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generate pulling forces (McNally, 2013).

Figure 1. 2: Position of the mitotic spindle dictates the cleave plan.

Schematic depict the outcome of symmetric and asymmetric cell division. Symmetric
localization of polarity cues positions the mitotic spindle at the cell equator resulting in
symmetric division (left), forming two cells with equal size, function and cell fate as the
progenitor cell. Asymmetric localization of polarity cues positions the mitotic spindle
asymmetrically along the division plan (right) and results in generation of two cells with
different size, function and cell fate.



1.3 Dynein role in spindle positioning

The organization, integrity and motility of the mitotic spindle rely on several
evolutionary MT associated proteins (MAPs) that bind to MT lattice or ends (Al-Bassam
and Chang, 2011). An important subset of MAPs is targeted specifically to MT plus ends
where they perform different functions, such as regulating MT dynamics and recruit force
generators. Cytoplasmic dynein is a MT-based, evolutionary conserved minus end
directed motor. Dynein is multi-subunit complex that is responsible for diverse cellular
functions during interphase and mitosis. Dynein is the primary motor for intracellular
minus-end directed transport of many types of membrane-bound organelles and vesicles,
mRNA and viruses on MT filaments (Cianfrocco et al., 2015). Dynein also drives the
organization of MT network in interphase and mitosis; dynein reorganize MT network as
cells enter mitosis (Rusan et al., 2002), maintain the assembly of bipolar spindle by
counteracting outward sliding forces (Ferenz et al., 2009), focus MT ends at the spindles
poles (Tan et al., 2018, Heald et al., 1996), and move the mitotic spindle (Carminati and
Stearns, 1997, Yeh et al., 2000, Adames and Cooper, 2000).

Dynein complex consists of several subunits assembled on a dimer of heavy
chains. Each heavy chain contains an N-terminus “tail” region that mediates its
dimerization, binds to accessory chains, and also associates the complex to cargos or the
cell cortex. At the C-terminus, the catalytic motor domain ” head” contain the motor
domain, each head contains six subunits that belong to AAA+ superfamily of
mechanochemical proteins in addition to a stalk that contains MT binding domain
(MTBD). Dynein ATPase activity is tightly coupled to the binding of dynein MTBD to

the MT track (DeSantis et al., 2017, Reck-Peterson and Vale, 2004, Kon et al., 2009,



Nicholas et al., 2015, Carter et al., 2008). This coupling is central to dynein-mediated
retrotransport of cargo by translocation along MT track and also during mitosis by
cortically anchored dynein associated with membrane binding proteins. At the cell cortex,
the complex exerts pulling forces on the astral MT extending toward the cell periphery.
At the cell cortex, dynein generate pulling via two mechanisms, sliding and end —on
capture shrinkage (Figurel.3). Sliding results as cortically anchored dynein attempt to
walk along the MT track while anchored at the cortex, resulting in plastering and
movement of the MT along the cortex surface (Adames and Cooper, 2000). One the other
hand, capture-shrinkage mechanism is mediated by end-on configured capturing of MT
by cortical dynein, coupling MT depolymerization with pulling (Carminati and Stearns,
1997, Laan et al., 2012, Hendricks et al., 2012). This mechanism is prominent in one-cell
stage of C. elegans where the spindle assembles in the center of the cell, and then is
pulled asymmetrically toward the posterior cell end before anaphase onset. Mutant
analysis showed that both MT dynamics and dynein motility contribute to the pulling
(Gusnowski and Srayko, 2011, Kozlowski et al., 2007, Nguyen-Ngoc et al., 2007).
Whether dynein act as a dynamic capture site or dynein walking is needed remains
unclear. What dictates the usage of one pulling mechanism (i.e. sliding and capture-
shrinkage) over one another is still an open question. In one-cell C. elegans embryo, both
pulling mechanisms exist at the cell cortex, however MT sliding is limited during spindle
centering in early prophase but not during anaphase, which is predominately mediated by
end on configuration (Gusnowski and Srayko, 2011, Nguyen-Ngoc et al., 2007). In

budding yeast, capture shrinkage is observed before or after but not during spindle



movement into the bud (Carminati and Stearns, 1997, Segal et al., 2002). These examples

suggest that different dynein-MT interactions are used for specific tasks.

cortex

end-on MT sliding
pulling

Figure 1. 3: Dynein cortical pulling mechanisms.

Two modes of dynein-dependent pulling are observed at the cortex. During end-on
mechanism, cortical dynein capture a depolyemerized MT end. In MT sliding, dynein
interact with the lateral side of MT lattice while walking toward the minus end. Grey and
red arrows indicate the direction of dynein walking and pulling, respectively.



1.4 Spindle Positioning in budding yeast

Saccharomyces cerevisiae 1s a powerful genetic model to study the spindle
positioning mechanisms and regulators during asymmetric cell division. S. cerevisiae
proliferates by polarized growth of the bud, which specifies the site of division, before
the formation of the bipolar spindle. Thus the alignment of the spindle along the division
plane (the bud-mother axis) ensures equal genomic segregation between the dividing
mother and bud cells (Figure 1.4). In budding yeast, the mitotic spindle is intranuclear
since the nuclear envelope remains intact during mitosis (Figure 1.1). Built in the nuclear
envelope is the microtubule organizing center, in yeast it is known as SPB, a multilayered
cylindrical structure that nucleate both nuclear and cytoplasmic MT (O'Toole et al.,
1997). The SPB is estimated to nucleate about 40 nuclear and cytoplasmic MTs (O'Toole
et al., 1999, Bouck et al., 2008). From the inner plaques of the SPB, Inside the nucleus,
K- and interpolar MTs emanates to assemble into a functional spindle where the 16
haploid chromosomes are bioriented before the sister chromatids are pulled toward
opposite SPB (Bouck et al., 2008). From the SPB outer plaques, astral MT extends to the
cytoplasm toward the cell periphery. As cells progress through cell cycle, astral MT
search and probe the cell cortex (Huisman and Segal, 2005), forces exerted on astral MT
results in displacement of the spindle and subsequently the nucleus.

In yeast, MT dynamics play a vital role in nuclear displacement through out the
cell cycle. Early in the cell cycle, dynamic astral MTs are transiently captured and
stabilized by attachment to the incipient bud site and the bud neck. Pushing forces, results
form MT polymerization at the cell cortex, are also observed centering the nucleus in the

cell center (Shaw et al., 1997). As the cell progress through mitosis, the spindle is



constantly positioned near the bud neck. This is achieved by the interaction of astral MTs
with the cell cortex at specialized sites such as the bud neck, and the bud tip (Pearson and
Bloom, 2004, Xiang, 2017, Segal et al., 2002, Adames and Cooper, 2000). These
transient interactions are characterized by the capture of MT at the cell cortex followed
by MT shrinking that is coupled with SPB/nucleus displacement. Maintaining the
preanaphse spindle near the bud neck requires actin cables that are nucleated at the bud
neck and the bud tip. On the astral MT emanating toward the bud, Kar9 a key spindle
positioning factor is transported by plus end directed kinesin Kip2 from the SPB the MT
plus end were it is enriched and interacts with the plus end tracking protein Bim1 (EB1
homolog) (Figure 1.5). Kar9-Bim1 complex at the MT plus end associate with Myo2
(class-V myosin) motor walking toward the bud, linking actin cytoskeleton to spindle
positioning (Miller and Rose, 1998, Hwang et al., 2003). MT plus end are then captured
at the cortical Bud6 at the bud tip. The capture of the plus end at the cortex is dependent
on the interaction between Bim1 and the cortical anchor Bud6, which in turn recruit the
depolymerase Kip3 (kinesin-8) driving MT plus end depolymerization at the cell cortex
(Ten Hoopen et al., 2012, Miller and Rose, 1998, Gupta et al., 2006). Intact Kar9
pathway place the mitotic spindle near the bud neck, if defective, spindle fails to elongate

within the mother cell, which generate a mother cell with two nuclei and anucleated bud.
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Figure 1. 4: Cell polarity axis establishes spindle orientation.
In unbudded cells (G1), astral MT emanates from a single SPB probe the cell cortex. Cell

polarity factors (shown in green) localize to the bud site to launch the polarized growth of
the bud cell. The SPB duplicate during S phase. As the mitotic spindle assemble, the
spindle is positioned near the bud neck along the bud-mother axis (mediated by Kar9
pathway). Later, the spindle is pulled into the bud neck via dynein pathway. As the
spindle gets into the bud, spindle elongation occurs ensuring equal DNA segregation
between bud and mother cell.
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actin cables

bud
neck

Figure 1. 5: Spindle positioning of preanaphse spindle.

Schematic depict the players in the Kar9 pathway mediating the spindle positioning near
the bud-neck. The adaptor Kar9 associate with the plus tip protein. Kar9 —Bim1 complex
associate with myosin motor Myo 2 walking along actin cables nucleated by Bnil (not
shown) at the bud tip. Bud6 capture of the plus end at the bud tip.
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1.5 Dynein regulation in budding yeast

In budding yeast, dynein sole function is to mediate spindle movement during the
asymmetric division. As the spindle locates near the bud neck along the division plane
(mother-bud axis), the spindle is moved into the bud compartment in a dynein-dependent
manner. The current model proposes that dynein is first targeted to the dynamic MT plus
end that probe the cell cortex in search for cortical anchors. Once anchored at the cell
cortex dynein exert pulling forces on astral MT resulting in translocation of the mitotic
spindle into the bud (Lee et al., 2005, Xiang, 2017). Defective pulling results in aberrant
chromosome segregation between the two dividing cell.

The players in dynein pathway were identified using yeast genetic screens of
synthetic lethality with Kar9 or Cin8 (kinesin 5) null mutants. Some of the regulator
associate with dynein heavy chain (HC/Dynl) to form dynein complex (Pac11/IC,
Dyn3/LIC, Dyn2/LC); + tip proteins that are required for dynein plus end targeting
(Pacl/Lisl, Bik1/Clip170, and Kip2); and components required for dynein cortical

024, Jnm1/dynamitin, Arpl,

localization such dynactin subunits (Nip100/p15
Arpl0/Arpl1) and Numl. The current model (Figurel.6) shows that dynein form a
complex with Pacl at the cytoplasm in 1:1 ratio (Markus et al., 2011). The complex is
then targeted to MT plus end by associating with the plus end protein Bik1/CLIP170, a
step that is prerequisite to dynein offloading to the cortex (Sheeman et al., 2003, Markus
and Lee, 2011, Lee et al., 2003, Carvalho et al., 2004). Dynein is also transported from
the SPB to the MT plus end by the kinesin Kip2 (Roberts et al., 2014, Carvalho et al.,

2004), however unlike Pacl and Bik1, deletion of Kip2 does not abolish but rather reduce

dynein cortical localization (Markus et al., 2009).
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Dynein function required dynactin complex that mediate dynein offloading to the
cell cortex at the attachment protein Num! (Tang et al., 2012, Heil-Chapdelaine et al.,
2000, Moore et al., 2008). Truncation analysis of dynein showed that dynein head is
sufficient and necessary for the plus end localization while the tail is required for
interacting with Numl at the cortex (Markus et al., 2011). In yeast, dynein motor activity
and processivity along the MT lattice is central for dynein role during spindle movement
(Reck-Peterson and Vale, 2004). Dynein is thought to walk on the MT filaments toward
the SPB-embedded minus end while anchored at Num1. This interaction with the lateral
side of the MT results in plastering of MT along the cortex as the spindle cross the bud
neck, in a phenomena known as sliding. In dynein null or motor defective cells, MT
cortical interaction is inhibited and MT dynamic behavior is also altered (Carminati and
Stearns, 1997, Estrem et al., 2017). In the absence of dynein, MT shrinkage rate is slower
and undergo fewer catastrophe events resulting in long and stable astral MT compared to
wild-type cells. Suggesting that dynein motor activity destabilize MT ends. However

whether dynein depolymerizing activity contribute to MT pulling is not clear.
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Figure 1. 6: Dynein targeting during spindle positioning.

Schematic depict dynein localization to MT plus end and the cortex. At the cytoplasm,
dynein form a complex with the plus tip protein Pacl (Lis1) before localizing to the MT
plus end via association with Bik1 (CLIP-170). Dynactin complex localize to MT plus
end by associating with dynein and together are offloaded to the cell cortex at Numl site.
Anchorage at Numl relieves Pacl association with dynein and activates dynein minus
end directed motility, which, results in sliding of MT along the bud cortex and movement
of the spindle across the bud neck into the bud.
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1.6 Numl1 localization

Num1 (Nuclear migration 1) gene was first isolated and characterized in 1991 and
was directly implicated in nuclear movement as Num1 null mutant cells contain two
nuclei at the mother compartment (Kormanec et al., 1991). Num1 is a multidomain
protein of 313kD that contain a coil-coil (CC) at the N-terminus, followed by a potential
Ca’" binding site, a 13 tandem repeats and a C-terminal Pleckstrin Homology (PH)
domain (Figure 1.7). Numl have no homologue in metazoa, however several orthologous
are present in fungi, all of which are required for dynein dependent processes such as the
nuclear oscillation during meiosis in fission yeast (Fujita et al., 2015, Thankachan et al.,
2017, Saito et al., 2006) or nuclear movement in the multinucleated hyphae of
filamentous fungi (Grava et al., 2011, Fischer and Timberlake, 1995). Fungal BLAST
(basic local alignment search tool) searches using 1-400aa of Numl revealed similarities
to proteins such as AGR043Wp in 4. gossypii and AspA in A. nidulans (similarity of
65% and 43%, respectively). Interestingly, no similarity was detected to Mcp5, dynein
cortical anchor in S. pombe. Additionally, searches using 2500-2700aa of Num1 that
contain the PH domain reveal similarities of 80%, 48%, and 51% to AGR043Wp, AspA,

and Mcp3, respectively.
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Figure 1. 7: Domain organization of Numl.
Numl contain a coil-coil region (orange window) that is required for dynein and

mitochondria tethering. Red and black asterisk, show identified sites for mitochondria
and dynein interaction, respectively. Numl also contain a region that was identified as
FFAT (diphenylalanine in an acidic tract) (red window) the site of interaction with ER
tethering protein Scs2. Numl contains 13 tandem repeats with unidentified function (12
repeats rang between 64-71 aa and 1 of 10 aa). Targeting of Numl to the cortex is
mediated by the c-terminus Pleckstrin Homology domain (brown window). The sequence
organization is predicted from UniProt while the site of dynein and mitochondrial binding
sites is experimental data from (Tang et al., 2012) and (Ping et al., 2016), respectively.
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In budding yeast, Num1 assemble into non-motile patches along the cortex of
mother cells. Interestingly, Num1 patches are absent from small buds and start to
accumulate to the bud cortex in medium and large budded cells (Heil-Chapdelaine et al.,
2000). A diffusion barrier at the bud neck, maintained by ER proteins and septin, is
proposed to prevent early movement of Num1 from the mother to the bud (Chao et al.,

2014), suggesting that Num1 localization to the bud is spatially and temporally regulated.

The clustering of the Num1 patch is mediated by the patch assembly domain
(103-303 aa) (Tang et al., 2009), which in addition to being necessary for dynein
localization, Num1 CC domain is also required for mitochondrial tethering. Num1
localization to the cell membrane is mediated by the PH domain (Tang et al., 2009)
which has been shown in vitro to interact specifically and with high affinity to P1(4,5)P2
(Yu et al., 2004). The orientation of Num1 coil- coil relative to the cortex is
controversial. It was suggested that Num1 coil- coil (95-303 aa) dimerizes to form a
molecule with an elongated shape that bind the membrane curvature similar to the
crescent-shaped F-BAR antiparallel dimer (Tang et al., 2009). However, a recent study
proposed that Num1 adopt a polarized conformation with the PH domain at the plasma
membrane (PM) and the patch assembly domain (CC) extends away from the membrane

(Ping et al., 2016).

In cells, at least 3 organelles (ER, PM and mitochondria) and 2 proteins (Mdm36
and Bnil) are proposed to regulate Num1 localization (Farkasovsky and Kiintzel, 2001,
Lackner et al., 2013, Chao et al., 2014, Yu et al., 2004). In wild-type yeast cells, the
cortical ER consists of a network of sheets and tubules that tightly associate with the

plasma membrane (West et al., 2011, Pichler et al., 2001, Prinz et al., 2000). It was
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recently shown ER tubules, mitochondria and Mdm36p form a cortical complex that
require Num1 to form at the cell cortex (Lackner et al., 2013) and recent evidence

suggest the converse is also true. Deletion of ER-tethering protein Scs2 was shown to
disrupt Num1 localization (Chao et al., 2014). Additionally, ER-localized proteins were
also found to co-purify with Num1 (Lackner et al., 2013). ER in budding yeast consists of
network of highly dynamic tubules and sheets underlying the PM that extends to the cell
center where it associates with the nuclear ER (Figure 1.8). The close proximity of ER
and the PM is critical for several biological processes, lipid synthesis, and calcium

signaling but how ER can regulate Num1 localization is still a mystery.

Mitochondria was suggested to mediate Num1 patch formation (Kraft and
Lackner, 2017) as it was proposed that Num1 clustering start to form at the cell cortex in
areas close to the mitochondria, also, disruption of mitochondrial inheritance into the bud
prevented Numl clusters assembly (Kraft and Lackner, 2017). Mdm36, a cytoplasmic
protein that interacts with Num1 CC and required to mediate NumI-mitochondrial
anchorage at the cell cortex, was also implicated in Num1 patch formation (Lackner et
al., 2013, Ping et al., 2016). In cells lacking Mdm36, Num1 patches form smaller clusters
compared to wild-type cells. Additionally, using yeast two-hybrid assay, Num1 to Numl
interaction was dependent on the presence of Mdm36, suggesting that Mdm36 play an
important role in patch assembly. Less is known about the role of Bnil, a polarisome
component that nucleates actin cables in the bud (Evangelista et al., 2002) in regulating
Numl localization. Interestingly, a previous study using overexpressed epitope- tagged
proteins showed that Num1 co-precipitated with the formin Bnil(Farkasovsky and

Kiintzel, 2001). Also, cells lacking Bnil were shown to lack Num1 bud tip patch,
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suggesting that Bnil and/or actin may play a role in Numl targeting to the bud tip. There
is several unanswered question regarding Num1 localization.Are ER, PM, mitochondria,
Mdm36 and Bnil are responsible for localization of spatially distinct populations of
Num1? How do these distinct populations affect mitochondrial tethering, dynein

activation and spindle pulling mechanisms?
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Figure 1. 8: ER morphology in budding yeast.

(A) Peripheral and equatorial confocal slices of ER in live cells expressing GFP-HDEL.
At the cell periphery, cortical ER form sheets and tubules under the plasma membrane. In
equatorial focal planes, ER tubules can be seen linking cortical ER to the nuclear ER. (B)
Schematic of region inside the dashed box in A. Cortical ER close proximity (ranging
between 15.7 to 58.9 nm apart) to the PM mediated by ER-PM tethering proteins.
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1.7 Numl1 role in spindle positioning

Dynein generate pulling forces in the cell cortex at evolutionarily conserved

membrane attachment proteins Ga, GPR-1/2Pins/LGN j, ¢ elegans and

LINSMUud/NuMA i mammalian cells. In yeast, to exert pulling on MT, dynein is

delivered to Numl directly from MT plus end rather than from the cytoplasm (Lee et al.,
2005, Moore et al., 2008, Schmidt et al., 2017a). Disrupting dynein plus end localization
(for example by deletion of Pacl/Lis1 or Bik1/CLIP-170) abolish dynein interaction with
the Num1 at the cortex, concomitant with accumulation of dynein at the plus end, and
abolished spindle positioning (Tang et al., 2012, Heil-Chapdelaine et al., 2000,
Farkasovsky and Kiintzel, 2001). Interestingly, dynein mutant with a linker inserted
between dynein tail and motor associate more strongly (based on frequency and intensity
measurements) with Numl at the cortex compare to unaltered dynein. This suggests the
presence of regulatory mechanism that inhibits direct targeting of dynein from the
cytoplasm. Targeting from the plus end is not required in all systems, for example in C.

elegans embryo, dynein is targeted to the cortex to associate with GPR-1/2Pins/LGN

from MT plus ends as well as the cytoplasm, however disrupting plus end tracking has no

effect on spindle positioning (Schmidt et al., 2017a).

In yeast, dynein association with Num1 CC requires dynactin complex (Tang et
al., 2012, Moore et al., 2008) dynein-dynactin complex form on the plus end before its
targeting to Num1. Num1 was also found to co-purify with Pac11/ DIC (dynein
intermediate chain) (Farkasovsky and Kiintzel, 2001). Pac11 is required for dynein
cortical localization (Lee et al., 2005, Moore et al., 2008) and has been shown to mediate

dynein-dynactin interaction . Consistently, cells lacking dynactin lack dynein cortical
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localization but not plus end localization. Interestingly, in dynlA cells, both plus end and
cortical localization of dynactin is abolished. Suggesting that dynein and dynactin depend

on each other to associate with Numl.

In various cell types, cortical anchors localize asymmetrically along the cortex to
regulate the pulling forces during asymmetric cell division. For example in one-cell
embryo of C. elegans asymmetric enhancement of GPR-1/2 at the posterior cortex is
implicated in the observed larger pulling forces at the posterior end that results in
asymmetric displacement of anaphase spindle (Grill et al., 2003, Gonczy et al., 1999). In
yeast, Num1 does not show asymmetric distribution; in fact Num1 patches are more
prominent in the mother cortex compared to the bud cortex. Additionally, both dynein
and dynactin are frequently observed at the mother cortex, however the prominent pulling
force is bud-directed. Suggesting that Num1 does not play a role in the asymmetry of
dynein activity between the bud and the mother. One possibility is to limit MT interaction
with the mother cortex or to enhance it with the bud. Indeed, astral MTs growing toward
the bud was found to pivot substantially faster than those at the mother-bound SPB
(Baumgirtner and Toli¢, 2014). This can favor bud pulling by reducing the time needed
to explore the bud for cortical anchor and reduce the time for capture of astral MT inside

the bud.

In the bud cortex, during spindle pulling whether Num1 provide an anchorage site
or activate dynein is not clear yet. Dynein minus end motility thought to be inhibited at
MT plus ends and is only active at the cortex. In cells, this inhibition of dynein minus-end
motility at the MT plus end is thought to be Pacl-mediated. The evidence for such role

come from in vitro dynein motility assay that showed that yeast purified Pacl inhibits
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dynein minus end motility (Markus et al., 2011, Lammers and Markus, 2015, Huang et
al., 2012). Overexpression of Num1CC was proposed to be sufficient to activate dynein
minus end motility on MT plus end and results in accumulation of dynein at the SPB (the
minus end). It is proposed that Num1 relieve Pacl association with dynein (Lammers and
Markus, 2015). However, how mechanistically Num1CC release Pacl form dynein motor

1s not known.

1.8 Numl1 role in mitochondrial anchorage

Numl also serve as cortical anchor for mitochondria at the cell periphery (Tang et
al., 2012, Hammermeister et al., 2010). In budding yeast, mitochondria are three-
dimensional networks of membrane-bound tubules. They appear as dynamic elongated
tubular shaped organelles that are controlled by events of fission and fusion. The
anchorage of mitochondria at the cell cortex is central for proper mitochondrial
positioning, function, morphology and division (Hammermeister et al., 2010, Lackner et
al., 2013, Westermann, 2015, Ping et al., 2016, Cerveny et al., 2007). Tethering of
mitochondria to Num1 was also shown to be essential in the absence of mitochondria
fission and fusion (Kraft and Lackner, 2017, Lackner et al., 2013). Num1 anchor
mitochondrial network specifically in the mother cells and large budded cells but not
small budded cells. Cells lacking Num1 show defective mitochondrial morphology
containing disorganized, interconnected network of tightly packed tubules. Additionally
in num A cells, mitochondria experience lower rate of fission, implicating Numl in
playing a critical role in mitochondrial division. Num1 was also found to localize and
biochemically interact with Dnm1 dynamin-related GTPase, a key player required for

mitochondrial division and organization. Artificial tethering of the mitochondrial rescued
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division defects in Anum1 cells strengthens the role of Numl in coordinating
mitochondrial dynamics and division (Klecker et al., 2013). Recently, it was suggested
that Num1 CC domain interact directly with the mitochondrial outer membrane surface
directly without the need to interact with adaptor or integral membrane proteins on the

mitochondrial surface (Ping et al., 2016).
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CHAPTER 2
THE CORTICAL ENDOPLASMIC RETICULUM ATTACHMENT PROTEINS

SCS2 AND SCS22 REGULATE NUM1 LOCALIZATION

2.1 Introduction

Dynein attachment proteins assume diverse structures and interactions with the
membrane. In budding yeast, Num1 localization at the cell cortex is mediated via the PH
domain (Tang et al., 2009), which has been shown in vitro to interact specifically and
with high affinity to PI(4,5)P2 (Yu et al., 2004). The PH domain was thought to target
Numl to the plasma membrane however; recent work suggests that other organelles may
have an important role in regulating Num1 targeting. In cells, at least 3 organelles (ER,
PM and mitochondria) and 2 proteins (Mdm36 and Bnil) are proposed to regulate
Numl localization (Farkasovsky and Kiintzel, 2001, Lackner et al., 2013, Chao et al.,
2014, Yu et al., 2004). A recent report has shown that mitochondria drive the assembly
of a subset of cortical Num1 patches at the cell cortex, which in turn serve to anchor the
organelle itself as well as dynein to the cell cortex (Kraft and Lackner, 2017). Numl
also appears to associate with cortical ER through interaction with the conserved ER
membrane VAP (vesicle-associated membrane protein-associated) protein, Scs2 (Chao
et al., 2014, Lackner et al., 2013). In yeast, the VAP homologues Scs2 and Scs22 have
been implicated in the formation of ER-PM tethering sites at the cell cortex (Loewen et
al., 2007, Manford et al., 2012) and the ER diffusion barrier at the bud neck (Chao et al.,
2014). The former is suggested to be critical in regulating phosphoinositide signaling at

the PM and also for ER morphology and homeostasis. ER diffusion barrier at the bud
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neck is proposed to be important for limiting Numl1 to the mother cell until M phase,
suggesting that Num1 localization to the bud is spatially and temporally regulated. The
distribution and appearance of Num1 patches associated with ER, mitochondria, and PM
appears to be different (Tang et al., 2009, Ping et al., 2016, Chao et al., 2014, Klecker et
al., 2013, Kraft and Lackner, 2017, Heil-Chapdelaine et al., 2000), suggesting the
existence of several pools of Num1 along the cell cortex, which in return might
differentially regulate dynein and mitochondrial tethering functions. In this chapter I
used yeast genetics, live cell imaging and biochemical assays to investigate the effect of
altering ER-PM tethering on Num1 localization. Additionally, I investigate

mitochondria morphology and function in cells with limited Num1 cortical localization.
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2.2 Results
2.2.1 Loss of Scs2/22 disrupts Num1 localization and reveals a distinct pool of Num1
at the polarized cell ends

At least three families of integral ER proteins — Scs2/22, Ist2, and Tcb1/2/3 —
function to tether the cortical ER to the PM (Figure 2.1) (Manford et al., 2012, Eisenberg-
Bord et al., 2016). To assess the effect of the loss of ER tethering on Num1 localization I
examined the latter in cells lacking the ER attachment molecules Scs2 and Scs22
(hereafter abbreviated as Scs2/22). In WT cells, Num1 forms dim and bright patches that
are distributed throughout the cell cortex (Figure 2.2A) (Heil-Chapdelaine et al., 2000,
Tang et al., 2009). Cells lacking both cortical ER tethers Scs2/22 exhibited a dramatic
loss of dim Num1 patches (Figure 2.2A) and a significant reduction in the number of
bright Num1 patches (Figure 2.2B). More than 70.0% of scs2/22A budded cells displayed
< 2 bright patches compared to only 6.0% in WT budded cells. In WT cells, Num1
patches appear to be distributed along the cell cortex. However, the remaining Num1
patches in scs2/22A cells were observed prominently as stationary foci at the polarized
ends of the cell (i.e., in 73% of cells at the distal bud tip and 95.5% of cells at the mother
cell apex; Figure 2.2A and Figure 2.3) and as motile foci in the cytoplasm. Analysis of
Numl1 localization in Scs2 and Scs22 single mutants showed that deletion of Scs22 have
little effect on Numl1 localization compared to deletion of Scs2 (Figure 2.4A and 2.4B).
Similar to loss of Scs2/22, loss of Scs2 alone resulted in comparable levels of decrease in
observing cells containing 4 or more bright patches of Num1 (Figure 2.5B; 8.6%
compared to 10.5% in scs2/22A and scs2A, respectively). Conversely, 91.4% of scs2/22A

cells have 3 or less Num1-GFP patches compared to 89.4% in scs2A single mutant cells
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and 10.7% for wild-type cells (Figure 2.5B). Detailed analysis of the number of bright
patches per cell showed that the loss of both proteins was worse than the loss of Scs2
alone (Figure 2.5A; 2.8 £ 1.3 versus 2.03 + 1.1 patches per cell for scs2A and scs2/22A,
respectively). Collectively, the data show that although Scs22 alone have no effect on

Numl localization it slightly aggravates the loss of Numl in scs2A cells.
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Figure 2. 1: ER-to-PM tethering proteins.
Schematic shows domain organization of three families of ER-PM tethering proteins.

Scs2 and Scs22 contain a major sperm protein domain (MSP) that extend toward the PM
and a single transmembrane domain (TM). Asterisk depicts the site of interaction with
Numl putative FFAT motifs. TCB1/2/3 belong to tricalbin proteins that contain 1 or 2
TM regions and a synaptotagmin-like mitochondrial lipid-binding protein domain (SMP)
and several lipid-binding C2 domains. Ist2 contain 8 TM regions and a polybasic domain
(PB) that binds to lipids at the PM. Purple line indicate the domains that orient toward the
cytoplasm.
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Figure 2. 2: Numl1 localization is altered by deletion of the ER tether proteins Scs2
and Scs22.

(A) 2D projections of 3D confocal stack images of Num1-GFP in WT and scs2/22A
cells. (B) Histogram of fraction of cells with indicated number of bright Num1-GFP
patches in WT and scs2/22A cells. X, average number of patches per cell (n > 50 cells per
strain).
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Figure 2. 3: Num1 distribution is altered by deletion of Scs2 and Scs22.
Left, histograms depict the spatial distribution of Num1-GFP patches along the cell

cortex. The position of each patch was projected on the mother-bud axis and normalized
to the bud neck (right). Positive distances indicate that the patch was in the mother cell,
whereas negative distances indicate that the patch was in the daughter cell (n = 46 and 16
cells for scs2/22A and WT, respectively).
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