testing for SUMO peptidase activity
directly, purified Wss1p was much more effective in cleaving synthesized poly-SUMO chains
than poly-ubiquitin chains in vitro. It also appeared more effective at cleaving longer SUMO

chains rather than shorter chains, similar to Ulp2p.

Wsslp was also tested for its ability to cleave a terminal ubiquitin from a SUMO chain. It could,
but preferred to cut the single ubiquitin off, rather than a SUMO-ubiquitin double residue (Mullen
et al., 2010). As Wsslp has sequence conservation with deubiquitingating enzymes (DUBs)
(Mullen et al., 2010), the question has been raised as to whether Wss1 could also act as a SUMO-
directed deubiquitinating enzyme. In this capacity, it might have a more generalized function (Su
and Hochstrasser, 2010). Wss1p’s ability to cleave ubiquitin correlates well with its physical

interaction with proteins of the proteasome (Mullen et al., 2010).

Wsslp plays an important role in sister chromatid recombination, a type of double-strand break
repair (Munoz-Galvan et al., 2013). Consistent with this, a portion of GFP-Wss1p localizes
diffusely through the nucleus (van Heusden and Steensma, 2008). Its physical interaction with
Psy2p and Tof2p is consistent with it being involved in stabilizing or processing stalled

replication forks (van Heusden and Steensma, 2008).

In addition to its importance in DNA repair, Wss1p has recently been linked to another SUMO-
utilizing process, microtubule biology. Two-hybrid analysis showed that Wss1p interacts with
four distinct classes of microtubule-binding proteins, Kar9p, Bim1p, Bik1p and Paclp (Alonso et

al., 2012; Meednu et al., 2008). What makes this finding remarkable is that these different
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classes of MAPs carry out diverse functions for microtubules (Berlin et al., 1990; Blake-Hodek et
al., 2010; Gundersen and Bretscher, 2003; Huang et al., 2012; Hwang et al., 2003; Lee et al.,
2003; Miller et al., 2000; Miller et al., 1999; Moore et al., 2006; Schwartz et al., 1997; Sheeman

et al., 2003).

A portion of Wss1p also localizes to foci in the cytoplasm (van Heusden and Steensma, 2008).
Curiously, this localization is dependent upon the actin-related component of the dynactin
complex, Arplp, but not on another dynactin component Jnm1p (van Heusden and Steensma,
2008). Wsslp is reported to localize only in the mother cell (van Heusden and Steensma, 2008).
While little is known about how this protease affects any component of the cytoskeleton, we
speculate that the mother-specific localization of Wss1p could play a role in inactivating dynein
or dynactin components by regulating the levels of their ubiquitin-like modifications, and thus

their delivery to the proteasome in mother cells but not the bud.
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PIAS3 PIAS2

Figure 2-6: Structure of SUMO E1, E2, E3 enzymes. Tertiary ribbon structure of the SUMO-
activating enzyme dimers SAE1, SAE2, SUMO conjugating enzyme UBC9, and SUMO ligating
enzymes MMS21, PIAS3, PIAS2, and SIZ1. These renderings were developed from
crystallography coordinates available from the following PDB accession numbers: SAE1 (1Y8Q),
SAE2 (1Y8Q), UBC9 (2GRR), MMS2 (3HTK), PIAS3 (4MVT), PIAS2 (4F09), and SIZ1
(312D). Using the PyMOL Molecular Graphics System, Version 1.3 Schrodinger, LLC. Figure

and figure legend from (Alonso et al., 2015).
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SUMO-Targeted Ubiquitin Ligases (STUbL:s)

Prior to 2007, sumoylation and ubiquitination were viewed as distinct modification systems with
limited cross talk (Ulrich, 2005). In one example, ubiquitin and SUMO modify the same lysine at
different times, in a competitive relationship (Desterro et al., 1998; Hoege et al., 2002; Steffan et
al., 2004). In this model, SUMO protects the protein from ubiquitin-mediated degradation.
Another type of cross talk employs cooperation between the two modifications, in which a serial

modification of a target occurs first by SUMO and then by ubiquitin (Huang et al., 2003).

In 2007, a new class of enzyme was described, the SUMO-targeted ubiquitin ligase (STUbL)
(Prudden et al., 2007; Sun et al., 2007; Uzunova et al., 2007; Xie et al., 2007). A STUbL is an
enzyme with ubiquitin ligase activity that recognizes a sumoylated protein and poly-ubiquitinates
it (reviewed in (Perry et al., 2008; Praefcke et al., 2012)). Poly-ubiquitination then targets that
protein for degradation via the proteasome. Thus, SUMOylation can be an indirect, upstream

signal for protein degradation (Figure 2-7).

Three STUbL families have been characterized, the Uls1p-Nislp complex, and the SIx5p-
SIx8p/RNF4 complex, and the Rad18 enzyme. Both Uls1p-Nislp and Slx5p-SIx8p function as
heterodimers (Yang et al., 2006). While both SIx5p and Slx8p contain RING domains, SIx5p is
the subunit that targets the complex to substrates via its two SIMs (Cook et al., 2009; Szymanski
and Kerscher, 2013; Xie et al., 2007). SIx8p has the more robust catalytic activity and can auto-
ubiquitinate in vitro (Xie et al., 2007). Slx5p-Slx8p is the yeast homologue of the human RNF4,
which functions as a single molecule (Sun et al., 2007; Uzunova et al., 2007; Xie et al., 2007).
The human RNF4 can functionally replace the double deletion of sIx5A sIx8A (Uzunova et al.,
2007). Both the yeast and mammalian versions function in DNA repair and genome integrity

(Galanty et al., 2012; Kerscher, 2007; Mullen et al., 2001; Prudden et al., 2007; Xie et al., 2007).
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Figure 2-7: STUbL Pathway Model. The figure above outlines the targeting of a protein to the
proteasome via the RIS1-NIS1 STUbL complex. (Adapted from Alonso et al., 2012; artwork by

Jake Kline)
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Uls1p/Nislp contains a RING domain and binds to SUMO conjugates via SIMs. Little
information is presently known about Uls1p and its targets, with only a few targets of Ulslp
currently identified. These include the microtubule associated protein Paclp and the DNA
binding protein Raplp (Alonso et al., 2012; Grunstein, 1997; Jain and Cooper, 2010; Zhang et al.,

2012).

STUbLs also play an important role in cancer. In one of the best characterized examples, RNF4
functions in the degradation of PML in nuclear bodies (reviewed in (Hay, 2013)). In acute
promyelocytic leukemia, the PML protein forms an in-frame fusion with the retinoic acid receptor
alpha (RAR o), forming an oncoprotein that initiates this blood cancer (Tatham et al., 2008).
Arsenic, a treatment for acute promyelocytic leukemia, causes the sumoylation of PML-RARa by
SUMO2. RNF4 then polyubiquitinates these SUMO chains, resulting in degradation of the
aberrant PML by the proteasome (Liu et al., 2012; Maroui et al., 2012; Rojas-Fernandez et al.,
2014; Tatham et al., 2008). Recently, the novel STUbL Arkadia was found to function similarly
in PML degradation (Erker et al., 2013). The elegant work describing PML cell biology and its
relationship to effective therapeutic interventions for this disease gives hope to the idea that

cytoskeletal accumulation diseases might one day be treated by targeting the SUMO system.

Rad18p, a RING finger protein, is the most recently reported protein to exhibit the hallmarks of a
STUbL. Early studies showed that Rad18p complexes with Rad6p and mono-ubiquitinates the
proliferating-cell nuclear antigen (PCNA). PCNA is the sliding clamp processivity factor for
DNA polymerases (Hoege et al., 2002; Parker and Ulrich, 2012). Subsequently, Rad18p was
shown to contain a SIM, which is used to bind sumoylated PCNA. Rad18p then
polyubiquitinates PCNA and targets it for proteasome degradation (Parker and Ulrich, 2012).
Rad18p has also been shown to serve as a SUMOylation enhancer of PCNA in vitro (Parker and
Ulrich, 2014). In contrast to the yeast Rad18p, the human Rad18 does not bind SUMO and is not

activated by the sumoylation of PCNA (Parker and Ulrich, 2012).
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In just a few short years, the number of targets for STUbL enzymes and processes governed by
STUbLSs has exploded, with STUbLs playing critical roles in almost as many cellular processes as
SUMO itself. These include governing genome stability and proper cellular responses to several
types of DNA damage (Luo et al., 2012), particularly double strand break repair (Cook et al.,
2009; Galanty et al., 2012; Guzzo et al., 2012; Nagai et al., 2011), non-homologous end-joining at
telomeres (Lescasse et al., 2013), nucleotide excision repair (Poulsen et al., 2013), and
homologous recombination repair (Prudden et al., 2007; Yin et al., 2012). STUbLSs are also
involved in the process of transcription (Xie et al., 2010; Yang et al., 2013), and regulate
replication stress, such as those seen with hydroxyurea and MMS treatment (Cal-Bakowska et al.,
2011). STUbLSs have also been found to influence kinetochore stability, which in turn influences
chromosome stability (Dasso, 2008; Mukhopadhyay and Dasso, 2010; van de Pasch et al., 2013).
STUbLSs are also central to the maintenance of SUMO levels themselves by modulating the levels
of SUMO E3 ligases (Westerbeck et al., 2014). Methods for STUbL research continue to be
improved (Szymanski and Kerscher, 2013). With these new roles for STUbLSs, it remains to be
determined the extent to which STUbL enzymes ubiquitinate all or some of their targets on the

end of a polysumo chain or on a distinct lysine.

It is perhaps not surprising that STUbLs have now been linked to the cytoskeleton, including
interactions with several microtubule-associated proteins. However, the amount of information

concerning STUbLs and the cytoskeleton is still limited.

Microtubules and SUMO

Many classes of microtubule-associate proteins (MAPs) modify and regulate a multitude of
microtubule behaviors. Some of these functions include directing microtubules towards distinct

subcellular locations, cross-linking microtubules, mediating protein-protein interactions, and
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either stabilizing or destabilizing microtubules. Some classes of MAPs bind directly to the
tubulin dimers to help regulate their addition to the microtubule polymer (Cheerambathur and
Desai, 2014; Etienne-Manneville, 2010; Ferreira et al., 2014; Gupta et al., 2013). Other MAPs,
like tau, bind along the sides of microtubules (Al-Bassam et al., 2002), whereas other classes of

MAPs bind at the plus-end (+TIPs) (Akhmanova and Steinmetz, 2008).

Recently several classes of MAPs have been identified as SUMO substrates, and several others
that interact with SUMO either physically or by two-hybrid analysis. The MAPs that can be
covalently modified include the spindle positioning protein Kar9p, heavy chain of the dynein
motor, La, the Alzheimer’s MAP Tau, and the kinetochore attachment protein Ndc80p (Alonso et
al., 2012; Dorval and Fraser, 2006; Dorval and Fraser, 2007; Leisner et al., 2008; Meednu et al.,
2008; Montpetit et al., 2006). The kinetochore kinesin CENP-E is both modified by SUMO and
interacts non-covalently with SUMO (Zhang et al., 2008). Interaction with the SUMO machinery
has also been seen with the Kar9 interacting protein, Bim1p. Bim1p is the EB1 homologue in
yeast, but it is not known whether this interaction occurs through conjugation or non-covalent

interactions (Meednu et al., 2008).

Kar9p

Kar9 is a cortical protein identified in a screen for bilateral karyogamy mutants (Kurihara et al.,
1994). Kar9p is thought to be analogous to the adenomatous polyposis coli protein (APC), as they
share similar functions (Gundersen, 2002). Kar9p is required for correct mitotic spindle
orientation, and is important for nuclear migration as previously described above (Miller et al.,
1999; Miller and Rose, 1998). Kar9 asymmetric localization is regulated by its post-translational
modifications (Leisner et al., 2008; Moore et al., 2006; Moore and Miller, 2007). Kar9p can be

phosphorylated and sumoylated. Cdc28p phosphorylates Kar9p at two serine sites, S197 and
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S496 (Liakopoulos et al., 2003). Mutation of these phosphorylation sites causes Kar9p to localize
to both SPB (Liakopoulos et al., 2003; Moore et al., 2006; Moore and Miller, 2007). Kar9p is also
sumoylated in vitro and in vivo (Leisner et al., 2008; Meednu et al., 2008). Kar9p is sumoylated at
lysine 304 (Meednu et al., 2008) and lysine 301, 333, 381 and 529 (Leisner et al., 2008).
Mutation of lysine 304 to proline results in defects in positioning of the mitotic spindle, and
Kar9p mislocalization to both spindle pole bodies (Meednu et al., 2008). The lysine 304 to
proline mutant also results in a short-bipolar spindle, where the spindle is located away from
mother-bud neck (Meednu et al., 2008). Similar results were observed when lysine 301, 333, 281,
and 529 were mutated to arginine (Leisner et al., 2008). Inhibiting global SUMOylation levels
also causes a mislocalization of the spindle apparatus (Leisner et al., 2008; Meednu et al., 2008).
Because the global sumoylation defects is worse than the defect of the non-sumoylatable Kar9p,
this suggests that other proteins involved in proper position of the mitotic spindle are also
regulated via sumoylation. Preview reports demonstrate that phosphorylation regulates
sumoylation (Hietakangas et al., 2006; Yang et al., 2003). This appears to be how Kar9p is
regulated given that Kar9p phosphorylation at at serine 197 decreases its interaction with SUMO
(Meednu et al., 2008). Meednu et. al., 2008 showed by two-hybrid analysis that S197E mutation
does not interact with SUMO. Kar9p is also modified by ubiquitination, and has been shown to
interact with the STUbL, Rislp-Nislp, and Wsslp by two-hybrid analysis (Meednu et al., 2008;

Kammerer et al., 2010).

Dynein

There are two forms of cytoplasmic dynein DHC1a (dynein 1) and DHC1b (dynein 2), both of
which are distinct from flageller dynein (Gibbons, 1995; Paschal et al., 1987). Dynein 1 is the

major form of cytoplasmic dynein and is found in all eukaryotes, from fungi to human (King et
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al., 2002). Dynein 2 is a less well characterized form of cytoplasmic dynein that is found in most
ciliated eukaryotic cells, where it functions in intraflagellar transport and golgi organization
(Grissom et al., 2002; Helfand et al., 2002; Mikami et al., 2002; Pazour et al., 1999; Signor et al.,
1999). Mutations in the dynein 2 complex result in a number of ciliopathies (Schmidts et al.,
2013a; Schmidts et al., 2013b). Dynein 2 associates with different intermediate and light chains
than those associated with dynein 1. Dynein 2 also does not interact with other known regulators

of dynein, including dynactin, Lis1, and BICD2 (Asante et al., 2014).

X-ray crystallography work from the Vale lab provides detailed insight into the structure of the
dynein 1 motor (Carter et al., 2011; Carter et al., 2008). Globular microtubule-binding sites
reside at the end of a 15nm long coiled-coil, termed the stalk (Carter et al., 2008; Gee et al., 1997,
Mazumdar et al., 1996). The power for the movement of dynein is derived from the hydrolysis of
ATP within a ring of six AAA ATPase motifs (Gee et al., 1997; Mocz and Gibbons, 2001;
Neuwald et al., 1999). However, it is noteworthy that the six AAA domains are not created
equal. Only four of the six AAA ATPase domains bind ATP (Kardon and Vale, 2009). ATP
hydrolysis by one of them, AAA1, provides the primary energy required for allosteric
conformational changes (Kon et al., 2004). It is believed that these allosteric changes within the
AAA ATPase domains are transmitted through the “linker” to the “buttress,” which generates a
conformational change in the stalk, which is connected to the microtubule-binding domain.

These changes produce the movement along the microtubule (Bhabha et al., 2014; Carter et al.,

2011).

The dynein heavy chain is complexed with several accessory proteins. These are the intermediate
chains, the light chains, and the light intermediate chains (Lo et al., 2001; Ma et al., 1999; Mok et
al., 2001; Vaughan and Vallee, 1995; Waterman-Storer et al., 1995b). Two adaptors for dynein
are Lis1/Paclp and the dynein-activating complex, better known as the dynactin complex

(Faulkner et al., 2000; Levy and Holzbaur, 2006; Schroer, 2004; Tai et al., 2002; Vaughan et al.,
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1999). The dynactin complex consists of two sub-domains, a short actin-like filament connected
to a shoulder-sidearm projection (Eckley et al., 1999; Quintyne et al., 1999). The short actin-like
filament consists of Arpl, CapZ, p62, Arpl1, p27, and p25. The shoulder-sidearm projection
consists of 150", dynamitin, and p24 (Eckley et al., 1999; Garces et al., 1999). Both dynactin
and Lis1/Paclp are involved in attaching cargo to the dynein motor, but the mechanisms that
regulate cargo attachment to dynein are unclear (Kardon and Vale, 2009; McKenney et al., 2011).
A SUMOylation proteome screen suggests dynein heavy chain as a possible SUMO1 target
(Matafora et al., 2009). This is the first identification of the dynein motor itself being a SUMO

substrate.

La

La is a sumoylated RNA-binding protein that is transported by dynein (van Niekerk et al., 2007).
La is also an antigen found in the autoimmune diseases systemic lupus erythematosus and
Sjorgren’s syndrome (Kumar et al., 2013), and La protein can enhance mRNA translation as well

as viral replication (Kumar et al., 2013; Trotta et al., 2003).

The Twiss lab demonstrated that La is sumoylated at lysine 41 (van Niekerk et al., 2007). A non-
sumoylatable form of La fails to immunoprecipitate with dynein. The non-sumoylatable La also
moves down the axon in the anterograde direction, but not toward the cell body in the retrograde
direction. Together these observations suggest that sumoylation of La promotes its interaction
with dynein, and is required for La’s retrograde transport in neurons by dynein. However, several
questions remain. Does La transport involve the interaction with other dynein adaptors? Where

in the neuron is La sumoylated, and does desumoylation regulate the un-loading of La cargo?
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Tau

Tau, tubulin-associated unit, is a microtubule-associated protein that helps stabilize microtubules.
Tau is highly conserved in higher eukaryotes (Goedert et al., 1996; Goedert et al., 1989a; Goedert
et al., 1989; Maccioni et al., 1995). Tau is found mainly in neurons, where it stabilizes
microtubules and promotes their polymerization (Binder et al., 1985; Cleveland et al., 1977;
Drechsel et al., 1992; Drubin and Kirschner, 1986). Tau also has the ability to bundle
microtubules (Kanai et al., 1992). Tau is a hydrophilic protein that consists of four regions; an
acidic region, a proline-rich region, a microtubule-binding region, and a basic C-terminal region.
The extreme difference in charge between the N-terminus and the C-terminus region of tau can be
modulated by various post-translational modifications. Tau shares homology to other
microtubule-associated proteins (MAPs) including MAP2 and MAP3/4 (Chapin and Bulinski,
1991). Mutations in tau are associated with several neurodegenerative disorders, including
Alzheimer’s, Pick’s disease and several tauopathies (reviewed in (Goedert, 2001)). Alzheimer’s
is a neurodegenerative disease characterized by neurofibrillary tangles and senile plaques. The
neurofibrillary tangles are intracellular aggregates containing abnormally phosphorylated tau,
whereas senile plaques are extracellular deposits of amyloid p-peptides (Delacourte et al., 1999;
Grundke-Igbal et al., 1986; Thara et al., 1986). In models for tau’s role in Alzheimer’s, tau first
dissociates from microtubules in a phosphorylation-dependent manner, leading to their
destabilization. Subsequently, unbound Tau forms dimers that oligomerize to form the paired
helical filaments found in neurofibrillary tangles (reviewed in (Meraz-Rios et al., 2010)). As
various forms of tau are found in cerebrospinal fluid, it is now being developed as biomarker for
Alzheimer’s disease to speed early diagnosis (reviewed in (Blennow et al., 2012; Kopeikina et al.,

2012)).
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Tau can be modified by numerous post-translational modifications, including phosphorylation,
glycosylation, glycation, prolyl-isomerization, nitration, polyamination, ubiquitination, oxidation,
and sumoylation (Arnaud et al., 2009; Bulbarelli et al., 2009; David et al., 2002; Dorval and
Fraser, 2006; Dorval and Fraser, 2007; Grundke-Igbal et al., 1986; Horiguchi et al., 2003; Kuhla
et al., 2007; Landino et al., 2004; Liu et al., 2009; Murthy et al., 1998; Nacharaju et al., 1997;
Necula and Kuret, 2004; Schweers et al., 1995; Takahashi et al., 2008; Takahashi et al., 1999;
Wang et al., 2008; Wang et al., 1996; Zhang et al., 2005; Zhou et al., 2000). Tau has as many as
thirty phosphorylation sites that can alter its structure, function, and localization (Fischer et al.,
2009; Grundke-Igbal et al., 1986; Litersky et al., 1996). In general, an increase in tau
phosphorylation reduces its affinity for microtubules, and thus its ability to stabilize them

(Drewes et al., 1995).

The relationship between SUMO and ubiquitin on tau is a noteworthy example of one type of
crosstalk between two ubiquitin family members. Tau is ubiquitinated both in vitro and in vivo
(Arnaud et al., 2009; David et al., 2002; Liu et al., 2009; Petrucelli et al., 2004; Zhang et al.,
2005). Tau is sumoylated mainly by SUMO-1, but in some cases by SUMO-2 and SUMO-3
(Dorval and Fraser, 2006; Dorval and Fraser, 2007; Takahashi et al., 2008). Mutational analysis
showed that the primary attachment site for SUMO is lysine 340, which is located within a
microtubule-binding repeat. Tau has been seen shown to be heavily ubiquitinated in mature
tangles of Alzheimer’s patients, whereas the sumoylation levels in the mature tangles are low
(Bancher et al., 1991; Dorval and Fraser, 2006). It is speculated that ubiquitin and SUMO
compete for the same lysine residue. In this case, if one modification is up-regulated, the other
would be down-regulated (Dorval and Fraser, 2006). Consistent with this model, inhibition of the
proteasome causes a decrease on tau sumoylation, while increasing tau ubiquitination (Dorval and
Fraser, 2006). Therefore, the sumoylation of tau could be one mechanism to modulate its

turnover rate by blocking the ubiquitination that sends it to the proteasome (Dorval and Fraser,

34



2006). The diminished sumoylation of tau observed in Alzheimer’s patients are consistent with
the diminished proteasome function that is commonly found in many neurodegenerative diseases

(Dorval and Fraser, 2006; Pountney et al., 2003).

Tau sumoylation is also partly dependent on phosphorylation. Treatment of cells with the
phosphatase inhibitor, okadaic acid, promotes tau sumoylation (Dorval and Fraser, 2006; Dorval
and Fraser, 2007). Sumoylation of tau is also increased by treatment of cells with the
microtubule-depolymerizing drug, colchicine, which also releases tau from the microtubule. This
finding is consistent with the sumoylation site being located inside the microtubule-binding
region (Dorval and Fraser, 2006). These findings raise questions about the extent to which
sumoylation may control tau solubility. Since tau is implicated in various human diseases, the
levels of tau sumoylation should also be examined in other tauopathies. This information could

provide insight into our understanding of the role of sumoylation in human disease pathogenesis.

Kinetochore MAPs

Numerous proteins of the kinetochore are sumoylated (Cubenas-Potts et al., 2013;
Mukhopadhyay and Dasso, 2010). Indeed, SUMO/Smt3p in yeast was identified as the third
Suppressor of Mif Two, which is a protein located at the centromere-kinetochore interface
(Lampert and Westermann, 2011). While the sumoylation of centromere and kinetochore
proteins is itself a field of rising interest, this section focuses on the kinetochore proteins that are

also bona fide microtubule binding proteins.
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Ndc80

Ndc80p is a conserved part of the kinetochore-associated Ndc80 complex, also referred to as
Heclp. Ndc80p is also a microtubule-associated protein. Ndc80p consists of a N-terminal
microtubule-binding domain, which is negatively regulated by the kinase Aurora B, and a C-
terminal coiled-coiled domain, which interacts with other components of the kinetochore-
associated Ndc80 complex (Cheeseman et al., 2006; Guimaraes et al., 2008; Miller et al., 2008).
The kinetochore consists of a collection of proteins that assembles on centromere DNA, to which
the microtubules then attach. Ndc80p helps organize and stabilize kinetochore-microtubule
interaction in order to facilitate proper chromosome segregation (Wei et al., 2011). Ndc80p
forms a “dumbbell-like” heterotetramer with Nuf2p, Spc24p, and Spc25p to form the Ndc80
complex (Cheeseman et al., 2006; Tien et al., 2013). The Ndc80 complex also helps localize

spindle assembly checkpoint proteins to the kinetochore (Gillett et al., 2004; Maiato et al., 2004).

In budding yeast, Ndc80p was identified as a sumoylated protein in several SUMO proteomes by
mass spectrometry (Panse et al., 2004; Wykoff and O'Shea, 2005; Zhou et al., 2004). Later, it
was confirmed that Ndc80p is sumoylated in vivo at a lysine residing at position 231 (Montpetit et
al., 2006). Mutation of lysine 231 to arginine completely abolished the higher molecular forms of
Ndc80p. It is unlikely that lysine 231 contributes to SUMO chain formation since the laddering
effect remains the same in a strain in which SUMO chain formation is blocked (Montpetit et al.,
2006). Instead, the abrogation of the multiple higher molecular weight forms of Ndc80p in the
K231R mutant suggests that this amino acid is required for the sumoylation of other lysines.
Ndc80p sumoylation levels remain relatively constant over the cell cycle. Its sumoylation is also
not affected by the depolymerization of microtubules by nocodazole treatment or by activation of
the spindle assembly checkpoint. This is unlike other sumoylated kinetochore proteins, Ndc10p,
Birlp, and Cep3p, in which SUMO does respond to these perturbations. This suggests that

Ndc80p is regulated differently than other kinetochore proteins, like Ndc10p (Montpetit et al.,
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2006). Although the evidence shows that Ndc80p is sumoylated in vivo, there are no phenotypes

described as yet for the K231R mutant.

CENP-E

CENP-E is both a centromere-associated protein located in the outer plate of the kinetochore and
a plus end-directed microtubule motor from the kinesin family (Yen et al., 1991). CENP-E is
required for cell cycle progression from metaphase to anaphase by helping align chromosomes at
the metaphase plate (Liu et al., 2007; Yen et al., 1991). CENP-E localization at the kinetochore is
crucial for spindle checkpoint activation, which prevents defects in chromosome segregation (Liu
et al., 2007). CENP-E has been shown to promote plus-end microtubule elongation in vitro, by

stabilizing the microtubule as it walks towards the plus-end (Sardar et al., 2010).

CENP-E is both a SUMO substrate and a SUMO-binding protein (Zhang et al., 2008). The
important role that SUMO plays in CENP-E function was demonstrated by inhibition of
sumoylation using overexpression of SENP2, a SUMO-specific protease. This resulted in cell-
cycle arrest at prometaphase, and the mislocalization of CENP-E from the kinetochore (Zhang et
al., 2008). Overexpression of SENP2 also caused a decrease in sumoylation of other kinetochore-
associated proteins that are needed for proper CENP-E localization to the kinetochore, since they
bind CENP-E non-covalently (Zhang et al., 2008). CENP-E has also been shown to be a
SUMO2/3 binding protein. Disruption of the SIMs in CENP-E also causes its mislocalization

from the kinetochore (Zhang et al., 2008).
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CHAPTER III

THE YEAST HOMOLOG OF THE MICROTUBULE-ASSOCIATED PROTEIN LIS1
INTERACTS WITH THE SUMOYLATION MACHINERY AND A SUMO-TARGETED

UBIQUITIN LIGASE

As described above, a large number of microtubule-associated proteins have been shown to be
SUMO substrates. However, an important MAP that had not been investigated until the work
presented in this thesis was the dynein adaptor Paclp/Lis1, although various sets of data
suggested a connection. Paclp interacts with Bim1p/EB1, which interacts by two-hybrid with
SUMO (Meednu et al., 2008). Paclp interacts with dynein, which was identified in a

SUMOylation proteomic screen as a possible SUMO substrate (Matafora et al., 2009).

A number of recent studies have investigated the mechanisms that regulate microtubule plus-end
binding proteins and spindle position. As described above, the phosphorylation of Kar9p has been
shown to be important for proper spindle position. Recently, ubiquitin-related modifications have
been shown to be involved in regulating kinetochore attachment to microtubules (Dasso, 2008;
Joseph et al., 2004; Joseph et al., 2002; Montpetit et al., 2006; Tanaka et al., 1999). Previous
work from the Miller lab and work described above, suggest the possibility that similar regulatory

mechanisms could regulate cytoplasmic microtubule function.
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Lis1/Paclp

Lisl is a microtubule-associated protein part of the plus-end tracking protein group, occasionally
referred to as PAFAHI1BI1 (Hattori et al., 1994). Mutations in the LIS gene are responsible for
the severe brain disease, Type 1 lissencephaly, or “smooth brain.” Lissencephaly is a rare brain
formation disorder caused by dysfunction in neuronal migration, leading to severe mental
disorders and early death (Kato and Dobyns, 2003; Liu, 2011; Reiner et al., 2006; Sapir et al.,
1999). The hallmark of the disease is a drastic decrease in convolutions of the cerebral cortex
(Reiner and Sapir, 2013). The human cerebral cortex consists of distinct cortical layers. Neuronal
migration creates an inside-out arrangement of these layers. Neuronal migration dysfunction is
thought to be the cause of cortical disorganizations found in patients diagnosed with
lissencephaly. Therefore, any factors affecting the process of neuronal migration will physically
affect the convolutions in the cerebral cortex (Aumais et al., 2001; Gupta et al., 2002; Lambert de

Rouvroit and Goffinet, 2001).

Lisl is a 46kDa dimeric protein, containing a novel LisH motif at the N-terminus, followed by a
coiled-coil region and a WD-40 repeat region forming a seven f-propeller structure (Mateja et al.,
2006). The two domains of the protein are equally important for function, since mutations causing
lissencephaly are found to occur throughout the protein (Leventer et al., 2001; Leventer et al.,
2001; Matsumoto et al., 2001). Lis1 binds directly to microtubules through its N-terminal region
coil-coil domain (Sapir et al., 1997), while it binds dynein via the WD-40 repeats (Huang et al.,

2012).

Paclp, Lis] homologue, is composed of three regions: a LisH domain, a small coiled-coil domain
and a highly conserved WD40 repeat domain. None of these domains alone are sufficient for
microtubule binding or plus end tracking in vivo (Markus et al., 2011); All three domains are

necessary for proper activity (Markus et al., 2011). The WD40 repeats of Paclp are thought to
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bind across the intersection of the AAA3 and AAA4 ATPase motifs of dynein (Faulkner et al.,
2000; Huang et al., 2012; McKenney et al., 2011; Toropova et al., 2014; Vallee et al., 2001;

Wang et al., 2013).

While Lis1 is perhaps best known for its role in neurons, it is also important in desmosome
stability and cortical microtubule organization in the epidermis. Loss of Lis1 results in fragile
desmosomes, where it also localizes (Sumigray et al., 2011; Sumigray and Lechler, 2011). Lisl

is also critical in the development of hematopoietic stem cells, where it controls the positioning of
the mitotic spindle during cell division and the inheritance of cell fate determinants (Zimdahl et

al., 2014).

Earlier studies found that many homologues of Lis1 assist in the function of dynein (Geiser et al.,
1997; Swan et al., 1999; Xiang et al., 1995b). In S. cerevisiae, mutants of dynein, dynactin and
the Lis1 homologue Paclp display defects in nuclear positioning during mitosis (Geiser et al.,
1997; Xiang et al., 1995b). In 4. nidulans, allele-specific suppression was observed between Lisl
homologue, nudF, and dynein heavy chains, nudA, implying that Lis] might interact with dynein
heavy chain directly (Xiang et al., 1995). Later studies found that Lis1 co-localizes with dynein
and dynactin at numerous subcellular structures including the kinetochore, cell cortex, spindle,
and spindle poles (Faulkner et al., 2000). Overexpression of Lis1 in mammalian cells disrupts
cortical dynein localization causing mis-oriented spindles. While, inhibition of Lis] caused
failure in chromosome alignment at the metaphase plate, which is a phenotype observed when
dynein activity is inhibited (Faulkner et al., 2000). This suggests that Lis1 is involved in spindle
orientation during mitosis. It has been shown that Lis1 interacts directly with dynein at multiple
sites including the tail and the motor domain (Tai et al., 2002). Lis1 also interacts with dynactin, a
dynein accessory complex that mediates dynein attachment to various subcellular structures

(Efimov and Morris, 2000). Overexpression of Lis1 causes dynactin to be displaced from the
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microtubule plus end (Faulkner et al., 2000). Lis1 was found to participate in mitotic dynein

functions, such as spindle orientation and metaphase chromosome capturing (Vallee et al., 2001).

Lis1 also promotes dynein’s interaction with certain cargo (Sitaram et al., 2012; Splinter et al.,
2012). The direct binding of Lis1/Paclp to dynein can regulate several properties of the motor
itself. These include its velocity, the load carried, and “processivity.” By inducing a
conformational change in the motor, Lis1/Paclp also increases the “heaviness” of the load that
the motor can carry (McKenney et al., 2010). Dynein bound to Lis1 walks at a slower speed than
unbound dynein (Huang et al., 2012; Markus et al., 2011; McKenney et al., 2010; Torisawa et al.,
2011; Toropova et al., 2014). The binding of Lis1 also increases its “processivity,” which is the
distance that a motor travels before stepping off the track. All of these parameters can be
influenced by the time of attachment of dynein for the microtubule (Huang et al., 2012; Toropova
etal., 2014). Thus, the binding of Lis1 to dynein can be thought of as transforming it into a more

powerful diesel engine, one in low gear.

CLIP170/Bik1p

Bikl1p is the yeast homologue of CLIP-170, a family of CAP-Gly proteins that track microtubule
plus-ends (reviewed in (Gupta et al., 2014; Miller et al., 2006)). These are often referred to as a
member of the a “+TIP” family of proteins (Akhmanova and Steinmetz, 2008). CLIP-170 binds
the growing ends of microtubules, whereas Bik1p binds microtubules that are both growing and
shrinking (Carvalho et al., 2004). Biklp also stabilizes microtubules against catastrophe. When

Bik1p is absent from the cell, microtubules are very short (Berlin 1990).

Structurally, Bik1p/ CLIP-170 is comprised of an amino-terminal head domain, a central coiled-
coil domain, and a carboxy-terminal domain that contains metal-binding “zinc knuckle” motif.

This domain is sometimes referred to as the “cargo-binding domain” (Gupta et al., 2010; Miller et
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al., 2006). In contrast to the yeast Bik1p, the head domain of the mammalian CLIP-170 contains
two CAP-Gly domain and several serine rich domains (Miller et al., 2006). Early work suggested
that microtubule binding occurred through the CAP-Gly domains, but recent work demonstrates
that the serine rich regions also make substantial contributions to microtubule binding (Gupta et
al., 2010). In addition to binding the microtubule polymer, CLIP-170 also possesses a significant
affinity for tubulin dimers (Folker et al., 2005). This interaction may play a role in a “co-
polymerization” mechanism by which CLIP-170 tracks the plus-end of the growing microtubule
(Folker et al., 2005). The interaction of Paclp with Bik1p occurs though the carboxy-terminal

domain of Bik1p (Sheeman et al., 2003) .

The functions of both CLIP-170 and Bikl1p are closely connected to those of dynein (Caudron et
al., 2008; Goodson et al., 2003; Sheeman et al., 2003; Tai et al., 2002; Vaughan et al., 1999). In
yeast Bik1p together with Paclp and Ndl1p, recruit dynein to the plus end of the microtubule,
prior to dynein’s off-loading to the cortex (Lee et al., 2005; Markus et al., 2011; Sheeman et al.,
2003). In the absence of Paclp or Biklp, dynein fails to be recruited to the plus-end of
microtubules, resulting in spindle positioning defects (Sheeman et al., 2003). Bikl1p also interacts
with Kar9p, providing a link between the Kar9p and dynein spindle positioning pathways (Moore

et al., 2006).

The finding that Paclp/Lis1 and Bik1p/CLIP-170 interact with SUMO leads to a new area of
study of how sumoylation of these proteins affect microtubule dynamics. Various MAPs interact
with each other to form a web of interactions along the microtubules (Akhmanova and Steinmetz,
2008). As described above, the dynamic nature of microtubules is important for many processes
in higher eukaryotes including organization of the apical-basal polarity of the epithelial cells.
Considering the expanding list of MAPS interacting with SUMO, there is a possibility that
sumoylation may help promote or regulate interactions between the MAPs along the

microtubules. This phenomenon is significant not only for spindle positioning but also for proper
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sister chromatid division. The work described in Alonso et al. 2012 adds Paclp and Biklp, to the

growing list of microtubule-associated proteins that interact with SUMO.

Understanding the mechanisms that regulate spindle positioning will contribute towards
understanding various forms types of cancer. Paclp and Biklp are also part of the dynein
pathway, which is important for correct spindle positioning. Mutations affecting spindle
positioning also lead to a variety of developmental diseases. Paclp homologues in other
organisms have also been shown to be important for spindle orientation during neuroblast
development (Siller and Doe, 2008). Therefore understanding how these proteins are modified

could further our knowledge on the diseases and neuron development.

SUMMARY OF MANUSCRIPT

Paclp and SUMO

Several approaches were employed to show that SUMO is linked to Lis1/Paclp. First, two-hybrid
analysis was used to show that Paclp interacts with SUMO and several other members of the
sumoylation pathway, including the E2 enzyme, Ubc9p, and the E3, Nfilp (D'Silva, 2008).
Second, inhibition of the SUMO protease Ulp1p resulted in multiple higher molecular weight
forms of Paclp, suggesting that Ulpl removes SUMO from Paclp. Third, the co-
immunoprecipitation of Paclp with SUMO strongly suggested that Paclp is a SUMO substrate.
Fourth, Paclp interacted with both components of the STUbL enzyme Uls1p-Nislp by two-
hybrid analysis. Paclp shift was increased in strains deleted for the STUbL Ulslp, and in strains
where the proteasome was inhibited with the drug MG132. These data support a model in which
the Uls1p-Nislp STUbL recognizes a sumoylated Paclp and thus targets it to the proteasome.
Depending on the localization of the STUbL, this could represent a mechanism to degrade a

subcellular pool of Paclp, perhaps on the set of microtubules directed into the bud.
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After the manuscript was published the Paclp homologue PAFAH1B1/Lis1 was identified in a
SUMO-1 and SUMO-2 SUMOylation proteomic screens (Bonacci et al., 2014; Wen et al., 2014).

This finding suggests that the sumoylation of Paclp might be conserved across species.

Biklp and SUMO

Bik1p displays several interactions with the sumoylation machinery. Biklp interacts with
SUMO, the SUMO E2 conjugating enzyme Ubc9p, and the E3 Nfilp by two-hybrid analysis.
Interestingly, the carboxy-terminal domain of Bik1p, the domain that interacts with Paclp, is also
required for Paclp’s interaction with SUMO. In the reciprocal direction, Paclp is required for
Bik1p’s interaction with SUMO in the two-hybrid assay. These findings suggest the possibility
that a mutual-association of both proteins is required for their modifications by SUMO. Bik1p
can also be sumoylated using an in vitro assay, resulting in two and possibly three shifted bands.
Sumoylated forms of Bik1p have also been observed in vivo when Bik1p and SUMO were
overexpressed. Ulplp is one of the major SUMO proteases in the cell that cleaves SUMO from
target proteins. In a somewhat surprising finding, I did find that inactivation of Ulp1p with a
temperature-sensitive allele did not reveal SUMO-shifted forms of Bik1p. Thus, identification of

a sumoylated form of Bik1p at the endogenous level has remained elusive.

Alternative hypothesis for Bik1p sumoylation

Although, inactivation of Ulp1p did not reveal SUMO-shifted forms of Bik1p, there are some
possible explanations. Perhaps Bik1p is not actually conjugated by SUMO and the putative
SUMO connection occurs via a non-covalent interaction. Perhaps SUMO only attaches to Bik1lp
when the cell is stressed. Another possibility is based on the finding that Bik1p interacts by two-
hybrid analysis with the STUbL enzyme, Uls1p-Nislp, and the SUMO-isopeptidase Wsslp.
While Bik1p’s interaction with this enzyme implies that it is sumoylated at some point, the

difficulty of “catching” SUMO on Bikl1p is nevertheless perplexing. It is also possible that
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Bik1p’s interaction with the STUBL results in its rapid demise by the proteasome. As Biklp and
CLIP-170 have critical functions for microtubules, further research into the SUMO-Bik1p

connection is anticipated.
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DISCUSSION

Despite many years of research, the regulatory mechanisms that regulate the function of Paclp
have not been discovered. Since Paclp is conserved from yeast to human, what is learned about
Paclp regulation in yeast provides valuable insight into the more complicated mammalian
system. The work presented here describes the interaction of two microtubule-associated proteins,
Bik1p and Paclp, with enzymes of the sumoylation pathway in S. Cerevisiae. These findings
suggest the hypothesis that sumoylation may regulate the functions of these MAPs. As Paclp is
one the few examples known for substrates of the STUbL, Uls1p-Nisplp, many questions remain

about its sumoylation.

Additional work is needed to see if these modifications are conserved in Paclp’s mammalian
homologue, Lis1. It is also not known how sumoylation of Paclp might regulate either the cargo
selection of dynein or the motor properties of dynein. It is important as well to identify the sites
of modification in order to determine the function of this modification It is well known that
different types of stresses affect global levels of sumoylation. Further work is needed to identify

the types of stresses that alter Paclp modification.

Paclp activities, as many other MAPs, are cell cycle regulated. It will be interesting to know if
the SUMOylation of Paclp is as well regulated by the cell cycle. I predict that Paclp
modification will vary through the cell cycle, especially since the localization of dynein changes

as the cell cycle progresses.
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ABSTRACT Microtubules and microtubule-associated proteins are fundamental for multiple
cellular processes, including mitosis and intracellular motility, but the factors that control
microtubule-associated proteins (MAPs) are poorly understood. Here we show that two
MAPs—the CLIP-170 homologue Bik1p and the Lis1 homologue Pac1p—interact with several
proteins in the sumoylation pathway. Bik1p and Pac1p interact with Smt3p, the yeast SUMO;
Ubc9p, an E2; and Nfilp, an E3. Bik1p interacts directly with SUMO in vitro, and overexpres-
sion of Smt3p and Bik1p results in its in vivo sumoylation. Modified Pac1p is observed when
the SUMO protease Ulp1p is inactivated. Both ubiquitin and Smt3p copurify with Pac1p. In
contrast to ubiquitination, sumoylation does not directly tag the substrate for degradation.
However, SUMO-targeted ubiquitin ligases (STUbLs) can recognize a sumoylated substrate
and promote its degradation via ubiquitination and the proteasome. Both Pac1p and Bik1p
interact with the STUbL Nis1p-Ris1p and the protease Wss1p. Strains deleted for RIST or
WSS1 accumulate Pac1p conjugates. This suggests a novel model in which the abundance of
these MAPs may be regulated via STUbLs. Pac1p modification is also altered by Kar9p and
the dynein regulator She1p. This work has implications for the regulation of dynein’s interac-
tion with various cargoes, including its off-loading to the cortex.
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INTRODUCTION

Microtubules are critical for a number of basic cellular processes.
They are vital to the operation of the mitotic spindle. They can act
as ropes that pull on kinetochores to separate the attached chromo-
somes. Microtubules also function as tracks that guide the transport
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of various cargoes to distinct destinations within the cell. Many as-
pects of microtubule function are regulated by distinct classes of
microtubule-binding proteins.

In the yeast Saccharomyces cerevisiae, microtubules are critical
for positioning the mitotic spindle, a process governed by two ge-
netic systems termed the Kar? pathway and the dynein pathway.
The Kar9 pathway orients cytoplasmic microtubules into the bud,
and the dynein pathway pulls on the cytoplasmic microtubules to
position the spindle across the bud neck with the onset of anaphase
(Kahana et al., 1995; Yeh et al., 1995; Carminati and Stearns, 1997;
Miller et al., 1998). In the dynein pathway, both Bik1p and Paclp
help localize dynein to the plus end of the microtubule before it is
"off-loaded” to the cortex (Sheeman et al., 2003; Lee et al., 2005;
Caudron et al., 2008; Markus et al., 2011). The microtubule-binding
protein Bik1p is a member of the CLIP-170 family, and Paclp is a
member of the Lis1 family.

Supplemental Material can be found at:
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Bik1p is a multifunctional protein. Bik1p is found on both nuclear
and cytoplasmic microtubules (Berlin et al., 1990; Sheeman et al.,
2003; Miller et al., 2006). It stabilizes microtubules, and in its ab-
sence, microtubules are very short (Berlin et al., 1990; Blake-Hodek
et al., 2010). It also acts to tether microtubules to the cell cortex in
mating cells (Molk et al., 2006). Whereas the mammalian CLIP-170
binds growing microtubules only, the yeast Bik1p tracks both the
growing and shrinking ends of microtubules (Carvalho et al., 2004).
In the nucleus, Bik1p is also part of the kinetochore, and its activity
there has been linked to preanaphase kinetochore separation in
polyploid strains (He et al., 2001; Lin et al., 2001). However, its pre-
cise role at kinetochores remains unclear (Westermann et al., 2007).
Bik1p localization at the plus end of cytoplasmic microtubules is me-
diated by the kinesin motor, Kip2p, which carries it to the plus end
(Carvalho et al., 2004; Caudron et al., 2008).

Bik1p and Pac1p are each structurally similar to their mammalian
counterparts. Bik1p is composed of an amino-terminal head do-
main, a central coiled-coil domain, and a carboxy-terminal tail (Miller
et al., 2006). In its head domain, Bik1p has one CAP-Gly domain for
microtubule binding, whereas CLIP-170 has two. This is followed by
a serine-rich domain, which may be used in phosphoregulation
(Miller et al., 2006). A 40-amino acid region at the carboxy-terminus
termed the cargo-binding domain is required for interaction with
dynein and Paclp (Lin et al., 2001; Sheeman et al., 2003; Li et al.,
2005). The structure of Pac1p includes a short coiled-coil domain
and a highly conserved WD40 repeat domain. Neither of the two
domains alone is sufficient for microtubule binding or plus-end
tracking in vivo (Markus et al., 2011).

Mutations in Lis1 cause lissencephaly, a devastating disease of
abnormal brain development resulting from incomplete neuronal
migration (Reiner et al., 2006). Lis1 has a number of activities associ-
ated with microtubules. Lis1 function is closely linked to dynein, a
minus end-directed motor protein that regulates a number of differ-
ent movements within the cell, including vesicle transport, mitosis,
cell migration, nuclear migration, and spindle orientation (Faulkner
et al., 2000; Dujardin et al., 2003; Shu et al., 2004, Tanaka et al.,
2004; Tsai et al., 2005, 2007, 2010; Lam et al., 2010; Zhang et al.,
2010). As an adaptor to dynein, LisT modulates a subset of dynein
functions (Faulkner et al., 2000). Lis1 also interacts with the motor
domain of dynein and affects its motor activity (McKenney et al.,
2010; Torisawa et al., 2011; Huang et al., 2012). In doing so, it in-
creases the time that dynein interacts with the microtubule, making
dynein more persistent in generating force for transport of heavy
loads (McKenney et al., 2010, 2011). Furthermore, Lis1 coordinates
the activity of plus end-directed motors with minus end-directed
motors (Yi et al., 2011). Lis1 can also affect microtubule assembly,
both positively or negatively (Sapir et al., 1997; Han et al., 2001).
In the upper layers of the epithelium, Lis1 is important for the orga-
nization of cortical microtubules and the stability of desmosomes
(Sumigray et al., 2011). In yeast, Pac1p functions in the dynein path-
way by working with Bik1p to recruit dynein to the plus end of the
microtubule (Lee et al., 2003; Sheeman et al., 2003; Li et al., 2005;
Markus et al., 2011). Although much is known about the various ac-
tivities of Lis1, little is known about the regulation of Lis1 and/or
Pac1p in each of these different contexts.

Proteins in both the Kar9p and dynein pathways have been
shown to be regulated by phosphorylation (Choi et al., 2000, 2002;
Liakopoulos et al., 2003; Maekawa and Schiebel, 2004; Moore et al.,
2006, 2008 ). However, little is known about how other protein mod-
ifications regulate spindle positioning.

Sumoylation is a small ubiquitin-like modification that regulates
many divergent cellular processes and is key to several diseases
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(reviewed in Dasso, 2008; Gareau and Lima, 2010; Sarge and
Park-Sarge, 2011; Praefcke et al., 2012). In yeast, the single gene for
SUMO is SMT3. SUMO conjugation onto target lysines occurs
through a terminal glycine residue, which becomes exposed by the
action of the Ulp1p protease, which removes the last three amino
acids of SUMO. A cascade of enzymes analogous to, yet distinct
from, ubiquitination is responsible for SUMO conjugation to its sub-
strates. The E1 dimer Aos1p-Uba2p activates Smt3p in an ATP-
dependent step. The E2-conjugating enzyme is Ubc9p. Four E3
ligases are known in yeast that also confer substrate specificity.
These are Nfi1/Siz1p, Siz2p, Nse2p, and Mss21p (Johnson and
Gupta, 2001; Reindle et al., 2006; Duan et al., 2011; Heideker et al.,
2011; Stephan et al., 2011).

Removal of SUMO from targets is a dynamic process, and SUMO
deconjugation is important for cellular health (Bekes et al., 2011).
Three proteases remove SUMO from its targets in yeast. These are
Ulp1p, Ulp2p, and Wss1p (Mukhopadhyay and Dasso, 2007; Kolli
et al., 2010; Mullen et al., 2010). Ulp1p is an essential protease re-
quired for cell cycle progression that localizes to the nuclear enve-
lope and septin ring (Li and Hochstrasser, 1999; Elmore et al., 2011).
The Ulp2p has chain-editing activity and can cleave SUMO chains,
acting to shorten their length (Bylebyl et al., 2003; Mukhopadhyay
et al., 2007; Yeh, 2009). The protease Wss1p displays SUMO-iso-
peptidase activity and is reported to be associated with the protea-
some (Mullen et al., 2010). Ulp1p and Ulp2p are SUMO specific,
whereas Wss1p may remove both ubiquitin and SUMO (Mullen
et al., 2010; Su and Hochstrasser, 2010).

In 2007, a new mode of cross-talk was identified between the
ubiquitination and sumoylation systems (Sun et al., 2007; Uzunova
et al., 2007; Xie et al., 2007). SUMO targeted ubiquitin ligases
(STUbLs) are ubiquitin ligases that recognize a sumoylated protein
and polyubiquitinate it, sending the target to the proteasome for
degradation. How STUbLs interact with microtubule-binding pro-
teins is not known.

Recent work suggests that sumoylation regulates the Kar9p spin-
dle-positioning pathway by modifying the Kar9 protein (Leisner
et al., 2008; Meednu et al., 2008). Defects in sumoylation alter the
localization of Kar?p to both spindle poles rather than just the pole
destined for the bud (Leisner et al., 2008; Meednu et al., 2008). In
the present study, we show that two proteins from the dynein path-
way, Bik1p and Paclp, interact with SUMO and several proteins
from the SUMO conjugating and processing system. We also show
that the SUMO protease Ulp1p controls the amount of shifted
Pac1p. Both Bik1p and Pac1p also interact with the STUbL enzyme
dimer Nis1p-Ris1p. Taken together, our findings suggest that these
microtubule-associated proteins may be regulated by the SUMO
signal transduction system. This could have implications for the reg-
ulation of CLIP-170 and Lis1 family members in other systems.

RESULTS

Both Bik1p and Pac1p interact with the yeast SUMO Smt3p
Bik1p interacts physically with Kar9p, and Kar9p is sumoylated
(Moore et al., 2006; Leisner et al., 2008; Meednu et al., 2008). We
therefore investigated whether proteins in the dynein pathway
might also be regulated by sumoylation. We tested for an interac-
tion between Smt3p and two proteins that function in the dynein
pathway, Bik1p and Paclp, by two-hybrid analysis. As shown in
Figure 1, both BIKT and PACT interacted with SMT3. BIK1 did not
interact with ubiquitin encoded by UBI4 or the small ubiquitin-
related protein encoded by URM1. In contrast, PACT also displayed
a slight but consistently detectable interaction with ubiquitin. As
previously reported, the kinesin motor protein encoded by KIP2
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FIGURE 1: BIKT and PACT interact with SUMO/SMT3 by two-hybrid
analysis. Yeast ubiquitin is encoded by UBI4, and the ubiquitin-related
modifier is encoded by URM1. Diploid two-hybrid reporter strains
were generated by crossing yRM1757/PJ65-4A containing PAC1-BD
(PRM3604), BIK1-BD (pRM4924), KIP2-DB (pRM3595), or empty-BD
(PRM1154) with yRM1756/PJ69-4A containing activation domain
(AD)-UBI4 (pRM5880), AD-URM1 (pRM5829), AD-SMT3 (pRM4920), or
empty AD (pRM1151). Diploids were selected on SC-ura-leu and
tested for interaction by growth on SC-his at 30°C for 2-3 d. Two
independent diploid colonies were tested. Although UBI4, URM1, and
SMT3 are members of the same protein superfamily, only SMT3
interacted strongly with both BIK1 and PACT.

did not interact with SMT3 (Meednu et al., 2008). Thus two-hybrid
analysis of three members of the ubiquitin superfamily suggests that
Bik1p and Pac1p interact strongly with Smt3p.

Bik1p and Pac1p interact with Smt3p-GG but

not with Smt3p-GA

The protease Ulp1p is responsible for removing the carboxyl three
amino acids from full-length Smt3p. This exposes a glycine at posi-
tion 98 for conjugation to substrates. The absence of this terminal
glycine precludes conjugation to target proteins (Johnson and
Blobel, 1997). We therefore tested whether two mutations would
abrogate the interaction. The first mutation deletes the last three
amino acids (ATY), exposing the terminal diglycine motif (SMT3-
GG). The second mutation replaces the terminal glycine with ala-
nine (SMT3-GA), preventing conjugation. As shown in Figure 2A,
full-length SMT3 and the truncated form of SMT3, SMT3-GG, inter-
acted with both BIK7 and PACT, but the SMT3-GA form did not.
Previous work demonstrated that the SMT3-GA construct was ex-
pressed (Meednu et al., 2008). This suggests the possibility that
conjugation mediates the two-hybrid interactions of Bik1p and/or
Pac1p with Smt3p.

Bik1p and Pac1p interact with other enzymes in the
sumoylation pathway

Several enzymes in the sumoylation pathway facilitate the transfer of
SUMO to target proteins. Kar9p was previously shown to interact
with several of these by two-hybrid analysis (Meednu et al., 2008).
Both BIKT and PACT interacted with UBC? encoding the E2 enzyme
and NFI1/51Z2 encoding an E3 enzyme (Figure 2B). Thus two pro-
teins from the dynein pathway interact with multiple enzymes re-
quired for sumoylation.

Bridging

A yeast two-hybrid interaction can be explained most simply by a
direct binding of the bait and prey proteins. However, if a third pro-
tein binds between the bait and prey, it might activate transcription
of the reporter gene and falsely suggest a direct interaction. Bik1p
interacts with two other spindle-positioning proteins, Kar9p and
Bim1p (Schwartz et al., 1997; Moore et al., 2006; Wolyniak et al.,
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FIGURE 2: PAC1 and BIKT interact with multiple genes in the
sumoylation pathway by two-hybrid analysis. Two-hybrid reporter
strains (yRM1757/PJ69-4A) containing BIK1-BD (pRM4924), PAC1-BD
(PRM3604), KIP2-BD (pRM3595), or empty BD (pRM1154) were
mated to reporter strains (YRM1756/ PJ69-4a) containing AD-BIK1
(PRM2627), AD-SMT3 (pRM4920), AD-SMT3-GG (pRM4382),
AD-SMT3-GA (pRM4383), AD-UBC? (pRM4495), AD-NFI1 (pRM4496),
or empty AD (pRM4380) plasmids. Diploids were selected on media
lacking uracil and leucine (—ura -leu) and assayed for interactions on
media lacking histidine (~his). AD-SMT3 encodes full-length SMT3.

In the AD-SMT3-GG construct, the last three amino acids have been
truncated, exposing glycine 98 as the terminal amino acid. In the
AD-SMT3-GA construct, glycine 98 has been replaced by an alanine
residue. The kinesin encoded by KIP2 transports Bik1p along
microtubules (Carvalho et al., 2004) and serves as an extra negative
control here. The KIP2-BD construct is functional, as shown by the
interaction between BIK1 and KIP2.

2006), both of which also interact with Smt3p (Meednu et al., 2008).
To investigate whether either Kar9p or Bim1p could serve as a
bridge in the two-hybrid interaction between Bik1p and Smt3p, we
tested the two-hybrid interaction in a reporter strain deleted for ei-
ther of these genes. As shown in Figure 3, A and B, neither KAR? nor
BIM1 is required for the interaction. We also tested whether PACT
was required for the interaction of Kar9p with the SUMO pathway.
As shown in Figure 3C, no difference was observed for the interac-
tion in the pac1A and wild-type strains, suggesting that the interac-
tion of Kar9p with sumoylation proteins does not require Pac1p.
Because Bik1p also interacts with PacTp (Sheeman et al., 2003),
we next considered the simple bridging model in which Paclp
might bridge the two-hybrid interaction between Bik1p and Smt3p
or vice versa. To test this, we deleted either BIKT or PACT from the
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The interaction of PACT with SMT3 is enhanced by BIK1. (A) The interaction of BIKT with genes in the
sumoylation pathway does not require KAR9. Either wild-type (yRM1757) or two-hybrid reporter strains disrupted
for KAR9 (kar9A, yRM6172) were transformed with the following constructs: KAR9-BD, empty BD, AD-SMT3,
AD-SMT3-GG, AD-SMT3-GA, AD-UBC9, AD-NFI, AD-WSST1, or empty AD. For this assay, haploid reporter strains
were used. The interactions were assayed on media lacking histidine (~his). Two colonies of BIK1-BD and empty BD
were tested in the kar9A strain. One colony of the wild-type strain is shown for comparison. (B) The interaction of
BIK1 with genes in the sumoylation pathway does not require BIM1. Either the wild-type (yRM1757) or a two-hybrid
reporter strain deleted for BIM1 (yRM2057) was transformed with the plasmids described A. Two colonies of BIK1-BD
and empty BD in bim1A were tested. (C) The KAR9-SMT3 interaction does not require PAC1. The interactions of
KAR9 (pRM1493) were analyzed in either a wild-type (yRM1757) or a two-hybrid reporter strain deleted for PAC1
(yRM6249), using the constructs and conditions described. (D) BIKT requires PAC1 for interaction with SMT3. Either
wild-type (yRM1757) or a two-hybrid reporter strain deleted for PACT (yRM6249) was transformed with the indicated
constructs. (E) PACT requires BIKT for interactions with some sumoylation genes. AD-SMT3, AD-SMT3-GG, AD-SMT3-
GA, AD-UBC9, AD-NFI, AD-WSST1, or empty AD was transformed into the two-hybrid reporter strain containing
either PAC1-BD (pRM3604) or empty BD (pRM1154). Two two-hybrid reporter strains were used, wild-type strain
(yRM1757) and a strain deleted for BIK1T (yRM2258). The transformants possessing both BD and AD constructs were
selected on the media lacking uracil and leucine. To test for the interaction, the transformants from both wild-type
and bik 1A strains were transferred to a plate with media lacking histidine (~his). One colony of the wild-type and two
colonies of bik1A strain were analyzed. (F) The PAC1-SMT3 interaction requires the cargo-binding domain of BIK1.
Two-hybrid analysis was carried out in a haploid wild-type reporter strain (yRM1757) and an isogenic reporter strain
deleted for the carboxy-terminal 40 amino acids of Bik1p, bikTAC40 (yRM6444). The cargo-binding domain is
required for the Bik1p—Pac1p interaction (Sheeman et al., 2003). The indicated BD fusion and AD fusions were used.
Two independent colonies carrying the bik TAC40 mutation are shown, as well as one colony each for the wild-type
and bik 1A deletion strains. The presence of the truncated Bik1p in the reporter strain was confirmed by Western
blotting (unpublished data).

two-hybrid reporter strain. To our surprise, the deletion of either  bridging model in which Bik1p bridges Pac1p and Smt3p or Paclp
gene resulted in the loss of Smt3p’s interaction with the reciprocal  bridges Bik1p and Smt3p. Instead, we speculate that the cointerac-
protein (Figure 3, D and E). This result is not consistent with a simple  tion of Bik1p with Paclp promotes a synergistic interaction with
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Smt3p. Work from the Pellman lab showed that the cargo-binding
domain of Bik1p is required for its two-hybrid interaction with Pac1p
(Sheeman et al., 2003), suggesting that this domain may mediate
the Bik1p-Pac1p interaction. To gain insight into the Pac1p— Smt3p
interaction, we deleted the cargo-binding domain of Bik1p from the
two-hybrid reporter strain. The absence of the cargo-binding do-
main greatly diminished the interaction between PACT and SMT3
(Figure 3F). This finding is consistent with Smt3p interacting with a
complex of Bik1p-Pac1p. Further testing of this model will require
the identification of a PAC1 allele that does not interact with Bik1p.

Bik1p can be sumoylated in vitro and in vivo

To determine whether Bik1p is a target for sumoylation, we analyzed
Bik1p in an in vitro sumoylation assay using recombinant Smt3p,
Ubc9p, and Uba2p/Aos1p purified from bacteria. Bik1p isoforms
were separated on SDS-PAGE and analyzed by Western blotting.
Two, and possibly three, higher—-molecular weight forms of Bik1p
were observed in the test lane (Figure 4A, lane 1) but not in the
control reactions, each lacking the respective component of the as-
say (lanes 2-6). These results are consistent with two possibilities.
Bik1p sumoylation may occur on at least two sites or polysumoyla-
tion might occur by the formation of SUMO chains.

Sumoylation frequently occurs on a lysine residue contained
within the consensus motif, WKxD/E, where ¥ is a hydrophobic
amino acid, x is any amino acid, and D/E is an aspartic or glutamic
acid. Bik1p contains one WKxD/E consensus sequence, WKPD at
K180, and two examples of a less well-conserved KxD/E motif,
GKND at K46 and KKLEE at K373 and K374. Mutation of the four
lysines to arginine within these three locations, as well as a mutation
in an additional lysine at position K251, did not alter the shift seen
in vitro (unpublished data). This indicates that nonstandard sites may
be used in the sumoylation of Bik1p.

Next we investigated whether Bik1p is sumoylated in the cell.
Bik1p-hexahistidine (hisé) was isolated from cells either overexpress-
ing Smt3p or containing an empty vector. Analysis by immunoblot-
ting revealed a shifted form of Bik1p that was present only when
Smt3p was overexpressed (Figure 4B, panel 1, lanes 1 and 3). This
shifted band corresponded exactly to a band revealed in an identi-
cal blot electrophoresed simultaneously and probed with polyclonal
Smt3p or anti-hemagglutinin (HA). This suggests that overexpres-
sion of Smt3p results in Bik1p sumoylation.

Pac1p, but not Bik1p, is shifted by inhibition of the
Ulp1p protease
Ulp1p is a SUMO protease that cleaves SUMO from sumoylated
targets. Inhibition of Ulp1p is predicted to increase the sumoylation
levels of Ulp1p substrates (Li and Hochstrasser, 1999, 2000). To test
this idea for Bik1p, we examined the levels of shifted Bik1p in ulp1-
ts at the nonpermissive temperature of 37°C. However, despite nu-
merous attempts using a variety of different conditions, we could
not detect higher-molecular weight forms of Bik1p in this strain,
even when Smt3p was overexpressed for 2 h (unpublished data).
We next investigated whether Pac1p would shift in the ulpT-ts
strain. Unlike Bik1p, Pac1p displayed an extensive ladder of slower-
migrating forms at the nonpermissive temperature (Figure 5, com-
pare lanes 3 and 6). When additional Smt3p expression was induced,
the level of shifted forms of Paclp was pronounced even at the
permissive temperature (compare lanes 1 and 4). Few shifted forms
of Pac1p were observed in a wild-type ULP1+ strain prepared under
the same conditions (compare lanes 9 and 12). These results sug-
gest that these higher—molecular weight forms of Pac1p are caused
either directly or indirectly by the presence of SUMO.
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FIGURE 4: Bik1p can be conjugated by Smt3p in vitro and in vivo.

(A) Bik1p can be sumoylated in vitro. Bik1p was sumoylated using an
in vitro assay described previously (Meednu et al., 2008). Bik1p-V5-
hisé (pPRM5487) was purified from yeast, and the sumoylation enzymes
were purified from bacteria (see Materials and Methods). The
indicated components were mixed and incubated at 30°C for 2 h. The
reactions were prepared for SDS-PAGE and Western blot analysis
using anti-V5. Half of each reaction volume was run per lane.
Bik1p-V5-hisé can be conjugated by Smt3p-GG in vitro (lane 1), as
indicated by the shifted band (arrow). This band was always absent in
reactions lacking Smt3p-GG (lane 2), Ubc9p (lane 3), and Aos1 (lane
4). A faint band of shifted Bik1p is observed when ATP is omitted
from the reaction (lane 5). Bik1p also did not shift when Smt3-GA was
used in the reaction (lane 7). (B) Bik1-his6 is shifted by the
overexpression of Smt3p in vivo. Bik1-hisé (pRM5487) was purified
from a yeast strain (yRM3350) either expressing HA-Smt3p (pRM5251)
or containing an empty vector. Identical immunoblots were probed
with anti-hisé, polyclonal anti-Smt3p, or anti-HA.

SUMO chaining and ubiquitination contribute

to Pac1p shifts

To determine whether the shift of Pac1p mobility was due to multi-
ple monosumoylation events or polysumoylation, we mutated to
arginine the three lysine residues within Smt3p that are required for
chain formation (Bylebyl et al., 2003). Analysis of the Pac1p shift us-
ing SMT3-K11R-K15R-K19R revealed that the higher—-molecular
weight smears were greatly reduced (Figure 6A, compare lanes
1 and 7). This suggests that polysumoylation contributes to the
higher—molecular weight shifts of Pac1p.
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FIGURE 5: Inhibition of the SUMO protease Ulp1p shifts Paclp in
vivo. Whole-cell extracts were prepared as described in Materials
and Methods from a ulp1-ts strain (yRM8139; top) or a wild-type
strain (yRM3403; bottom) expressing Pac1p-4Z on a CEN plasmid
under the control of its own promoter (pPRM3573) and Smt3p under
the control of a copper-inducible promoter (obRM8023). The
appropriate empty CEN vectors allowed all strains to be grown in
SC-ura-leu. Smt3p was induced for 2 h at the indicated
temperatures. The white line in the Western blot of at the bottom
indicates that this blot was rearranged to match the layout of the
top. Lanes 7-9 are directly comparable to lanes 10-12. Rabbit
anti-human immunoglobulin—horseradish peroxidase (IgG-HRP)
antibody (Santa Cruz Biotechnology) was used to detect Pac1p-4Z.
The stacker gel in this experiment was removed before
immunoblotting.

Although Pac1p shifts in a Ulp1p-dependent manner, this does
not eliminate the possibility that other modifications might also play
a role. To test whether ubiquitin might also contribute to the shifts,
we transformed a ubiquitin plasmid into the ulp1-ts strain containing
Pac1p. This resulted in some higher-molecular weight bands of
PacTp, but the shift was not as extensive as when SMT3 was present
(Figure 6A, compare lanes 5 and 7). Taken together, these findings
suggest that both polysumoylation and ubiquitination contribute to
the higher-molecular weight forms of Pac1p.
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FIGURE 6: Both SUMO chaining and ubiquitination contribute to the
higher-molecular weight forms of Pac1p. (A) The laddering effect of
Pac1p is due to SUMO chain formation and ubiquitination. Plasmids
expressing SMT3gg-hisé-HA (pRM8023), smt3gg-K11, 15, 19R-hisé-
HA (smt3-3KR, pRM8836), or an empty URA3 vector (pRM2205) were
transformed into ULP1-TS strain (yRM8139). To induce the SMT3
constructs, strains were treated with 1 mM CuSO, for 2 h at 37°C.
Whole-cell lysates were prepared for each strain, as described in
Materials and Methods, and analyzed by 8% SDS-PAGE. Membrane
was immunoblotted with rabbit anti-human IgG-HRP antibody (Santa
Cruz Biotechnology) to identify Pac1p-4Z. Pac1p laddering is due in
part to ubiquitination. Plasmids expressing UBI4-myc (Ub, pRM8388)
or an empty URA3-vector (pRM2205) were transformed into a
ULP1-TS strain (yRM8139). Asterisk denotes a background band. UBI4
encodes ubiquitin (Ub). In this experiment, the stacker gel was
removed before immunoblotting. (B) SUMO and ubiquitin copurify
with Pac1p. Pac1p-hisé (pRM9232) was integrated at the genomic
PACT1 locus of ulp1-TS strains. The resulting Pac1p-hisé is expressed
at endogenous levels under its own promoter. These strains contained
either FLAG-Smt3-GG (yRM8011) or an empty vector. The strains
were shifted to 37°C for 2 h, and whole-cell extracts were prepared
(14 ml at 1.4 mg/ml). Pac1p-hisé was purified from the cell extract
using nickel beads, as described in Materials and Methods. The hisé
epitope was detected using mouse anti-hisé, Smt3p with mouse
anti-FLAG, and ubiquitin with mouse anti-ubiquitin, as described in
Material and Methods.

SUMO and ubiquitin copurify with Pac1p

To further explore whether the Pac1p shifts observed in the ulp1-ts
strain are due to SUMO conjugation, we pulled down Pac1p-hisé on
nickel beads from a yeast strain expressing Smt3-GG, the processed
form (see Materials and Methods). The unmodified form of Pac1p
appeared as a doublet, perhaps indicating that Pac1p is phosphory-
lated. Four to seven higher-molecular weight forms of Pac1p were
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observed after the pull down (Figure 6B). Two of these cross-reacted
with anti-FLAG, which marks SUMO, indicating that these two shifts
are due to SUMO conjugation of Paclp (Pac1-S). To investigate
whether the nonreactive bands might be due to another modifica-
tion, we probed a third identical panel with anti-ubiquitin. This re-
vealed that both of the anti-FLAG bands also reacted with anti-ubig-
uitin. These findings suggest that PacTp is altered by at least two
types of posttranslational modification—ubiquitin and SUMO.
Moreover, two of the bands that were nonreactive with anti-FLAG
did react with anti-ubiquitin. This suggests the possibility that some
forms of Pac1p may contain only ubiquitin.

She1p and Kar9p inhibit the modification of Pac1p

Pac1p functions in the dynein pathway to help recruit dynein to the
plus end of the cytoplasmic microtubule before its off-loading to the
cortex (Li et al., 2005; Markus et al., 2011). To determine whether
the integrity of the dynein pathway affects the modification of
Paclp, we examined Paclp in several deletion strains related to
various aspects of dynein function. KIP2 encodes a kinesin that
transports Bik1p to the plus end of the microtubule (Carvalho et al.,
2004). DYN1 encodes the dynein motor itself, and JNM1 encodes a
component of the dynactin complex (McMillan and Tatchell, 1994).
NDL1 encodes a NudE homologue that helps localize dynein to the
plus end (Li et al., 2005; Moore et al., 2008). NUM1 encodes a corti-
cal protein important for the off-loading of dynein (Heil-Chapdelaine
et al., 2000; Farkasovsky and Kintzel, 2001). In a NUM1-deleted
strain, the off-loading of dynein to the cortex is blocked (Lee et al.,
2005). In each of these delete strains, little or no additional shift in
Pac1p was observed (Figure 7A). We next tested a strain deleted for
SHE1, which encodes a regulator of the dynein—dynactin interaction
(Woodruff et al., 2009; Markus et al., 2011; Bergman et al., 2012).
Surprisingly, Pac1p shifted significantly. This finding suggests that
She1p is a novel inhibitor of Pac1p modifications.

To investigate further, we analyzed the shift of PacTp in strains
deleted for members of the Kar? pathway, which orients the cyto-
plasmic microtubule into the bud (Miller and Rose, 1998; Miller
et al., 1998). BIM1 encodes an EB1 homologue and microtubule-
binding protein that binds Kar9p (Lee et al., 2000; Miller et al., 2000).
KAR9? encodes a linker protein between BIM1 and the type V myosin
Myo2p (Miller et al., 1999, 2000; Hwang et al., 2003). The move-
ment of Myo2p along an actin cable serves to guide the attached
microtubule into the bud (Beach et al., 2000; Yin et al., 2000). KIP3
encodes a type 8 kinesin in the Kar9 pathway that controls micro-
tubule length (Miller et al., 1998; Su et al., 2011). Surprisingly, an in-
crease was observed in the shift of Pac1p (Figure 7B). This suggests
that the Kar9 pathway inhibits the interaction of Pac1p with Smt3p
and/or ubiquitin. This is consistent with earlier findings that Bim1p
interacts with She1p by two-hybrid analysis (Wong et al., 2007).

The results from Figure 7A could in theory be explained by
She1p blocking the addition of either SUMO or ubiquitin. To dis-
tinguish between these two possible mechanisms, Paclp-hisé
from sheTA and wild-type strains was enriched on nickel beads,
and identical immunoblots were analyzed by probing with anti-
SUMO or anti-ubiquitin (Figure 7C and 7C’). Consistently, larger
amounts of Pac1p were purified from equal amounts of protein
extract in the she1A and ulp1 strains than from wild type. This in-
dicates, but does not prove, that these modifications may affect
the steady-state stability of Pac1p. Furthermore, when anti-SUMO
was used, nearly identical amounts of reactivity were observed in
the she 1A and wild-type (WT) strains. This suggests that increased
sumoylation is not the cause of the higher-molecular weight
forms of Paclp observed in the shelA strains. However, when
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probed with anti-ubiquitin, additional reactivity was observed.
This suggests that the addition of ubiquitin contributes to the
higher forms of Paclp seen in shelA. How Shelp blocks this
addition of ubiquitin remains an active avenue of further
investigation.

PAC1 and BIK1 interact with WSS1, a SUMO isopeptidase,
and NIS1-RIS1, a STUbL enzyme complex

SUMO-targeted ubiquitin ligases can link the sumoylation and ubig-
uitination pathways by ubiquitinating proteins already modified by
sumoylation, thus promoting their removal by the proteasome (Sun
etal., 2007; Uzunova et al., 2007; Xie et al., 2007). Wss1p was origi-
nally identified as a weak suppressor of a temperature-sensitive al-
lele of Smt3p (Biggins et al., 2001). Recently Wss1p was shown to
be a SUMO-dependent isopeptidase that promotes the targeting of
SUMO-conjugated proteins to the proteasome (Mullen et al., 2010).
Our previous work showed that Kar9p interacted with both WSS1
and the complex encoded by the RIST and NIST genes (Meednu
et al., 2008). Therefore we tested whether Bik1p or Paclp would
also interact with the STUbL enzyme Nis1p-Ris1p and the SUMO
iospeptidase Wss1p by two-hybrid analysis. Indeed, both did
(Figure 8A).

These findings suggest the possibility that the shifts of Paclp
may be modulated by a STUbL enzyme and the proteasome. If such
a model is correct, higher-molecular weight forms of Pac1p should
be present when the STUbL is absent from the cell. To assess this,
we examined the levels of shifted Pac1p in strains deleted for WSST,
RIS1-NIS1, or another STUbL enzyme complex, SLX5-SLX8. As
shown in Figure 8B, the shifted forms of Pac1p were significantly
increased in strains lacking the catalytic subunit of the STUbL Ris1p
and the Wss1p isopeptidase. No difference in the shift pattern was
detected in strains deleted for SLX5 or SLX8, suggesting that the
shift in Pac1p is specific to only one of the two STUbLs present in
yeast. These findings also indicate that Pac1p may be a substrate of
the RisTp STUbL enzyme. Further work is required to determine
whether STUbLs can exert an effect on the unmodified levels and/or
steady-state levels of Paclp.

Together these results suggest the possibility that ubiquitination
of Pac1p by the Nis1p-Ris1p STUbL modulates the turnover of su-
moylated Pac1p. Wss1p may aid in the delivery to or the processing
of Paclp by the proteasome. To investigate this, we treated cells
with a proteasome inhibitor, MG132. Because yeast cells can pump
the MG132 drug out of the cell, this study was conducted in a strain
deleted for PDR5, which encodes a drug pump (Fleming et al.,
2002). As seen Figure 8C, higher-molecular weight forms of Pac1p
are present in the stacker portion of the gel when the proteasome is
inhibited with MG132 (compare lanes 2 and 3, asterisk). Taken to-
gether, these results suggest that the STUbL enzyme Nis1p-Ris1p
controls the levels of posttranslational modifications attached to
Pacl1p.

DISCUSSION

In this study, we show that the Lis1 homologue Pac1p and the CLIP-
170 homologue Bik1p interact with SUMO and several enzymes of
the SUMO modification pathway. Paclp also interacts with ubig-
uitin. We also show that Bik1p and Pac1p interact with the STUbL
enzyme Nis1p—Ris1p and that the posttranslational modifications of
Pac1p are controlled by this STUbL enzyme. In summary, we showed
that two new classes of conserved microtubule-associated proteins
interact with and are likely to be regulated by SUMO. With this work,
four different spindle-positioning proteins have now been shown to
interact with SUMO.
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FIGURE 7: She1p and Kar9p inhibit Pac1p modification. (A) Strains deleted for SHE1 in the dynein pathway display
higher-molecular weight forms of Pac1p. Strains deleted for BIK1 (yRM3350), KIP2 (yRM3355), DYN1 (yRM3346), JNM1
(yRM7116), NUM1 (yRM3137), NDL1 (yRM9050), SHE1 (yRM9051), and WT (yRM3403) were transformed with plasmids
expressing Pac1p-4z (pbRM3573) or nontagged Pac1p (pRM3574). Whole-cell lysates were prepared from each strain, as
described in Materials and Methods, and analyzed by 8% SDS-PAGE. Rabbit anti-human IgG-HRP antibody (Santa Cruz
Biotechnology) was used for detection of Pac1p-4z. An asterisk is used to denote a background band revealed in the
Pac1-no-tag control lane. (B) Kar9p inhibits the shift of Pac1p. Whole-cell extracts prepared from strains deleted for
KAR9 (yRM3404), BIM1 (yRM3352), KIP3 (yRM3140), and WT (yRM3403) were transformed with plasmids expressing
Pac1p-4z (PRM3573) or nontagged Pac1p (in WT, pRM3574). Rabbit anti-human IgG-HRP antibody was used for
detection. (C) She1p inhibits the ubiquitination of Pac1p. Pac1p was tagged with hisé by integrating the C-terminally
tagged construct AN-Pac1-his6 (pRM9232) to produce Pac1p-hisé expressed at endogenous levels under its own
promoter. Pac1p-hisé was purified on nickel beads from equal amounts of protein extract (14 ml at 1.6 mg/ml) prepared
from the indicated strains, ulp1-ts (yRM8139), she1A (yRM9051), and WT (yRM3403), grown at 30°C. Mouse anti-hisé
was used to detect the hisé epitope. Smt3p was detected with rabbit anti-smt3, and ubiquitin with mouse anti-ubiquitin,
as described in Materials and Methods. Note that the pattern of shifted Pacl1p appears slightly different in this

pull down than in Figure 6B because the pull downs were performed at different temperatures.
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FIGURE 8: A STUbL complex alters Pac1p modification. (A) Pac1p
interacts with the STUbL enzyme Nis1p-Ris1p and the SUMO
isopeptidase Wss1p. BIK1-BD and PAC1-BD were tested for
interaction against the SUMO peptidase encoded by WSS1
(PRM4597) and the STUbL complex composed of RIST (pRM4596),
NIS1 (pRM4595), or empty AD (pRM4380). Diploids were selected on
media lacking uracil and leucine (~ura-leu) and assayed for interactions
on media lacking histidine (~his). (B) Strains deleted for the Ris1p
STUbL display higher-molecular weight forms of Pac1p. Strains
deleted for RIST (yRM8574), WSS1 (yRM4636), SLX5 (yRM7887), SLX8
(yRM7888), and WT (yRM3403) were transformed with a plasmid
expressing Pac1-4Z (pRM3573) and nontagged Pac1p (pRM3574).
Whole-cell extracts from the yeast strains were resolved by 8%
SDS-PAGE and analyzed by anti-Z immunoblotting. An increase in
SUMO conjugate levels can be seen in the risT1A and wss1A mutant
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We use several different approaches to show that Pac1p interacts
with SUMO. First, the two-hybrid analysis shows that Pac1p interacts
with the GG but not the GA form of SUMO. This implies, but does
not prove, that the interaction is due to a conjugation event. Second,
inhibition of the SUMO-specific protease Ulp1p results in higher-
molecular weight forms of Pac1p. This suggests that at least some of
the higher-molecular weight forms are caused by SUMO moieties
conjugated onto Paclp. Indeed, when an additional SUMO is pro-
vided to the cell on a plasmid, a similar but significantly stronger
banding pattern is seen. The higher—molecular weight forms of Pac1p
are likely due to poly-SUMO chain formation, because the shifts are
greatly diminished by the presence of a nonchainable form of SUMO.
Pac1p also interacts with the STUbL enzyme NisTp-Ris1p, an enzyme
that recognizes sumoylated proteins. A pull-down assay with Pac1p
suggests that the higher—molecular weight forms of Paclp contain
covalently attached SUMO. Taken together, these experiments
strongly support our assertion that PacTp is conjugated with SUMO.

Our conclusion that the interaction of PacTp with SUMO may
also involve cross-talk with ubiquitin is derived from four lines of in-
vestigation. First, we see a weak two-hybrid interaction of PACT with
ubiquitin, encoded by UBI4. Pacl1p is also likely to be modified by
ubiquitin, because higher-molecular weight forms of Pac1p can be
generated by the inclusion of a plasmid encoding ubiquitin. Third,
ubiquitin copurifies with Pac1p, with some shifted bands cross-re-
acting with both anti-ubiquitin and anti-SUMO. Fourth, Pac1p inter-
acts with the ubiquitin ligase complex, Ris1p-Nis1p, and deletion of
RIST results in higher-molecular weight forms of Pac1p. This is con-
sistent with our previous finding that Kar?p and Bim1p interact with
Wss1p and the same STUbL (Meednu et al., 2008). The finding that
multiple spindle-positioning proteins interact with SUMO suggests
the possibility that the NisTp-Ris1p STUbL enzyme may regulate
spindle positioning.

This is the first report that a member of the Lis1 family or a mem-
ber of the CAP-Gly domain family is modified by SUMO. This has
significant implications for the regulation of these two classes of
microtubule-associated proteins, which are widely conserved across
evolution. Prior to this work, only four other microtubule-associated
proteins have been shown to be modified by SUMO. These are Tau
(Dorval and Fraser, 2006; Takahashi et al., 2008), Ndc80p (Montpetit
et al., 2006), CENP-E (Zhang et al., 2008), and Kar9p (Leisner et al.,
2008; Meednu et al., 2008). We also showed that the EB1 homo-
logue Bim1p interacts with SUMO by two-hybrid analysis, but de-
tails of this interaction and whether this interaction represents an
actual conjugation by SUMO remain to be elucidated (Meednu
et al., 2008). Our findings are also notable in that PacTp was not
found in any of the previous genome-wide screens for sumoylated
proteins (Zhou et al., 2004), indicating that yeast SUMO-ome may
not yet be complete.

Previous reports suggest that the Kar9 pathway for spindle posi-
tioning is regulated by sumoylation (Leisner et al., 2008; Meednu
et al., 2008). Leisner et al. (2008) showed that the spindle-position-
ing defect seen in the nonsumoylatable kar9-4K-R mutant is not
as severe as the smt3-331 defect. This suggests that there are

cells compared with WT. (C) Inhibition of the proteasome results in
accumulation of higher-molecular weight forms of Pac1p. Plasmids
expressing Pac1p-4z (pRM3573) or nontagged Pac1p (pRM3574) were
transformed into WT (yRM3403) and pdr5A (yRM8571) strains. Cells
were treated at 30°C for 2 h with dimethyl sulfoxide (DMSO) alone or
50 pM MG132 (dissolved in DMSO) or not treated, as indicated.
Whole-cell lysates were prepared as described in Materials and
Methods and analyzed by 8% SDS-PAGE for anti-Pac1p-4z.
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FIGURE 9: Model of Bik1p and Pac1p interaction with a STUbL and Wss1p.

additional proteins required for spindle positioning that are also
regulated by sumoylation. The findings reported here suggest that
Pac1p and/or Bik1p may be the additional protein(s). Thus it is likely
that both spindle-positioning pathways in yeast may be regulated
by sumoylation. Future studies should elucidate whether this signal
transduction system regulates each pathway separately or whether
they are coordinated as a unit.

Our two-hybrid bridging data suggest that Bik1p and Pac1p are
both required for their mutual interaction with SUMO and Ubc9p.
However, this relationship was not observed in the in vitro shift assay
using purified Bik1p. This suggests that Pac1p is not required for the
in vitro shift of Bik1p. The apparent discrepancy between the two
assays may be reconciled if Paclp enhances the sumoylation of
Bik1p. Consistent with this idea is our observation that BikTp from
partially fractionated extracts shifted better in vitro than purified
Bik1p (unpublished data). Future work to test this hypothesis is
warranted.

Furthermore, the bridging data in which Bik1p is required for the
Wss1p's interaction with Paclp (but not vice versa) suggest that
Bik1p may recruit Wss1p to the BikT1p-Paclp complex (Figure 9).
This is consistent with our data that Paclp is hypermodified in a
strain deleted for WSST.

We propose a model in which Pac1p sumoylation and its subse-
quent interaction with a STUbL promotes its degradation via the pro-
teasome (Figure 9). In this model, Wss1p aids in debranching of poly-
sumoylated and/or polyubiquitinated Paclp at the proteasome.
Because Shelp regulates the association of dynactin with dynein
(Woodruff et al., 2009), our finding that She1p inhibits the modifica-
tion of Pac1p suggests the possibility that sumoylation and/or ubig-
uitination may regulate the interaction of dynein with its accessory
proteins. In our model, Shel protein blocks the ubiquitination of
PacTp. It might also promote the proteasome-mediated degradation
of modified Pac1p. We speculate that the sumoylation of Pac1p may
play a role in regulating the off-loading of dynein to the cell cortex.
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Several questions remain. SUMO is induced by various types
of cellular stress. Future work is needed to show whether the
sumoylation of these key classes of microtubule-associated pro-
teins represents a mechanism by which microtubule-dependent
processes are inactivated under conditions that are inhospitable
for cell division. Furthermore, both Pac1p and Lis1 serve as adap-
tors of dynein. Lis1 regulates some but not all of dynein’s func-
tions. It remains to be determined whether Lis1, either in neu-
rons or epithelial cells, is also sumoylated. Our findings have
implications for how this class of dynein adaptor may regulate
dynein function. Because dynein is critical to a number of funda-
mental processes important for life, it will be important for future
studies to elucidate the widespread utility of this modification in
other systems.

MATERIALS AND METHODS

Two-hybrid analysis

Two-hybrid analysis was carried out as previously described (Moore
and Miller, 2007; Moore et al., 2008 ; Meednu et al., 2008). All analy-
sis was carried out after 2-3 d of growth at 30°C. PAC1-DNA-bind-
ing domain (BD) was constructed by amplifying PACT from
pRM3574/pJG13 with BamHI and Pstl ends and ligating it into
pPRM1154/GBDU-C1 cleaved with the same enzymes. This gener-
ated pRM3604 (Table 1), which was sequenced to confirm the ab-
sence of unintended PCR errors.

PACT was deleted from the two-hybrid reporter strain yRM1757
by one-step gene replacement using a PCR product derived from
genomic DNA from the pac1A::KANR deletion strain (Open Biosys-
tems, Huntsville, AL), yRM3138. This generated pRM6249, which
was confirmed by PCR.

BIK1-BD was generated by excising the BIKT coding fragment
with EcoRl and BamHI from pRM2627 and ligating it to the BD
vector, pRM1156, cut with the same enzymes. This generated
pRM4924.
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Yeast strain

Genotype/comments

Source

yRM1756/PJ69-40.

yRM1757/PJ69-4A

yRM2057

yRM2258

yRM3137
yRM3138
yRM3140
yRM3346
yRM3350
yRM3352
yRM3355
yRM3403
yRM3404
yRM4636
yRM6172

yRM6249

yRMé444

yRM7205

yRM7116
yRM7213

yRM7600

yRM7887
yRM7888
yRM8011/YOK428

yRM8012/YOK430

yRM8139
yRM8571
yRM8574
yRM9050
yRM9051
yRM9248

MATo trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal8OA LYS2::GAL1-HIS3
GAL2-ADE2 met2::GAL7-lacZ

MATa trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal8OA LYS2::GAL1-HIS3
GAL2-ADE2 met2::GAL7-lacZ

MATa bim1A::KAN trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal80A
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

MATa bik1A::TRP trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal80A
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

MATa num1A::KAN his3A leu2A met15A ura3A
MATa pacTA::KAN his3A leu2A met15A ura3A
MATa kip3A::KAN his3A leu2A met15A ura3A
MATa dyn1A::KAN his3A leu2A met15A ura3A
MATa bik1A::KAN his3A leu2A met15A ura3A
MATa bimTA::KAN his3A leu2A met15A ura3A
MATa kip2A::KAN his3A leu2A met15A ura3A
MATa his3A1 leu2A1 met15A ura3A

MATa kar9A::KAN his3A leu2A met15A ura3A
MATa wss1A::KAN his3A leu2A met15A ura3A

MATa kar9A::KAN trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal80A
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

MATa pacl1A:KANR trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal80A
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

MATo. bik1AC40::TRP1* trp1-901 leu2-3 leu2-112 ura3-52 his3A200 gal4A gal80A
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

MATa bik1A::KANR leu2A ura3A his3A met15A {pRM5487 = pGAL-BIK1-hisé
AmpR URA3}

{pPRM5251 = pGAL-3HA-FLAG-SMT3 AmpR HIS3}
MATa jnm1A::KAN his3A leu2A met15A ura3A

MATa bik1A::KANR leu2A ura3A his3A met15A
{pPRM5251 = pGAL-3HA-FLAG-SMT3 AmpF HIS3}
MATa bik1A::KANR leu2A ura3A his3A met15A
{PRM5487 = pGAL-BIK1-his6é AmpR URA3}
{PRM4878 = pESC HIS3 with c-myc eliminated}
MATa sIx5A::KAN his3A leu2A met15A ura3A

MATa sIx8A::KAN his3A leu2A met15A ura3A

MATa ulp1:KAN ulpTS-NAT-TRP his3A1 leu2A ura3A
{pRS425 GPD flag-SMT3-gg LEU2 2y AmpF}

MATo ulp1::KAN ulp15-NAT-TRP his3A1 leu2A ura3A
{pRS425 GPD-SMT3-gg LEU2 2p Amp®}
MATowlp1::KAN ulp1-NAT-TRP his3A1 leu2A ura3A
MATa pdr5A::KAN his3A leu2 A met15 A ura3 A
MATa risTA::KAN his3A leu2 A met15 A ura3 A

MATa ndl1A::KAN his3A leu2A met15A ura3A

MATa she1A:: KAN his3A leu2A met15A ura3A
MATo ulp1:KAN ulpT-NAT-TRP his3A1 leu2A ura3A PACT::hisé:: HIS3+
{pRS524 GPD-FLAG-Smt3-gg-LEU2 2 y Amp®}

James et al. (1996)
James et al. (1996)
Miller et al. (2000)

Moore et al. (2006)

Open Biosystems
Open Biosystems
Open Biosystems
Open Biosystems
Open Biosystems
Open Biosystems
Open Biosystems
This study

Open Biosystems
Open Biosystems
Meednu et al. (2008)

This study
This study

This study

Open Biosystems
This study

This study

Open Biosystems
Open Biosystems
Elmore et al. (2011)

Elmore et al. (2011)

This study
Open Biosystems
Open Biosystems
Open Biosystems
Open Biosystems
This study

TABLE 1: Strains and plasmids used in this study.
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Plasmid Genotype/comments Source

pRM1151 GAD empty LEU2 2y AmpR James et al. (1996)
pRM1154 GBDU empty URA3 2u AmpR James et al. (1996)
PRM1493 GBDU-KAR9 URA3 2p AmpR Miller et al. (2000)
pRM2200/pRS415  LEU2 CEN AmpR Sikorski and Hieter (1989)
PRM2205/pRS426 ~ URA3 2p AmpR Sikorski and Hieter (1989)
pRM2627 GAD-BIKT LEU2 2u Amp® Moore et al. (2006)
pRM2908 pGAL URA3 2p AmpR This study
pRM3573/pJG423  PAC1-4Z CENé LEU2 AmpR Sheeman et al. (2003)
pRM3574/pJG213  PACT CENé LEU2 AmpR Sheeman et al. (2003)
PRM3595 GBDU-KIP2 URA3 2u AmpR Meednu et al. (2008)
pPRM3604 GBDU-PACT URA3 2u AmpR This study

pRM4380 GAD424 LEU2 2y AmpR Meednu et al. (2008)
PRM4382/pLAJ20  GAD-SMT3-GG LEUZ2 2 AmpR Meednu et al. (2008)
PRM4383/pLAJ21  GAD-SMT3-GA LEU2 2 AmpR Meednu et al. (2008)
pRM4495 GAD-UBC9 LEU2 2y AmpR Meednu et al. (2008)
PRM4496 GAD-NFI1 LEU2 2p AmpR Meednu et al. (2008)
pPRM4595 GAD-NIS1 LEU2 2p AmpR Meednu et al. (2008)
pRM4596 GAD-RIS1/ ULST LEU2 24 AmpR Meednu et al. (2008)
PRM4597 GAD-WSS1 LEU2 2p AmpR Meednu et al. (2008)
PpRM4920/pLAJ19  GAD-SMT3 LEU2 2p AmpR Meednu et al. (2008)
pRM4924 GBDU-BIK1 URA3 2p AmpR This study

pRM5169 his6-UBC9 AmpR Johnson and Blobel (1997)
pPRM5251 PpGAL-3HA-FLAG-SMT3 HIS3 AmpR This study

pRM5487 pGAL-BiK1-V5-his6 URA3 AmpR This study

pRM5829 GAD-URM1 LEU2 2 AmpR Meednu et al. (2008)
PRM5880. GAD-UBI4 LEU2 2p AmpR Meednu et al. (2008)
pRM6713 his6-S-tag-Smt3p-gg Kan® This study

PRM6760 GST-AOS1/UBA2 2 AmpR Bencsath et al. (2002)
pRM8023 Cu?* promoter - HA-his6-SMT3-gg URA3 2p AmpR Elmore et al. (2011)
pRM8388/pUB175  Cu?* promoter - myc-UBI4 URA3 2y AmpR Finley et al. (1989)
pRM8836 Cu2+ promoter - HA- hisé-smt3-gg-K11R-K15R-K19R URA3 2y Ampf This study

pRM9232 AN-Pac1-hisé HIS3 YIP AmpR This study

TABLE 1: Strains and plasmids used in this study. Continued

In vitro sumoylation

Biklp was sumoylated using a previously described protocol
(Meednu et al., 2008). Strains expressing Bik1p-V5-hisé were grown
at 30°C in synthetic complete (SC) media lacking uracil (-ura) con-
taining 2% sucrose, and Bik1p expression was induced by the addi-
tion of 2% galactose for 2 h. To prepare yeast extracts, cells were
washed once with water, resuspended in cold 1x binding buffer
(20 mM Tris-HCI, pH 7.9, 5 mM imidazole, 0.5 M NaCl) containing
0.2% protease inhibitor P8215 (Sigma-Aldrich, St. Louis, MO) and
1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich). Cells
were lysed by vortexing with glass beads. Crude extracts were clari-
fied by centrifugation at 13,000 rom for 30 min, applied to nickel
resin (Novagen/EMD, Darmstadt, Germany), and washed with
25 column volumes of 1x binding buffer containing 50 mM imida-
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zole. Bound protein was eluted with 1x binding buffer containing
300 mM imidazole and dialyzed overnight into sumoylation assay
buffer (50 mM Tris, pH 7.6, 5 mM MgCly, 15% glycerol) at 4°C.

Sumoylation enzymes were purified from bacteria as previously
described (Meednu et al., 2008). Briefly, the processed form of
SUMO his6-Smt3p-GG (pRM6713) and Ubc9p-hisé (pRM5169) were
purified from bacteria using nickel affinity chromatography (Johnson
and Blobel, 1997). The E1 components, Aos1p and Uba2p, located
on a polycistronic plasmid (pRM6760) were copurified from bacteria
using glutathione affinity chromatography (Bencsath et al., 2002).
The assay was carried out using purified sumoylation enzymes (2 pg
of Smt3p-hisé, 1 pg of Ubc9p-hisé, 1 pg of GST-Uba2p/Aos1p)
mixed with Bik1p-V5-hisé (1 pg) in the presence and absence of ATP
and an ATP regeneration system at 30°C for 2 h.
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Bik1p in vivo shift assay

Yeast strains (yRM3350) containing pGAL-BIK1-hisé (pRM5487)
and 3HA-FLAG-SMT3 (pRM5251) or an empty pGAL plasmid
(PRM2908) were grown to mid-exponential phase in SC media
lacking uracil and histidine (~ura -his) containing 2% sucrose
and then induced with 2% galactose. Extracts were prepared by
disrupting cells with glass beads, followed by centrifugation at
13,000 rpm in a 4°C cold room for 30 min. Bik1p was enriched from
3 mg of extract on a nickel column resin (Novagen/EMD). Beads
were washed eight times with B150 buffer and twice with B150
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.2% Triton X-100) con-
taining 50 mM imidazole (Sigma-Aldrich). Bound proteins were
eluted by the addition of 50 pl of 3x Laemmli buffer and boiled for
5 min. Samples were analyzed by SDS-PAGE (8%) and immuno-
blotting. Bik1-hisé was detected with mouse anti-his6 (Novagen/
EMD). HA-tagged proteins were detected using mouse anti-HA
(Santa Cruz Biotechnology, Santa Cruz, CA), and Smt3p was de-
tected with rabbit anti-Smt3p. Secondary antibodies were ob-
tained from Santa Cruz Biotechnology.

Preparation of whole-cell extracts in ulp1-ts strains.

Strains expressing SMT3 under the control of a copper-inducible
promoter (pPRM8023) were grown to mid-exponential phase to an
ODyggo of <0.4 in liquid SC media lacking uracil and leucine (-ura
—leu). Cells were shifted to either 30 or 37°C and simultaneously
induced for SMT3 expression by the addition of 1 mM CuSQO, for
2 h. Cells were collected by low-speed centrifugation, washed, and
resuspended in cold B150 breaking buffer; excess fluid was re-
moved, and cells were resuspended in B150 breaking buffer con-
taining 1 mM PMSF, 20 mM N-ethylmaleimide, 20 mM 2-iodoacet-
amide, and 1% Sigma-Aldrich protease inhibitor. Cells were lysed
by vortexing with glass beads for 10 min. It should be noted that the
inclusion of the alkylating agent 2-iodoacetomide was crucial for
obtaining consistent results. Extracts were clarified by centrifuga-
tion at 13,000 x g for 20 min at 4°C. Protein concentrations were
determined by Bradford Protein Assay (Bio-Rad, Hercules, CA) us-
ing bovine serum albumin as a standard.

Pull-down assay

Yeast extracts were prepared as described earlier by bead beating
cells in binding buffer (20 mM Tris-HCI, pH 7.9, 0.3 M NaCl, 10 mM
imidazole, 1% protease inhibitor [#P8849; Sigma-Aldrich]). The
volume was increased to 14 ml with binding buffer. Extracts were
incubated with nickel beads at 4°C on a rotisserie for 1 h. Beads
were collected and washed 7x with cold binding buffer containing
50 mM imidazole and 0.5 M NaCl. Samples were prepared for
SDS-PAGE and Western blot analysis. The hisé epitope was de-
tected using mouse anti-hisé (Novagen, Madison, WI) at 1:1500 in
Tris-buffered saline (TBS) for 3 h at RT. Smt3p was detected using
anti-Smt3p (Rockland, Gilbertsville, PA) at 1:2000 in phosphate-
buffered saline (PBS) for 3 h at RT. Mouse anti-ubiquitin was ob-
tained from Covance (Princeton, NJ) and used at 1:1500 in TBS for
3 h at room temperature. FLAG-tagged Smt3p was detected using
mouse anti-FLAG (#3165; Sigma-Aldrich) at 1:5000 in TBS for 3 h
at room temperature.

Western blotting

Western blotting was carried out using 8% SDS-PAGE as previ-
ously described (Moore et al., 2006; Meednu et al., 2008), except
that 0.2% Tropix |-Block reagent (Applied Biosystems, Foster
City, CA) with 0.1% Tween-20 in TBS was used as the blocking
agent.
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Plasmid construction

Nonchainable SUMO. Point mutations to generate lysine-to-
arginine substitutions were introduced into HA-his6-Smt3 plasmid
(PRM8023) by site-directed mutagenesis using the QuikChange Kit
(Stratagene, La Jolla, CA). The mutant K11R was generated using
primers #837 and #838. K15R was generated using primers #839
and #840. K19R was generated using primers #841 and #842. The
final construct (pRM8836) was sequenced to confirm the absence of
additional mutations. The sequences of these primers are given in
the Supplemental Material.

PAC1-hisé. An integration vector for Pac1p was constructed with a
hisé tag fused in-frame at its 3’ prime end. A PCR fragment starting
at PACT bp699 was synthesized by PCR with Xhol and BamHI
restriction sites at its termini. This was ligated into the corresponding
sites of the vector, pRM2194. This created plasmid pRM9232, which
was sequenced to confirm the intended sequence. For integration
by one-step gene tagging, the plasmid was linearized with Clal, and
transformants were selected on SC media lacking histidine.
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