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Abstract:

Microtubules are an essential element of the cytoskeleton responsible for myriad
functions which include cell shape, intra-cellular trafficking, cellular motility, and
cellular division. The primary architects of these structures are the XMAP215 family of
microtubule polymerases, which includes Stu2 in S. cerevisiae. XMAP215 family
members are well known to function at four distinct locations on microtubules. During
mitosis, XMAP215 members select for correct bi-oriented attachment with sister
chromatid bound kinetochores in order to properly divide the genetic information found
in chromosomes. XMAP215 is also found at the minus ends of microtubules at
Microtubule Organizing Centers where it is believed to function in microtubule
nucleation. In addition to these two locations, XMAP215 family members have been
observed along the microtubule lattice as well as microtubule plus ends where they
polymerize growing microtubules.

Here | demonstrate the XMAP215 family of microtubule polymerases are regulated by
Small Ubiquitin-Like Modifiers (SUMO) and acetylation. Using two hybrid analysis, we
mapped a minimal SUMO interacting region of Stu2 to its domain responsible for
dimerization using yeast two-hybrid. With subsequent immunoprecipitation and SUMO
affinity enrichment assays, we demonstrated with a high-degree of certainty that Stu2 is
both covalently modified by SUMO and interacts with SUMO non-covalently. While
searching by mass spectrometry for the lysines within Stu2 that are covalently modified
by SUMO, we identified acetylated lysine residues. Immunoprecipitation and western
blotting were used as a second method to demonstrate the acetylation of Stu2. Functional
assays demonstrated that Stu2 acetylation regulates microtubule polymerization,
chromosome segregation, and promoted interactions with y-tubulin.
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CHAPTER I

INTRODUCTION

The XMAP215/Dis1/ch-TOG family of microtubule associated proteins are critical for
kinetochore and spindle pole body processes, as well as microtubule polymerization. The human
XMAP215 family member, CKAPS5, is also known by its alias ch-TOG due to its overexpression
in colon and hepatic tumors (Charrasse et al., 1998; Yu, Chen, Yu, Li, & Song, 2016).
XMAP215 proteins contribute to microtubule dynamicity through their role in microtubule
polymerization (Al-Bassam, van Breugel, Harrison, & Hyman, 2006; Pelin Ayaz et al., 2014;
Brouhard et al., 2008; Podolski, Mahamdeh, & Howard, 2014; P. J. Wang & Huffaker, 1997).
They are important for establishing correct kinetochore-centromere attachments and through
microtubule depolymerization they facilitate “end on” microtubule capture by Ndc80 complexes
to support correct sister chromatid distribution during mitosis (Asbury, Gestaut, Powers, Franck,
& Davis, 2006; Humphrey, Felzer-Kim, & Joglekar, 2018; M. P. Miller, Asbury, & Biggins,
2016). They also play an important but poorly understood role in microtubule nucleation at
microtubule organizing centers (MTOCSs) (Chen, Yin, & Huffaker, 1998; Gunzelmann et al.,
2018; Thawani, Kadzik, & Petry, 2018; Usui, Maekawa, Pereira, & Schiebel, 2003). It is
therefore no surprise that the family of proteins is essential, and their absence is lethal amongst

eukaryotes.



Sumoylation refers to the attachment of the Small Ubiquitin like MOdifier (SUMO) to substrate
proteins via isopeptide linkages to lysine side chains. The SUMO moiety has been shown to control
numerous cellular processes and responses to environmental stress. Prior to this work, Stu2 was not

reported to interact with the sumoylation machinery or to be sumoylated.

Acetylation is a post-translational modification that can affect significant protein changes by masking
the positive charges of lysine’s ammonium-side chains with an acetyl group. Histone acetyl-
transferases (HATS) transfer the acetyl-group of acetyl-CoA to the e-ammonium group of lysine
residues. This process is reversed by histone deacetylases (HDACSs) which restore the positive charge
of the lysine side chains. HATs and HDACs were originally named for the well-characterized
process in which nucleosome histones are acetylated to expose DNA for transcription through
heterochromatin to euchromatin transitions. However, since their naming, acetylation has also been
shown to regulate many other proteins including cytoskeletal elements, protein turnover, the unfolded
protein response, and protein transport. For this reason, the term lysine acetyl transferases, or KATS,
and lysine deactylases or KDACs are often used instead of the classical HAT and HDAC

terminology.

While the enzymology of acetylation and sumoylation pathways differ dramatically, both post-
translational modifications are critical for environmental stress response, cell cycle progression,
cellular trafficking of substrates, subcellular fractionation and orientation, protein expression, and
protein-protein interactions. Learning how the functions of Stu2 are regulated by SUMO and

acetylation will help to understand how the multiple roles of Stu2 are coordinated simultaneously.

The primary goal of this dissertation is to identify new regulatory mechanisms for the microtubule
associated protein, Stu2. Evidence for phosphorylation mediated localization of the
XMAP215/Dis1/Ch-TOG family of microtubule polymerases to the kinetochore was previously

reported. Here | show that acetylation and sumoylation networks regulate the XMAP215/Dis1/Ch-



TOG member, Stu2, found in S. cerevisiae. My experiments directly implicate Stu2 acetylation and
SUMO interactions in models of chromosome transmission fidelity. My work also identifies links
between the acetylation state of Stu2 and its non-covalent interactions with SUMO. Furthermore, my
data suggests that Stu2 acetylation and Stu2 interactions with SUMO might regulate Stu2 function at
microtubule organizing centers. As my work is the first demonstration of sumoylation and
acetylation for any member of the XMAP215 family, this work has wide ranging implications as a
paradigm shift for this important family of MAPs and their downstream effect on the regulation of

microtubules.



CHAPTER II

LITERATURE REVIEW

MICROTUBULES

Microtubules (MTs) are components of the cytoskeleton that form the structural cores for
axonemes for cilium and flagellum for cell mobility. They also serve as tracks for several motor
proteins to transport organelles, vesicles, and even chromosomes throughout the cell (reviewed in
Barlan & Gelfand, 2017). During mitosis, microtubules comprise major elements of the mitotic
spindle and serve as the primary force channels in concert with microtubule motors and various

families of microtubule associated proteins (MAPS) to divide genetic material.

The bulk of microtubules originate from microtubule organizing centers (MTOCs) (Baas
& Lin, 2011; Sanchez & Feldman, 2017; Wu & Akhmanova, 2017). In higher eukarya, the
centrosome serves as the MTOC (reviewed in Tillery, Blake-Hedges, Zheng, Buchwalter, &
Megraw, 2018) and in fungi the spindle pole body (SPB) serves as the MTOC (Winey & Bloom,
2012). MTs in metazoans, fission yeast, and filamentous yeast are nucleated from MTOCs
through y-tubulin ring complexes (y-TURCs). Seven laterally interacting heterodimers consisting
of 5 different GCP/Xgrip/Dgrip family proteins form the core of y-TURCs. Each

GCP/Xgrip/Dgrip family protein is capped by y-tubulins to form the basic scaffold for ap-tubulin



heterodimer addition for microtubule polymerization. The y-tubulin small complex (y-TuSC)
found in budding yeast is often studied because of its simplified composition (Chen et al., 1998;
Gunzelmann et al., 2018; Usui et al., 2003). The y-TuSC consists of seven laterally interacting
Spc97 and Spc98 heterodimers where each Spc protein is anteriorly capped by y-tubulin (Geissler
et al., 1996; Greenberg et al., 2016; Knop, Pereira, Geissler, Grein, & Schiebel, 1997; Kollman,
Polka, Zelter, Davis, & Agard, 2010; Kollman et al., 2008; Nguyen, Vinh, Crawford, & Davis,

1998).

MTs are nucleated through y-tubulin ring complexes found in MTOCSs and project
outwards to position cellular components (Kollman, Merdes, Mourey, & Agard, 2011; Teixid4-
Travesa, Roig, & Liders, 2012). MTs predominantly consist of 13 member protofilament rings
that consist of alternating ap-tubulin heterodimer chains. MT polarity enables uni-directional
movement for long distance transport by end directed motors like dynein, which walks towards
the MTOC which anchors the minus end of microtubules and the kinesins to transport cargo

towards organelles or the cellular periphery where microtubule plus ends can be found.

Microtubules are further characterized by the role they perform in the cell. The astral
MTs extend towards the cellular cortex from the MTOC. During mitosis, dynein that is anchored
to the cellular cortex by Num1, walks towards the minus end of astral MTs to pull spindle pole
bodies away from the metaphase plate (Eshel et al., 1993; Lee, Oberle, & Cooper, 2003). At the
same time, kinetochore MTs interact with kinetochores to secure and divide sister chromatids
(Biggins, 2013). Interpolar MTs, decorated with motor proteins, bridge the distance between

MTOCs and provide tension during mitosis (Toli¢, 2018).

TUBULINS

In S. cerevisiae, three types of tubulin serve as the building blocks responsible for

microtubule networks. Of the three, a-tubulin, encoded by the TUB1 and TUB3 genes and j,

5



encoded by the TUB2 gene, are responsible for the vast majority of microtubule structure.
Heterodimers consisting of af-tubulin heterodimers form polarized microtubule protofilaments.
The heterodimer is oriented within protofilaments such that the a-tubulins face the minus end of
the microtubules at the spindle pole body, and the B-tubulins face the plus end of the microtubule
(Desai & Mitchison, 1997). The majority of microtubules consist of thirteen laterally-interacting

protofilaments that form a 25nm wide hollow tube.

Microtubule populations within cells contain individuals that are growing and shrinking
regardless of cellular conditions. This inherent property of microtubules is termed “dynamic
instability” (Mitchison & Kirschner, 1984a, 1984b). Growing microtubules undergo
“catastrophe” during which growth halts and the microtubule plus end rapidly breaks down until
it reaches an externally stabilized patch (Hyman, Salser, Drechsel, Unwin, & Mitchison, 1992).
These stabilized patches are marked by the presence of microtubule associated proteins (MAPS)
such as Bim1 (EB1 in humans) or Bik1 (CLIP-170 in humans) (Blake-Hodek, Cassimeris, &
Huffaker, 2010). Upon stabilization, microtubules may undergo “rescue” whereby microtubules
resume elongation through the addition of tubulin heterodimers to the plus end (Hyman et al.,

1992).

Tubulin proteins undergo changes which contribute to this dynamic instability. While
both o and B-tubulins bind GTP, only the GTP bound to -tubulins undergoes hydrolysis (Hyman
etal., 1992). GTP binds to a-tubulins in the N, or non-exchangeable site, and GTP binds to -
tubulins in the E, or exchangeable site. The E-site present on B-tubulins are adjacent to
neighboring a-tubulins present in tubulin heterodimers (Lowe, Li, Downing, & Nogales, 2001;
Nogales & Wang, 2006). Upon GTP-hydrolysis to GDP, B-tubulins twist and compress to impart
torsional stress on the microtubule lattice (Alushin et al., 2014; Nogales & Wang, 2006; Wang &
Nogales, 2005). Because only GTP bound ap-tubulin heterodimers are incorporated into growing

plus ends, growing microtubules are protected by a “GTP cap” (Carlier & Pantaloni, 1981).
6



In addition to a- and B-tubulins, yeast possess y-tubulin. Although it shares significant
structural similarities with the other tubulins, y-tubulin is not incorporated into the microtubule
lattice. Instead, it is essential for microtubule nucleation under physiological conditions
(reviewed in Wiese & Zheng, 2006). Like B-tubulin, y-tubulins perform GTP-hydrolysis. Basal
GTP hydrolysis rates of B- and y-tubulins are similar (Kollman et al., 2011) and interactions with
a-tubulin further stimulate the GTPase activity of - and y-tubulins (Anders & Botstein, 2001,
Gombos et al., 2013; Hyman et al., 1992; Nogales & Wang, 2006). Hydrolysis of GTP to GDP
within y-tubulin does not confer significant structural changes. Nevertheless, GTP-y-tubulin
nucleated microtubules nine times better than GDP-y-tubulin when used in y-TuSC microtubule
nucleating templates (Gombos et al., 2013). In addition, GTP bound y-tubulin was also

reportedly essential for basal body nucleation (Shang, Tsao, & Gorovsky, 2005).

XMAP215/Stu2

XMAP215 proteins promote the assembly of a- and B-tubulin heterodimers into MTs. In
addition to Stu2 found in S. cerevisiae, prominent XMAP215 family members include S. pombe
Alpl4 and Disl, A. thaliana MOR1, C. elegans Zyg9, D. melanogaster MiniSpindles (msps), and
human CKAP5/ch-TOG (Charrasse et al., 1998; Cullen, Dedk, Glover, & Ohkura, 1999; Garcia,
Vardy, Koonrugsa, & Toda, 2001; Rockmill & Fogel, 1988; Wang & Huffaker, 1997; Whittington
et al., 2001). Members of the microtubule polymerase family are found at the kinetochore
where they facilitate microtubule attachment (Humphrey et al., 2018; Miller et al., 2016; Miller
et al., 2019), at MTOCs where they support microtubule nucleation (Gunzelmann et al., 2018;
Thawani et al., 2018; Wang & Huffaker, 1997), at microtubule plus ends (Al-Bassam et al., 2006),
and along the microtubule lattice (Al-Bassam et al., 2006; Humphrey et al., 2018; Wang &
Huffaker, 1997). Depletion of these proteins significantly increases microtubule catastrophe and

leads to shortened microtubules.



TOG domains

The XMAP215 family of proteins are most conserved in their N-terminal TOG domains,
which bind directly to tubulins. Each protein contains between two and five 250 amino acid
repeats known as Tumor Overexpressed Gene (TOG) domains (Al-Bassam et al., 2006). The
number of TOG domains present in XMAP215 homologs vary based on the organism’s relative
complexity, with yeast having two TOG domains (Alp14, Disl, Stu2). Worms have three TOG
domains (Zyg9) and complex multicellular organisms including flies, plants, and humans have
five TOG domains (msps, MOR1, and CKAP5) (reviewed in Al-Bassam & Chang, 2011). TOG
domains are themselves comprised of 6 a-helical HEAT (Huntingtin, elongation factor 3, protein
phosphatase 2A, TOR1) (Yoshimura & Hirano, 2016). These 6 HEAT repeats form a flat layer
of a-helices that interacts with tubulins along their narrow edges (Al-Bassam, Larsen, Hyman, &

Harrison, 2007; Ayaz, Ye, Huddleston, Brautigam, & Rice, 2012; Slep & Vale, 2007).

XMAP215/Stu2 and microtubule polymerization

Crystal structures indicate that TOG domains bind free tubulin heterodimers in a 1:1 ratio
(Ayaz et al., 2014; P. Ayaz et al., 2012; Nithianantham et al., 2018). Through their MT binding
domains, XMAP215 proteins are believed to touch and release the microtubule lattice until they
find the microtubule plus-end. At the microtubule plus end, tubulins are incorporated into the
MT lattice and the XMAP215 protein detaches (Brouhard et al., 2008; Widlund et al., 2011).
While it is poorly understood whether other mechanisms enrich Stu2 at the plus end of
microtubules, it is possible that interactions with plus end tracking proteins such as Bim1 (EB1)

or Bik1 (CLIP-170) in humans may facilitate its plus-end localization (Wolyniak et al., 2006).

XMAP215/Stu2 and the kinetochore

Within the mitotic apparatus, Stu2 serves an important role in bridging kinetochores to

microtubules. Stu2 helps secure attachments between kinetochores and a class of microtubules
8



termed K-fibers. When opposing K-fiber pairs fail to properly attach to sister chromatids,
monopole kinetochore attachments experience low tension and are non-persistent, however,
polarized attachments exert higher levels of tension and form persistent kinetochore interactions
(Akiyoshi et al., 2010; Miller et al., 2016). Correct attachments between kinetochores and K-
fibers are likely supported by Stu2 induced depolymerization of K-fibers at the kinetochore and
subsequent “catch-bond” activity (Humphrey et al., 2018). The Dam1 ring then harnesses forces
generated through microtubule catastrophe to secure these K-fiber attachments (Grishchuk et al.,

2008; Volkov et al., 2013).

The propensity for the DamL1 ring to track microtubule plus ends has also been well
characterized in vitro (Asbury et al., 2006; Lampert, Hornung, & Westermann, 2010; Powers et
al., 2009; Tien et al., 2010). As tension of kinetochore attachments to k-fibers increases, so too
does the probability of microtubule rescue (Franck et al., 2007). K-fiber elongation may
represent an additional protective measure that cells employ to ensure that correct kinetochore

attachments are maintained during transient periods of excessive tension.

XMAP215/Stu2 and microtubule organizing centers

XMAP215/Stu2 serves as a microtubule nucleation factor at the SPB. While research in
this area is still ongoing, XMAP215 family members have long been observed in MTOCs.
Interactions between XMAP215 family proteins and MTOC proteins have been shown between
Stu2 and Spc72 in S. cerevisiae (Chen et al., 1998), Alp14 and Alp7 in S. pombe (Sato, Vardy,
Garcia, Koonrugsa, & Toda, 2004), msps and D-TACC in D. melanogaster (Fiona, Cullen &
Ohkura, 2001; Lee, Gergely, Jeffers, Peak-Chew, & Raff, 2001), and ckap5-a and tacc3 in X.
laevis (Kinoshita et al., 2005). Localization of XMAP215 family members to MTOCs

correlates with increases in microtubule numbers (Bellanger & Goénczy, 2003; Kinoshita et al.,



2005; Lee et al., 2001). Most recently, XMAP215 family members synergistically nucleated

microtubules with y-TuSCs and y-TuURCs (Gunzelmann et al., 2018; Thawani et al., 2018).

THE SUMO PROTEIN

SUMO, the Small Ubiquitin like MOdifier, is a member of the ubiquitin family of
proteins that are known for their covalent attachment and subsequent regulation of proteins
(Bayer et al., 1998). The SUMO protein is encoded by the SMT3 gene in S. cerevisiae and is 101
amino acids long and approximately 11.6 kDa in size. While SUMO shares only about 18% of
sequence identity with ubiquitin, the tertiary structures of both proteins possess a common

BRapPap tertiary structure known as the B-grasp fold (Bayer et al., 1998).

SUMO is expressed solely as a pro-protein monomer by the SMT3 gene in S. cerevisiae.
In contrast, ubiquitin pro-proteins are co-expressed with other proteins by the UB11, UB12, and
UB13 genes and as a poly-ubiquitin precursor protein by the UB14 gene (Ozkaynak, Finley,
Solomon, & Varshavsky, 1987). In each case, the c-terminus of the pro-protein is proteolytically
processed to expose the glycine residues necessary for activation and conjugation. Initial SUMO
processing is carried out by the Ubl-specific protease (ULP) Ulpl (Li & Hochstrasser, 1999;
Mevissen & Komander, 2017; Ronau, Beckmann, & Hochstrasser, 2016), whereas ubiquitin
activation is performed by deubiquitinating enzymes (Fang & Weissman, 2004; Larsen, Krantz,

& Wilkinson, 1998; Li & Ye, 2008; Ozkaynak et al., 1987; Wilkinson, 1997).

Sumoylation

Sumoylation describes the covalent attachment of SUMO to substrate proteins via an
isopeptide bond to the e-amine group of lysine residues. Sumoylation plays important roles in
myriad cellular processes including cell cycle progression (Finkbeiner, Haindl, Raman, & Muller,
2011; Pinder, McQuaid, & Dobson, 2013; Stead et al., 2003; Yong-Gonzales, Hang, Castellucci,

Branzei, & Zhao, 2012), environmental adaptation (Garcia-Domiquez & Reyes, 2009; Ouyang,
10



Valin, & Gill, 2009), protein trafficking (Wang, Pernet, & Lee, 2012), and stress responses such
as DNA repair (Nagai, Davoodi, & Gasser, 2011; Prudden et al., 2011). The roles of sumoylation
have also been extensively reviewed (Alonso et al., 2015; Bergink & Jentsch, 2009; Dasso, 2008;
Gareau & Lima, 2010; Nagai et al., 2011; Praefcke, Hofmann, & Dohmen, 2012; Stehmeier &
Muller, 2009). Classically, SUMO conjugation to substrates occurs at a canonical ®KXE/D
consensus site, where @ is a hydrophobic residue and X can be any amino acid (Johnson, 2004;
Melchior, 2000). Yet, only about half of observed sumoylation sites match the ®KXE/D motif

(Hendriks et al., 2017).

The diverse function of ubiquitin’s modification of protein substrates is specified by its
ability to “chain itself” in different configurations (reviewed in Akutsu, Dikic, & Bremm, 2016).
Perhaps the most prominent function of ubiquitin is protein turn-over (Ciechanover, 1994; Rock
et al., 1994) (reviewed in Walters, Goh, Wang, Wagner, & Howley, 2004)(Pickart & Fushman,
2004). Protein turnover is mediated by a specific ubiquitin configuration consisting of at least
four lysine 48-linked ubiquitin molecules. Proteins labeled with these chains of K48-linked
ubiquitin are recognized by S5a/Rpn10’s c-terminal ubiquitin interacting motif (UIM) at the 26S
proteasome and degraded (Hofmann & Falquet, 2001; Young, Deveraux, Beal, Pickart, &
Rechsteiner, 1998). Additionally, K11 chaining by the anaphase-promoting complex (APC)
targets specific protein substrates protein degradation during mitosis (Matsumoto et al., 2010).
The role of ubiquitin in regulating endocytic trafficking, inflammation, translation, and DNA
repair is dictated by its ability to form ubiquitin chains through lysine 63 (Acconcia, Sigismund,
& Polo, 2009; Miranda & Sorkin, 2007; Pickart & Fushman, 2004). K6 linkages are reportedly
associated with DNA repair responses and increase in abundance following UV challenges (Elia
et al., 2015; Morris & Solomon; Nishikawa et al., 2004). Furthermore, K6 linkages aren’t
anticipated to be related to protein turnover since their abundance does not increase with

proteasome inhibition (Kim et al., 2011; Wagner et al., 2011).
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The sumoylation pathway

Unlike the ubiquitin family which relies on three classes of enzymes, addition of mature
SUMO requires only two classes of enzymes, the E1 SUMO activating enzymes and E2
conjugating enzyme, albeit the third class of SUMO enzymes, the E3 SUMO ligating enzymes,
are believed to enhance the process and provide some specificity (Gareau & Lima, 2010;
Takahashi, Toh-e, & Kikuchi, 2001). E1 SUMO activating enzymes consume ATP to produce a
high-energy thioester bond with the c-terminal glycine of mature SUMO. The E1 holoenzyme
consists of an evolutionarily conserved Aoslp and Uba2p heterodimer (Desterro, Rodriguez,
Kemp, & Hay, 1999; Dohmen et al., 1995; Johnson, Schwienhorst, Dohmen, & and Blobel,

1997).

SUMO E2 enzymes are responsible for attachment of SUMO moieties to lysine residues.
The single E2 SUMO conjugating enzyme is Ubc9p (reviewed in Gareau & Lima, 2010 and
Alonso et al., 2015). It is evolutionarily conserved and yeast Ubc9 shares 56% sequence
similarity with human Ubc9 (Johnson & Blobel, 1997; Schwarz, Matuschewski, Liakopoulos,
Scheffner, & Jentsch, 1998). Ubc9 is regulated by post-translational modifications that modulate
its conjugation activity and regulate its substrate specificity. Ubc9 sumoylation impairs
RanGAP1 sumoylation but leads to significant increases in sumoylation of the transcriptional
regulator Sp100 (Knipscheer et al., 2008). Ubc9 recognition of specific substrates was also
reportedly enhanced through Cdk1 phosphorylation in a cell cycle dependent manner ( Su, Yang,
Huang, Liu, & Hwang, 2012). Acetylation of Ubc9 also down regulates sumoylation of
substrates possessing the negatively charged amino acid-dependent sumoylation motif (NDSM)

(Naik et al., 2017).

In addition to E1s and E2s, a final class of SUMO ligating enzymes (E3s) expand the

range of potential SUMO substrates and improves efficiency. E3s accomplish this task by either
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recruiting E2-SUMO and substrates into complexes to promote specificity and proximity, or they
can promote SUMO removal from E2 enzymes to increase efficiencies (Desterro et al., 1999;
Gareau & Lima, 2010; Okuma, Honda, Ichikawa, Tsumagari, & Yasuda; Takahashi, Toh-e, et al.,
2001). Humans possess several classes of E3 SUMO ligases including, the protein inhibitor of
activated STAT (the PIAS family) (Shuai, 2000), the polycomb group protein Pc2 (Kagey,
Melhuish, & Wotton, 2003), and the cytoplasmically exposed nucleoporin RanBP2/Nup358

(Pichler, Gast, Seeler, Dejean, & Melchior, 2002).

While there are several classes of E3 ligases found in humans, there are only four E3
ligases in yeast; Sizl, Siz2/Nfil, Mms21/Nse2, and Cst9/Zip3 (Duan, Holmes, & Ye, 2011;
Heideker, Prudden, Perry, Tainer, & Boddy, 2011; Johnson & Gupta, 2001; Reindle et al., 2006;
Stephan, Kliszczak, & Morrison, 2011). Sizl, Siz2/Nfil, and Mms21/Nse2 all possess RING
domains responsible for ligation activities and belong to the PIAS family of E3 ligases. The
Siz/PIAS family SUMO E3s interact with their E2s similarly to how ubiquitin E3-ligases interact
with ubiquitin E2 conjugation enzymes (Hochstrasser, 2001; Johnson & Gupta, 2001). Based on
predictions from ubiquitin E2/E3 complex studies, SUMO Siz/PIAS E3 ligating enzymes were
mutated to disrupt SUMO E2/E3 interactions and subsequently failed to support SUMO
conjugation to substrates (Yunus & Lima, 2009). In yeast, Siz1 and Siz2 account for a majority
of sumoylation where Siz1 plays a larger role in global sumoylation in the cell and Siz2 activity
correlates more strongly with DNA repair mechanisms (Horigome et al., 2016; Johnson & Gupta,

2001; Takahashi, Kahyo, Toh-E., Yasuda, & Kikuchi, 2001).

Mms21 supports Siz2 functions in DNA repair and was first identified while screening
for mutants that are sensitive to methyl methanesulfonate (MMS) (Horigome et al., 2016; Prakash
& Prakash, 1977). MMS methylates DNA at N7-deoxyguanosine, N3-deoxyadenosine, to a
lesser extent other oxygen and nitrogen atoms in other bases, and phosphodiester linkages to stall

replication forks during DNA replication (Lundin et al., 2005). Mms21 is part of the SMC5-
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SMC6 complex and Mms21 mediated sumoylation events are important for nucleolar formation
and function (Kim et al., 2016; Zhao & Blobel, 2005). Additionally, Mms21 regulates sister
chromatid segregation, localization of dsDNA breaks to the nuclear periphery, and suppresses
spontaneous mutation and mitotic recombination (Bermudez-Lépez et al., 2010; Horigome et al.,
2016; Montelone & Koelliker, 1995; Prakash & Prakash, 1977). Cst9 is essential for
synaptonemal complex formation and localizes to programmed DNA double-strand breaks
(DSBs) to facilitate targeted gene recombination during meiosis (Agarwal & Roeder, 2000;
Cheng et al., 2006; Ouspenski, Elledge, & Brinkley, 1999; Serrentino, Chaplais, Sommermeyer,

& Borde, 2013).

SUMO noncovalent interactions

In addition to covalent attachment to substrates, SUMO can bind proteins non-covalently.
These non-covalent interactions occur through SUMO interaction motifs (SIMs) (Kroetz &
Hochstrasser, 2009; Minty, Dumont, Kaghad, & Caput, 2000; J. Song, Durrin, Wilkinson,
Krontiris, & Chen, 2004). The SIM motif consists of a 4 amino-acid long stretch of hydrophobic
residues with the pattern (I/L/V) X (I/L/V) (I/L/V) where the X position is occupied by any
amino acid (Kroetz & Hochstrasser, 2009; Song et al., 2004). Protein SIMs bind to SUMO at a
hydrophobic patch found between B-sheet two and a-helix one (Song, et al., 2004). Upon
interaction with SUMO, the SIM adopts a beta sheet confirmation that extends the N-terminal
beta sheet of SUMO (Chang et al., 2011; Hecker, Rabiller, Haglund, Bayer, & Dikic, 2006;

Namanja et al., 2012; Sekiyama et al., 2008; Song, Zhang, Hu, & Chen, 2005; Xu et al., 2014).

The functional analysis of SIMs is an expanding field that recently has revealed new roles
in DNA repair, DNA replication, and substrate sumoylation. SIMs facilitate recruitment of
RAPS80 to damaged DNA where it facilitates repair of double-strand DNA Breaks (Anamika &

Spyracopoulos, 2016; Guzzo et al., 2012; Hu, Paul, & Wang, 2012). Sumoylated PCNA also
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recruits Srs2 helicase to replication forks for error free DNA replication (Hannich et al., 2005;
Hoege, Pfander, Moldovan, Pyrowolakis, & Jentsch, 2002; Kerscher, 2007; Papouli et al., 2005).
Sumoylation of Ubc9 has also been shown to enhance its ability to covalently attach SUMO to
proteins containing SIMs (Kim, Kim, Matunis, & Ahn, 2009; Knipscheer et al., 2008; Tatham et

al., 2005).

Phosphorylation and acetylation regulate noncovalent interactions between SUMO and
SIMs. Phosphorylation of serine or threonine residues flanking SIMs improve electrostatic
interactions between SUMO and non-covalently interacting proteins (Cappadocia et al., 2015;
Chang et al., 2011; Stehmeier & Muller, 2009). PML protein, named for its association with
promyelocytic leukemia nuclear bodies, contains one such phosphoSIM. PML interactions with
SUMO are facilitated by phosphorylation of Serines 565, 560, 561, and 562 (Cappadocia et al.,
2015; Rabellino et al., 2012; Scaglioni et al., 2006). SUMO interactions with RAP80 are
enhanced by SIM phosphorylation and may play a role in RAP80 recruitment to damaged DNA
(Anamika & Spyracopoulos, 2016). Acetylation of lysine residues in SUMO1 and SUMOQO?2
reduce their affinity for SIMs by eliminating electrostatic interactions between SUMO lysines and
phosphoserines, phosphothreonines, aspartates, and glutamates that often flank SIM motifs

(Ullmann, Chien, Avantaggiati, & Muller, 2012).

SUMO targeted ubiquitin ligases

SUMO targeted ubiquitin ligases (STUbLS) are an important group of proteins
responsible for protein turnover of sumoylated proteins. These proteins interact with sumoylated
proteins in order to ubiquitinate them. STUDbLSs are able to carry out this process since they are a
special class of Ubiquitin E3 ligases with SIMS (Perry, Tainer, & Boddy, 2008). In yeast, there
are two STUbLs. One STUbL consists of the heterodimer formed by SIx5 and SIx8. The SIx5-

SIx8 heterodimer is essential for cellular survival in the absence of the Sgs1 DNA helicase
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(Mullen, Kaliraman, Ibrahim, & Brill, 2001). The second STUbL, Ris1, is important for
preventing telomeric fusions by preventing their erroneous recognition as double-strand breaks

(Chung & Zhao, 2013; Lescasse, Pobiega, Callebaut, & Marcand, 2013).

SUMO isopeptidases

Because of SUMO isopeptidases, sumoylation is a reversible process. SUMO can be
cleaved from the g-amine group of lysine to restore proteins to their non-sumoylated state. This is
important since many SUMO substrates are rapidly sumoylated and desumoylated in response to
environmental stresses. Yeast use three enzymes to desumoylate proteins; Ulpl, Ulp2, and Wss1.
Ulpl and Ulp2 are responsible for removing SUMO from different populations of substrates
(Johnson & Blobel, 1999; Li & Hochstrasser, 2000). While Ulp2 is not essential, deletion of
Ulpl is lethal. This may be explained by demonstrations where Ulp1 could cleave Ulp2 specific
SUMO conjugates while Ulp2 failed to cleave Ulp1 substrates (Li & Hochstrasser, 2000).
However, Ulp2 showed significantly more activity in regulating SUMO chains compared to Ulpl.
(Schwienhorst, Johnson, & Dohmen, 2000). The third SUMO isopeptidases, Wss1, exhibits
SUMO ligase activity in addition to its role as a SUMO isopeptidase (Balakirev et al., 2015).
While Wss1 has been shown to predominantly remove SUMO, it is able to remove ubiquitin from

substrates as well. (Su & Hochstrasser, 2010).

ACETYLATION

Acetylation is a post-translational modification that regulates protein-protein and protein-
nucleic acid interactions by masking the positive charge of lysine ge-ammonium groups. Defects
in acetylation regulatory enzymes, HDAC and HATS correlate strongly with major diseases
including cancer, neurodegenerative disorders, and cardiovascular disease (Barbier et al., 2019;
Blander & Guarente, 2004; Carrozza, Utley, Workman, & Coté, 2003; Irwin et al., 2012; Irwin,

Lee, & Trojanowski, 2013; Kim et al., 2011; Li et al., 2014; McKinsey & Olson, 2004; Min et al.,
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2010, 2015; Tracy et al., 2016; Yang, 2004). The first proteins discovered to undergo acetylation
were histones, a discovery made in 1968 (Vidali, Gershey, & Allfrey, 1968). It took nearly three
decades to identify the first acetylation sites in a non-histone protein, p53 (Gu & Roeder, 1997).
However, genomic and proteomic approaches have identified many non-histone acetylation
events in proteins which demonstrate acetylation roles beyond histones regulation (Choudhary et
al., 2009; Duffy et al., 2012; Henriksen et al., 2012; Kim et al., 2006; Lin et al., 2009).
Acetylation is now known to regulate DNA-protein interactions, subcellular localization, the cell
cycle, transcriptional activity, chromatin remodeling, RNA metabolism, cytoskeleton dynamics,

membrane trafficking, and protein stability (Choudhary et al., 2009).

Lysine acetyl-transferases and lysine deacetylases

Histone acetyl-transferases (HATS) or lysine acetyl-transferases (KATS) use the acetyl
moiety in Acetyl-CoA for the transfer of acetyl groups to the e-ammonium group of lysine
residues. Acetylation by KATS involves the formation of a ternary complex including KAT—
acetyl-CoA-substrate followed by deprotonation of the e-amino group of lysine by glutamate or
aspartate within the KAT catalytic site, and is completed through a nucleophilic attack on the
carbonyl group of acetyl-CoA (Albaugh, Arnold, Lee, & Denu, 2011; Berndsen, Albaugh, Tan, &
Denu, 2007; Tanner, Langer, Kim, & Denu, 2000). Histone deacetylases (HDACS) or lysine
deacetylases (KDACs) hydrolyze the amide linkage between acetyl groups and amino groups of
lysine residues to yield acetate. Most KATs and HDACSs function as multi subunit complexes
(Millar & Grunstein, 2006; Roth, Denu, & Allis, 2001; Sterner & Berger, 2000). Spontaneous
protein acetylation also occurs in the absence of KATSs, especially in the mitochondrion where the

concentrations of acetyl-CoA and the pH is higher (Poulsen et al., 2013; Weinert et al., 2014).

Acetyl-coenzyme A (CoA) is a central metabolite processed from pyruvate following

glycolysis. Unsurprisingly, Acetyl-CoA levels are highest during exponential growth in the
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presence of glucose. Since protein acetylation levels often match the concentration of Acetyl-
CoA concentration, protein acetylation has been extensively studied as metabolic rheostats for
cells (Cai, Sutter, Li, & Tu, 2011; Ramaswamy, Williams, Robinson, Sopko, & Schultz, 2003;
Sandmeier et al., 2002; Seker, Mgller, & Nielsen, 2005; Takahashi, McCaffery, Irizarry, &

Boeke; Weinert et al., 2014; Wellen et al., 2009).

Currently, seven KATS and nine KDACs have been identified in yeast. KATSs are
classified by their cellular localization where A-types are found in the nucleus and B-types are
found in the cytoplasm (Galdieri, Zhang, Rogerson, Lleshi, & Vancura, 2014). KDACs however,
are divided into structural classes as Class I, Class Il, and Class I1l enzymes. Class | and Class Il
KDACs have similar catalytic domains, whereas Class I11 KDACSs share no sequence similarity to
Classes | and Il and are instead a member of the family of sirtuins that require NAD" to function.
Similar to KDACs, KATSs are also classified based on their structural conservation. In S.
cerevisiae, the Genb-related N-acetyltransferase (GNAT) superfamily consists of Gen5, Hatl,
and Elp3 while the MYST group which is named after its founding members (MOZ, Ybf2/Sas3,

Sas2, and Tip 60) also includes Esal, Sas2, and Sas3.

A-type KATs

Yeast A-type KATSs include Genb, Esal, Sas2, Sas3, Rtt109 and Elp3. While there are a
significant number of KATS that share substrates, they have strikingly limited overlap in lysine
recognition as summarized by Table 1 of (Galdieri et al., 2014). Gcnb is found in the SAGA
complex, the SLIK/SALSA, ADA, HAT-A2, and HATB3.1 complexes which acetylate multiple
lysine residues of Histone 3 to facilitate nucleosome assembly (Burgess, Zhou, Han, & Zhang,
2010; Krebs, 2007; Millar & Grunstein, 2006; Rando & Winston, 2012; Shahbazian & Grunstein,
2007). Additionally, newly synthesized Histone 3 is acetylated at lysine 56 by Rtt109p to

facilitate DNA replication and repair when Asfl is present (Adkins, Carson, English, Ramey, &
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Tyler, 2007; Driscoll, Hudson, & Jackson, 2007). Unlike other KATSs, Esal, is essential for
viability. Esal is the catalytic subunit of the NuA4 HAT complex (Reifsnyder, Lowell, Clarke, &
Pillus, 1996; Smith et al., 1998). Sas2 is responsible for H4 at K16 acetylation which creates
boundary regions separating heterochromatin and adjoining euchromatin (Kimura, Umehara, &
Horikoshi, 2002; Suka, Luo, & Grunstein, 2002). Additionally, loss of Histone 3 acetylation in
Gcenb and Sas3 double knockouts leads to cell cycle arrest in the G2/M phase of the cell cycle
(Howe et al., 2001). Lastly, Elp3 functions in the Elongator HAT complex, which was first
identified by its association with RNA Polll holoenzyme during transcriptional elongation
(Saunders, Core, & Lis, 2006). Recent studies suggest Elp3 stability is reliant on Elp1, and
compromising Elp3 HAT stability leads to the autonomic neuropathy familial dysautonomia

(Slaugenhaupt et al., 2001; Svejstrup, 2007).

B-type KATS

The only B-type KAT found in S cerevisiae is Hatl. Hatl is well known for its role in
the rapid acetylation of newly synthesized cytoplasmic histone H4 at lysines 5 and 12 (Sobel,
Cook, Perry, Annunziato, & Allis, 1995). However, inactivation of Hatl did not reveal a role for

Hatl in chromatin assembly (Parthun, Widom, & Gottschling, 1996).

Multiple KAT complexes are regulated through autoacetylation

Esal autoacetylates a conserved lysine residue to activate the NuA4 HAT complex (Yuan
etal., 2012). It also acetylates Yng2, another subunit of the NuA4 complex, which when mutated
to abolish this acetylation leads to hypersensitivity to benomyl and methyl methanesulfonate.
Rtt109 enzymatic activity is also reliant on autoacetylation of a lysine residue present in its active
site (Albaugh et al., 2011). Lastly, Gen5 acetylates several subunits found in the SAGA HAT

complex, which correlates strongly with the complex’s activity (Cai et al., 2011). Together, these
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observations indicate autoacetylation of HAT complexes represent another means through which

nutrient abundance regulates acetylation levels in the cell.

Class | KDACs

Class | KDAC:s are found predominantly in the nucleus and include Rpd3, Hos2, and
Hosl. Rpd3 works to deacetylate Yng2 following its acetylation by Esal (Lin et al., 2008).
Along with the Class Il KDAC, Hdal, Rpd3 works to counteract the acetylation of the NuA4 and
SAGA HAT complexes (Lin et al., 2008). Furthermore, the activities of the NuA4, SAGA, Hdal
and Rpd3 complexes represent a majority of cellular histone acetylation and deacetylation. Hosl
functions in the acetylation cycle of Smc3, a member of the chromosomal cohesin complex. This
entails routine Smc3 deacetylation by Hos1 during anaphase to prepare for subsequent cellular
division, a process that requires non-acetylated Smc3 (Borges et al., 2010). The final Class |
KDAC member, Hos2 complexes in the Rpd3L complex as well as its own SET3 complex. Hos2

functions along with the Class 111 Hst1 to suppress yeast sporulation (Pijnappel et al., 2001).

Class Il KDACs

Class Il KDACs including Hdal and Hos3 are found in the nucleus and cytoplasm. As
previously discussed, Hdal represents one of the more active KDACs and deacetylates a diverse
range of substrate proteins. Hdal deacetylation of K27 and K270 in the S. cerevisiae protein
Hsp90 promotes resistance to the azole miconazole (Robbins, Leach, & Cowen, 2012). Unlike
other KDACs, Hos3 possesses basal histone deacetylase activity even in the absence of a
complex (Carmen et al., 1999). Additionally, Hos3 is not inhibited by the pan-deacetylase
inhibitor Trichostatin A (Carmen et al., 1999). Even when expressed in E. coli, Hos3 possessed
intrinsic deacetylase activity leading investigators to believe that interacting proteins likely
sequester Hos3 to reduce its activity, rather than activate it like most other KATs or KDACs

(Carmen et al., 1999).
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Class 111 KDACs/sirtuins

Lastly, Class Il KDACs (sirtuins), including Sir2, Hstl, Hst2, Hst3, and Hst4 seem to be
localized based on amino- and carboxyl-terminal extensions that also regulate their catalytic
activity (North & Verdin, 2004). Sirtuins activity closely mirrors glucose abundance under high
glucose conditions. When glucose is high, cytosolic NAD™ essential for sirtuin deacetylation is
largely converted into NADH (Finkel, Deng, & Mostoslavsky, 2009). The sirtuin Hst1 is also
implicated in NAD™ synthesis since NAD* abundance is increased in the absence of a functional
HST1 gene (Bedalov, Hirao, Posakony, Nelson, & Simon, 2003). Lastly, disruption of the HST3
and HST4 genes lead to a growth defects in yeast grown on the non-fermentable carbon source,

acetate (Starai, Takahashi, Boeke, & Escalante-Semerena, 2003).

Acetylation of MAP proteins

Acetylation of K212 in the human plus end tracking protein EB1, the human homologue
of Bim1 in yeast, was shown to regulate interactions with CLIP-170, p150glued, and APC (Xie et
al., 2018). Also, CLIP-170, the human homolog of the yeast protein BIK1, has been shown to be
acetylated, however the function and modified residues have yet to be identified (Li et al., 2014).
It is not known how or if acetylation regulates other microtubule associated proteins (MAPS). In
this report, we examine the acetylation of the XMAP215 protein Stu2 in yeast. We found that
Stu2 TOG domain acetylation mediates cellular growth, microtubule stress responses, modulates

non-covalent interactions between Stu2 and SUMO, and impacts chromosome stability.

Acetylation was previously shown to regulate the microtubule network. Aged MTs
contain K40 acetylated a-tubulin, but it is not known if K40 acetylation is responsible for MT
longevity. While the function of K40 acetylation remains inconclusive, (Kaul, Soppina, &
Verhey, 2014), it has been reported that inhibition of K40 acetylation is necessary for contact

inhibition during cell proliferation (Aguilar et al., 2014).
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Recent structural studies indicate that extensive a-tubulin K40 acetylation weakens
lateral contacts formed by adjacent protofilaments while strengthening longitudinal interactions
of ap-tubulin heterodimers within protofilaments (Eshun-Wilson et al., 2019; Manka & Moores,
2018). Tau acetylation suppresses its interactions with MTs (Cohen et al., 2011). Additionally,
acetylation impairs phosphorylation mediated degradation of tau, implicating tau acetylation in
neurodegenerative diseases often referred to as tauopathies (Barbier et al., 2019; Irwin et al.,
2012; Irwin et al., 2013; Min et al., 2010, 2015; Tracy et al., 2016). Such neurodegenerative
diseases characterized by hyperphosphorylated tau include frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17), as well as Alzheimer’s disease (AD) (Cairns

et al., 2007; Hutton et al., 1998; Ludolph et al., 2009; Spillantini et al., 1998).

Acetylation has also been shown to compete with sumoylation of proteins, (Escobar-
Ramirez et al., 2015; Stankovic-Valentin et al., 2007; Ullmann et al., 2012; Zheng & Yang,
2005). This raises the possibility that there may be an antagonistic relationship between Stu2

sumoylation (Greenlee et al., 2018) and Stu2 acetylation (this report).
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CHAPTER IlI

THE TOG PROTEIN STU2/XMAP215 INTERACTS COVALENTLY AND
NONCOVALENTLY WITH SUMO

It is becoming increasingly apparent that SUMO regulates different classes of microtubule-
associated proteins, which include tau (Dorval & Fraser, 2006), Ndc80 (Montpetit, Hazbun,
Fields, & Hieter, 2006), CENP-E (Zhang et al., 2008), Kar9 (Leisner et al., 2008; Schweiggert,
Stevermann, Panigada, Kammerer, & Liakopoulos, 2016), Bim1 (Meednu et al., 2008), Pacl, and
Bikl (Alonso et al., 2012). For that reason, we asked whether the XMAP215 family of
microtubule polymerases and tubulins themselves may also be regulated by sumoylation
pathways. XMAP215 microtubule polymerases and tubulins are some of the most evolutionarily
conserved proteins across eukarya. This is largely due to their roles in maintaining the

microtubule apparatus that is so critical for cellular division.

Stu2, the XMAP215 family member found in S. cerevisiae interacts with 5 out of the 8 classes of
MAPs that are known to interact with SUMO. These classes include tau (Dorval & Fraser, 2006),
Ndc80 (Montpetit et al., 2006), CENP-E (Zhang et al., 2008), Kar9 and Bim1/EB1 (Leisner et al.,
2008; Meednu et al., 2008; Schweiggert et al., 2016), Pacl/Lis1, and Bik1/CLIP-170 (Alonso et

al., 2012). In this chapter, we investigate whether Stu2 and tubulins are also regulated by SUMO.

Further, we demonstrate that tubulin can bind to SUMO noncovalently and directly.
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SUMMARY OF MANUSCRIPT

Stu2 and SUMO

In this paper, we demonstrate that Stu2 interacts covalently and non-covalently with SUMO through yeast
two-hybrid, in vitro sumoylation, co-immunoprecipitation, and affinity purification assays. We first used
yeast two-hybrid to demonstrate that Stu2 interacts with SUMO, the SUMO conjugating E2 enzyme
Ubc9, the SUMO ligating E3 enzyme Nfil, and two MAPs previously shown to be sumoylated, Bik1 and
Bim1 (Alonso et al., 2012). In addition to interacting with SUMO and the sumoylation machinery, we
find that Ris1 and Wss1, a STUbL and SUMO isopeptidases, interact with Stu2. This finding represented
a clear indication that Stu2 is sumoylated. Using a series of two hybrid-Stu2 truncations, we mapped
SUMO and the sumoylation machinery’s interactions with Stu2 to a short region within Stu2 that
encompasses the c-terminal half of the microtubule binding domain and the dimerization domain.
Second, we demonstrated that Stu2 was sumoylated in vitro following incubation with reconstituted
SUMO E1 holoenzyme Aos1/Uba2, the SUMO E2 conjugating enzyme Ubc9, activated SUMO-GG, and
ATP. Third, we performed co-immunoprecipitation experiments that showed Stu2 bands cross-react with
SUMO antibodies. In addition, we enriched histidine tagged Stu2 under chaotropic conditions using 8M
urea. Despite extensive protein denaturation, anti-SUMO continued reacting with Stu2 bands in western
blots. Lastly, we demonstrated that Stu2 interacts non-covalently with SUMO using GST-SUMO-GA

affinity enrichment columns.

Tubulins and SUMO

While investigating Stu2 covalent and non-covalent interactions with SUMO, we also tested whether
tubulins, key binding partners of Stu2, would interact with SUMO. Yeast two-hybrid experiments
demonstrated that tubulins did indeed interact with SUMO and the sumoylation machinery. Tubulins,
like Stu2, interacted with the STUDL, Ris1, but not with the isopeptidases Wss1. While performing pull-

downs with SUMO-GST fusion proteins to test for non-covalent interactions between Stu2 and SUMO,
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we also probed for Tubl. These western blots revealed that tubulins too might interact non-covalently
with SUMO. Because the possibility existed for Stu2 to bridge an interaction between Tubl1 and SUMO,
we repeated the experiment using a degron tagged Stu2. Even in the absence of full-length Stu2, tubulin

continued interacting non-covalently with SUMO.
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Discussion

This work demonstrates that Stu2, a member of the XMAP215 family of microtubule polymerases, and
tubulins, the constitutive proteins of microtubules themselves, interact with SUMO covalently and non-
covalently. These findings indicate that Stu2 and tubulins are among a growing list of MAPs regulated
by SUMO. It will be important to discern how SUMO interactions control the multiple roles of this
microtubule polymerase during mitosis and meiosis. Additional work lies ahead in determining what
specific processes are regulated by SUMO interactions with Stu2 and tubulin. One key task that still
remains is to identify Stu2’s sumoylation sites. ldentifying and mutating to prevent Stu2 sumoylation
will provide powerful insights into what Stu2 sumoylation is responsible for amongst the numerous
functions in which Stu2 participates. Another burning question is whether SUMO regulates XMAP215

family proteins from other organisms.
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Purified tubulins bind directly to SUMO columns.

Following the completion of this manuscript, additional efforts were made to confirm that tubulin does
indeed interact with SUMO in the absence of Stu2. In vitro binding experiments demonstrated that
purified ap-tubulin heterodimer (a kind gift from Jeff Moore) are affinity purified by our 5x-poly-SUMO
columns even in the absence of detectable levels of Stu2 protein (Figure 3-A). When 500 ng (2.5 ng/uL)
of tubulin was applied to the 5x-SUMO-GST columns, only about 20% appeared to bind to SUMO
(compare 500 ng and 100 ng tubulin control lanes). At the lowest concentration where 250 pg/uL (50 ng)
was used, at least 20% bound to the column based on the minimal amount of tubulin shown to interact
with our anti-Tubl antibody (compare 50 ng panel A with 10 ng panel C). Additionally, we confirmed
the absence of Stu2 in purified tubulin aliquots using anti-Stu2 antibodies from the Huffaker lab (Figure
A panel b). The finding that tubulins bind SUMO directly is significant because it provides an additional
way in which sumoylated MAPs might interact with microtubules. In the instance of these studies, it
suggests that Stu? is not responsible for all the tubulin binding to the 5x-poly-SUMO column.
Furthermore, human tubulin sumoylation sites were identified in recent mass spectrometry experiments
(Hendriks et al., 2017). This suggests tubulins bind SUMO non-covalently and covalently and has a wide

range of applications for many different systems.

27



x & © ©
d < o & » ©
T BN S O
& K] O O &S <
S P P2 X S
= e anti-Tub1
50 kDa —
37 kDa— e ———— coomassie blue
SN S Shene Column
25 kDa — P - Validation
Gsl 5x-SUMO-GST Gl
Q&
O N
2
e-°« ul
b o~ o ®
S O
- w®=m anti-Tub1
50 kDa —
100 kDa— . anti-Stu2
c I O R
O R SN R
Q«\Q o QQQ’ ® o
SN AN AR SR
50 kDa—- — o - - anti-Tub1
High protein Low protein

Figure A Purified tubulin binds directly to the 5x-SUMO-GST column even in the absence of
detectable levels of Stu2. (a) Untagged Stu2 (yRM12359) and a series of af-tubulin heterodimer
(a gift from Jeff Moore) titrations were incubated in the presence of GST and 5x-SUMO-GST
columns (first image). GST and 5x-SUMO-GST proteins bound to glutathione agarose were run
on SDS-PAGE and coomassie stained to evaluate equal loading of affinity columns (second
image). (b) To confirm the absence of Stu2 in 5x-SUMO-GST tubulin pulldowns, we western
blotted untagged Stu2 and purified tubulin with anti-Tubl and anti-Stu2 antibodies. A small
molecular weight shift in the anti-Tubl blot represents the affinity tagging of tubulin used for its
purification. (c) Lastly, we determined the minimal sensitivity of our anti-Tubl antibody to be
about 50 ng when known quantities of purified tubulins were western blotted.
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ABSTRACT:

Stu2p is the yeast member of the XMAP215/Dis1/ch-TOG family of microtubule-associated
proteins that promote microtubule polymerization. However, the factors that regulate its activity are not
clearly understood. Here we report that Stu2p in the budding yeast Saccharomyces cerevisiae interacts
with SUMO by covalent and non-covalent mechanisms. Stu2p interacted by two-hybrid analysis with the
yeast SUMO Smt3p, its E2 Ubc9p, and the E3 Nfilp. A region of Stu2p containing the dimerization
domain was both necessary and sufficient for interaction with SUMO and Ubc9p. Stu2p was found to be
sumoylated both in vitro and in vivo. Stu2p co-purified with SUMO in a pull-down assay and vice versa.
Stu2p also bound to a non-conjugatable form of SUMO, suggesting that Stu2p can interact non-covalently
with SUMO. In addition, Stu2p interacted with the STUbL enzyme Rislp. Stu2p also co-purified with
ubiquitin in a pull-down assay, suggesting that it can be modified by both SUMO and ubiquitin. Tubulin,
a major binding partner of Stu2p, also interacted non-covalently with SUMO. By two-hybrid analysis,
the beta-tubulin Tub2p interacted with SUMO independently of the microtubule stressor, benomyl.
Together, these findings raise the possibility that the microtubule polymerization activities mediated by

Stu2p are regulated through sumoylation pathways.
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INTRODUCTION:

Stu2p is the yeast member of the highly conserved XMAP215 / Dis1/ ch-TOG family of
microtubule associated proteins (MAPs) that stimulate microtubule growth and block catastrophe (Al-
Bassam et al., 2006) (Podolski et al., 2014) (Wang and Huffaker, 1997) (Brouhard et al., 2008) (reviewed
in (Al-Bassam and Chang, 2011)). The molecular basis of this property lies in the dual ability of Stu2p to
bind free tubulin dimers and microtubule polymer. Binding to alpha-beta dimers occurs through its two
TOG (Tumor Overexpressed Gene) domains (Ayaz et al., 2012) (Al-Bassam et al., 2006) (Slep and Vale,
2007) (Al-Bassam et al., 2007), and binding to the microtubule lattice occurs through its basic
microtubule binding domain (Wang and Huffaker, 1997) (Al-Bassam et al., 2006). Through a
conformational change, Stu2p/ch-TOG facilitates the addition of dimers onto the plus end of the
microtubule polymer (Al-Bassam et al., 2006). Although in most cases it has been seen to act as a
microtubule polymerase (Podolski et al., 2014), in a few specific instances it has also been characterized
as having a destabilizing effect (van Breugel et al., 2003) (Shirasu-Hiza et al., 2003) (Brouhard et al.,

2008) (Al-Bassam et al., 2006) (Al-Bassam and Chang, 2011).

Stu2p and XMAP215 homologues function on multiple types of microtubules within the cell. On
the plus end of cytoplasmic microtubules, Stu2p functions in cytoplasmic microtubule orientation to
facilitate positioning of the mitotic spindle (Kosco et al., 2001a). XMAP215 is a dynamic component of
the kinetochore that functions in metaphase chromosome alignment by helping to attach microtubules to
the kinetochore (Aravamudhan et al., 2014) (Kitamura et al., 2010) (Ma et al., 2007). In addition to
regulating microtubule dynamics, the yeast Stu2p can stabilize tension-bearing microtubule attachments
at the kinetochore (Miller et al., 2016). Stu2p, like other XMAP215 members, is a component of the
MTOC and interacts with TACC complex proteins (Wang and Huffaker, 1997) (Al-Bassam and Chang,
2011). While the role of Stu2p at the yeast MTOC remains unclear, it is known that XMAP215 can

promote microtubule nucleation (Wieczorek et al., 2015).
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The signal transduction systems that regulate the various functions of Stu2p and TOG proteins are
not well understood. Stu2 can be modulated by phosphorylation (Park et al., 2008). The phosphorylation
of TOG binding-partners proteins is also a mode of regulating its localization and activity in Drosophila
and fission yeast (Okada et al., 2014) (Trogden and Rogers, 2015). However, less is known about the
regulation of Stu2p by other types of post-translational modifications. In this paper we show that Stu2p

interacts with the small ubiquitin-like modifier termed SUMO, encoded by SMT3.

The SUMO moiety is well known to attach to lysine residues through the action of an E2
conjugation enzyme and an E3 ligase (reviewed in (Gareau and Lima, 2010) and (Alonso et al., 2015)).
Unlike ubiquitin, there is a single E2 enzyme for sumoylation, called Ubc9p (Johnson and Blobel, 1997)
(Kersher et al., 2006). In contrast to higher eukaryotes, there are four E3 enzymes for sumoylation in
yeasts, the best characterized of which are Siz1p and Nfilp/Siz2p (Johnson and Gupta, 2001) (Takahashi
etal., 2001). Attachment of SUMO to target proteins is reversible through the action of two SUMO
specific proteases, Ulplp and Ulp2p (Bylebyl et al., 2003) (Kroetz and Hochstrasser, 2009) (Li and
Hochstrasser, 1999; Li and Hochstrasser, 2000). The WLM metalloprotease Wss1p is thought to remove

SUMO from targets (Mullen et al., 2010), but may remove ubiquitin as well (Su and Hochstrasser, 2010).

SUMO can interact with a partner protein in two ways, covalently or non-covalently. For
covalent interactions, SUMO is often attached to the lysine residue within the canonical consensus site,
®KXD/E, where @ is a hydrophobic residue and X can be any amino acid. However, degenerate
consensus sites are also used frequently, which can confound the identification of modified lysines
(Hendriks et al., 2017). SUMO can also interact non-covalently with a protein. This occurs though the
conserved SUMO Interacting Motif (SIM) found in SUMO’s binding partners. The SIM motif consists of
a stretch of hydrophobic amino acids in the pattern (I/L/V) X (I/L/V) (I/LV) with the X position being
occupied by any amino acid (Kroetz and Hochstrasser, 2009) (Song et al., 2004), although the consensus

sequence may be more complex (Jardin et al., 2015).
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In this work, we show that Stu2p/XMAP215 interacts both covalently and non-covalently with
SUMO, as well as with the Rislp STUbL enzyme. A major binding partner of Stu2p is the tubulin dimer.

Here, we show that beta-tubulin encoded by TUB2 also interacts with SUMO and Ris1p.

RESULTS:

Stu2p interacts with SUMO and the SUMO machinery.

Stu2p is important for spindle positioning (Kosco et al., 2001a). Stu2p also interacts with several
other microtubule-associated proteins, including the spindle positioning protein Kar9p, the CLIP-170
homologue Bikl1p, the EB1 homolog Bimlp, and the kinetochore protein Ndc80p (Miller et al., 2000)
(Wolyniak et al., 2006) (Alonso et al., 2015) (Blake-Hodek et al., 2010) (Wong et al., 2007). Each of
these interacts with SUMO (Montpetit et al., 2006) (Meednu et al., 2008) (Alonso et al., 2012) (Leisner et
al., 2008). Therefore, we tested whether STU2 might also interact with SUMO using a two-hybrid assay.
For this, we employed three forms of SUMO; a full-length SUMO, a preprocessed form in which the
terminal three amino acids were removed from the coding DNA (SUMO-GG), and a conjugation
incompetent form SUMO in which the glycine used in conjugation was mutated to an alanine (SUMO-
GA). Asshown in Figure 1A, STU2 interacted with full-length SUMO and with SUMO-GG, but not with

SUMO-GA.

As conjugation of SUMO to a target protein requires several enzymes in the sumoylation pathway
(Praefcke et al., 2012), we asked whether STU2 could interact with other components of the sumoylation
pathway. We found that STU2 interacted with the E2 conjugating enzyme encoded by UBC9, confirming
a previous two-hybrid screen (Wong et al., 2007). Extending this observation, we also found that STU2
interacted with the E3 ligase enzyme encoded by NFI1/S1Z2 (Figure 1B). As discussed in more detail
below, these two-hybrid interactions do not distinguish between covalent and non-covalent interactions

between Stu2p and SUMO.
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Figure 1 STUZ interacts with the
sumoylation machinery and PAC1/Lisl by
two-hybrid analysis. (A) STU2 interacts
with SUMO-GG but not SUMO-GA. Two-
hybrid reporter strains were generated by
transforming either BD-STU2 (pRM7247),
empty-BD (pRM1154) and AD-FL-SUMO
(pPRM4920), AD-SUMO-GG (pRM4382),
or SUMO-GA (pRM4383). Transformants
were selected on SC media lacking uracil
and tryptophan (-ura -trp). Interaction was
assayed by yeast growth on media lacking
histidine (-his) as previously described
(Alonso et al., 2012). Two independent
colonies are shown for each interaction.
(B) STU2 interacts with multiple enzymes
in the sumoylation pathway. BD-STU2
(pPRM7247) was tested for interaction with
AD-SUMO (pRM4920), AD-UBC9
(pPRM4495), and AD-NFI1 (pRM4496).
(C) STU2 interacts with PAC1/Lisl. BD-
PAC1 (pRM3604) was analyzed for
interaction with AD-STU2 (pPRM1916).
This encodes STU2-aa649-888. AD-BIK1
(PRM2627) serves as a positive control.

A

STU2 empty STU2 empty
FL-SMT3
SUMO-GG
SUMO-GA
empty
-His -Leu -Trp
B
STU2 empty STU2 empty
SUMO
UBC9
NFI1
empty
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c
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Conserved in yeast and mammalian sytems, Paclp/Lisl interacts with Bik1p/CLIP-170 (Markus
etal., 2011) (Coquelle et al., 2002) (Tai et al., 2002). Bikl1p has previously been shown to interact with
Stu2p (Wolyniak et al., 2006). We therefore tested whether STU2 might also interact with PAC1/Lis1.

As shown in Figure 1C, it does, confirming previous genomics reports (Wong et al., 2007). The STU2
two-hybrid construct used in this analysis (STU2-aa649-888) lacks the two TOG domains, coding for only
the dimerization and MAP domains of Stu2p. This finding suggests that the Stu2p-Paclp interaction does
not require the TOG domains of Stu2p. As Paclp/Lisl was recently demonstrated to be sumoylated, this
represents the fifth sumoylated MAP with which Stu2p interacts (Montpetit et al., 2006) (Meednu et al.,

2008) (Alonso et al., 2012).

The interaction of Paclp/Lisl with SUMO requires the presence of its binding partner Bik1lp
(Alonso et al., 2012), and vice versa. To ascertain whether Bik1p or other SUMO-interacting MAPs are
necessary for Stu2p’s interaction with SUMO, we tested STU2’s interaction with SUMO in two-hybrid
reporter strains that were deleted for each of these MAPs. The interaction of Stu2p with SUMO was not
altered in reporter strains deleted for BIK1/CLIP-170, PAC1/LIS1, or BIM1/EB1 (Figure 2A-C). This
suggests that Stu2p’s interaction with SUMO does not require these MAPs. It also implies that
Bik1lp/CLIP-170, Bim1p/EB1 or Pacl/Lisl do not serve a bridging function between Stu2p and SUMO.
Kar9p is a cytoskeletal linker protein that orients microtubules for spindle positioning (Miller and Rose,
1998) (Miller et al., 1999) (Bloom, 2000) (Lee et al., 2000) (Liakopoulos et al., 2003) (Gundersen and
Bretscher, 2003). Like Stu2p, it also plays a role at the kinetochore (Schweiggert et al., 2016). Kar9p
interacts with Stu2p as well (Miller et al., 2000) (Moore and Miller, 2007). Like Paclp/Lisl and
Bim1p/EB1, Kar9p also was not required for Stu2p’s interaction with SUMO. However, in the kar9A
strain, Stu2p displayed reduced interactions with SUMO, with the E2 enzyme Ubc9p, the E3 enzyme
Nfilp, and the protease Wsslp. This suggests that Kar9p may facilitate the interaction of Stu2p with the
sumoylation machinery (Figure 2D). Combined, these findings suggest that the interaction of SUMO

with Stu2p is largely independent of several of its binding partners.
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The dimerization domain of Stu2p is necessary and sufficient for interaction with SUMO.

Stu2p is comprised of several well-characterized domains. Its two TOG domains are responsible
for binding tubulin dimers (Al-Bassam et al., 2006) (Widlund et al., 2011). The MT domain is involved
in interaction with MT polymers (Wang and Huffaker, 1997). The Huffaker lab previously demonstrated
that the dimerization domain is necessary and sufficient for Stu2p’s interaction with itself (Wolyniak et
al., 2006). The C-terminal MAP domain has been shown to be important for interactions with several
MAPs (Miller et al., 2000) (Wolyniak et al., 2006). To identify the regions of Stu2p that are required for
interaction with SUMO and the sumoylation machinery, we created a series of N- and C- terminal
truncations of Stu2p for two-hybrid analysis. When the region encoding the dimerization domain and the
MAP- interaction domain was deleted, Stu2p interactions with SUMO and the sumoylation machinery
were lost (Figure 3, AA 1-658). In contrast, when the TOG domains were deleted, the interaction with
SUMO was retained (Figure 3, AA540-888). The two-hybrid construct lacking a significant portion of
the MT binding domain but containing both the dimerization domain and the MAP domain (AA613-888)
did interact with SUMO. In contrast, the construct containing the MT binding domain but lacking the
Stu2p dimerization domain (AA540-657) did not interact. The construct expressing only the Stu2p
dimerization domain (AA613-801) retained interactions with SUMO, Ubc9p, and Nfilp. These data
suggest that the TOG domains are not required for Stu2p’s interaction with SUMO. These data also
suggest that the dimerization domain is necessary and sufficient for Stu2p’s interaction with SUMO and

the sumoylation machinery.

Stu2p can be sumoylated in vitro.

We next examined the possibility that SUMO could be attached to Stu2p using an in vitro
sumoylation assay, described previously (Alonso et al., 2012; Meednu et al., 2008). For this, a Stu2-TAP
tag fusion was purified from yeast and components of the sumoylation pathway including SUMO, Ubc9p

and Aos1/Uba2p were purified from bacteria (Puig et al., 2001). SUMO was used in the processed form,
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Figure 3 The dimerization domain of Stu2p interacts with SUMO. Two-hybrid interactions with
AD-SUMO-GG (pRM4382), AD-UBC9 (pRM4495) and AD-NFI1 (pRM4496) were assayed using
the indicated amino- and carboxy-terminal truncations of BD-STU2 in the yeast reporter strain,
pJ69-4A/yRM9909. A plus sign represents plasmid combinations that supported yeast growth.

The following plasmids were used: pRM9426 encoding full-length STU2 from amino acids 1-888,
pRM7228 encoding amino acids 1-658, pRM10785 encoding amino acids 540-888, pRM10792
encoding amino acids 540-657, pRM10787 encoding amino acids 540-801, pRM9370 encoding
amino acids 613-888, and pRM11115 encoding amino acids 613-801. Four independent colonies
were tested for each truncation and compared each time to the full-length Stu2p.



SUMO-GG. In the reaction in which all the necessary components of the sumoylation pathway and ATP
were included, four shifted bands were observed using anti-HA to detect Stu2-TAP (Figure 4, lane 1).
When a conjugation-incompetent form of SUMO, SUMO-GA, was used in place of SUMO-GG, the
shifted bands were not detected (Lane 7). Therefore, Stu2p can be sumoylated in vitro and the terminal

glycine residue of SUMO is required for this in vitro sumoylation reaction.

Stu2p interacts with the STUbL enzyme Rislp, and co-purifies with ubiquitin.

STUbL enzymes frequently interact with sumoylated proteins to ubiquitinate them. We
previously reported that Paclp/Lisl interacts with the STUbL enzyme Rislp, the bud-neck interacting
protein Nislp, and the SUMO protease Wsslp (Alonso et al., 2012). To determine whether Stu2p
displays a similar pattern of interactions, we tested for an interaction between Stu2p and these proteins by
two-hybrid analysis. As shown in Figure 5A, they did interact. Because STUbL enzymes ubiquitinate
their targets, we next tested for a direct interaction between Stu2p and ubiquitin. We immunoprecipitated
ubiquitin and analyzed the precipitate for the presence of Stu2p by western blotting. As shown in Figure

5B, Stu2p co-purified with ubiquitin, but not the vector control.

SUMO and Stu2p co-purify.

To investigate whether the higher molecular weight forms of Stu2p observed in vitro are present
in vivo, whole-cell extracts from a ulpl-ts yeast strain expressing Stu2-HA were used in a pull-down
using anti-HA agarose beads and blotted for SUMO. At least one higher molecular-weight form of Stu2-
HA co-immunoprecipitated with SUMO (Figure 6A). To examine this using the reciprocal approach, we
pulled down SUMO using a SUMO antibody and then blotted for Stu2-HA. Stu2p co-
immunoprecipitated with SUMO (Figure 6B). These co-immunoprecipitation results could in theory be
the result of a co-immunoprecipitation of another SUMO-modified protein that co-migrates at the same
molecular weight as Stu2p. To eliminate this possibility, we sought to determine if SUMO would co-

isolate with Stu2p under denaturing conditions. Genomic Stu2-his6 solubilized in 8M urea was enriched
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Figure 4 Stu2p can be conjugated by SUMO in vitro. Stu2p-TAP (pRM6956) was purified from
yeast using nickel column chromatography. The purified protein was incubated with purified
components necessary for sumoylation, SUMO-GG (pRM6713), Ubc9p (pRM5169), and
Aoslp/Uba2p (pPRM6760) in the presence of ATP and an ATP regeneration system (lane 1), as
described in Materials and Methods. As controls, each of the required components of the reaction
was omitted from the reaction as follows: Stu2p (lane 2), SUMO-GG (lane 3), Ubc9p (lane 4),
Aosl/Uba2p (E1) (lane 5) and ATP (lane 6). In the last reaction, SUMO-GG was replaced by
SUMO-GA (lane 7), a mutated form of SUMO in which the essential glycine for conjugation is
changed to alanine. Anti-HA was used to detect Stu2p. The shifted bands that are recognized by

anti-HA (*) are specific to lane 1 when all the essential components are present.
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Figure 5 (A) Stu2p interacts with the STUbL enzyme Rislp, the neck-interacting protein Nislp,
and the SUMO isopeptidase Wss1p by two-hybrid analysis. BD-STU2 (pRM9426) was tested for
interaction against the weak suppressor of SUMO encoded by AD-WSS1 (pRM4597), AD-RIS1
(pPRM4596), AD-NIS1 (pRM4595), or empty-AD (pRM4380). Transformants were selected on
media lacking uracil and leucine (-ura -leu) and assayed for interactions on media lacking histidine
(-his). (B) Stu2p co-IPs with ubiquitin. Plasmids expressing Stu2-HA (pRM2119) or vector
(pPRM2200) where transformed into a ulp1-TS strain (YRM8139). Whole-cell lysates were
prepared, as described in Materials and Methods. Ubiquitin was immunoprecipitated with anti-
ubiquitin and the precipitate was blotted with anti-Stu2p, as described in Materials and Methods.
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Figure 6 (A) SUMO co-IPs with Stu2p. A
Plasmid expressing Stu2-HA (pRM2119) or
vector (PRM2200) where transformed into a
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on nickel-NTA agarose, and eluted with sample buffer. Western blot analysis revealed that the slower
migrating Stu2 band was immuno-reactive with anti-SUMO (Figure 6C). These findings suggest that

SUMO is conjugated to Stu2p.

Stu2p binds non-covalently to SUMO.

It is well known that SUMO can be conjugated to and also bind non-covalently to target proteins.
For example, the kinesin CENP-E can interact non-covalently with SUMO and also be conjugated by it
(Zhang et al., 2008). To investigate whether Stu2p might bind non-covalently to SUMO, we assayed for
an interaction using two forms of SUMO that are incompetent to form an isopeptide bond. In the first
construct, GST-SUMO-GA, the terminal glycine of SUMO, glycine 98, was mutated to the conjugation
incompetent residue, alanine. In the second construct, SUMO-GST, the terminal glycine of SUMO was
fused in frame with the amino terminus of GST in a standard peptide bond, blocking the access of the
carboxyl group of the terminal glycine for conjugation. Both constructs were expressed in bacteria and
purified on glutathione beads. To test for a non-covalent interaction, yeast extracts were incubated with
the two SUMO fusions. As a positive control, Nislp, a protein known to interact non-covalently with
SUMO, was included in the analysis (Uzunova et al., 2007). It was retained on both versions of the
SUMO column (Figure 7). In contrast, Stu2-HA was retained on only the GST-SUMO-GA column.
These findings suggest that Stu2p interacts non-covalently with SUMO and that this interaction is

restricted to one orientation of SUMO.

Tubulin interacts with SUMO non-covalently.

The major binding partner of Stu2p is tubulin. We therefore asked whether tubulin might also
bind to SIMs. To answer this question, an identical nitrocellulose membrane was blotted with anti-
Tublp. Asshown in Figure 7A, tubulin does bind to the GST-SUMO-GA column. Notably, we observed
little or no binding by tubulin to the SUMO-GST or GST alone columns. However, this experiment does

not differentiate between a direct or indirect binding of tubulin through a Stu2p bridge. To determine
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Figure 7 (A) Stu2p and tubulin bind non-covalently

to SUMO. Columns of GST-SUMO-GA A o,o?/\
(pPRM10097), SUMO-GST (pRM10818), or GST o"’b g\)@do@
alone (pRM2759) were incubated with whole-cell OO\\’ oé\ cg/’\ 03$
extracts prepared from cells expressing Stu2-HA ——
(YRM10637), Nis1-HA (yRM10782) or empty vector — , Columns
(yRM10641), as described in Material and Methods. . = Nis1p
Bound proteins were eluted with Laemmli sample ' o Stuzp
Vector

buffer and analyzed by immunoblotting. 1/20 of the

-
. . -—  — Tub1
GST columns are shown in the Coomassie blue wp

stained panel labeled “Columns.” To detect the HA

epitope of Stu2-HA and Nis1-HA, mouse anti-HA B 632\9 C)\)gov 82‘9 c,\‘*%Ok
(Santa Cruz Biotechnology, Santa Cruz, CA) was — i & % X
a— <
used. To detect tubulin, rat anti-alpha-tubulin (YOL g5 pa— I =nti-Stu2p
1/34, Accurate Biochemical, Westbury, NY) was : ts:: ———— (i TUb 1D
used. To normalize for the different cellular
Stu2-Degron WT
abundance of the two proteins, 1/13th (150 pg) of the
column load is shown for Nis1-HA and 1/ 215" (50
D o
i - > Y > ©
ug) of the column load is shown for the Stu2-HA \/o'b 0@@ Oé\ \/o@ \)@o 065\
extracts. (B) Stu2 is depleted in the degron shut-off & 0 & e
Fb S G S
strain. Wild type (yRM2123) and a Stu2-degron 0009 O OO 9
.~ - - .
strain (yRM2122) were treated with and without 500 110 KD3 ™ = === anti-Shop
uM CuSO4 for 6.5 h as described (Kosco et al., j: tza_ - — L e 04 Tubip
2001a). Whole-cell extracts were prepared as T -CusO, +CuSO,

described in Materials and Methods. Samples were
prepared for SDS-PAGE and western blotting with
rabbit anti-Stu2p. Anti-tubulin was used as a loading
control. (C) Tubulin binds GST-SUMO-GA in the
absence of Stu2p. Whole-cell extracts were prepared
from the Stu2-degron strain treated with or without
copper sulfate as described Materials and Methods.
SUMO columns were prepared as described in panel
A. Western blots were developed as described in

panel A.
44



whether tubulin would bind when Stu2p was not present in the extract, we employed the degron-tagged
Stu2p previously described by Kosco et al. (Kosco et al., 2001a), and confirmed the “shut-off” of Stu2p
(Figure 7B). When Stu2p was “shut off” in the presence of copper sulfate, tubulin still bound to the
column (Figure 7C). These findings suggest that Stu2p is not required for the interaction of tubulin with

SUMO.

Tubulin interacts with SUMO and a SUMO-targeted ubiquitin ligase by two-hybrid analysis.

Considering that the tubulin dimer is comprised of an alpha and beta subunit, we next wanted to
know whether interactions with SUMO could be detected with these tubulin subunits using two-hybrid
analysis. Whereas alpha-tubulin two-hybrid constructs are viable, overexpression of beta-tubulin two-
hybrid constructs is toxic to the cell. To overcome this limitation, we used a mutated form of beta-tubulin
with lower toxicity for these experiments (a kind gift from Kristy Schwartz and David Botstein). Using
this construct, we found that the beta-tubulin Tub2p interacted with both SUMO and the E3 enzyme
Nfilp (Figure 8A). The two alpha-tubulins in yeast, Tublp and Tub3p, also interacted with Nfilp, but
displayed minimal interaction with SUMO. None of the tubulins interacted with the E2 conjugating
enzyme Ubc9p (Figure 8A). It is notable that the interaction between beta-tubulin and SUMO was
resistant to treatment with the microtubule-destabilizing drug, benomyl (Figure 8B). The interaction
between the alpha-tubulins and Nfilp was greatly decreased by the benomyl treatment but not by the
DMSO solvent-alone control (Figure 8B and 8C). In contrast, the interaction of beta-tubulin and Nfilp

was resistant to benomyl treatment.

Because Stu2p interacts with the STUbL enzyme Rislp (Figure 5), we asked whether the tubulins
might also interact with Rislp. While both alpha-tubulins interacted with the beta-tubulin fusion protein
as expected, treatment with benomyl disrupted their interactions, thus serving as a positive control for the
functionality of benomyl in this assay. This analysis revealed that Rislp interacted with all three tubulins,

Tublp, Tub3p, and Tub2p (Figure 9A). Notably, the interactions between the alpha-tubulins and Rislp
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Figure 8 Beta-tubulin interacts with SUMO.
(A). Alpha- and beta-tubulins fused to the
GAL4 DNA-binding domain (pRM2095,
pRM2096, and pRM10749) were tested for
interaction with AD-FL-SUMO, (pPRM4920),
AD-SUMO-GG (pRM4382), AD-SUMO-GA
(pPRM4383), AD-UBC9 (pRM4495), and AD-
NFI1 (pPRM4496), and empty-AD (pRM1151),
as described above. Haploids were selected on
media lacking uracil and tryptophan (-ura -trp)
(D), and assayed for interactions on media
lacking histidine (-his). Cells were
simultaneously transferred to -his plates
containing 10 " 'g/mL of benomyl (B) or an
equivalent concentration of the DMSO solvent
(C). Two independent colonies of each are

shown.
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were sensitive to benomyl, whereas the beta-tubulin displayed only a slight sensitivity (Figure 9B). In
contrast, the Nislp protein interacted only with beta-tubulin (Figure 9A). This interaction was eliminated
by benomyl treatment. In all of these analyses, the alpha tubulins, Tubl and Tub3p, displayed concordant
results. These findings suggest that beta-tubulin interacts better with SUMO than alpha-tubulins. This
raises questions of whether the interactions of alpha-tubulins with SUMO are bridged by their dimer

partner, beta-tubulin.

DISCUSSION:

In this report, we present evidence that the microtubule polymerizing protein, Stu2p, interacts
with SUMO and several enzymes in the sumoylation pathway. A major function of Stu2p is to promote
tubulin-dimer addition onto microtubule plus-ends. Here, we also provide evidence for interactions

between tubulin and SUMO.

Our data suggest that Stu2p-SUMO interactions occur by two distinct mechanisms, covalent and
non-covalent. The hypothesis that the interaction has a covalent modality is supported by the finding that
Stu2p copurifies with SUMO and vice versa. Further, the Stu2p band is reactive with anti-SUMO, even
when purified in the presence of a strong denaturant. Stu2p can also be conjugated by SUMO in an in
vitro assay. However, despite several attempts by mutagenesis and mass spectrometry, we have not yet
been able to identify a lysine that is modified. We speculate that this is because of poor ion-mobility of
sumoylated peptides in the mass spectrometer. Also, the sumoylated lysine residue may reside outside of

the peptide fingerprint generated by the tryptic digestion that we used.

We have previously posited a model for the regulation of the MAP Paclp/Lisl by STUbLs and
the proteasome (Alonso et al., 2012). Consistent with this model, we show that Stu2p also interacts with
the STUbL enzyme Rislp and ubiquitin. Thus, it is possible that SUMO signals for the rapid degradation
of a particular sub-population of Stu2p by the proteasome. Consistent with this, we have seen a higher

molecular-weight band of Stu2p that is present in strains with lower levels of SUMO, but disappears with
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Figure 9 Alpha- and beta- tubulins interact
with the STUbL enzyme, Rislp. Alphaand
beta-tubulins fused to the GAL4 binding
domain (pPRM2095, pPRM2096, and
pRM10749) were tested for interaction with the
STUbL enzyme AD-RIS1 (pPRM4596), AD-
NIS1 (pRM4595), AD-WSS1 (pRM4597) or
empty-AD (pRM4380), as described above.
Cells were simultaneously transferred to -his
plates containing 10 ug/mL of benomyl (B), or
an equivalent concentration of the DMSO
solvent (C). Two independent colonies of each

are shown.
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increasing levels of SUMO (data not shown).

In the non-covalent binding experiments, Stu2p bound much better to the SUMO-GA than the
SUMO-GST column. This result is informative, since one would expect the SUMO-GST configuration
to more accurately model the architecture of a sumoylated substrate than the SUMO-GA. Nevertheless,
this differential binding suggests that Stu2p interacts with SUMO in an orientation-specific manner.
Although the alpha-helix and beta-sheet in SUMO that are responsible for SIM interactions should be
accessible in both constructs, it is likely that steric hindrance imposed by the GST reveals this specificity
(Hecker et al., 2006) (Jardin et al., 2015) (Newman et al., 2017). Further, these results demonstrate that

Stu2p can bind non-covalently to SUMO.

It should be noted that Stu2p’s biochemical non-covalent binding to GST-SUMO-GA represents
an inconsistency with our two-hybrid results, in which BD-STU2 did not interact with an AD-SUMO-GA
construct. It should also be noted that the biochemical assays used a C-terminal tag (Stu2-HA) in contrast
to the amino-terminal BD fusion (DB-STU2) used in the two-hybrid assay. Thus, this difference could

reflect an inhibitory effect conferred by the BD fusion to Stu2p.

This work extends previous work suggesting that Stu2p may interact with SUMO. Stu2p was
seen to interact with SUMO using a high-throughput bi-fluorescence complementation (BiFC) assay
(Sung et al., 2013) and a high throughput proteomics screen (Hendriks et al., 2017). These data suggest a

covalent interaction, consistent with our data.

Our domain mapping identified a necessary and sufficient region that supports interactions
between Stu2p and SUMO (Figure 3). This domain coincides with the domain responsible for Stu2p
dimerization (Wolyniak et al., 2006). This domain of Stu2p also is required for its recruitment to the
kinetochore and SPB (Haase et al., 2017). As SUMO is known to regulate the dimerization of several of
its targets (Rojas-Fernandez et al., 2014) (Bossis et al., 2005), we are currently working to determine

whether SUMO regulates the dimerization of Stu2p. Indeed, the mechanisms regulating Stu2’s coiled-
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coil formation remain to be elucidated and several highly conserved lysine residues reside within this

domain (Haase et al., 2017).

With this work on Stu2p, eight different classes of MAPs have now been shown to interact with
SUMO. These are tau (Dorval and Fraser, 2006), Ndc80p (Montpetit et al., 2006), CENP-E (Zhang et al.,
2008), Kar9p and Bim1p/EB1 (Meednu et al., 2008) (Leisner et al., 2008), as well as Pac1p/Lisl and
Bik1p/CLIP-170 (Alonso et al., 2012). Interestingly, Stu2p interacts with five of these. Future work will

elucidate the extent to which SUMO modulates these interactions, either directly or indirectly.

Future work is also needed to elucidate the function of the interaction of Stu2p with SUMO.
Stu2p is a multi-functional protein. In addition to its role in microtubule polymerization and nucleation, it
is responsible for microtubule anchorage at MTOCs (Usui et al., 2003) (Wang and Huffaker, 1997)
(Podolski et al., 2014). Stu2p also functions at the kinetochore, helping to attach MTs to the outer
kinetochore plaque (Miller et al., 2016) (Suzuki et al., 2016) (Haase et al., 2017) (Pearson et al., 2003).
The kinetochore contains several sumoylated proteins, including its sumoylated partner, Ndc80p
(Aravamudhan et al., 2014) (Montpetit et al., 2006). Stu2p also functions in spindle positioning,
interacting with Kar9p, Bim1p/EB1, Bik1p/CLIP-170 and Paclp/Lisl. While there are myriad potential
functions of Stu2p that SUMO could possibly influence, future work will be necessary to precisely define

this role in yeast and higher organisms.

Tubulin interactions with SUMO

Tubulin dimers are a major binding partner of Stu2p. Here, we report three lines of evidence
suggesting that tubulin interacts with SUMO. Biochemically, tubulin bound to the SUMO-GA column
independently of Stu2p. Beta-tubulin also interacted with SUMO by two-hybrid analysis. Both alpha-
and beta-tubulin also interacted with two enzymes associated with the SUMO pathway, the E3 enzyme
Nfilp that regulates SUMO conjugation and the STUbL enzyme Rislp. Work from previous proteomics

screens has suggested that tubulin can be conjugated by SUMO (Hendriks et al., 2017). A previous BiFC
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bi-fluorescence screen also suggested a covalent interaction (Sung et al., 2013). Combined with our

work, this suggests that tubulin can interact with SUMO by both covalent and non-covalent mechanisms.

In the two-hybrid analyses, the alpha- and beta-tubulins displayed different interactions with
SUMO. Beta-tubulin interacted with SUMO, whereas the two alpha-tubulins did not. Notably, the beta-
tubulin interaction with SUMO was retained under benomy! treatment, as was the Tub2p-Rislp
interaction. In contrast, benomyl eliminated all of the interactions of the alpha-tubulins that we analyzed
(Tub2p, the E3 Nfil, the STUbL Rislp, and neck protein Nislp). These findings are consistent with a

model in which the alpha-tubulin interactions with SUMO are bridged or facilitated by beta-tubulin.

Our observations that SUMO and the STUbL Rislp interact preferentially with beta-tubulin are
especially relevant in light of the well-documented fact that excess beta-tubulin is toxic to the cell (Burke
et al., 1989) (Katz et al., 1990) (Weinstein and Solomon, 1990). Previous work has demonstrated that
cells maintain the 1:1 stoichiometry between alpha- and beta-tubulin using a variety of mechanisms,
including co-translational regulation of beta-tubulin MRNA degradation and beta-tubulin binding proteins
or chaperones (Theodorakis and Cleveland, 1992) (Abruzzi et al., 2002). We speculate that excess beta-
tubulin could be degraded through STUbL pathways. This would represent a novel mechanism by which

tubulin homeostasis could be regulated by the cell.

MATERIALS AND METHODS:

Two-hybrid analysis.

Two-hybrid analysis was carried out as previously described (Meednu et al., 2008; Moore et al.,
2008; Moore and Miller, 2007). All analysis was carried out after 2-3 days of growth at 30 °C. STU2-BD

(pPRM7247/pCUBA495) was a gift from Tim Huffaker.
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Table 1

Strains and plasmids used in this study

Yeast Strains

Genotype/comments

Source

yRM1756/PJ69-40.

MATa trp1-901 leu2-3 leu2-112 ura3-52 his34200 gal4A4 gal804
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

(James et al., 1996)

yRM1757/PJ69-4A

MATa trp1-901 leu2-3 leu2-112 ura3-52 his34200 gal44 gal804
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ

(James et al., 1996)

MATa bim1A::KAN trp1-901 leu2-3 leu2-112 ura3-52 his34200

YRM2057 gal44 galB04 LYS2::GAL1-HIS3 GAL2-ADE2 met2:GAL7-lacz  (Miler etal,, 2000)
MATa PAcel-UBR1 PAcel-ROX1 trpl-A7 ade2-101 ura3-52 (Kosco et al., 2001b)
YRM2122/pCUYLL4T | 5 601 stu2aURAS:PaiUB-R-STU2
MATa PAcel-UBR1 PAcel-ROX1 trpl-A7 ade2-101 lys2-801 (Kosco et al., 2001b)
RM2123/pCUY1148
y p ura3-52:URA3
YRM2146/MS52 MATa ura3-52 leu2-3 leu2-112 trp1A1 (Miller et al., 1999)
MATa bik1A:: TRP1 trp1-901 leu2-3 leu2-112 ura3-52 his34200
RM2258 Moore et al., 2006
y gal44 gal804 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ ( )
yRM6172 MATa kar9A::KAN trp1-901 leu2-3 leu2-112 ura3-52 his34200 (Meednu et al., 2008)
galdA gal80A4 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
yRM6249 MATa pac1A::KAN trp1-901 leu2-3 leu2-112 ura3-52 his34200 (Alonso et al., 2012)
galdA gal80A4 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ
YRM7230 MATa ura3-52 leu2-3 I.eu2.-112 trplA . This Study
[PGAL-STU2-TAP (tag is his6-HA—protein A) URA3 AmpR ]
MATa ulpl::KAN his3A1l leu2A ura3A [ulpl-TS- NAT-TRP1]
yRM8011/YOK428 [DRS425 GPD- flag-SMT3-GG LEU2 2 AmpR] (Elmore et al., 2011)
MATa ulpl::KAN his3A1l leu2A ura3A [ulpl-TS- NAT-TRP1]
yRM8012/YOK430 [DRS425 GPD-SMT3-GG LEU2 21 Ampf] (Elmore et al., 2011)
yRM8139 MATa ulpl::KAN his3A1 leu2A ura3A [ulpl-TS-NAT-TRP1] (Alonso et al., 2012)
yRM9417 MATa STU2-his6::HIS3 metl5A his3A leu2A ura3A This study
MATa trp1-901 leu2-3 leu2-112 ura3-52 his34200 gal44 gal804
YRMS9909 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ (James et al, 1996)
MATa his3A leu2A met15A ura3A .
yRM10637 [PRM2119 STU2-3xHA Cen6 LEU2 AmpF] This study
yRM10641 MATa his3 A met15 A ura3 A [pRM2200 LEU2+ AmpR YCP] This study
yRM10782/yKU5 MATa NIS1-6HA:TRP1 (Uzunova et al., 2007)
Plasmids
pRM1151 pGAD-empty LEU2 2u AmpR (James et al., 1996)
PRM1154 pGBDU-empty URA3 2j1 AmpR (James et al., 1996)
pRM1157 pGBD-empty TRP1 2 AmpR (James et al., 1996)
pRM1493 GBDU-KAR9 URA3 2u AmpR (Miller et al., 2000)
pRM1916 PGAD-STU2-aa649-888 LEU2 2u AmpR (Miller et al., 2000)
pRM2095 pGBD-TUB1 CEN AmpR TRP1 D. Botstein/this study
pRM2096 pGBD-TUB3 CEN AmpR TRP1 D. Botstein/this study
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pRM2117

pGAD-TUB2-m CEN AmpR LEU2

D. Botstein /this study

pRM 2119/WP70

STU2-3xHA Cen6 LEU2 AmpR

(Wang and Huffaker,
1997)

(Sikorski and Hieter,

pPRM2200/pRS415 LEU2 CEN AmpR 1989)
PRM2205/pRS426  URA3 2 AmpR ggg)rs"i and Hieter,
pRM2627 GAD-BIK1 LEU2 2 AmpR (Moore et al., 2006)
pRM2759 GST AmpR (Moore et al., 2006)
pRM2908 pGAL URA3 2u AmpR This study

pRM3595 KIP2 URA3 21 AmpR (Meednu et al., 2008)
pRM3604 GBDU-PAC1 URA3 2p AmpR This study

pRM4380 GAD424 LEU2 2u AmpR (Meednu et al., 2008)
pRM4382/pLAJ20 GAD-SMT3-GG LEU2 2pu AmpR (Meednu et al., 2008)
PRM4383/pLAJ21 GAD-SMT3-GA LEU2 21 AmpR (Meednu et al., 2008)
pRM4495 GAD-UBC9 LEU2 2, AmpR (Meednu et al., 2008)
pRM4496 GAD-NFI1 LEU2 2 AmpR (Meednu et al., 2008)
pRM4595 GAD-NIS1 LEU2 2 AmpR (Meednu et al., 2008)
pRM4596 GAD-RIS1/ULS1 LEU2 2y AmpR (Meednu et al., 2008)
pRM4597 GAD-WSS1 LEU2 21 AmpR (Meednu et al., 2008)
pRM4920/pLAJ19 GAD-SMT3 LEU2 2p AmpR (Meednu et al., 2008)
pRM4924 GBDU-BIK1 URA3 21 AmpR This study

PRM5169 his6-UBC9 AmpR (139°9h7r;50“ and Blobel,
PRM5251 PGAL-3HA-FLAG-SMT3 HIS3 AmpR This study

pRM6713 his6-S-tag-SMT3-GG KanR This study

pRM6760 GST-AOS1/UBA2 2u AmpR (Bencsath et al., 2002)
PRMBI56 g\?nglé-STUZ-TAP (tag consists of his6- HA-protein A) URA3 (Gelperin et al., 2005)
pRM7247/pCUB495  BD-STU2 TRP+ 2u AmpR (Wolyniak et al., 2006)
pRM7228 BD-STU2-aal-658 URA3 2 AmpR This study

pRM9370 BD-STU2-aa613-888 URA3 2 AmpR This study

pRM9426 BD-STU2 URA3 2 AmpR This study
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PRM10097 GST-SUMO-GA AmpR This study
pRM10749 GBD-TUB2-m CEN AmpR TRP1 D. Botstein/this study
pRM10785 BD-STU2 aa540-888 URA3 2u AmpR This study
pRM10787 BD-STU2 aa540-801 URA3 2u AmpR This study
pRM10792 BD-STU2 aa540-657 URA3 2u AmpR This study
pRM10818 SUMO-GST AmpR This study
pRM11115 BD-STU2 aa613-801 URA3 2u AmpR This study
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GAL4-BD mTUB2 construction.

Mutant Tub2 was PCR amplified from AD-mTub2 (pRM2117) using primers #1196 5’-
ATTAGACTACCCGGGATGAGAGAAATCATTCATATCTCG-3’ and #1197 5°-
CGCTTATAACTGCAGTTATTCAAAATTCTCAGTGATT-3.” The PCR product was cloned into
Xmal and Pstl sites of pGBD-C1 vector (pPRM1157). This created the Gal4 DBD-mTub2 yeast two-

hybrid construct (pRM10749).

Hiss-SUMO-GG construction.

SMT3 sequence was amplified from pRM4920 using primer #568 5°-
CGGGATCCATGTCGGACTCAGAAGTC-3" and #570 5°-
CGCTCGAGCTAACCACCAATCTGTTCTCTG-3.” This generated a SUMO lacking the three terminal
amino acids, ATY. A stop codon was added immediately following the glycine 98 residue to generate
SUMO in the activated form. The PCR product was cloned into pET-30a(+) (PRM634) at BamHI and
Xhol restriction sites. The resulting plasmid was sequenced for verification, generating pPRM6711. To
express Hise-Smt3p-GG, the plasmid was transformed into BL21-Gold(DE3) (Agilent Technologies,

Santa Clara, CA) bacteria, and stored as pRM6713.

Hiss-SUMO-GA construction.

Primers 568 5’-CGGGATCCATGTCGGACTCAGAAGTC-3’ and 571 5°-
CGCTCGAGCTAAGCACCAATCTGTTCTCTG-3’ were used to amplify SMT3 sequence from
pRM4920. Primer #571 incorporated mutations that change glycine98 to alanine and a stop codon that
follows the mutated alanine residue. The PCR product was cloned into the BamHI and Xhol restriction
sites of pET-30(+) (PRM634) to create pRM6720. The accuracy of the construct was confirmed by

sequencing. The plasmid was also transformed into BL21-Gold(D3) cells, generating pPRM6721.
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GST-SUMO-GA construction.

SUMO-GA was PCR amplified using pPRM9157 template DNA and primers 854
5’CAACTAATCGTCGACTATGTCGGACTCAGAAGTC-3’ and 328 5°-
CGTGGAGCTCCCTAATACGTAGCACCACC-3’. SUMO-GA was cloned into the Sall and Sacl sites
of modified pGEXT-4T-2 vector (pRM2759) in which the Notl site had been replaced with a linker

containing the Sacl restriction site. This created the GST-SUMO-GA fusion (pRM10097).

SUMO-GST construction.

To engineer a SUMO-GST fusion construct (pRM10815), GST was PCR amplified from pGEX-
4T-2 using primers 1191 5>-TTATCGCATGGGCCCGTATTCATGTCCCCTATAC-3" and 1192 5°-
GTTCGAGTAGGGCCCCTATTGAACCAGATCCGATTTTG-3’ and cloned into the Apal site of

pRS415 to generate pPRM10655.

SMT3-GG was then PCR amplified from S. cerevisiae genomic DNA using primers 1186 5°-
TTATCGCATGGATCCCGATGTCGGACTCAGAAG-3” and 1187 5°-
ATAGACACGACTCGTCTCGAGACCACCAATCTGTTCTCTG-3’ and ligated into BamHI and Xhol

sites upstream of GST in pRM10655 to make pRM10657.

SMT3-GST containing a serine 2 to alanine mutation was PCR amplified from pRM10657 using
primers 1233 5’-GATGTACGACCATGGCGGACTCAGAAGTC-3’ and 1234 5°-
TATCAGCTAGGATCCCTATTTTGGAGGATGGTC-3’ and ligated into the Ncol and BamHI
restriction sites of pET21d(+) to generate pRM10763. Lastly, the S2A mutation was reverted to the wild-
type alanine by site directed mutagenesis using primers 1240 5°-
CTTTAAGAAGGAGATATACCATGTCGGACTCAGAAGTCAATCAAG-3’ and 1241 5°-
CTTGATTGACTTCTGAGTCCGACATGGTATATCTCCTTCTTAAAG-3’ to make pRM10818.
SUMO-GST was expressed and purified from BL21-Gold(DE3) bacteria (Agilent Technologies, Santa

Clara, CA).
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In vitro sumoylation assay.

Stu2p was sumoylated using a protocol described previously (Meednu et al., 2008) (Alonso et al.,

2012).

Purification of hiss-SUMO-GG, hiss-SUMO-GA and hiss-Ubc9p.

To express and purify hise-Smt3p-GG (pPRM6713), hisg-Smt3-GA (pRM6721), and hiss-Ubc9p
(pPRM5169), bacteria containing each plasmid were grown overnight in LB plus 50 mg/mL Kanamycin.
Saturated cultures were diluted 1:50 into 500 mL of fresh LB plus 50 mg/mL Kanamycin and grown at 37
°C for approximately 2 h to obtain the OD600 between 0.7-0.8. To induce protein expression, 1 mM
IPTG was added to the culture and were grown an additional 2 h at 37 °C. Cells were harvested by
centrifugation at 4,000 rpm. Extracts was prepared by resuspending the cells in 1x binding buffer (20
mM Tris pH 7.9, 300 mM NaCl, 5 mM imidazole) supplemented with bacterial protease inhibitor (Sigma
Chemical Co, St. Louis, MO) and 1 mM PMSF before lysing cells by sonication. Extracts were clarified
by centrifugation at 13,000 rpm for 30 min at 4 °C. The supernatant was collected and protein

concentration was determined by the Bradford assay using BSA as a standard.

Nickel-NTA resin was used to enrich six histidine-tagged proteins (Novagen, Inc. Madison, WI).
Resins were charged according to the manufacturer protocol. Extracts were applied to 2 mL of slurry of
the charged nickel resin. Protein was allowed to bind for 30 min on a rotisserie at 4 °C. The resin was
collected by centrifugation at 1,000 rpm for 1 min and the unbound protein was discarded. The resin was
then washed as follows: 10 mL of 1x binding buffer with 5 mM imidazole, 10 mL of 1x binding buffer
with 50 mM imidazole, and 10 mL of 1x binding buffer with 100 mM imidazole. During each wash,
resin was allowed to incubate with the buffer for 10 min on a rotisserie at 4 °C and collected by
centrifugation at 1000 rpm after each wash. To elute bound protein, 1 mL of 1x binding buffer containing
400 mM imidazole was added to the resin and incubated for 10 min at 4 °C. The eluent was collected by

centrifugation at 1,000 rpm for 1 min. The supernatant was transferred to a fresh tube and the resin was
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discarded. The protein was aliquoted, flash frozen with liquid nitrogen, and stored at -80 °C for future

use.

For the in vitro sumoylation assay, protein was dialyzed with the sumoylation assay buffer (50
mM Tris pH 7.6, 5 mM MgCI2, 15% glycerol) overnight at 4 °C. The concentration of the protein after
dialysis was determined by the Bradford assay (BIO-Rad, Inc. Hercules, CA). After dialysis, Coomassie-
blue staining of SDS-PAGE and western blotting using anti-his6 were used to determine the purity of the

purified protein.

Purification of GST-Aoslp and Uba2p.

GST-Aoslp and Uba2p (pRM6730) were purified as described (Bencsath et al., 2002) (Meednu
et al., 2008). The two proteins were co-expressed from a bi-cistronic vector and co-purified from bacteria
using glutathione affinity chromatography. The bacteria were grown overnight to obtain a saturated
culture in LB plus 50 mg/mL ampicillin. Saturated cultures were diluted 1:50 into 500 mL fresh LB plus
50 mg/mL ampicillin. The culture was grown to the OD 0.7-0.8 at 37 °C. To induce the expression of the
protein, 1 mM IPTG was added and the culture was grown at 37 °C for an additional 2 h. Cells were
collected by centrifugation at 4,000 rpm and washed once with PBS. Cell pellets were resuspended in
PBS containing 1% Triton-X 100, bacteria protease inhibitor, and 1 mM PMSF. Cells were lysed by

sonication and centrifuged at 13,000 rpm for 30 min to clarify the protein extract.

Glutathione affinity chromatography was used to purify GST-Aoslp/Uba2p. A 1.5 mL slurry of
glutathione beads (Amersham Biosciences, Piscataway, NJ) was equilibrated with PBS. Clarified extracts
were applied to the equilibrated glutathione beads and allowed to bind for 1 hour at 4 °C on a rotisserie.
The beads were collected by centrifugation at 1,000 rpm for 1 min and the unbound fraction was
discarded. The beads were then washed three times with 10 mL of PBS. Each time, the beads were
mixed with the buffer for 10 min on a rotisserie at 4 °C and collected by centrifugation. To elute the

protein from the beads, the fusion protein was cleaved with thrombin overnight on ice. The protein was
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then dialyzed into the sumoylation assay buffer (50 mM Tris, pH 7.6, 5 mM MgCI2, 15% glycerol). The
concentration of protein after dialysis was determined by Bradford assay. Protein purity was evaluated
with anti-GST western blot and Coomassie-blue stained SDS-PAGE. The protein was aliquoted, flash

frozen with liquid nitrogen, and stored at -80 °C for subsequent use.

Stu2p-TAP purification.

TAP-tagged Stu2p was expressed under the GAL1 inducible promoter (Gelperin et al., 2005). A
wild-type yeast strain (yRM7230) containing pGAL-STU2-TAP was grown to mid-exponential phase in
SC -ura media containing 2% sucrose and induced with 2% galactose for 4 h at 30 °C. Cell lysates were
prepared by breaking open the cell with glass beads in 1x binding buffer supplemented with yeast
protease inhibitor cocktail and 1 mM PMSF. After clarification, lysates were applied to charged nickel
resin (Novagen, Inc. Madison, WI) and incubated for 1.5 hours at 4 °C. The beads were first washed with
35 mL 1x binding buffer, followed by washing with 1x binding buffer plus 50 mM imidazole. To elute
the bound protein, resin was incubated with 5 mL of 1x binding buffer supplemented with 400 mM
imidazole, and 1.5 mL fractions were collected. The fractions were then dialyzed in sumoylation assay

buffer (50 mM Tris pH 7.6, 5 mM MgCl,, 15% glycerol) overnight at 4 °C.

In vitro sumoylation of Stu2-TAP.

To perform the in vitro sumoylation assay, one microgram of purified Stu2p-TAP was incubated
with 5 pg of His6-Smt3p-GG, His6-Ubc9p, 2 ug Aosl/Uba2p, 4 mM ATP and 7 ul of an ATP
regeneration system (3.5 U/mL creatine kinase, 10 mM creatine phosphate and 0.6 U/mL inorganic
pyrophosphatase (Sigma Chemical Company, St. Lous, MO). The mixture was incubated for 2h at 30 °C.
To stop the reaction, 3x Laemmli sample buffer plus 5% beta-mercaptoethanol was added and samples
were boiled for 5 min. Reaction products were subjected to 6% SDS-PAGE and visualized by western
blot analysis. The presence of Stu2p-TAP was confirmed using mouse anti-HA (Santa Cruz
Biotechnology, CA).
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Preparation of whole-cell extracts.

Ulpl-ts strains expressing Stu2-HA (pRM2119) or vector (pRM2200) were grown to saturation in
SC —Leu —Trp liquid media. Cells were collected by low speed centrifugation, washed, and resuspended
in cold 1x PBS containing 0.1% Tween buffer and excess fluid was removed. Cells were resuspended in
1x PBS containing 0.1% Tween, 1 mM PMSF, 20 mM N-ethylmaleimide, 40 mM 2-iodoacetamide, and
1% Sigma protease inhibitor cocktail. Cells were lysed by vortexing with glass beads for 10 min.
Extracts were clarified by centrifugation at 13,5009 for 20 min at 4 °C. Protein concentrations were
determined by Bradford Protein Assay (Bio-Rad, Inc. Hercules, CA), using BSA as a standard. Protein

samples were analyzed by 10% SDS-PAGE followed by western blotting.

Stu2p pull-down assay.

Yeast whole-cell extracts were prepared as described above by bead beating. Extracts were
incubated with agarose anti-HA beads (cat# A2095, Sigma Aldrich, St. Louis, MO,) at4 °C on a
rotisserie for 2 h. Beads were collected and washed twice with ice-cold PBS containing an additional 0.5
M NacCl, for a total of 650 mM NaCl. To elute, beads were boiled with 3x Laemmli sample buffer for 5
min. Stu2-HA was detected using rabbit anti-HA antibody (Sigma Aldrich, St. Louis, MO, Cat #H6908)
at 1:1500 in PBS for 2 h at RT. SUMO was detected using rabbit anti-Smt3p (Rockland, Inc.

Gilbertsville, PA, Cat #200-401-428) at 1:1000 in PBS for 2 h at RT.

Stu2-his6 enrichment under denaturing conditions.

To prepare yeast whole-cell extracts, strains expressing Stu2-hisé (yRM9417) or non-tagged
Stu2p (yRM2146) were grown overnight to saturation. Cells were re-suspended in PBS buffer containing
a 2x protease inhibitor cocktail (2 mM PMSF, 86 mM 2-lodoacetamide, 40 mM NEM, and 1:250 Sigma
PIC-P8849) at a ratio of 1 mL of buffer to every 3 grams of cell pellet by weight. The cell suspension
was flash frozen by pipetting droplets into liquid nitrogen and stored at -80 °C. Cells were re-chilled in

liquid nitrogen and mechanically fractured using a Retsch MM400 cryomill. Frozen-powdered extract
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was resuspended to a final concentration of 3.2 mg/mL and 8 M urea in PBS containing 1x protease
inhibitor cocktail lacking divalent metal ion chelators (Sigma). To clarify, extracts were centrifuged for
30 min at 16,000 RPM at 4 °C. Ni-NTA agarose resin (100 pL) that was equilibrated in 8M urea/PBS
was incubated with approximately 100 mgs of clarified extracts for 2.5 h at 4 °C. Resin was washed five
times with 1 mL ice-cold PBS containing 8 M urea. Excess buffer from the final wash was removed
using a gel-loading tip. To elute, resin was boiled with 150 pL of 2x Laemmli sample buffer. Proteins
were resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes. Following overnight
blocking with 0.1% I-block reagent (Applied Biosystems, Bedford, MA) dissolved in PBS containing
0.1% Tween. Proteins were detected with rabbit anti-Stu2p or goat anti-SUMO (SC-11847) and goat

anti-rabbit (SC-2004) or donkey anti-goat (SC-2056) conjugated with HRP.

SUMO pull-down assay.

Yeast extracts were prepared as described above. Extracts were incubated overnight with rabbit
anti-Smt3p (Rockland, Inc. Gilbertsville, PA Cat #200-401-428). Beads were collected and washed twice
with cold PBS containing an additional 0.5 M NaCl, for a total of 637 mM NaCl. To elute, beads were
boiled with 3x Laemmli sample buffer for 5 min. Stu2-HA was detected using mouse anti-HA antibody

(Sigma Aldrich, St. Louis, MO, #3663) at 1:1500 in PBS for 2 h at RT.

Ubiquitin pull-down assay.

Yeast extracts were prepared as described above. Extracts were incubated overnight with rabbit
anti-ubiquitin (Enzo Life Sciences, Inc. Farmingdale, NY Cat #BML-UG9511-0025). Beads were
collected and washed twice with ice cold PBS containing an additional 0.5 M NaCl, for a total of 637 mM
NaCl. Beads were boiled with 3x sample buffer for 5 min. Stu2p was detected using mouse anti-HA

(Sigma Aldrich, St. Louis, MO, Cat #H3663) at 1:1500 dilution in PBS for 2 h at RT.
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Non-covalent binding to SUMO affinity columns.

Non-covalent SUMO affinity columns were prepared as follows. Glutathione agarose beads
(Pierce Inc, Rockford, IL) were equilibrated in PBS containing 0.1% Triton, 1 mM PMSF. Bacterial cells
expressing GST, GST-SUMO-GA, or SUMO-GST were disrupted by sonication in PBS buffer containing
0.1% Triton, 1 mM PMSF. To clarify, extracts were centrifuged at 13,000 RPM for 30 min at 4 °C.
Bacterial extracts were incubated with 100 pL of glutathione agarose beads for 2 h with gentle agitation.
Resins were then washed two times with 150 column volumes of PBS containing 0.1% Triton. Aliquots
of the GST or SUMO-GST affinity matrices were run on SDS-PAGE in triplicate, stained with coomassie
blue, analyzed by densitometry, and normalized for subsequent affinity assays. It is interesting to note
that for Nislp, little or no binding was observed when the Nislp protein was applied to the columns at
concentrations higher than 2 mg/mL. This may indicate that complexes can mask the SUMO interaction

motif in Nislp (data not shown).

To prepare yeast whole-cell extracts, cells expressing Stu2-3xHA (pRM10637) or Nislp-6xHA
(pPRM10782) from CEN plasmids were grown overnight to saturation. Cells were disrupted by bead
beating or by cryomilling in liquid nitrogen in PBS containing 0.1% Triton, 1 MM PMSF, 43 mM 2-
lodoacetamide, 20 mM NEM, and 1:500 dilution of Sigma Protease Inhibitor Cocktail P8215 developed
for S. cerevisiae. The indicated amounts of extracts containing Nis1p-6xHA (2 mgs), Stu2-3xHA (10.8
mgs), or the empty vector control (10.8 mgs) were incubated with normalized amounts of GST, GST-
SUMO-GA, and SUMO-GST on a rotisserie for 3.5 h. Beads were then collected by low-speed
centrifugation at 250 RPM for 1 min and washed 5 times with 1 mL PBS. The final wash was removed
completely using a gel-loading tip. To elute bound protein, beads were resuspended in 70 uL 2x-
Laemmli sample buffer and boiled for 5 min. To confirm the column normalizations, 5% of each pull
down was assayed on Coomassie blue stained SDS-PAGE gels. To visualize HA epitope-tagged proteins,
pull-downs were immunoblotted with mouse anti-HA (SC-7392, Santa Cruz Biotechnology, Santa Cruz,

CA) and goat anti-mouse-HRP (Santa Cruz Biotechnology, Santa Cruz, CA) secondary antibody.
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Western blots were stripped and re-probed with anti-alpha-tubulin (YOL1/34 from AbD Serotec, Raleigh,

N.D.).
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CHAPTER IV

STU2 ACETYLATION — A SWITCH BETWEEN SPB AND KINETOCHORE FUNCTIONS?

XMAP215/Stu2 microtubule polymerases perform three important roles at distinct
locations during mitosis. However, the underlying mechanisms coordinating Stu2 localization
and function remain elusive. Phosphorylation of XMAP215/Stu2 proteins have been shown to
regulate interactions with the microtubule lattice (Humphrey et al., 2018; Okada, Toda,
Yamamoto, & Sato, 2014; Trogden & Rogers, 2015). Our lab has shown that Stu2 is regulated
through SUMO covalently and non-covalently, although the mechanisms and functions of these
interactions are still unclear. Acetylation may represent a unified mechanism through which
microtubules are regulated since acetylation of several different classes of microtubule associated
proteins have been shown over the last decade including Tau (Min et al., 2010), EB1/Bim1 (Xie
et al., 2018), CLIP-170/Bik1 (Li et al., 2014), and Hec1/Ndc80 (Zhao et al., 2019). In our efforts
to elucidate Stu2’s sumoylation sites, we also searched for evidence of Stu2 acetylation.
Acetylation of K48 in the human XMAP215 family member, CKAP5/ch-TOG, was detected in
proteomics screens but not characterized (Choudhary, et al, 2009). In this chapter, | report that
acetylation of the protein Stu2 is important in mitosis and that it regulates microtubule

polymerization, chromosome segregation, and y-tubulin interactions.
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SUMMARY OF MANUSCRIPT

Acetylation of Stu2

Stu2 is the S. cerevisiae member of the XMAP215 family of microtubule associated proteins.
Stu2 is important for microtubule polymerization and is found at the Ndc80 kinetochore
complexes which link specialized kinetochore microtubules to sister chromatids during cellular
division. Stu2 has also been found at the spindle pole body where it is believed to play a role in
microtubule nucleation. Because the regulation of Stu2 is poorly understood, we asked whether
Stu2 is acetylated. Acetylation of Stu2 was first detected using western blotting techniques and
three different acetylation sites were identified by mass spectrometry. These were located at
lysines 252, 469, and 870. When WT-Stu2 and mutants that prevent acetylation at these sites
were immunoblotted with AcK antibodies, residual signals were seen. This indicated that there
are additional Stu2 acetylation sites yet to be discovered. Nevertheless, we sought to determine
their functional significance. To evaluate the likelihood that these acetylation sites control Stu2
function, the amino acid sequence of XMAP215 family members from myriad eukaryotic
organisms were aligned to determine the evolutionary conservation of these lysines. This
revealed that K469 is conserved across eukarya and K870 is conserved in many fungal
organisms. Plasmid shuffling assays demonstrated that mutants mimicking an acetylated and
non-acetylated Stu2 were viable at 23 °C and 30 °C. No significant phenotypes were detected
when mutants were evaluated in microscopy assays for karyogamy. The mutants also displayed
little or no significant phenotypes for the majority of the cell cycle except for large budded cells.
When large-budded cells characteristic of the mitotic phase of the cell cycle were analyzed,
several of these positively identified acetylation site mutants displayed mild to moderate mitotic
defects. The TOG2 domain acetyl-mimetic mutant K469Q and the MAP binding domain acetyl-
preventative mutant K870R both demonstrated significant resistance to benomyl, a drug that

destabilizes microtubules, indicating that these mutants may possess hyper-stable microtubules.
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Acetylation inhibitory mutants also reduced Stu2 non-covalent interactions with SUMO, whereas
acetylation mimicking mutants did not. Several of the acetylation mutants also caused
chromosome segregation defects. Lastly immunoprecipitation assays revealed that Stu2
interactions with y-tubulin are increased when cells possessed the triple acetylation mimetic
mutant Stu2-3KQ. With this work, we demonstrate that a fourth class of microtubule associated
protein is regulated by acetylation. As this brings the list of acetylated MAPs to four with CLIP-
170/Bik1, EB1/Bim1, and Hec1/Ndc80, it suggests that acetylation may be a common mechanism
for MAP regulation. Our assays are the basis for a novel model through which Stu2 may be
coordinated to the spindle pole body or kinetochore. Furthermore, our work provides insight to
answer questions that have persistently eluded the XMAP215 community, such as how separate

pools of Stu2 are targeted to the spindle pole body, microtubule plus ends, and kinetochores.
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ABSTRACT

Stu2 is the S. cerevisiae member of the XMAP215/Dis1/ch-TOG family of MAPs that
have multiple functions controlling microtubules, including; microtubule polymerization,
microtubule depolymerization, linking chromosomes to the kinetochore, and assembly of y-
TuSCs at the SPB. Whereas phosphorylation was shown to be critical for Stu2 localization at the
kinetochore, other regulatory mechanisms that control Stu2 function during mitosis are still
poorly understood. Here, we show that a novel form of Stu2 regulation occurs through the
acetylation of three lysine residues (K252, K469, and K870) located in three distinct domains of
Stu2. Alteration of acetylation through acetyl-mimetic and acetyl-blocking mutations did not
impact essential functions of Stu2 but lead to both positive and negative changes to chromosome
stability, and changes in resistance to the microtubule depolymerization drug, benomyl.
Additionally, microscopy experiments indicated mild karyogamy, bi-nucleation, and multi-lobed
defects. We also demonstrate that manipulation of Stu2 acetylation regulates Stu2 non-covalent
interactions with SUMO and y-tubulin. This work suggests a novel mechanism by which

acetylation regulates chromosome stability through Stu2.
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INTRODUCTION

Stu2 is a member of the XMAP215/Disl/ch-TOG family of MAPs that has multiple
microtubule-dependent functions. Stu?2 is well known for its role as a microtubule polymerase
(Al-Bassam et al., 2006; Ayaz et al., 2014; Brouhard et al., 2008; Podolski et al., 2014; Wang &
Huffaker, 1997) (reviewed in Al-Bassam & Chang, 2011). Stu2 promotes microtubule elongation
through interactions with tubulin via two TOG domains (Al-Bassam et al., 2007; Al-Bassam et
al., 2006; Ayaz et al., 2012, 2014; Slep & Vale, 2007) and interacts with the microtubule lattice
through a basic microtubule binding (MT binding) domain (Al-Bassam et al., 2006; Wang &
Huffaker, 1997). To carry out microtubule polymerization, Stu2 is also thought to undergo
significant conformational changes throughout tubulin binding and microtubule polymerization
processes (Al-Bassam & Chang, 2011; Al-Bassam et al., 2006; Ayaz et al., 2014; Nithianantham

etal., 2018).

While Stu2 is best known for contributing to microtubule stability and growth, it has also
been shown to initiate microtubule depolymerization (Al-Bassam & Chang, 2011; Al-Bassam et
al., 2006; Brouhard et al., 2008; Humphrey et al., 2018; Shirasu-Hiza, Coughlin, & Mitchison,
2003; van Breugel, Dreschsel, & Hyman, 2003). Stu2 also functions at the spindle pole body
(SPB), where interactions with Spc72 facilitate microtubule nucleation by promoting
oligomerization of y-TuSC assemblies (Chen et al., 1998; Gunzelmann et al., 2018; Thawani et
al., 2018; Usui et al., 2003). Additionally, interactions between Stu2 TOG, MT binding, and c-
terminal MAP interacting domains and Tub4 (y-tubulin), Spc97, and Spc72 respectfully all
correlate with spontaneous MT nucleation in the presence of Spc72 and tubulin with or without
purified y-TuSC (Gunzelmann et al., 2018). The y-TuSC complex is thought to have an open
form that is inactive and a closed form that actively nucleates microtubules. The differences
between the two y-TuSC states have been investigated and provide a structural basis for actively

nucleating and idle MT nucleation (Greenberg et al., 2016).
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Stu2 has multiple functions at the kinetochore. It is important for attachment of
kinetochore microtubules (K-fibers) to the outer plaque of the kinetochore. It also aids in the
selection of correctly oriented kinetochore attachments. Stu2 accomplishes this task by serving as
a mechanosensor while bound to the Ndc80 complex (Miller et al., 2016). Levels of tension
associated with correct bi-polar microtubule attachments to sister chromatids initiate Stu2
mediated microtubule plus-end depolymerization and subsequent Dam1 complex capture to
secure optimal kinetochore K-fiber interactions (Asbury et al., 2006; Humphrey et al., 2018;

Miller et al., 2016).

However, many of the regulatory mechanisms that control Stu2 function during mitosis
and meiosis are poorly understood. Most recently, a Cdkl phosphorylation site found in the basic
MT binding domain of Stu2 was shown to promote Stu2 localization to the kinetochore
(Humphrey et al., 2018). S603 phosphorylation of Stu2 neutralizes the basic MT binding patch
and enables Stu2 to more readily concentrate at kinetochores through interactions with other
MAPs (Humphrey et al., 2018). While phosphorylation reduced interactions with the MT lattice,
the TOG1, the coiled coil Stu2 dimerization, and the C-terminal MAP interacting domains were
also important for Stu2 localization to the kinetochore, (Miller et al., 2019). Phosphorylation of
other XMAP215 family members has also been reported to control their association with the
microtubule lattice; in S. pombe CDK mediated phosphorylation was found in Alp14 (Aoki,
Nakaseko, Kinoshita, Goshima, & Yanagida, 2006) and Dis1 proteins (Okada et al., 2014), and
Msps phosphorylation was found in the D. melanogaster (Trogden & Rogers, 2015). While MT
binding domain phosphorylation regulates Stu2 association with the microtubule lattice
(Humphrey et al., 2018; Okada et al., 2014; Trogden & Rogers, 2015), other mechanisms

governing Stu2 localization and functions remain elusive.

In this report, we identify acetylation as a novel post-translational modification of Stu2.

We show that acetylation of Stu2 occurs on three lysine residues, K252, K469, and K 870. These
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residues are located in the TOG1, TOG2 , and the MAP interacting domains, respectively. The
TOG domains bind alpha-beta tubulin heterodimers, whereas the MAP interacting domain is
responsible for Stu2 interactions with Bik1, Bim1, and Spc72 (Usui et al., 2003; Wolyniak et al.,
2006). Imitation of Stu2 acetylation states with amino acid mimetics resulted in minor rates of
bi-nucleation and multibudded defects, changes in resistance to the microtubule depolymerization
drug benomyl, as well as positive and negative changes to chromosome stability. We also find
that Stu2 acetylation mimetic mutants impact non-covalent interactions between Stu2 and SUMO,
as well as interactions between Stu2 and y-tubulin. This work suggests a novel mechanism by
which acetylation regulates chromosome stability through Stu2 and Stu2 interactions at the y-

TuSC.

Acetylation of K212 in the human plus end tracking protein EB1, or BIM1 in yeast, was
shown to regulate interactions with CLIP-170, p1509¢¢ and APC (Xie et al.,
2018). Additionally, K220 acetylation of EB1 plays a role in EB1 localization to mitotic spindle
microtubule plus ends and metaphase alignment timing (Xia et al., 2012). Acetylation of CLIP-
170, BIK1 in S. cerevisiae, was found to influence cellular migration of pancreatic cancer cells
(Lietal., 2014). In addition, acetylation of the XMAP215 family member CKAP5/ch-TOG was
previously detected using high-throughput proteomics screens (Choudhary et al., 2009). It
remains to be seen how or if acetylation regulates many other microtubule associated proteins

(MAPs).

RESULTS

Stu2 is acetylated at lysine 252, 469, and 870.

Because EB1 and CLIP-170 can be acetylated, we wondered whether Stu2/XMAP215
proteins, representing another class of MAPSs, are also acetylated. For this, we

immunoprecipitated HA-tagged or untagged Stu2 from logarithmically growing cultures treated
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with the deacetylation inhibitor Trichostatin A (TSA). The precipitate was then immuno-blotted
with anti-HA to detect Stu2 and anti-AcK. As shown in Figure 1a, bands with a molecular
weight of approximately 115 kDa were observed in both HA and AcK immunoblots.

Importantly, the 115 kDa molecular band appeared in extracts containing Stu2-HA but was absent

in extracts containing untagged Stu2. These findings suggest that Stu2 is acetylated.

To identify specific acetylated residues, we employed a mass-spectrometry strategy. We
first immunoprecipitated Stu2-HA from extracts prepared from logarithmically growing cultures.
The precipitate was separated by SDS-PAGE and analyzed by western blotting with anti-HA
(Figure 1b). The bands corresponding to Stu2 were excised from a duplicate coomassie blue
stained gel and prepared for tandem mass spectrometry (MS/MS) (see Materials and Methods).
This analysis identified 7650 spectra corresponding to Stu2. Of these, 59 showed a 42 Da
increase in mass characteristic of acetylation with an error of less than 10ppm. Thirty-two of the
spectra corresponded to peptides with an acetyl-modification of lysine 252. Nine spectra
corresponded to acetylation of lysine 469, and 18 corresponded to acetylation of lysine 870. Nine
spectra of AcK 252 and three spectra of AcK 870 had a confidence level of 100%. Eight of the
nine spectra obtained for AcK469 had a confidence score of 90% or higher. Many of these
putative acetylated peptides also contained immonium reporter ions diagnostic for acetylated
lysine (Figure 1 c, d, and e). The confidence scores for these and additional lower-confidence
spectra peptides are shown in Table 1. Combined, these data suggest that Stu2 is a bona fide

multi-acetylated protein.

Lysine 252, 469, and 870 account for a fraction of Stu2 acetylation

To begin to identify the function of these acetylation sites, we mutated each Stu2 lysine
to either arginine to generate an acetylation-inhibitory state or to glutamine to generate an

acetylation mimetic state, herein referred to as 3KR and 3KQ. Using cells from logarithmically
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Stu2 AcK spectra detected from HA immunoprecipitation experiments

AcK site  100% confidence 90-99% confidence 80-89% confidence <80% confidence Total spectra

AcK 252 9 20 2 1 32
AcK 469 0 8 0 1 9

AcK 870 3 11 4 0 18

Table 1 Additional spectra were identified for each acetylated residue. Listed are all of the
confidence scores associated with each putative AcK spectra. AcK 252 had a total of 32
spectra with the following confidence scores: 9 with 100%, 5 with 99%, 4 with 97%, 8 with
96%, 2 with 95%, 1 with 94%, 1 with 83%, 1 with 82%, 1 with 32%. AcK 469 had a total of
10 spectra with the following confidence scores: 1 with 97%, 3 with 96%, 1 with 95%, 1 with
94%, 1 with 93%, 1 with 91%, and 1 with 70%. AcK 870 had a total of 18 spectra with the
following confidence scores: 3 with 100%, 4 with 99%, 3 with 98%, 3 with 97%, 1 with 96%,
1 with 86%, 1 with 85%, 1 with 82%, and 1 with 80%. All spectra fell well within a 30 ppm
mass accuracy with the vast majority of parent ion masses deviating less than 3 ppm.
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growing cultures, Stu2 was immunoprecipitated and analyzed by immunoblotting. Comparison
of WT cells to 3KR and 3KQ cells (Figure 2a) revealed a moderate reduction in anti-acetyl
reactivity of the Stu2 band, indicating that lysine 252, 469 and 870 account for a significant
portion of Stu2 acetylation. In addition, the 3KR strain routinely displayed slightly lower Stu2
steady-state abundance of Stu2 (Figure 2b). In contrast, the 3KQ mutant displayed no such
reduction in abundance, possibly indicating a role of acetylation in maintaining Stu2 equilibrium.
Because acetylation signals were not abolished in the 3KR and 3KQ lanes (Figure 2c), and
densitometry experiments showed only a 30% and 10% reduction in 3KR and 3KQ mutant
acetylation respectively (Figure 2d), we anticipate that additional acetylation site(s) are present on

Stu2. However, additional mass spectrometry experiments will be required to identify them.

When logarithmically growing cell cultures were treated with different concentrations of
the pan HDAC inhibitor TSA, we detected different a-AcK signal intensities (Figure 3a & b).
Following treatment with 200 ng/mL TSA, band densitometry analysis indicated larger reductions
in a-AcK signal of Stu2-3K mutant protein relative to the WT control (Figure 3c). In contrast,
when 500 ng/mL TSA was used, significantly more a-AcK signal was observed in the Stu2 band
(Figure 3d). This likely indicates the deacetylase is not completely inhibited at lower
concentrations of TSA. For each mutant, we quantified the amount of Stu2 protein enriched by
magnetic-HA beads relative to their corresponding steady state abundances in WCEs. This
analysis made it apparent that 3K acetyl mutations and TSA treatments both influence Stu2

immunoprecipitation, likely through induced conformational changes.

TSA was previously reported to cause GO and G2/M cell cycle arrest during short
treatments and S phase arrest during extended treatments in HeLa cell lines (Téth et al., 2004; Xu
et al., 2006). Therefore, we also evaluated cell cycle progression of our cell cultures following
TSA treatments. Before cell collection, aliquots of each culture were sampled, fixed using 25%

acetic acid/75% methanol, and evaluated for cell cycle progression defects. As shown in Figure
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Figure 2 Mutation of lysine 252, 469, and 870 in Stu2-3K mutants leads to reduced
detectable Stu2 acetylation. (a) Cells expressing Stu2-HA (yRM12358), untagged Stu2
(YRM12359), Stu2-3KR-HA (YRM12364), or Stu2-3KQ-HA (YRM12369) were
immunoprecipitated and western blotted with anti-HA and anti-AcK to evaluate Stu2
enrichment and acetylation. Band densitometry was performed to quantify reductions in Stu2
acetylation. (b) Immunoprecipitated Stu2 from 3KR and 3KQ acetyl mutants was normalized
to immunoprecipitated WT-Stu2. (c) Anti-AcK signals from 3KR and 3KQ acetyl mutants
were then normalized to anti-AcK signals from WT-Stu2. (d) Lastly, ratios of normalized
AcK signals to normalized Stu2 immunoprecipitants were determined for each strain to
extrapolate Stu2 acetylation quantities.
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Figure 3 Stu2-3K mutant AcK antibody reactivity and immunoprecipitation responded to
treatment with TSA in a dose dependent manner. Logarithmically growing cells expressing
Stu2-HA (yRM12358), untagged Stu2 (yRM12359), Stu2-3KR-HA (YRM12364), or Stu2-
3KQ-HA (yRM12369) were treated with (a) 200 ng/mL TSA or (b) 500 ng/mL TSA. Cellular
extracts were then immunoprecipitated and western blotted with anti-HA and anti-AcK to
evaluate Stu2p enrichment and acetylation. Similar to Figure 2d, we used densitometry to
determine changes in acetylation between Stu2-3K mutants following TSA treatments. (c) To
extrapolate the changes in acetylation of each mutant, we normalized the ratios of each mutants
a-AcK signal to enrichment values to corresponding WT controls. (d) We evaluated each
mutant’s enrichment relative to their corresponding steady state abundance present in western
blotted WCEs. (e) We fixed and evaluated a fraction of Stu2-HA cells from each growth
condition to determine if TSA treatments lead to cell cycle arrest.
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3e, 2 hours of 200 ng/mL TSA treatment did not induce an observable cell-cycle arrest but 500
ng/mL TSA treatments lead to a 2-fold increase in small budded cell populations. Therefore, the
lower concentrations of TSA used in these experiments are not likely to be responsible for the

phenotypes that we report here.

Acetylated lysine residues are found in multiple domains of Stu2.

To gain insight into how lysine acetylation influences Stu2 function, we mapped each
acetylated lysine to a composite of predicted and actual crystal structures of Stu2 using the
structural model program I-TASSER. The I-TASSER depiction of the Stu2 TOG domains
(Figure 4b) closely resemble published crystal structures of TOG domains bound to af-tubulin
heterodimers, as the coordinates from the pdb files 4ffb and 4u3j were used (Ayaz et al., 2014;
Ayaz et al., 2012). From this model, all acetylated lysines are predicted to be solvent exposed.
The first acetyl-lysine, K252, lies between a-helices 14 and 15, a region that comprises a flexible
linker connecting TOG1 and TOG2 domains. Lysine 469 lies between a-helices 10 and 11 of the
TOG2 domain where it interacts with B-tubulin within the TOG2/tubulin binding pocket. K870
lies in the MAP interacting domain where Stu2 interacts with Bik1, Bim1, Ndc80, and Spc80
(Aravamudhan, Felzer-Kim, Gurunathan, & Joglekar, 2014; Usui et al., 2003; Wolyniak et al.,

2006).

To assess if the three acetyl-lysines were evolutionarily conserved amongst the
Stu2/XMAP215 family of proteins, we aligned XMAP215 sequences across various eukaryota
(Figure 4c) and fungal organisms (Figure 4d). Of the three lysines, lysine 252 was the least
conserved. It was found in the budding yeast S. cerevisiae, the trypanosome A. Deanei, and the
protist P. marinus but not in the other 25 organisms analyzed. In contrast, lysine 469 was highly
conserved across eukaryotes, including all fungal species analyzed. Lysine 870 was conserved in

7 of the 10 fungal XMAP215 proteins, but not in higher order eukaryotes. The lack of
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Figure 4 Acetyl-lysines are distributed throughout Stu2 and K469 is evolutionarily
conserved. (a) Acetyl lysines are indicated relative to distinct Stu2 domains. (b) The location
of acetylated residues are illustrated in a Stu2 structure predicted by I-TASSER. Clustal
protein alignments are shown for members of the Stu2/XMAP215 family of microtubule
polymerases for members across (c) eukaryota and (d) fungi.

80



conservation for Stu2’s C-terminal acetylation site may reflect diversifying mechanisms through

which XMAP215 family members interact with specialized microtubule-based structures.

Mutations in Stu2 acetylation sites are viable and do not disrupt the essential function of

Stu2.

To determine if the acetylation impacts the function of Stu2, we mutated lysines 252,
469, and 870 to arginine residues to prevent acetylation while maintaining their positive charge.
Substitutions with glutamine were designed to mimic acetylation. Combinations of double and
triple mutations were also constructed. For the double mutant, lysines 252 and 469, which both
reside in or near the two TOG domains, were mutated as a pair to either arginine or glutamine.
This generated the 2KR and the 2KQ mutants. In the triple mutant, lysines 252, 469, and 870
were all mutated to either arginine (3KR) or glutamine (3KQ). As Stu2 is essential for yeast
survival, we tested whether these alleles support life as the sole copy of Stu2 in a 5-FOA plasmid
shuffle assay. As shown in Figure 5c-e, they did. All of the single, double and triple mutants
support life at 23, 30, and 37 °C and displayed little or no observable differences in growth. As
STU2 is an essential gene, these data suggest that these acetylation site mutations do not disrupt

the essential function of Stu2.

Acetylation mutants display a mitotic defect in large-budded cells.

The fusion of nuclei during the mating process, known as karyogamy, requires intact
microtubule function (Kurihara, Beh, Latterich, Schekman, & Rose, 1994). To ascertain whether
the acetylation of Stu2 impacts karyogamy, we employed a bilateral karyogamy mating assay in
which both the MATa and MATa partners contained the same stu2 mutation. In comparison to
kar9A, which is known to possess a moderate karyogamy defect (Kurihara et al., 1994; Miller &
Rose, 1998) we observed little or no mating defect for K or Q substitutions at the lysines K252,

K469 or K870 in Stu2 (Figure 6a). Next, we asked whether acetylation altered the cell-cell
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Figure 5 Plasmid shuffle
complementation assays demonstrate
Stu2 acetyl state mimetic mutants are
functional. (a) A plasmid shuffle assay
was used to detect phenotypes from
acetyl-lysine mimicking (K to R) and
inhibitory (K to Q) mutations.
Phenotypes are masked using a URA3+
plasmid containing pSTU2-STU2
(PRM10693). Yeast strains also
contained LEU2+ plasmids with WT-
STU2 (yRM12337), LEU2+ vector
(YRM12338), Stu2-K252R
(YRM12340), Stu2-K469R (12341),
Stu2-K870R (12342), Stu2-2KR
(YRM12343), Stu2-3KR (YRM12344),
Stu2-K252Q (yRM12345), Stu2-K469Q
(YRM12346), Stu2-K870Q
(YRM12347), Stu2-2KQ (YRM12348),
and Stu2-3KQ (YRM12349). Cells were
frogged to (b) plates lacking leucine and
uracil and grown at 30 °C or leucine
deficient 5-FOA plates and incubated at
(c) 23 °C, (d) 30 °C, and (e) 37 °C.

stu2-A1::HIS3

Mutant
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Figure 6 Microscopy assays show
mitotic defects in large budded cells of
yeast containing Stu2 acetyl

mutations. (a) MATa or MATa mating
type yeast with plasmids expressing WT-
STU2 (yRM11379 and yRM11368),
Stu2-K252R (yRM11930 and
yRM11892), Stu2-K252Q (yRM11934
and yRM11898), Stu2-K469R
(yRM11375 and yRM11362), Stu2-
K469Q (yRM11377 and yRM11366),
Stu2-K870R (yRM11938 and
yRM11912), Stu2-K870Q (yRM11940
and yRM11922) in a stu2a background
were tested in a karyogamy assay as
described in (R. K. Miller & Rose,
1998). In addition, yeast containing a
genomic copy of KAR9 (yRM299 and
yRM301) or a disrupted genomic copy of
kar9 (yRM393 and yRM396) were
assayed to represent moderate karyogamy
defects. (b) Logarithmically growing
yeast with plasmids expressing WT-STU2
(yRM12358), K252R (yRM12360),
K469R (12361), K870R (12362), 2KR
(yRM12363), 3KR (yRM12364), K252Q
(YRM12365), K469Q (YRM12366),
K870Q (yRM12367), 2KQ (yRM12368),
and 3KQ (YRM12369) in a stu2A
background were evaluated for
populations of unbudded, small budded,
medium budded and large budded

cells. (c) Large budded cells of yeast
from panel b were DAPI stained and
further examined for binucleate and
multibudded phenotypes.
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progression by analyzing the distribution of unbudded, small budded, medium budded, or large
budded cells in an actively growing culture. As shown in Figure 6b, little or no observable defect
was seen. However, in conducting this analysis, we observed that the large-budded cells
displayed an increase in nuclei that were aberrantly positioned binucleate cells and apparently
multi-budded cells (Figure 6¢). Notably, the defects observed for 3KR and 3KQ mutants closely
match the additive defects of their corresponding single mutations. This observation supports the
hypothesis that Stu2 acetylation sites regulate different Stu2 functions. Strangely, the double
TOG domain mutants, 2KR and 2KQ were mild compared to their corresponding single

mutations.

During the process of dissecting STU2/stu2-A1::HIS3 heterozygous delete strains for
yeast mating assays, we determined that the Stu2-3KR acetylation preventative mutant possessed
a lethal germination defect in the presence of a STU2 genetic locus. Even with two researchers
dissecting the mutant from separate transformations, it was never possible to generate a STU2

(his-) pSTU2-STU2-3KR (LEUZ2) haploid cell line through dissection (Table 2).

A subset of Stu2 acetylation mutations confer benomyl resistance.

Stu2 promotes microtubule polymerization (Huffaker, Thomas, & Botstein, 1988) and

(Podoilski et al., 2014). If these mutations were affecting a non-essential function of Stu2, we
next theorized that they might be more sensitive to drugs that destabilize microtubules. We first
tested the effect of benomyl on the acetyl inhibitory mutants, (K to R). As shown in Figure 7, the
K252R, the K469R, and their corresponding double mutant in the TOG domains, 2KR, grew only
slightly better than wild type. In contrast, the K870R and the 3KR mutant grew better than wild
type. As the triple 3KR mutant also displays benomyl resistance like the single K870R mutant, it
suggests that acetylation at K870R is epistatic to acetylation in the TOG domains. Since these

mutants were assayed for benomyl resistance in haploid stu2-A1::HIS3 background, with the
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Total dissections of sporulated yeast tetrads

Total

. number of Total Overall Expected stu2- Expected STU2+

Strain tetrads possible spore HIS+ spores Al::HIS3+ his- spores his-
dissected spores viability /LEU2+ /LEU2+
Vector 156 312 91.3% 0 inviable 312 60.1%
*WT-HA 158 632 66.0% 316 39.9% 316 37.0%
WT-NT 28 112 53.6% 56 21.4% 56 26.8%
K252R 36 144 82.6% 72 69.4% 72 73.6%
K469R 48 192 71.9% 96 50.0% 96 45.8%
K870R 12 48 81.3% 24 66.7% 24 58.3%
2KR 47 188 68.1% 94 42.6% 94 53.2%

*3KR 36 144 38.2% 72 37.5% 72 0.0%
K252Q 36 144 86.8% 72 79.2% 72 83.3%
K469Q 24 96 64.6% 48 47.9% 48 47.9%
K870Q 12 48 62.5% 24 29.2% 24 29.2%
2KQ 48 192 67.7% 96 41.7% 96 41.7%
3KQ 36 144 61.8% 72 51.4% 72 47.2%

*Relative to genomic WT/plasmid WT dissected spores, genomic
WT/plasmid 3KR spores were completely inviable.

Table 2 STU2/stu2-A1::HIS3 heterozygous diploids (YRM11105) were transformed with WT-
HA (pRM2119), vector alone (pRM2200), WT-NT (pRM6507), K252R (pRM11481), K469R
(pPRM11249), K870R (pRM12016), 2KR (pRM11966), 3KR (pRM11976), K252Q (pRM11482),
K469Q (pRM11254), K870Q (pPRM12015), 2KQ (pPRM11969), and 3KQ (pRM11974). Each
strain was then sporulated and tetrads were dissected. Genes of interest were auxotrophically
marked with HIS3 (stu2-A1::HIS3) or LEU2 yeast centromeric plasmids (YCPs) containing WT-
Stu2 or Stu2 AcK mutants for genotypic analysis. Expected HIS3+ spores reflect the 2:2 nature of
sister chromatid distribution. Overall spore viability ignores sister chromatid distribution and
represents the observed spores relative to the number possible. A stu2-A1::HIS3/LEU2+ column
reflects each mutants capacity to complement WT-STU2 gene disruption. The STU2+/LEU2+
column indicates the percentage of expected spores carrying genomic STU2 and a LEU2+ Stu?2
vector.
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Figure 7 Benomyl resistance assays reveal
acetylation site dependent resistance to MT
depolymerization stress. Yeast containing
LEU2+ plasmids with WT-STU2
(yRM12358), K252R (YyRM12360), K469R
(YRM12361), K870R (YyRM12362), 2KR
(YRM12363), 3KR (YRM12364), K252Q
(YRM12365), K469Q (yRM12366), K870Q
(YRM12367), 2KQ (YRM12368), and 3KQ
(YRM12369) were transferred to (a) plates
lacking leucine and (b) plates lacking leucine
and uracil to confirm removal of pSTU2-
STU2 URA+ plasmids. Cells were also
transferred to (c) YPD containing DMSO or
DMSO + 10 pg/mL Benomyl and grown at
23 °C. (d) Yeast containing LEU2+ plasmids
with WT-STU2 (yRM12233), LEU2+ vector
(YRM12234), Stu2-K252R (yRM12241),
Stu2-K469R (YRM12239), Stu2-K870R
(YRM12252), Stu2-2KR (yRM12247), Stu2-
3KR (YRM12250), Stu2-K252Q
(YRM12242), Stu2-K469Q (yRM12240),
Stu2-K870Q (YRM12251), Stu2-2KQ
(YRM12248), and Stu2-3KQ (yRM12249) in
a heterozygous delete STU2/stu2-A1::HIS3
background at the genomic locus were
transferred to —Leu —Ura plates containing
DMSO or DMSO + 10 pg/mL Benomyl and
grown at 30 °C.

100%
55%

10%

100%
55%

10%

100%
55%

10%

100%
55%

10%

100%
55%

10%

100%
55%

10%

86

STU2 genetic loci plus Stu2 mutant plasmids

-Leu
30°C

-Leu -Ura
30°C

23°C

YPD + 10 pg/mL  YPD + DMSO
Benomyl 23 °C

-Leu-Ura +

-Leu-Ura + 10
Hg/mL Ben 30°C  DMSO 30 °C



mutations present on a YCP plasmid as the cells only source of Stu2, it suggests that the K870R

mutation stabilizes microtubules.

To investigate the effect of the presence of a constitutive acetyl moiety, we tested
whether acetyl-mimetic mutations would affect Stu2 sensitivity to benomyl. Both the K252Q and
K469Q mutations conferred resistance to benomyl and the 2KQ double mutation also conferred
benomyl resistance. In contrast to the K870R mutation, the K870Q mutation did not display
resistance to benomyl (Figure 7¢). To ascertain which phenotype is epistatic, we again compared
the 2KQ double TOG mutation to the 3KQ mutant. In this analysis, the 3KQ mutant displayed a
similar phenotype to the K870Q single mutant with respect to its level of benomyl resistance.
Therefore, we conclude that the K870Q phenotype is epistatic to that of the double Q mutant,
K2Q. Notably, both the K870R and the K870Q mutations are epistatic to the corresponding
double mutant in the TOG domains. These phenotypes were also visible at 30 °C and to a very
limited degree 37 °C (Figure 8). Together, these data suggest that acetylation in the TOG domain
at K469 and MAP domain at K870 regulate the ability of Stu2 to stabilize microtubules.
Importantly, acetylation at these two domains appear to function in opposition to each other. It
remains to be determined whether the on and off cycling of Stu2 acetylation controls microtubule

stability.

Because yeast spores with intact STU2 genomic loci and Stu2-3KR mutant plasmids were
inviable following sporulation and germination, we next sought to determine whether benomyl-
resistance phenotypes are the result of either dominant or recessive mutations. We assayed for
the benomyl sensitivity in strains containing a wild-type STU2 background at the genomic locus
in addition to the Stu2 mutant plasmids. As shown in Figure 7d, the 2KR mutant
displayed growth comparable to wild type, whereas the 2KQ mutant grew more slowly,
suggesting that the benomyl sensitivity of the 2KQ mutant is dominant. Similarly, the K870R

mutant also displayed a dominant benomyl sensitivity, albeit it was a moderate to mild effect
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Figure 8 Stu2 acetylation states also confer resistance to MT depolymerization stress at 30
°C and slightly at 37 °C. Yeast containing LEU2+ plasmids with WT-STU2 (yRM12358),
K252R (yRM12360), K469R (12361), K870R (12362), 2KR (yRM12363), 3KR
(YRM12364), K252Q (YRM12365), K469Q (YRM12366), K870Q (YRM12367), 2KQ
(YRM12368), and 3KQ (YRM12369) were transferred to YPD containing DMSO or DMSO +
10 pg/mL Benomyl and grown at 30 °C (a) or 37 °C (b).
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compared to the 2KQ. The finding that these benomyl phenotypes are different between the wild
type STU2 and the stu2-41 delete backgrounds implies that symmetrical acetylation between the

two halves of the Stu2p dimer is important.

Acetylation influences Stu2 steady-state levels.

To evaluate steady-state expression levels of these mutants, we examined whole cell
extracts from cell cultures expressing each of the acetylation mutants by western blotting with
anti-HA. As shown in Figure 9, the K to R (panel a, third row) and the K to Q (panel b, third
row) mutants did not display a uniform effect. Notably, the K469R and the 3KR mutations
consistently produced levels of Stu2p higher than the wild-type parent (Figure 9a, third panel). It
was also notable that only the 2KR and the 2KQ mutants both routinely displayed obviously
lower steady-state levels of Stu2. The 3KR and the 3KQ mutants both suppressed the lower
expression levels of the corresponding 2K mutations, with the 3KR mutant elevating Stu2 levels
to those comparable with K469R. Probing with anti-Pgk1 indicated that protein loading was
constant across all samples. Combined, we conclude that acetylation status of the three lysine

residues tested can regulate the steady state levels of Stu2p.

The non-covalent interaction of Stu2 with SUMO is regulated by acetylation.

We have previously shown that Stu2 binds noncovalently to SUMO (Greenlee et al.,
2018). To determine whether acetylation of Stu2 regulates this interaction, we employed an in
vitro binding assay using Stu2 expressed in yeast and a SUMO incapable of conjugation. For
this, we applied yeast whole cell extracts expressing the varying forms of Stu2 to columns of 5X-
SUMO-GST or GST alone. These SUMO columns contained five tandem repeats of SUMO,
with the fifth SUMO fused in-frame with GST. This prevented its covalent attachment to
substrates as the glycine needed for conjugation is already covalently attached to GST. All of the

Stu2 mutants except the 2KR consistently reduced the non-covalent interaction with SUMO
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Figure 9 Acetylation regulates steady state levels of Stu2 and its non-covalent interactions with
SUMO. Yeast extracts expressing the following mutations of Stu2 as the sole copy were assessed
by immunoblot with mouse anti-HA (Santa Cruz Biotechnology, Santa Cruz, CA): (a) WT-Stu2-
HA (yRM12358), Stu2-No Tag (YRM12359), Stu2-K252R-HA (yRM12419), Stu2-K469R-HA
(YRM12361), Stu2-K870R-HA (yRM12362), Stu2-2KR-HA (YRM12363), and Stu2-3KR-HA
(yRM12364) or (b) Yeast extracts containing Stu2-HA (yRM12358), Stu2-No Tag (yYRM12359),
Stu2-K252Q-HA (yRM12365), Stu2-K469Q-HA (YRM12366), Stu2-K870Q-HA (YRM12367),
Stu2-2KQ-HA (yRM12368), and Stu2-3KQ-HA (yRM12369). (first image) To test the binding of
each of the acetylation mutants to a non-covalent form of SUMO, each of the WCEs was
incubated with glutathione agarose columns enriched with GST (pRM11485) and/or 5x-SUMO-
GST (pRM11628) as described in Materials and Methods. (second image) To evaluate whether all
affinity columns were uniform, 1/20th of the GST column elutions were stained with Coomassie
blue to illustrate equal enrichment of 5x-SUMO-GST columns. (third image) Mutation of
acetylated-lysine residues influence Stu?2 interactions with SUMO. To assess Stu2 abundance,
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Figure 9 continued:. . . Stu2 was visualized in strains grown to saturation, overnight. (fourth
image) To evaluate protein concentration in the WCEs, blots were probed with mouse anti-Pgk1
(ThermoFisher Scientific, Waltham, MA) as a loading control. Densitometry analysis of
immunoblotted Stu2 K to R (c) and K to Q (d) bands was used to quantify the steady state
abundance for the protein of each mutant and 5x-SUMO-GST column enrichment relative to WT
controls. Actual amounts of Stu2 K to R (e) and K to Q (f) proteins enriched by 5x-SUMO-GST
columns were extrapolated based on each Stu2 mutant’s steady state abundance relative to WT-
Stu2 controls.
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(Figure 9a, first image, and 9¢). While the mutations did not eliminate the interaction, the
reduction was nevertheless consistently moderate in three independent replicates of this
experiment. Single mutations of acetyl-lysines to glutamine did not impact Stu2 protein
expression or Stu2 non-covalent interactions with SUMO (Figure 9b, first image, and 9d). In
contrast, mutation of both TOG domain sites to glutamine (in the 2KQ mutant) diminished Stu2
interactions with SUMO. Addition of the K870Q mutation partially rescued Stu2 expression and

SUMO interactions.

Impaired Stu2 acetylation leads to chromosome instability

We next asked whether sister chromatid segregation is compromised when lysine
residues are constitutively acetylated or acetylation is blocked. To test this, we employed the
acetylation mimetics and acetylation preventative mutations in an artificial chromosome loss
assay using a quantitative 5-FOA counter-selection illustrated in Figure 10a. This standard assay
employed yeast containing a 125 kb URA3 artificial chromosome in a stu2-A1::HIS3 background
as described in materials and methods. Using these strains, we measured the frequency that cells
lost the artificial chromosome by the presence or absence of its URA3 gene. Orotidine-5'-
phosphate (OMP) decarboxylase encoded by the URA3 gene converts 5-FOA into 5-Fluorouracil,
a toxic compound. Only in the absence of the URA3-marked artificial chromosome can yeast

grow on media containing 5-FOA.

Figure 10b shows that among the acetylation mutants tested, the single acetyl-inhibitory
mutants K252R and K469R showed the largest increase in chromosome loss. In comparison, the
acetyl-mimetic mutation K252Q showed a mild increase in chromosome loss but K469Q showed
no significant increase in chromosome loss when compared to the plasmid-based WT-Stu2
control. Interestingly, we observed antagonistic effects of the acetylation-state mutants that are

located in the MAP interacting domain. The acetylated-state mimicking K870Q mutant lead to
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Figure 10 Manipulation of Stu2 acetylation states impacts chromosome segregation. Yeast
strains containing a 125 kb artificial chromosome containing the URA3 gene and plasmids
expressing WT-Stu2 (yRM12253), K252R (yRM12261), K252Q (yYRM12262), K469R
(YRM12301), K469Q (yRM12260), K870R (yRM12271), K870Q (yRM12270), 2KR
(YRM12266), 2KQ (YRM12267), 3KR (YRM12269), and 3KQ (yRM12268) in a stu2-A1::HIS3
background, along with a WT-genomic control with an intact STUZ2 at its genetic locus and an
empty LEU2 vector (yRM12300) were plated to synthetic deficient media lacking leucine and 5-
FOA plates. (a) To quantify frequencies for chromosome loss in Stu2 mutants, concentrated cells
were transferred to plates containing 5-FOA or serially diluted and transferred to -Leu
synthetically deficient plates. Because 5-FOA is toxic to yeast possessing the URA3 gene we
observe only colonies which have lost the 125 kb artificial chromosome. Colonies growing on
leucine deficient plates represent the serially diluted concentration of cells used in the
experiment. (b) Quantitative chromosome loss rates reflect the total number of colonies growing
on 5-FOA media relative to colonies growing on -Leu synthetic deficient media following serial
dilutions. The gquantitative chromosomal loss experiments were repeated in triplicate to establish
standard deviations for displayed error bars.
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mild chromosome loss similar to the K252Q mutant. In contrast, mutating lysine 870 to arginine
had an inverse effect and improved chromosome management to the extent that negative impacts
associated with Stu2 plasmid expression were masked. Double TOG domain mutants 2KR and
2KQ displayed mild phenotypes relative to their single corresponding TOG domain mutants.
Lastly, when all three acetylation sites were mutated to arginine or glutamine, moderate
chromosome loss rates were observed. The moderate impacts of double TOG domains and
conserved severity of triple mutants indicates Stu2 acetylation may be finely tuned to carry out its
multiple roles for MT function. In addition, many of these trends were observed when we
performed related qualitative red sector counting assays to determine the impact of acetyl

mimetic mutations on chromosome segregation (Figure 11).

Stu2 acetylation regulates interactions with y-tubulin

In addition to its localization at kinetochores and at MT plus ends, Stu2 also functions at
the SPB (Wang & Huffaker, 1997). As Stu2 interacts with the y-TuSC, of which y-tubulin is an
integral part, and facilitates microtubule nucleation (Gunzelmann et al., 2018), we next asked
whether the acetylation state of Stu2 impacts its interactions with y-tubulin. To answer this, we
immunoprecipitated Stu2-HA from the 3KR and 3KQ triple mutants and probed for y-tubulin in
the precipitate. As shown in Figure 12a, y-tubulin co-precipitated with Stu2 possessing the triple
acetylation state mimetic Stu2-3KQ, but not the 3KR mutant. This suggests that acetylation

regulates the interaction of Stu2 with gamma tubulin.

Acetylation of Stu2 K469 may differentiate between B- and y-tubulin interactions.

To gain insight into the molecular basis for the enrichment of y-tubulin by the Stu2-3KQ
mutant, we aligned B- and y-tubulins from seven eukaryotes across evolution (Figure 13a &
b). It has long been recognized that these tubulins overall are highly conserved from fungi to

humans. The Rice laboratory previously showed that residues E158-D161 of p-tubulin interacts
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Figure 11 Qualitative chromosome loss assays indicated Stu2 acetylation sites impacted
chromosome distribution. (a) Chromosome loss was qualitatively assessed using a red phenotype
suppressing 125-kb SUP11 artificial chromosome (pRM11972/pJS2). (b) Colonies with STU2
plasmids (pRM2119) form red sectors less frequently than cells containing K252R plasmids
(pPRM11481). Yeast in this assay contained plasmids with STU2 (yRM12253), K252R
(YRM12261), K469R (YRM12301), K870R (yaRM12271), 2KR (yRM12266), 3KR (yRM12269),
K252Q (YRM12262), K469Q (YRM12260), K870Q (yRM12270), 2KQ (YRM12267), and 3KQ
(YRM12268) in a stu2D::HIS3 background, except for the WT-genomic control which had an
intact STU2 at its genetic locus and an empty vector instead of the STU2 on a plasmid
(yRM12300). (c) The total number of sectors counted was divided by the total number of colonies
present to determine chromosomal loss rates of mutants relative to WT controls.
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Figure 12 The acetyl-mimetic Stu2-3KQ mutant enriches y-tubulin better than WT-Stu2 and the
Stu2-3KR acetyl preventative mimetic. (a) Yeast expressing Stu2-HA (yRM12358), untagged
Stu2 (yRM12359), Stu2-3KR-HA (yRM12364), and Stu2-3KQ-HA (yRM12369) were
immunoprecipitated and western blotted for HA tagged Stu2 and y-tubulin (Tub4). To determine
uniform loading of y-tubulin protein and verify Bradford assays WCEs were western blotted for -

tubulin and Pgkl.
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with lysine 469 of Stu2 (Pelin Ayaz et al., 2014), denoted here as the EFPD loop. Based on this
work, we identified the analogous loop within y-tubulin as residues R166-K169, denoted here as
the RYPK loop. We hypothesize that this loop also docks with Stu2. To evaluate conservation of
K469 TOG?2 interactions with B- and y-tubulins, we aligned crystal structures of y-tubulin
(pdb:3CB2) with B-tubulin (pdb:4U3J) using Pymol (Figure 13c) (Ayaz et al., 2014; Rice,
Montabana, & Agard, 2008). Notably, the EFPD (beta-tubulin) and RYPK (y-tubulin) loops
display a significant difference in their charge. In the case of B-tubulins, the EFPD loop is acidic
with a net charge -2 and in the case of y-tubulins the RYPK loop is basic with net charge +2. We
speculate that if y-tubulin interacts with Stu2 as it does with B-tubulin, then the Stu2 interaction

with y-tubulin will be governed by the acetylation state of lysine 469.

While evaluating K469-TOG2 domain interactions with B- and y-tubulins, we observed
that the K469 side chain was not solved in the crystal structure. Using pymol, we reconstructed
the K469 side chain and while screening optimal rotamer confirmations determined it likely
forms salt bridges with B-tubulin E158 and D161 residues (Figure 14 f & g). We next paired the
TOG2 domain with reconstructed K469 side chains with electrostatic surface maps of - and y-
tubulins. Figure 13 panels d & e illustrate significant differences in the surface charges of the two
tubulins. Similarly to K469 found in TOG2 of Stu2, the side chain of K163 found in y-tubulin
was not solved. Subsequent pymol reconstruction of the y-tubulin K163 side chain provides a
more accurate representation of the region’s positively charged surface (Figure 13f). In addition,
it became evident that y-tubulin K163 may form additional contacts with T514 found on an
adjacent TOG2 a-helix that is absent in TOG2-af-tubulin heterodimer complexes. These
reconstructions provide an explanation for how K469Q Stu2 mutants bind y-tubulin better than
WT controls due to reduced electrostatic repulsion with the arginine and lysine residues found in

the y-tubulin RYPK loops. If our hypothesis is true, this model of tubulin selection through Stu2-
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Figure 13 Acetylation state of K469 may regulate
Stu2 interactions with y-tubulin. We evaluated
evolutionary conservation of eukaryotic (a) -
tubulin EFPD and (b) y-tubulin RYPK loops that
are responsible for tubulin interactions with Stu2
K469. (c) Structural alignments show similarities
between GTP bound B-tubulin EFPD (pdb:4U3J) § ~
and GDP bound y-tubulin RYPK (pdb:3CB2) ;
loops. Electrostatic charge maps illustrate
significant differences between the (d)
electronegative pB-tubulin EFPD loop (pdb:4U3J)
and the (e) electropositive GCP2/Spc97 bound vy-
tubulin RYPK loop in a closed confirmation y-
TuSC (pdb:5FLZ). To more accurately portray the
positively charged surface of y-TuSC imbedded y-
tubulin, an electrostatic surface map was generated
following (f) y-tubulin K163 side chain
reconstruction.

modeled y-tubulin

98



d

modeled K469Q

a

original K469
pdb: 4u3j

b
modeled K469

(1)

modeled
AcK469

c f g
modeled K469 |
modeled K469R interactions with
E158M

g |

modeled K469 %

interactions with
D161

TOG2
[I—_| :
B-tubulin E158

@ﬁ F159 ﬁ

Figure 14 The side chain of K469 was not solved in crystal structures between TOG2 and
tubulin heterodimer in pdb: 4U3J (a). Here we modeled K469 using pymol to investigate how
K469 may interact with B-tubulin. The TOG2 K469 side chain is reconstructed in panel b. We
modeled side chains for the (¢) K to R acetylation prevention mutation, the (d) K to Q acetylation
mimetic mutation, and (e) acetylated K469. K469 rotamer confirmations were evaluated to mimic
the residue interactions with (f) E158 and (g) D161.
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TOG?2 acetylation should have wide implications for TOG domain interactions with tubulins

across the evolutionary spectrum.

Acetylation of K252 may regulate Stu2’s intra TOG domain linker

To determine how the K252Q mutation might result in changes within the structure of
Stu2, we submitted the Stu2-K252Q sequence to I-TASSER for modeling. Compared to WT-
Stu2 (Figure 15c¢), the K252Q single mutation resulted in a reduction in stability of two nearby
alpha-helices (Figure 15d marked with asterisks). As shown in Figure 11d, we noted that the
K252Q single mutation resulted in a predicted alteration in two alpha helices. The Q252 is
predicted to no longer be salt bridged to D293. If this model is correct, acetylation at K252
should also no longer salt bridge to D293. The resulting loss in structure would result in
additional flexibility of the molecule to allow it to interact more freely with tubulins by removing

the stress imposed by overlapping tubulin regions displayed in Figure 15b.

DISCUSSION

In this work, we identified multiple acetylation sites on the microtubule polymerase Stu2.
Acetylated residues coincide with domains responsible for Stu2 interactions with tubulin and
other MAPs. Because of Stu2 functions at the kinetochore, we tested the impact of acetylation
sites on microtubule polymerization and chromosome segregation. And as a result of recent
findings implicating Stu2 in MT nucleation at y-TuSCs (Gunzelmann et al., 2018) and XMAP215
from X. laevis in MT nucleation at y-TUuRCs (Thawani et al., 2018), we investigated the role of

acetylation states on y-tubulin interactions.

We speculate that multiple aspects of Stu2 functions are regulated through acetylation.
Chromosome loss assays demonstrated lysine 252 acetylation is important for faithful segregation

of chromosomes. We also observed significant increases in cell binucleation when cells
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Figure 15 Stu2 lysine 252 acetylation may regulate intra-helical salt bridges between TOG1 and
TOG2 domains. (a) Lysine 252 lies at the c-terminal end of TOG1. (b) TOG!1/af-tubulin
heterodimer complexes (pdb:4FFB) and TOG2/af3-tubulin heterodimer complexes (pdb:4U3J)
alignments to an I-TASSER modeled Stu2 structure reveals af-tubulin heterodimer overlap. |-
TASSER modeling of WT-Stu2 (c) and Stu2-K252Q (d) demonstrated K252 drives salt bridge
formation with D289 and D293 to confer stability to the intra-TOG domain linker region by
stabilizing a-helices.
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possessed only acetylated lysine 252. Meaning the cell simultaneously needs both acetylated and

non-acetylated K252.

Several of our assays demonstrated antagonistic roles for K469 and K870 acetylation. A
mixture of acetylation states at lysine 469 proved just as important if not more so than the TOG1
site. In addition to its role in chromosome segregation, acetylation of lysine 469 also granted
cells significant resistance to the microtubule depolymerization drug benomyl as a sole copy.
This trend of microtubule resistance is even faintly detectable in the presence of a wild type STU2
genetic locus. Cells possessing only Stu2 acetylated at K469 displayed more multi-budded cells
than most other strains despite its propensity for polymerization. Additionally, surface charge
maps of - and y-tubulins indicate a possible role in Stu2-K469 acetylation in tubulin recognition

which is supported by y-tubulin enrichment by our fully acetylated representative Stu2 strain.

Acetylation of lysine 870 appeared to cause more complex phenotypes. This is likely due
to the proximity to the MAP binding domain. Acetylation of K870 appeared to increases
chromosome instability in the chromosome loss assay, and also compromised basal benomyl
resistances conferred to virtually every other acetyl mutant in the benomyl resistance screen.
However, mitotic defect screens in microscopy experiments implicated that acetylated and non-
acetylated K870 is important for mitosis. Interestingly, in our benomyl microtubule
depolymerization assays, the acetylation state of K870 “overwrites” phenotypic states conferred
by TOG domain acetylation sites. This may indicate that while TOG1 and TOG2 directly
regulate Stu2’s role in microtubule polymerization, other functions of Stu2 are directly regulated

through the MAP binding domain acetylation state.

Acetylation sites in different domains regulate Stu2 through different mechanisms
K469 and K870 each lie in well characterized domains. K469 lies in a well characterized

binding interface where Stu2 forms salt bridges with tubulin heterodimers. The corresponding
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lysine in TOG1, lysine 151, forms interactions with B-tubulin, similarly to K469 in TOG2 (Ayaz
etal.,, 2014; Ayaz et al., 2012). Like K469, lysine 151 is evolutionarily conserved. The -
ammonium group of K151 forms a salt bridge with the carbonyl oxygen of E158 in B-tubulin and
given the conserved position of these amino acids, K469 likely forms salt bridges with B-tubulin
in the same way (Figure 16) (Ayaz et al., 2012, 2014). Therefore, we speculate that acetylation
may also regulate K151 found in TOG1 in addition to K469 found in TOG2. This potentiality is
consistent with our findings (Figure 2) that all of Stu2’s acetylation sites have not yet been

identified. Additional work in this area is ongoing.

Stu2 mutations that impaired TOG interactions with ap-tubulin heterodimers have thus
far only been reported to cause benomyl sensitivity and lead to significant reductions of mitotic
spindle lengths (Al-Bassam et al., 2007; Ayaz et al., 2012). Our data showed that when lysine
469 was mutated to glutamine, cells resisted benomyl induced MT stress, indicating that they are
likely to display a more robust capacity for microtubule polymerization. The K469 analog
present in TOG1, K151 was also shown to reduce interactions between Stu2 and tubulin (Al-
Bassam et al., 2007). While we never detected K151 acetylation, potential AcK151 peptides
generated through trypsin digestion of Stu2 would either be too small or too large to produce

reliable spectra.

Previous work demonstrated the importance of Stu2 MAP binding domains for
interactions with Ndc80 and subsequent localization to the kinetochore (Humphrey et al., 2018;
Miller et al., 2019). Since Bik1, Bim1, and Spc72 also rely on the MAP binding domain for Stu2
interactions, K870 acetylation may serve as a molecular switch to facilitate molecular specificity
among them. We speculate that benomy! resistance observed in our K870R mutants (Figure 7)
indicate that non-acetylated Stu2 more readily interacts with microtubule associated proteins that
stabilize the microtubule plus end such as Bik1 or Bim1. Spc72 on the other hand, another Stu2

binding partner, localizes to the minus end of MTs as a component of the spindle pole body and
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Figure 16 Analogous K151 and K469 residues interact with the same random coil residues of -
tubulin (a) TOG2 K469 and the analogous K151 present on TOGL1 are super-imposed to show
similar propensities for B-tubulin salt bridge formation. Clustal protein alignments show that
K151 is conserved amongst eukaryotic organisms like the acetylated K469 residue. Two separate
alignments show members across the eukarya domain (b) and fungi alone (c).
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might not facilitate increases in microtubule polymerization. Therefore, it is possible that K870

acetylation states specify the kinetochore, cytoplasmic, and spindle pole body pools of Stu2.

Relative to K469 and K870, the function of K252 acetylation is somewhat
elusive. Existing structures indicate that while K252 is solvent exposed, it is far removed from
the tubulin binding surface. Because K252 is positioned between TOG1 and TOG2 domains, it is
possible it plays a role in the polarized unfurling MT polymerase cycle model proposed by the
Al-Bassam lab (Nithianantham et al., 2018). As an addition to this model, K252 may eliminate
salt-bridges to facilitate elongation of the intra-TOG domain linker region in microtubule

polymerases.

The observation that non-acetylatable Stu2 lost interactions with SUMO implies that Stu2
acetylation promotes interactions with SUMO. While one might speculate that this could have
resulted from the activation of latent SIMs containing lysine residues, this seems unlikely as none
of the acetylated lysines reside within consensus (I/L/V) X (I/L/V) (I/L/V) SIM motifs (Figure 4)

(Song et al., 2004).

Furthermore, while phosphorylation has been shown to regulate SIMs (Anamika &
Spyracopoulos, 2016; Chang et al., 2011), acetylation has never been implicated in promoting
SIM activity. Whereas the findings reported here are the first to indicate that this non-covalent
binding to sumo is likely to be regulated by acetylation, it remains to be determined whether this
occurs directly through modulating the SIM motif, either allosterically or via conformational
induced changes that exposed SIM binding motifs. Acetylation was previously shown to repress
SIM interactions in humans. SUMO1 and SUMO?2 acetylation reduces SUMO recognition of
SIMs by reducing SUMO affinity for acidic residues that characteristically flank SIMs (Ullmann

etal., 2012).
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In this work, we describe novel mechanisms for Stu2 regulation through acetylation
pathways. As the expression status of Tumor Over expressed Gene protein is important in cancer
prognosis (Yu et al., 2016), future work is necessary to determine how the acetylation state of
other XMAP215 family members correlate with disease states. Acetylation state mutants of
XMAP215 family members will prove powerful tools in ongoing efforts to understand how
acetylation of the XMAP215 family protein Stu2 regulates microtubule structure and function.
This work reveals that Stu2’s various acetylation states cause profound changes in the
microtubule associated protein’s functionality as evidenced by benomyl sensitivity and
chromosome loss assays. These results strongly support the idea that acetylation states of
multiple lysine residues coordinate Stu2 activities between the spindle pole body and the

kinetochore.

MATERIALS AND METHODS:

Detection of AcK-Stu2 bands

The lysine deacetylase inhibitor Trichostatin A (TSA) was used to preserve Stu2
acetylation for detection with subsequent western blot experiments. Yeast cells were grown as
previously described to ODsoo Values of 0.3 and treated with a final concentration of 200 ng/mL
TSA in DMSO or DMSO solvent controls for 2 hours at 30 °C. Following TSA treatments, cells
were harvested, cryo-milled, and clarified as previously described (Greenlee et al., 2018). Protein
concentration was determined by Bradford assay using a BSA standard curve. Extracts
containing 91 mgs of whole cell protein with Stu2-HA (yRM12358), untagged Stu?2
(YRM12359), Stu2-3KR-HA (yRM12364), or Stu2-3KQ-HA (yRM12369), as described in Table
3, were incubated with anti-HA mag beads, washed, and eluted with 100 uL of 2.5x laemmli

sample buffer and boiled for 5 min. 20% of each sample was resolved by SDS-PAGE gels and
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Table 3

Yeast strains used in this study

Yeast
Strains Genotype/comments Source
yRM10637 MATa h133§ leu2A met15A ura34A [pRM2119 = pSTU2-STU2-3xHA CEN6 ARSH4 (Greenlee et al.)
LEU2 AmpR]
YRM10641  MATa his3A leu2A met15A ura34A [pRM2200 = LEU2 CEN6 ARSH4 AmpR] (Greenlee et al.)
yRM11105/ MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ADE?2 his3-A200/his3-A200 leu2- (P.J. Wang &
CUY1046 3,112/leu2-3,112 ura3-52/ura3-52 Huffaker, 1997)
MATa STUZ2 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM2119 = pSTU2-STU2- .
YRML1407 5 1iA CEN6 ARSH4 LEU2 AmpFR] This study
MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM2119 = pSTU2- .
YRM11408  o1iy5.3xHA CENG ARSH4 LEU2 AmpF] This study
, (Kroll, Hyland,
yRM11971/ MATa his3-A200 leu2-A1 lys2-801 ura3-52 ade2-101 CFlIl (CEN3.L) URA3 SUP11 ; .
Hieter, & Li,
YCTF58 ctf19-58
1996)
YRM11988 MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2- This study

3,112/leu2-3,112 ura3-52/ura3-52

Chromosome loss strains
Chromosome loss strains possess a 125-kb pJS2/pRM11972 induced chromosome fragment: CFIIl - SUP11 URA3+
CENG6 D8B Y’ amp' (Figure S3).

yRM12012

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll

This study

yRM12233

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM2119 = pSTU2-STU2-3xHA
CEN6 ARSH4 LEU2 AmpR]

This study

yRM12234

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu?2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM2200 = LEU2 CEN6 ARSH4
AmpF]

This study

yRM12239

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11249 = pSTU2-STU2-K469R-
3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study

yRM12240

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11254 = pSTU2-STU2-K469Q-
3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study

yRM12241

MATa/MATa STUZ2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11481 = pSTU2-STU2-K252R-
3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study

yRM12242

MATa/MATa STUZ2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11482 = pSTU2-STU2-K252Q-
3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study

yRM12247

MATa/MATa STUZ2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11966 = pSTU2-STU2-
K252R,K469R-3xHA LEU2 YCP AmpR]

This study

yRM12248

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [p)RM11969 = pSTU2-STU2-
K252,469Q-3xHA LEU2+ CEN6 ARSH4 LEU2 AmpFR]

This study

yRM12249

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11974 = pSTU2-STU2-
K252,469,870Q-3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study

yRM12250

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM11976 = pSTU2-STU2-
K252,469,870R-3xHA LEU2+ CEN6 ARSH4 LEU2 AmpR]

This study
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yRM12251

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM12015 = pSTU2-STU2-K870Q-
3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12252

MATa/MATa STU2/stu2-A1::HIS3 ade2-101/ade2-101 his3-A200/his3-A200 leu2-
3,112/leu2-3,112 ura3-52/ura3-52 Chrlll/Chrlll [pRM12016 = pSTU2-STU2-K870R-
3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12253

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM2119 = pSTU2-
STU2-3xHA CEN6 ARSH4 LEU2 Amp]

This study

yRM12260

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11254 = pSTU2-
STU2-K469Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12261

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11481 = pSTU2-
STU2-K252R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12262

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11482 = pSTU2-
STU2-K252Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12266

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11966 = pSTU2-
STU2-K252R,K469R-3xHA LEU2 YCP Ampr]

This study

yRM12267

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11969 = pSTU2-
STU2-K252,469Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12268

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11974 = pSTU2-
STU2-K252,469,870Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampf]

This study

yRM12269

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11976 = pSTU2-
STU2-K252,469,870R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12270

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM12015 = pSTU2-
STU2-K870Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12271

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM12016 = pSTU2-
STU2-K870R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

yRM12300

MATa STUZ2 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM2200 = LEU2 CEN6
ARSH4 Ampr]

This study

yRM12301

MATa stu2-A1::HIS3 ade2-101 his3-A200 leu2-3,112 ura3-52 [pRM11249 = pSTU2-
STU2-K469R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr]

This study

Plasmid shuffle strains

yRM12337

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Ampr] [pPRM2119 = pSTU2-STU2-3xHA CEN6 ARSH4
LEU2 Ampr]

This study

yRM12338

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Amp+] [pRM2200 = LEU2 CEN6 ARSH4 Ampr]

This study

yRM12340

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Ampr] [pPRM11481 = pSTU2-STU2-K252R-3xHA LEU2+
CEN6 ARSH4 LEU2 Ampr]

This study

yRM12341

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Ampr] [pPRM11249 = pSTU2-STU2-K469R-3xHA LEU2+
CEN6 ARSH4 LEU2 Ampd]

This study

yRM12342

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Amp+] [pPRM12016 = pSTU2-STU2-K870R-3xHA LEU2+
CEN6 ARSH4 LEU2 Ampd]

This study

yRM12343

MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-
STU2-HA CEN/ARS URA3 Ampr] [pPRM11966 = pSTU2-STU2-K252,469R-3xHA
LEU2+ CEN6 ARSH4 LEU2 Amp7]

This study
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MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pRM10693 = pSTU2-

yRM12344  STU2-HA CEN/ARS URA3 Ampr] [PRM11976 = pSTU2-STU2-K252,469,870R-3xHA  This study
LEU2+ CEN6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [p)RM10693 = pSTU2-
yRM12345 STU2-HA CEN/ARS URA3 Ampr] [PRM11482 = pSTU2-STU2-K252Q-3xHA LEU2+  This study
CENG6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [p)RM10693 = pSTU2-
yRM12346 STU2-HA CEN/ARS URA3 Ampr] [PRM11254 = pSTU2-STU2-K469Q-3xHA LEU2+  This study
CENG6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [p)RM10693 = pSTU2-
yRM12347 STU2-HA CEN/ARS URA3 Ampr] [PRM12015 = pSTU2-STU2-K870Q-3xHA LEU2+  This study
CENG6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [p)RM10693 = pSTU2-
yRM12348 STU2-HA CEN/ARS URA3 Amp+] [PRM11969 = pSTU2-STU2-K252,469Q-3xHA This study
LEU2+ CEN6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-3,112 his3-A200 [pPRM10693 = pSTU2-
yRM12349  STU2-HA CEN/ARS URA3 Ampr] [PRM11974 = pSTU2-STU2-K252,469,870Q-3xHA  This study
LEU2+ CEN6 ARSH4 LEU2 Ampr]
Plasmid shuffle strains without URA3+ phenotypic masking plasmids
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM2119 = pSTU2-STU2- .
YRMI2358 o, 1A | EU2+ CEN6 ARSH4 LEU2 Ampr] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM6507 = pSTU2-STU2 .
YRMI2359 | Fyo+ CENG ARSH4 LEU2 Ampr] This study
yRM MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11481 = pSTU2-
12360 STU2-K252R LEU2+ CEN6 ARSH4 LEU2 Ampr]
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11249 = pSTU2- .
YRMI2361  o1i)5.K469R-3xHA LEU2+ CEN6 ARSH4 LEU2 Amp] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM12016 = pSTU2- .
YRM12362  511)5.K870R-3xHA LEU2+ CEN6 ARSH4 LEU2 Amp] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11966 = pSTU2- .
YRMI2363  g11)5.K252,469R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11976 = pSTU2- .
YRMI12364  512.k252,469,870R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampr This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11482 = pSTU2- .
YRMI2365  g1y5.K2520Q-3xHA LEU2+ CENG ARSH4 LEU2 Amp'] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11254 = pSTU2- .
YRM12366 51155 K4690Q-3xHA LEU2+ CENG ARSH4 LEU2 Amp'] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM12015 = pSTU2- .
YRM12367  51145.K870Q-3xHA LEU2+ CENG ARSH4 LEU2 Amp(] This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11969 = pSTU2- .
YRMI2368  o11)5.K252,469Q-3xHA LEU2+ CEN6 ARSH4 LEU2 Amp This study
MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11974 = pSTU2- .
YRMI2369  g1iy2.k252,469,870Q-3xHA LEU2+ CENG ARSH4 LEU2 Ampr] This study
YRM12419 MATa stu2-A1::HIS3 ADE2 ura3-52 leu2-5,112 his3-A200 [pRM11481 = pSTU2- This study

STU2-K252R-3xHA LEU2+ CEN6 ARSH4 LEU2 Ampf]
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Table 4  Plasmids used in this study.

Bacterial Strains Genotype/comments Source
) ) . (P.J.Wang &
pRM2119/pWP70 pSTU2-STU2-3xHA CEN6 ARSH4 LEU2 Amp Huffaker, 1997)
pRM2200/pRS415 LEU2 CEN6 ARSH4 Amp- g‘gg{s"' & Hieter,
) ) . (P.J. Wang &
pRM6507/pWP45 pSTU2-STU2-No Tag CEN6 ARSH4 LEU2 Amp! Huffaker, 1997)
pRM10693/ ) ) . A gift from Tim
pCUB1179 pSTU2-STU2-HA CEN/ARS URA3 Amp Huffaker
pRM10762 SUMO-S2A-GST Ampr This study
PRM11249 2?;)[:2-Stu2-K469R-3XHA LEU2+ CEN6 ARSH4 LEU2 This study
PRM11254 2?;)[:2-8tu2-K469Q-3XHA LEU2+ CEN6 ARSH4 LEU2 This study
pPRM11481 '[an'l;)tJZ-StUZ-K252R-3XHA LEU2+ CEN6 ARSH4 LEU2 This study
PRM11482 2\%‘;[32-8tu2-K252Q-3XHA LEU2+ CEN6 ARSH4 LEU2 This study
pRM11485 GST Ampr (Greenlee et al.)
pRM11628 5X-SUMO-GST Ampr This study
pSTU2-Stu2-K252,469R-3xHA LEU2+ CEN6 ARSH4 .
pRM11966 LEU2 Amp* This study
pSTU2-Stu2-K252,469Q-3xHA LEU2+ CEN6 ARSH4 .
PRM11969 LEU2 Amp This study
pSTU2-Stu2-K252,469,870Q-3xHA LEU2+ CEN6 .
PRM11974 ARSH4 LEU2 Ampr This study
pSTU2-Stu2-K252,469,870R-3xHA LEU2+ CEN6 .
pRM11976 ARSH4 LEU2 Ampr This study
pPRM12015 2\%‘;[32-8tu2-K870Q-3XHA LEU2+ CEN6 ARSH4 LEU2 This study
PRM12016 K?n'l;)l:Z-StUZ-K87OR-3xHA LEU2+ CEN6 ARSH4 LEU2 This study
PRM11972/ pJS2 SUP11 URA3+ CENG6 D8B Y’ Amp-. linearized with Notl (Shero et al., 1991)
or EcoRl to integrate
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transferred to nitrocellulose membranes for immunoblotting with anti-HA (Santa Cruz, clone F-7)

to detect Stu2 or anti-AcK (Genetex, Acetyl Lysine antibody clone 1C6) to detect acetylation.

Detection of Stu2 acetyl-lysines using mass spectrometry.

Yeast cells containing Stu2-HA (yRM10637) or a vector control (yYRM10641) were
grown to mid-log and disrupted using cryo-milling as described in Greenlee et. al., 2018. 75 mgs
of logarithmic Extracts in 1x PBS containing 0.1% Tween were incubated with anti-HA magnetic
beads for 1 hour at 4 °C and washed 3 times with 1x PBS containing 0.1% Tween. To elute, pull-
downs were boiled in 100 uL of 2.5X sample buffer for 5 minutes. Proteins were resolved on
10% SDS PAGE until 50 kDa markers were run off the gel to ensure optimal band
separation. The SDS-PAGE gel was then fixed in 50% methanol, 10% acetic acid for 1 hour and
stained for 15 minutes using Coomassie blue. To confirm the presence of Stu2 in bands, a small
amount of each pull-down was run on SDS-PAGE and transferred to a nitrocellulose membrane
and blocked overnight in 0.1% I-block reagent (Applied Biosystems, Bedford, MA) dissolved in
PBS containing 0.1% Tween. The Membrane was immunoblotted with mouse anti-HA to
identify HA tagged Stu2. SDS PAGE bands containing Stu2 were cut from the gel, extracted

with acetonitrile, and digested with trypsin in 2M Urea.

Peptides from the digested samples were dissolved in 0.1% aqueous formic acid, and
injected onto a 0.075 x 400 mm nano HPLC column packed with 3-um Magic AQ C18 particles.
Peptides were separated using a 120-min gradient of 3-30% acetonitrile/0.1%formic acid and
eluted through a stainless-steel emitter for ionization in a Proxeon ion source. Peptide ions were
analyzed by a high/high mass accuracy approach. Parent ions were measured using the Orbitrap
sector of a Fusion mass spectrometer (Thermo), followed by data-dependent quadrupole selection

of individual precursors and fragmentation in both the ion trap (CID at 35% energy) and in the
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HCD cell (25% or 35% energy). Lastly, fragmented ions were measured again in the Orbitrap

sector at 30,000 resolution.

Raw mass spectra files were converted to .mgf files using msconvert from Proteowizard
(Chambers et al., 2012). SearchGUI was then used to analyze .mgf files with the proteomics
search engines Comet, MS Amanda, MS-GF+, MyriMatch, OMSSA, and X!Tandem
simultaneously (Barsnes & Vaudel, 2018). Fixed modifications in the searches included
methionine oxidation, cysteine carbamidomethylation, and lysine carbamylation and variable
modifications included lysine and N-terminal acetylation and phosphorylation of serine,
threonine, and tyrosine. All searches omitted matches outside of a +/- 10 ppm mass accuracy
window. SearchGUI outputs were then combined using PeptideShaker to compare peptide

identifications from each independent search engine.

Stu2 structure prediction and residue conservation analysis

The structural prediction of Stu2 was generated with I-TASSER (Yang et al., 2015) (Roy,
Kucukural, & Zhang, 2010; Zhang, 2008) using the full Stu2 sequence as a template
(uniprot:P46675, SGD:S000004035). To determine the impact of K252Q mutations on Stu2
structure, the full amino acid sequence was submitted to I-TASSER with the lysine 252 to

glutamine amino acid substitution.

To determine amino acid conservation of acetyl lysines, we compiled a list of 28
XMAP215 family MT polymerases from 27 different organisms of ranging cellular complexity
across Eukarya including: S. cerevisiae (P46675), M. sympodialis (AOA1M8AGUS), D.
discoideum (Q1ZXQ8), P. pallidum (D3BU59), A. deanei (S9W6U7), P. marinus (C5LPCO0), C.
elegans (G5EEMS5), T. conorhini (AOA3R7L718), E. multilocularis (AOA087W255), A. thaliana
(Q94FN2), S. scitamineum (AOAOF7S5S5), O. sativa subsp. Japonica (Q5N749), P. humanus

subsp. Corporis (EOVU40), A. darlingi (W5J5U5), A. aegypti (AOA1S4FBNS3), D. melanogaster
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(Q9VEZ3), X. laevis (QIPT63), M. musculus (A2AGT5), H. sapiens (Q14008), S. pombe
(Q94534, Q09933), A. gossypii (Q75CQ1), P. antarctica (AOA081CMBY), G. candidum
(AOA0J9XCS4), C. albicans (AOA1D8PTZ8), C. glabrata (AOAOWOD3T8), E. nidulans
(Q5B1Q9), and U. maydis (AOAOD1CAT73). These MT polymerases were grouped as either
fungal organisms or broadly as eukaryotes and aligned using Clustal Omega (Sievers & Higgins,

2018).

Conservation analysis of - and y-tubulins was carried out using Clustal Omega as
previously described using -tubulins from S. cerevisiae (P02557), C. elegans (P12456), A.
thaliana (P12411), D. melanogaster (Q24560), X. tropicalis (Q6GLE7), M. musculus (A2AQ07),
and H. sapiens (P07437) and y-tubulins from S. cerevisiae (P53378), C. elegans (P34475), A.
thaliana (P38557), D. melanogaster (P23257), X. tropicalis (P23330), M. musculus (P83887),

and H. sapiens (P23258).

Structural modeling of B- and y-tubulin interactions with the Stu2 TOG2 domain

Pymol was used to visualize atomic coordinate data from the following pdb files;
TOG/GTP B-tubulin complex: 4u3j, GDP B-tubulin polymerized in MTs: 5w3f, and GDP
hydrolyzed y-tubulin: 3cb2. We used the ColorByRMSD Python Module (Shandilya, Vertrees, &
T., 2016) to align and color code positional conservation for a small highly structured region of j3-
and y-tubulins that includes the K469 interacting residues (B-EFPD/y-RYPK) and the GTP
hydrolyzing E-site (exchange site) (Ayaz et al., 2014; Howes et al., 2017; Rice, Montabana, &

Agard, 2008).

Complementation of STU2 deletion

5 mL cultures of yeast containing a phenotype masking URA3+ plasmid expressing STU2
(pPRM10693) and a LEU2+ plasmids expressing STU2 (yRM12337), vector (yYRM12338), K252R

(YRM12340), K469R (YRM2341), K870R (YRM12342), 2KR (yRM12343), 3KR (YRM12344),
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K252Q (yRM12345), K469Q (yRM12346), K870Q (YRM12347), 2KQ (YRM12348), and 3KQ
(YRM12349) were grown overnight. ODego Values were determined for each culture and
normalized to 0.100 each. Normalized cultures were further diluted in 96 well plates to prepare
0.100, 0.055, and 0.010 dilutions. 96 well plates were used to frog synthetic deficient media
lacking histidine, leucine, and uracil to confirm equal loading of cells. 5-FOA plates lacking
leucine were used to test functionality of Stu2 mutants by depleting URA3+ plasmid expressed
STU2. Vector controls in plates containing 5-FOA demonstrated complete removal of URA3+

plasmid amongst actively growing cells.

Benomyl resistance of Stu2 mutants

Cultures of yeast containing STU2 (YRM12358), K252R (yRM12360), K469R (12361),
K870R (12362), 2KR (yRM12363), 3KR (YRM12364), K252Q (yRM12365), K469Q
(YRM12366), K870Q (yRM12367), 2KQ (YRM12368), or 3KQ (YRM12369) were normalized to
ODseoo Values of 0.100 and diluted as described above. Cells were transferred to leucine deficient
media to confirm equal loading and plates lacking histidine, leucine, and uracil to confirm the
absence of the URA3+ WT-STU2 plasmid. To test mutant Stu2 resistance to microtubule stress,
cells were transferred to DMSO, DMSO + 10 pg/mL of benomyl, and 20 pg/mL of benomyl and
grown at 23, 30, and 37 °C. Stu2 acetyl-lysine mutants were also tested on benomyl ina WT
background using a pSTU2-STU2 URA3+ plasmid to detect whether observed phenotypes are

dominant.

5x-SUMO-GST construction

A chain of five tandem SUMO proteins attached to GST was engineered and expressed in
bacteria as follows. An initial full length SUMO was followed by four subsequent truncated
SUMOs consisting of amino acids 11-98. This construct approximated a K11 chain of SUMO

(Ulrich, 2008). Glycine 98 was fused in-frame with the amino-terminus of GST, preventing
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conjugation to substrate proteins. To prevent the formation of adverse secondary structure
associated with repeating SMT3 genes that can complicate cloning, we randomized the codons
coding for SUMOs while preserving amino acid sequence and composition of SUMO. This
codon randomization was carried out using the Python program, NulSeq (Liu, Hockenberry,
Lancichinetti, Jewett, & Amaral, 2016). The randomized codons were additionally processed
using Integrated DNA Technologies’ codon optimization tool using E. coli codon

preferences. Because of the number of tandem repeats, this process was repeated two additional
times to generate a suitable gene. A gene block of this construct was ordered (see Figure 17,
gBlocks, Integrated DNA Technologies, Coralville, IA). The vector backbone used for this
construct was gel purified from pRM10762 following restriction digest with Ncol and

Mscl. Ncol and Mscl digested 5x-SUMO was ligated into the pRM10762 backbone in frame at
the amino-terminus of the GST gene to create the 5x-SUMO-GST construct, pPRM11577. Its
identity was confirmed by sequencing. For inducible protein expression, pPRM11577 was
transformed into BL21-Gold(DE3) (Agilent Technologies, Santa Clara, CA) (pPRM10694) to

produce pRM11628.

Stu2 enrichment with 5x-SUMO-GST columns

Noncovalent SUMO affinity columns were prepared as follows. Bacterial cells
expressing GST (pRM11485), GST-SUMO-GA (pRM11487), or 5x-SUMO-GST (pRM11628)
were lysed in PBS containing 0.1% Triton, 1 mg/mL lysozyme, 10 pg/mL DNasel, 40 mM 2-
lodoacetamide (2-1AA), 20 mM N-Ethylmaleimide (NEM), 1:500 dilution of Sigma PIC
(#P8849), and 1 mM PMSF at 4 degrees while rotating approximately 15 times per minute for 2
hours. To clarify, extracts were centrifuged at 13,000 RPM for 30 minutes at 4 °C. Glutathione
agarose beads (Pierce, Rockford, IL) were equilibrated in PBS containing 0.1% Triton. Clarified
extracts were incubated with 32 uL/column of equilibrated glutathione agarose beads at 4 degrees

while rotating approximately 15 times per minute for 2 hours. Resins were then washed twice
115



5x-SUMO-GST gene block sequence

Ncol Restriction Endonuclease site - CCATGG

TATCTAGTACCATGGCGGACTCAGAAGTCAATCAAGAAGCTAAGCCCGAAGTCAAGCCTGAGGTTA
AACCAGAAACACATATTAACTTAAAAGTCAGCGATGGGAGCTCTGAGATTTTCTTCAAAATCAAGA
AAACCACACCCTTGCGTCGCTTAATGGAAGCATTCGCCAAACGCCAAGGAAAGGAAATGGATTCTT
TACGTTTTCTGTACGATGGTATCCGTATCCAAGCAGATCAAACCCCAGAGGATTTAGACATGGAAG
ACAACGACATCATCGAAGCCCACCGTGAGCAGATCGGAGGGAAACCTGAGGTCAAACCGGAAGTCA
AGCCCGAGACCCACATCAACCTTAAAGTCAGTGATGGCAGCAGTGAAATCTTCTTTAAGATTAAGA
AAACTACGCCTCTGCGCCGTTTGATGGAGGCATTCGCCAAGCGTCAGGGAAAAGAGATGGACTCAC
TGCGCTTCCTGTACGACGGGATTCGTATTCAAGCGGATCAGACACCTGAGGACCTGGACATGGAGG
ACAACGACATCATTGAAGCGCACCGCGAACAGATCGGTGGGAAGCCCGAAGTGAAGCCAGAAGTGA
AACCTGAAACTCATATTAATCTTAAGGTCTCAGATGGATCGAGTGAAATTTTTTTCAAAATTAAAA
AGACTACACCCTTGCGTCGTCTGATGGAAGCATTTGCGAAACGCCAAGGCAAGGAGATGGACTCTT
TACGCTTTTTATATGATGGAATTCGTATCCAAGCTGACCAAACACCAGAGGACTTAGATATGGAAG
ACAACGATATTATTGAGGCCCACCGCGAACAAATTGGCGGAAAGCCTGAAGTTAAACCCGAGGTAA
AGCCGGAGACGCACATCAACCTGAAGGTTTCGGATGGTAGCAGCGAAATCTTCTTCAAGATCAAAA
AAACTACTCCTCTTCGCCGTCTTATGGAAGCCTTCGCAAAACGTCAAGGTAAGGAGATGGACAGTC
TTCGTTTTTTATATGATGGAATCCGTATCCAGGCCGATCAAACACCTGAGGATTTAGACATGGAGG
ATAATGACATCATTGAAGCACATCGCGAACAAATTGGGGGGAAACCTGAGGTTAAACCTGAGGTTA
AGCCTGAGACACACATCAACTTGAAGGTGTCGGACGGATCATCCGAGATTTTTTTCAAGATCAAGA
AGACTACCCCGCTGCGCCGCCTGATGGAGGCCTTCGCGAAACGCCAGGGAAAGGAGATGGACAGTT
TACGTTTTTTGTACGATGGCATTCGTATCCAAGCAGACCAGACACCAGAGGATCTGGACATGGAAG
ACAACGATATCATTGAGGCACATCGTGAGCAGATCGGTGGCCTTGAAGGTGGCCCCGTGTTTATGT
CCCCAATCCTTGGTTACTGGAAGATTAAGGGGCTTGTGCAGCCTACCCGTTTATTGTTAGAGTACC
TGGAGGAGAAGTACGAAGAGCATTTGTACGAACGCGATGAGGGCGACAAATGGCGCAACAAGAAGT
TTGAGCTGGGGCTGGAATTTCCTAACCTTCCCTATTACATCGATGGGGATGTCAAGTTAACCCAGA
GTATGGCCAGGATACATT

MscIl Restriction Endonuclease site - TGGCCA

ORF - 5x-SUMO for ligation into GST backbone.

Restriction sites

CUTTING NUCLEOTIDES 5’ (TATCTAGTA) 3’ (GGATACATT)

Figure 17 The complete gene block sequence of the K11 5X-SUMO-GST construct. Restriction
sites Ncol 5° and Mscl 3’ are underlined and cutting nucleotides were included to facilitate
digestion by restriction endonucleases.
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with 50 column volumes of PBS containing 0.1% Triton. Resins were then divided evenly

amongst 1.7 mL eppendorf tubes to be used in subsequent pull-downs.

To prepare yeast whole-cell extracts, cells expressing Stu2-HA (yRM12358),
Stu2-No Tag (YRM12359), Stu2-K252R-HA (yRM12419), Stu2-K469R-HA
(yRM12361), Stu2-K870R-HA (YRM12362), Stu2-2KR-HA (YRM12363), Stu2-3KR-
HA (YRM12364), Stu2-K252Q-HA (YRM12365), Stu2-K469Q-HA (YRM12366), Stu2-
K870Q-HA (yRM12367), Stu2-2KQ-HA (yRM12368), or Stu2-3KQ-HA (yRM12369)
were grown overnight to saturation. Cells were collected by centrifugation at 30 °C for 5
minutes, transferred to pre-weighed 50 mL tubes, and immediately flash frozen in liquid
nitrogen. A 4x protease inhibitor cocktail cap consisting of 0.1% Triton PBS, 160 mM 2-
IAA, 80 mM NEM, 1:125 dilution of Sigma PIC, and 4 mM PMSF equal to one-third the
pellets mass was then pipetted on-top of the yeast pellet and flash frozen. Yeast cell
pellets were cryomilled in liquid nitrogen. To clarify, cryomilled powder was
resuspended to a final volume of 7-8 mLs in 15 mL falcon tubes and centrifuged at 3000
RPM for 3 minutes. Supernatant from the pre-clarification was then transferred to 1.7

mL eppendorf tubes and centrifuged for 25 minutes at 14,000 RPM.

Protein concentrations were determined by Bradford assay using a BSA standard
curve. Clarified extracts were incubated with GST or 5x-SUMO-GST enriched agarose at
5.3mg/mL (9 mgs in 1.7 mLs) for 1 hour. Resins were collected at 500 xg for 1 minute and
washed 2 times with 50 column volumes of 0.1% Triton PBS. Following the second wash, resins
were transferred to lightly perforated PCR tubes and spun to completely remove residual
buffer. To elute, PCR tubes containing dried resins were transferred to fresh 1.7 mL tubes, 100
uL of 2.5x Laemmli sample buffer was added to each resin, and samples were boiled for 5

minutes. After boiling, samples were centrifuged at 800 xg for 2 minutes to remove buffer
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soluble protein from agarose resins. Pull-downs were run on 10% SDS PAGE gels and

transferred to nitrocellulose using a tank transfers for western blot analysis.

To visualize HA epitope tagged Stu2, membranes were immunoblotted with mouse anti-
HA (SC-7392, Santa Cruz Biotechnology, Santa Cruz, CA) and goat anti-mouse-HRP (#115-036-
146, Jackson Immuno Research Labs, West Grove, PA) secondary antibody. To visualize
tubulin, membranes were immunoblotted with rat anti-a-tubulin MCAB (YSRTMCA78G) and
goat anti-rat (SC-7392, Santa Cruz Biotechnology). To visualize Actlp and Pgklp, membranes
were immunoblotted with mouse anti-Actlp or -Pgklp (#MAL1-744, or #459250 respectively,

ThermoFisher Scientific).

Chromosome 111 fragmentation

We generated a diploid yeast strain containing a 125-kb chromosome fragment
specifically to study the essential protein STUZ2 as described in (Shero et al., 1991). The
heterozygous diploid yRM11988 homozygous for the ade2-101 mutant and heterozygous STU2
knockout was generated by mixing lightly grown (ODsg < 0.100) overnight cultures of the MATa
strain yRM11408 and the MATa strain yRM 11407 were mixed for 1 hour. 10 uL of mating cells
were transferred to leucine deficient media, scanned for mating cellular morphology, and isolated
using an Olympus BX41 dissection microscope. Putative diploids were confirmed through
sporulation and leu- isolates were obtained through replica plating to leucine and histidine
deficient plates. Chromosome |11 fragmentation events were induced through the integration of

Notl linearized pJS2/pRM11972 plasmid. (Figure 18a & b)

Following artificial chromosome induction, colonies were selected based on a pink color
phenotype associated with presence of single chromosome fragments. Whole chromosome
samples were prepared and visualized using methods adapted from (Carle & Olson, 1985) and

(Warren et al., 2002). To create yeast protoplasts, 5 mLs of uracil deficient media were
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Figure 18 Fragmentation of Chromosome |11 adapted from (Shero et al., 1991). (a)
Linearization and cross 1 during pJS2/pRM11972 integration yields one sided telomeric linearized
precursor to a Chromosome |11 fragment. (b) The second cross occurs in the D8B genetic
sequence specific to the left arm of chromosome I11 to yield the 125-kb Chromosome 111
fragment. (c) A simplified model regarding the aim of chromosome fragmentation. (d) PFGE
electrophoretic karyotyping of the four smallest chromosomes of S. cerevisiae, the generated
Chromosome 111 greater fragment, and the 125-kb Chromosome 111 lesser fragment.
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inoculated with a no chromosome fragment control (YRM11988), a haploid cell line possessing
the 125-kb chromosome 111 fragment (yRM11971), or fresh pJS2/pRM11972 integrations into
yRM11988. Saturated overnight cultures were collected at 3000 RPM for 3 minutes using an
Allegra X-15R Beckman Coulter tabletop centrifuge. Growth media was discarded, cell pellets
were washed 3 times with 1.6 mLs of 50 mM EDTA, pH 7.5, and resuspended in 300 pL of 50
mM EDTA, pH 7.5. 500 L of 1% low-gelling-temperature agarose and 100 pL of pH 8.0 SCE
buffer containing 1M sorbitol, 100 mM sodium citrate, 10 mM EDTA, 5% B-mercaptoethanol,
and 1 mg/mL zymolyase were added to each cell suspension at 37 °C. Protoplast mixes were
transferred to 24 well plates to solidify at room temperature. When solid, 500 pL of a liquid
overlay layer containing 270 mM EDTA —pH 9.0, 10 mM Tris —pH 8.0, 7.5% B-mercaptoethanol

was added to each cell suspension and incubated overnight at 37 °C in a sealed plastic bag.

For protoplast proteolysis, the previous liquid overlay was removed and replaced with a
new solution containing 270 mM EDTA and 10 mg/mL N-Lauroylsarcosine at a pH of 9.0, 10
mM pH 8.0 Tris, and 1 mg/mL proteinase K. Protoplasts with proteolysis buffer were incubated
overnight at 50 °C in a sealed plastic bag. To store digested cells, the proteolysis liquid overlay

was removed and replaced with 500 pLs of pH 9.0 0.5 M EDTA.

Successful chromosome 111 fragmentation events, illustrated in Figure 18c, were screened
using PFGE in a BIORAD CHEF-DR Il system. Gel slices of each digestion were transferred to
1.7 mM wells of a 1% agarose gel made with pH 8.0 0.5x TBE buffer containing 45 mM Tris-
borate and 1 mM EDTA. PFGE was carried out in 0.5x TBE buffer at 200 V and 14 °C for 30
hours using continuous ramp switch times of 24 to 54 seconds. To visualize bands, the gel was
stained in 0.5 pg/mL ethidium bromide in ddH>O for 1 hour and destained in ddH»O for 1.5
hours. Using electrophoretic mobility to separate the 4 smallest chromosomes in S. cerevisiae, we
identified two strains with Chromosome |11 fragmentation (Figure S3d.) One of the strains was

heterozygous for Chr I11 fragmentation and possessed an unaltered Chr 111 along with greater (Chr
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111 GF) and lesser fragments (Chr 111 LF) from sister Chr 111 fragmentation (yRM12011). The
second strain was homozygous for full length Chr 111 but still possessed a band at the molecular
weight range diagnostic of a Chr 111 fragment but lacked the Chr 111 greater fragment

(yRM12012).

Quantitative chromosome loss assay

To quantitatively determine the rates of chromosome loss for the strains previously
described, cells were initially grown over night to ODego values of 0.100 to 0.200. Cells were
further diluted to ODso Values of 0.010 in chilled water or chilled water containing 1 mg/mL 5-
FOA and stored at 4 °C for 4 hours. To quantify cells present in the assay, yeast from the 4 hour
4 °C water sample were diluted 100 fold to an expected ODggo Value of 0.0001. 125 pL of this
was then transferred to 3 uracil and leucine deficient plates. Approximately 17,000 Cells from
the 5-FOA treated cells were plated to 3 1 mg/mL 5-FOA plates lacking leucine and grown for 4
days at 30 °C. To quantify chromosomal loss, initial cellular densities were back calculated using
the uracil leucine deficient plates. Colonies growing on 5-FOA plates were quantified as
individual chromosomal loss events. The total number of 5-FOA colonies was then divided by

the total number of colonies predicted to determine a quantitative value for chromosomal loss.

Quialitative chromosomal loss assay

To determine relative rates of chromosome loss between mutants and WT-Stu2, yeast
strains containing SUP11 artificial chromosomes and plasmids expressing WT-Stu?2
(YRM12253), vector with endogenous Stu2 (yRM12300), K252R (yYRM12261), K469R
(yYRM12301), K870R (YRM12271), 2KR (yRM12266), 3KR (YRM12269), K252Q (YRM12262),
K469Q (YRM12260), K870Q (YRM12270), 2KQ (YRM12267), and 3KQ (YRM12268) were
initially grown overnight to ODsoo values between 0.100 and 0.200. Overnight cultures were

further diluted to approximately 0.0001 ODsqo values. 25 or 50 cells of each strain were plated
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onto SC deficient for leucine with either 4 pg/mL (20%) or 8 ug/mL (40%) of normal adenine
concentrations. Each set of conditions was repeated 3 times to generate error bars. Yeast were
then grown at 30 °C for 5 days and stored for 1 day at 4 °C. Because sectors slowly become
more apparent at low temperatures, all visible red sectors were counted within 8 hours. For each

plate, the total number of sectors relative to colonies was determined as qualitative values.
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