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ABSTRACT

Membrane-bound organelles are essential components of eukaryotic cells.
Similar to chromosomes, specific mechanisms exist to ensure that partitioning of each
organelle to the daughter cell occurs. Moreover, the proper amount of each organelle
is distributed to a specific location in the daughter.

The budding yeast Saccharomyces cerevisiae, provides a unique model to
determine the mechanisms of organelle inheritance. Unlike other organisms, where
organelle movement requires an interplay between two cytoskeletal systems, actin
and microtubules, most cytoplasmic organelles in budding yeast move solely on actin.
Moreover, virtually all of the cytoplasmic organelles are moved by a single myosin
V, Myo2. Despite the fact that one motor is involved, the itinerary and ultimate
location of each organelle is unique. These itineraries are regulated in part through
specific cargo adaptor proteins that link Myo2 to each organelle. The existence of
specific cargo adaptors, suggested the possibility that cargo adaptors provide the main
regulation of cargo movement, while the Myo2 motor provides an inert platform for
cargo binding. In further support of this postulate, the vacuole-specific adaptor
Vacl7, and the secretory vesicle-specific Rabs Ypt31/Ypt32, bind to distinct sites on
Myo2. This suggested that each adaptor might bind a unique location on the Myo2

cargo binding domain.
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Here we demonstrate that Mmr1 is a cargo adaptor that links the mitochondria
membrane to Myo2. Notably, the binding site for Mmr1 overlaps with the binding
site for Vac17, a member of the cargo adaptor complex that links the vacuole
membrane to Myo2. Importantly, we find that Vac17 and Mmr1 compete for binding
at this site. This competition had the unexpected result of regulating the volume of
vacuoles and mitochondria inherited by the daughter cell. We find that eight of the
nine known Myo2 cargo adaptors overlap at either of two sites. Vacl7 and Mmrl
overlap at one site, while Yptl1 and Kar9 bind subsets of residues that also bind
Ypt31/Ypt32, Sec4 and Inp2. Thus, competition for access to Myo2 may be a

common mechanism to coordinate the inheritance of diverse cargoes.
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CHAPTER 1

INTRODUCTION

Eukaryotic cells are distinguished from their prokaryotic ancestors by the
presence of membrane-bound organelles. Organelles perform distinct yet cooperative
tasks. For instance, mitochondria specialize in ATP production, while lysosomes produce
hydrolytic enzymes that break down discarded or damaged cellular proteins. Together,
organelles allow the cell to persist as a single synergistic unit using a division of labor to
provide specialized products (Shimizu and Haken 1983).

A common untested assumption is that the total amount, volume and position of
each organelle is defined for each cell type. Analysis of electron micrographs reveals that
different cell types have different ratios of organelle volume, surface area and copy
numbers relative to other cells. These ratios likely reflect their functions (Warren and
Wickner 1996). For example, secretory cells contain a larger proportion of secretory
organelles, such as the endoplasmic reticulum (ER) and Golgi network. The intracellular
space is also heterogeneous, where intracellular compartments are positioned to meet
functional requirements. For instance, insulin-secreting cells in the pancreas receive
chemical messages at their basolateral membranes and transport vesicle away from the
cell nucleus, toward the apical membrane (Watson and Pessin 2001; Hou et al., 2009).
Here, the vesicle contents are released into ducts. This intracellular asymmetry is critical

to cell function (Pruyne ef al., 2004; Neumiiller and Knoblich 2009).



The evolution of eukaryotes meant increasingly complex functions and structures
for each organelle. The de novo formation of an organelle may have demanded too much
time and energy. Rather than generate new organelles with each round of cell division,
efficiency was maintained by transporting portions of each organelle from the mother
into the daughter cell (Lowe and Barr 2007). This process, by which the mother cell
contributes a portion of each organelle to the daughter cell, is called organelle inheritance
(Warren and Wickner 1996).

Until recently there was little understanding of how cells control the inheritance
of their organelles, an essential process for many organelles. An exciting notion in the
field of organelle inheritance is that similar mechanisms govern the initiation of
movement, transport, and retention of membrane-bound compartments during cell
division (Munson and Novick 2006; Weisman 2006). Because all eukaryotes have similar
characteristics at the cellular level, Saccharomyces cerevisiae has played a vital role in
understanding mechanisms of organelle inheritance. While metazoans and some yeast
species coordinate movement on both microtubule and actin cytoskeletons for transport
of many cargoes, S. cerevisiae utilize actin for relatively long range transport. Thus

studies of this yeast can contribute to the actin-based portion of organelle motility.

Organdleinheritancein budding yeast

Saccharomyces cerevisiae, or budding yeast, consists of a single cell that is highly
asymmetric. Initially, a small bud forms on the plasma membrane surface which grows

and becomes the daughter cell (Figure 1.1). Once the bud has reached sufficient size, the



cell cycle is completed by separating the daughter from the mother cell. As a result, the
daughter cell will become a new mother cell, and both mother cells produce new buds.

In the early phase of the cell cycle, a bud site is selected. Both actin-nucleating
proteins, Bnil and Arp2/3 complex, and the regulatory proteins Cdc24 and Cdc42
localize to the nascent bud site (Pruyne and Bretscher 2000; Moseley and Goode 2006).
Actin cables assemble at the bud tip and bud neck and extend deep into the mother cell.
Actin cables consist of bundles of actin filaments which are polarized toward the bud tip,
known as the “plus” end of the actin cable (Moseley and Goode 2006). The bud emerges
with concurrent growth in actin cable length by the addition of actin monomers at the
“plus” end, which grow toward the “minus” end (i.e., opposite end from the bud tip), and
the fusion of secretory vesicles to the plasma membrane at the bud tip. It is important to
note that any position along an actin cable is in constant flow toward the “minus” end of
the cable (retrograde flow) due to addition of actin monomers at the “plus” end.

As the bud expands in volume, organelle cargoes are carried along actin cables to
the bud. A drawing representing a single budding yeast cell undergoing organelle
inheritance is shown in Figure 1.1. The cargoes individually pass from the mother to the
bud by crossing through the mother-bud neck. The cargoes are then delivered to the
correct position in the daughter cell. In budding yeast, sister chromatids are separated
within the nuclear envelope compartment that remains intact. This process is
distinguished from metazoan cells in which the nuclear envelope breaks down (Hetzer
2010). Since the nucleus has a diameter many times the size of the mother-bud neck, a

small tubule forms and stretches into the bud (Merlini and Piatti 2011). The vacuole,



which is often larger than the nucleus, must also form small tubules that progress through
the mother-bud neck (Weisman 2003).

Organelles are inherited to ensure propagation in the daughter cell. However the
inheritance of only some organelles is essential, while other organelles can be made de
novo. The inheritance of at least three distinct organelles is essential: the nucleus,
mitochondria (Garcia-Rodriguez et al., 2009) and the ER (Du et al., 2004). The nuclear
envelope, along with a single copy of the genome, must be inherited from the mother.
Second, mitochondria contain a single chromosome that encodes mitochondrial proteins
not encoded in the nuclear genome. Thus inheritance of mitochondria is also essential.
Third, the ER is the site of membrane protein insertion and the site of membrane genesis.
ER inheritance, or at least a small portion of it, is essential (Estrada de Martin et al.,
2005). While the inheritance of these three organelles is essential, they each have
redundant mechanisms to ensure their proper partitioning to the daughter cell.

Other organelles, though inherited in wild-type cells, can be generated de novo in
the absence of an active inheritance pathway. The Golgi, peroxisomes and the vacuole
can form from preexisting organelles or be generated de novo. In addition, while some
bud-targeted mRNAs are inherited from the mother cell, this process is not essential and

can be translated from mRNAs originating in the bud.

Vacuole inheritance

The yeast vacuole functions similarly to the mammalian lysosome (Armstrong 2010).
The vacuole serves several critical functions. It receives and enzymatically degrades

discarded or dysfunctional proteins and membranes. The vacuole is also a major storage



site for water, phosphate, amino acids and specific metal ions. Though the vacuole is an
essential organelle, inheritance of the vacuole is not essential. In cases when the vacuole
is not inherited, the cell cycle is delayed until a vacuole is formed de novo (Weisman and
Wickner 1992).

Budding yeast undergoing vacuole inheritance often display a long vacuole tubule
stretched across the cell into the small bud (Weisman 2003). This appearance of the
vacuole is called the segregation structure. Occasionally the vacuole is seen moving into
the bud as individual vesicles, though this may be the result of light-induced vesiculation
(unpublished observations). Once the correct proportion of vacuole reaches the bud,
vacuole inheritance is terminated and the vacuole is anchored in the bud. Isolation of
yeast mutants that were defective in vacuole inheritance lead to the discovery that
vacuole inheritance was actin-based and required the myosin V motor protein, Myo2

(Catlett and Weisman 2000).

Under standing the molecular basisfor organedleinheritance

Myo2: a myosin V motor

Treating cells with latrunculin-A, an actin polymerizing inhibitor, disrupts actin
filament formation within minutes. Interestingly latrunculin-A also disrupts localization
of Sec4, an essential GTPase that regulates transport of secretory vesicles to the exocyst
complex (Ayscough et al., 1997). This and similar findings founded the hypothesis that
transport of intracellular cargo was based on actin filaments. A temperature-sensitive
screen for mutants that affected the yeast cell cycle identified cdc66, a mutant which had

an unbudded phenotype at the restrictive temperature of 36°C (Prendergast et al., 1990).



The allele was identified as a mutation within MYO2, an essential gene required for
transport of secretory vesicles, and renamed myo02-66 (Johnston et al., 1991).

The MYO?2 gene encodes a 180 kilodalton (kDa) heavy chain protein which
dimerizes to form the active motor protein (Figure 1.2). Each heavy chain consists of four
functional domains (Trybus 2008). The N-terminus of the protein contains the motor
domain, which includes the highly conserved actin-binding and ATP-binding (i.e., the P-
loop) domains. Following ATP binding, hydrolysis of the terminal phosphate causes a
swinging movement of the lever arm which produces the power stroke that shifts the
motor forward (Veigel et al., 2002). One swing of the head domain produces a step size
of 72 nm on an actin filament (36 nm between motor domains) (Walker et al., 2000;
Yildiz et al., 2003).

As a dimer, Myo?2 likely functions as a processive motor similar to its mammalian
myosin V counterparts (Dunn et al., 2007; Hammer and Sellers 2012). Processivity is a
mechanism by which a motor remains attached to an actin cable for a series of steps,
rather than falling off after just one or two. One study demonstrating Myo2 is non-
processive (Reck-Peterson ef al., 2001) is routinely cited, yet this study utilized in vitro
motility assays to make their conclusion and does not reflect an in vivo environment.
Smyl, a Myo2-binding protein with kinesin homology that lacks motor function (Lillie
and Brown 1998), may help Myo2 remain attached to actin through Smy1 electrostatic
interactions with actin (Hodges et al., 2011). This may explain the observation that Smy1
overexpression increases viability of a myo2 mutation that disrupts motor function

(Beningo et al., 2000).



Adjacent to the head domain, Myo2 has six IQ motif tandem repeats, named for
the increased proportion of isoleucines (I) and glutamines (Q) present in this motif.
Collectively, the IQ motifs form the lever-arm; some deletions of this domain affect the
velocity of the motor (Schott et al., 2002). Each 1Q motif has a consensus sequence
[IQxxxRGxxxR, where ‘x’ denotes any amino acid (Terrak et al., 2005). IQ motifs
interact with the myosin light chain protein Mlc1, a member of the calmodulin family of
proteins, and provide rigidity to the lever arm. Though several co-crystal structures of
Micl bound to IQ motifs of Myo2 are solved (Terrak and Dominguez 2003; Terrak et al.,
2005; Houdusse et al., 2006), it is not clear which IQ motif functions in vivo to bind
Micl. Determining the correct IQ motif(s) which bind Mlc1 in vivo is important because
the rate limiting step of the ATPase cycle is significantly affected depending on which 1Q
motif is bound to myosin light chain (De La Cruz ef al., 2000).

The third domain, the dimerization or coiled-coil (CC) domain, allows Myo2
heavy chains to dimerize. This is thought to be an essential part of motor function. In
myosin Va and Vb, the dimerization domain also contains a PEST domain, however no
identifiable PEST sequence is present in Myo2, Myo4 or myosin Vc. PEST domain
function in myosin V is not understood (Rodriguez and Cheney 2001).

The C-terminus of Myo2 is the cargo binding domain (CBD), also known as the
globular tail domain (GTD). It comprises the last 487 residues of the Myo2 heavy chain.
The CBD interacts with at least eight different cargo adaptor proteins (Fagarasanu and
Rachubinski 2010). Cargo adaptors allow myosin V motors to connect to organelles and
other cargoes. Studies initially defined the Myo2 CBD using trypsin proteolysis

(Pashkova et al., 2005), from which a stable protein product is obtained. The crystal



structure of the Myo2 CBD was solved at high resolution (2.2 A) and was the first cargo
binding domain structure of any molecular motor to be solved (Pashkova et al., 2006).
This structure has provided insight into how cargoes attach to Myo2. The CBD is
composed of fifteen anti-parallel helices that fit together in a compact globular fold,
ending with a long loop containing two helices. The loop wraps back to the N-terminus of
the CBD. The crystal structure of the CBD revealed that mutations in Myo2 that
disrupted vacuole inheritance were clustered at a specific region on the surface of Myo2.
Moreover, residues that disrupted secretory vesicle transport mapped to the opposite face
of the CBD (Pashkova et al., 2006; Lipatova et al., 2008) (Figure 1.2).

Two interesting findings suggest alternative yet important ways in which cargo
transport by myosin V motors are regulated. It was found that in the absence of calcium
and cargo, myosin Va can assume a folded, inactive state, whereby the motor domain
bends toward the CBD (Liu ef al., 2006). This hypothesis suggests that the motor may
bind to the CBD, making it inaccessible to binding partners. It is appealing to speculate
that Myo2 may be recycled after cargo delivery. Release of a cargo induces the motor to
fold and “turn off”, the motor gets recycled by binding a plus-end motor protein, where it
begins a new round of cargo transport (Taylor 2007). Second, the Myo4 CBD crystal
structure was recently solved and exhibits high structural similarity to Myo2 CBD
(Heuck et al., 2010). Despite sequence and structural homology, the mechanism by which
Myo2 and Myo4 attach to cargoes appear to differ considerably (Mueller et al., 2011,

Heuck et al., 2007).



Cargo adaptor proteins play amajor rolein theregulation of cargo attachment and
detachment from myosin V

Myo?2 carries the majority of cargoes within budding yeast, with the exception of
cortical ER and some messenger RNAs, which are moved by Myo4. Myo?2 transports
each cargo by binding to a specific cargo adaptor protein. Myo?2 transports vacuoles by
binding to Vacl7, which binds to Vac8 on the vacuole membrane (Ishikawa et al., 2003;
Tang et al., 2003). Post-Golgi secretory vesicles are moved via Myo2 binding of
Ypt31/Ypt32, Secl5 and Sec4 (Jin et al., 2011; Santiago-Tirado et al., 2011).
Peroxisomes bind to Myo2 through Inp2 (Fagarasanu et al., 2009). Mitochondria bind to
Myo2 via Mmrl and/or Yptl1 (Itoh et al., 2002; Itoh et al., 2004; Fortsch et al., 2011). A
Myo2-dependent role for Golgi transport was identified (Rossanese et al., 2001b).
Evidence suggests this occurs through Yptl1 (Aria ef al., 2008), though a more definitive
understanding of Yptl1’s role is needed. Myo2 orients the bud-directed terminus of the
mitotic spindle via Kar9, ensuring that the dividing nucleus is properly polarized toward
the bud (Beach et al., 2000; Korinek et al., 2000; Yin et al., 2000).

In several cases, cargo adaptors are post-translationally modified. Several
different classes of modification provide a platform for achieving proper cargo transport.
These include phosphorylation (Peng and Weisman 2008; Fagarasanu et al., 2009),
SUMOylation (Leisner et al., 2008) and covalent attachment to lipids for membrane
recruitment (Segev 2001; Peng ef al., 2006). Modifications of these adaptors are likely to
be important for spatial and temporal control of organelle movement. These

modifications will be discussed with the relevant cargo adaptors in this section.



Vacl7/Vac8 Complex

One of the better characterized myosin V cargo adaptor complexes is the vacuole-
specific transport complex, in which the cargo adaptor Vacl7, is sandwiched between the
Myo2 motor and Vac8 on the vacuole. VACI7 was initially identified in a screen which
sought genes other than MYO?2 that, when over-expressed, suppressed the vacuole
inheritance defect of a myo2 point mutant, myo2-2 (myo2-G1248D) (Ishikawa et al.,
2003). An additional independent screen sought extragenic mutants of MYO?2 that
suppressed the vacuole inheritance defect of myo2-N1304S, identified a VACI7 mutant,
vacl7-S57F (Ishikawa et al., 2003).

Some functional domains within Vacl7 have been identified (Weisman 2006). A
central PEST domain of ~50 amino acids is key for Vacl7 turnover. PEST domains are
enriched in proline (P), glutamate (E), serine (S) and threonine (T) residues, and are often
found in proteins degraded in a ubiquitin-dependent manner (Rechsteiner and Rogers
1996). Vacl7 mutants with a deletion of the PEST domain, or specific point mutations
within the PEST domain, elevate Vac17 protein ~10-fold (Tang et al., 2003; Tang et al.,
2006). Moreover, the Vacl7-APEST mutant is constitutively attached to Myo2 and the
vacuole throughout its itinerary, causing mislocalization of the vacuole to the mother-bud
neck region (Tang et al., 2003).

Vacl7 contains two putative coiled-coil domains (CC1 and CC2), one at each
terminus of the protein; their functions are not presently known. A point mutation in
CC1, vacl7-S57F, which is outside of the Myo2 binding domain, is able to restore
vacuole inheritance of all myo2 point mutants. However, interaction between myo2 point

mutants and vac7-S57F is still disrupted (Ishikawa et al., 2003). This observation raises
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the possibility that additional proteins function in the vacuole-specific transport complex
with Myo2. Inclusion of either domain into constructs for in vitro expression purposes
produces high molecular weight aggregates (unpublished results), thus their functions are
difficult to pursue using in vitro studies. Vacl7 also interacts with Atgl8, a regulator of
phosphatidylinositide 3,5-bisphosphate (PI3,5P,) (Efe et al., 2007). The function of this
interaction is presently unknown.

In addition to Myo2, Vac17 also binds to Vac8, a peripheral vacuole membrane
protein. Vac8 is palmitoylated and myristoylated, modifications that attach Vac§ to the
vacuole membrane (Peng and Weisman 2006). Vac8 is an Armadillo (ARM) repeat-
containing protein containing eleven ARM domains. ARM domains are often found in
proteins that act as molecular signaling scaffolds (Tewari et al., 2010; Peifer et al., 1994).
In addition to binding to Vacl7, Vac8 has at least three additional, independent functions.
Vac8 is a member of the Cvt (the cytoplasm-to-vacuole targeting) pathway and the Nvj
(nucleus-to-vacuole junction) pathway (Tang et al., 2006). Vac8 also interacts with
Tco89, a subunit of the TOR complex 1 (TORC1) (Tang et al., 2006). Thus Vac8
integrates several pathways that converge on the vacuole membrane.

In cells with a vac§ deletion, Vacl7 localizes to the bud tip in small and medium
budded cells, and the mother-bud neck in large budded cells (Peng and Weisman 2008),
the site where Myo2 localizes. That Vacl7 is bound to Myo2 in the absence of Vac8
suggests that Vacl7 need not be connected to Vac8 nor the vacuole in order to bind
Myo2. Conversely, in myo2 mutations that disrupt interaction with Vacl7, Vacl7
localizes strictly to the vacuole membrane. Thus the order of the binding of Vacl7 with

Myo2 and Vac8 in wild-type cells, remains to be determined.
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Mmrl

The mitochondrial Myo2-receptor related protein 1 (Mmrl) was identified as a
mitochondrial peripheral membrane protein which localized to mitochondria in the tips of
small budded cells (Itoh et al., 2004). It binds to Myo2 both in vivo and in vitro (Itoh et
al., 2004). In cells deleted for MMR 1, mitochondria distribution is abnormal and
mitochondria are often missing from small buds. In mmrIA cells, the mitochondrial
network is fragmented and may therefore have additional roles in mitochondrial fusion
(Swayne et al., 2011). In mmrIA yeast, as the bud size increases, mitochondria
distribution is partially corrected, indicating that additional mechanisms of
inheritance/distribution are involved.

Point mutations in Myo2 that disrupt Vacl7 interaction with Myo2, for example,
myo2-N1304D, also disrupt mitochondria inheritance (Altmann ef al., 2008). Since myo2-
N1304D is a surface residue, this might suggest that a protein factor binds at the same
site of Vac17 to coordinate the inheritance of mitochondria. Furthermore, a Myo2
mutant, myo2-573, which contains six point mutations in the CBD, disrupted Mmr1
binding to Myo2 (Itoh et al., 2004). Together, these studies implicated Mmrl as a
mitochondria cargo adaptor that binds to a surface region of Myo2 that overlaps with the
Vacl7 binding site.

An alternative hypothesis has been proposed that Myo2 does not actively
transport mitochondria. According to this hypothesis, Mmr1 protein is transported to the

bud tip where it interacts with Myo2 to capture or “tether” mitochondria (Shepard et al.,
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2003; Peraza-Reyes et al., 2010; Swayne et al., 2011). These findings however, do not

directly address whether Mmr1 functions with Myo2 for transport of mitochondria.

Yptil

Yptll is a small Rab GTPase. It is the most distantly related of eleven Rab
GTPases in budding yeast. At 417 amino acids in length, it is almost twice the size as
other Rabs, and interacts directly with the Myo2 CBD (Itoh et al., 2002). Studies that
relate Yptl1’s GTPase activity to its function have not been performed. Yptl1 has been
implicated in the inheritance of three organelles: mitochondria, the ER and the late Golgi.
Each is discussed below.

A role for Yptl1 in mitochondria inheritance came from the finding that deletion
of Yptl1 produced a mitochondria inheritance defect (Itoh ef al., 2002). Conversely over-
expression of Yptl1 resulted in bud accumulation of mitochondria in ~80% of budded
cells. In these cells, vacuole inheritance was normal. A myo2 mutant that disrupts
mitochondria inheritance, myo2-338, disrupted interaction with Yptl1 (Itoh et al., 2002).
Thus Yptl1 interaction with Myo2 plays a role in mitochondria inheritance.

Interestingly, YPT'11 deletion has strong synthetic effects with MMR1 or GEM1
deletion (Frederick et al., 2008). Gem1 is a Rho-type GTPase that has very recently been
found to be part of the ERMES (ER-mitochondrial encounter structure; formerly called
the Mitochore) complex (Kornmann et al., 2011), which physically links the ER with
mitochondria and functions independently of Myo2. ERMES mutants severely disrupt
mitochondria morphology (Kornmann et al., 2009). It was also shown that mutations in

Myo?2 that disrupt vacuole inheritance (myo2-L1301P and myo2-Q1233R) are
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synthetically lethal with YPT'71 deletion (Fortsch ef al., 2011). One complication of these
studies is that Yptl1 is also involved in mitochondria inheritance, yet its molecular role is
not known.

Yptll is reported to localize to the ER in vivo. In yeast, the ER exists at two
distinct pools, a nuclear pool that surrounds the nucleus, and a cortical pool adjacent to
the plasma membrane. A study in which seven of the eleven small Rab GTPases in yeast
were tagged with fluorescent markers revealed that Yptl1 extensively co-localized with
the ER near the cell cortex (Buvelot Frei et al., 2006). Yptl1 was also cloned into a
mammalian expression vector. Similar to yeast, it co-localized with ER compartments
and KDEL-positive compartments (ERGIC compartments) (Buvelot Frei et al., 2006).
Because mitochondria and the ER are physically linked through the ERMES complex,
the transport of mitochondria may be coupled to ER transport, and the Myo2/Yptl1
complex may jointly carry both organelles.

Yptll plays an additional role in Golgi inheritance. Unlike metazoans, budding
yeast Golgi are not arranged in parallel stacks. Instead, the Golgi cisternae are spread
throughout the cytoplasm (Fagarasanu and Rachubinski 2007). Whereas early Golgi
elements localize to the bud in an actin-independent and Myo2-independent manner, late
Golgi elements require actin, Myo2 and Cdcl (Rossanese ef al., 2001). It was reported
that overexpression of Yptl1, using a GALI promoter, caused the accumulation of Ret2-
containing Golgi vesicles in the bud (Arai et al., 2008). This effect was dependent on
Myo2; a myo2 mutant that disrupts Yptl1 binding inhibited the accumulation of Golgi
vesicles in cells overexpressing YPT11. Thus, Yptl1 functions in the transport of several

organelles.
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Ypt31/Ypt32, Sec4 and Secl5

During the budding yeast cell cycle, new growth is targeted almost exclusively to
the bud (Pruyne et al., 2004). Secretory vesicles move along actin cables toward the bud
and fuse with the exocyst at the PM. Transport from the late Golgi to the plasma
membrane is regulated by Rab GTPases Ypt31/Ypt32 and Sec4, which form a “cascade”
(Grosshans et al., 2006). In the Rab cascade, Ypt31/Ypt32 recruits Sec2, a guanine
nucleotide exchange factor (GEF) that activates and recruits Sec4. Notably, all of these
Rab GTPases bind to Myo2 (Jin ef al., 2011; Santiago-Tirado et al., 2010) and are
essential for Myo2 attachment to secretory vesicles. A subunit of the exocyst, Secl5,
binds Myo2 CBD (Jin et al., 2011). Interestingly, Ypt31/Ypt32 and Sec4 bind to a single
overlapping region on the Myo2 CBD whereas Secl5 binds on the opposite side.

The regulation of Rab attachment to Myo2 and Rab detachment from Myo2 are
unique to the Rab GTPase cargo adaptors. For Rab GTPases, the C-terminal prenyl group
has a direct affect on Rab localization to a specific membrane. Ypt31, Ypt32 and Sec4
insert their hydrophobic tails into the lipid bilayer, where a membrane-associated GEF
activates the Rab (Grosshans et al., 2006). The binding of guanine-nucleotide
dissociation inhibitors, or GDIs, which mask the prenyl group when not attached to the
membrane, is coupled with a Rab’s GTP/GDP cycle. Once the Rab GTPase hydrolyzes
GTP to GDP, the Rab becomes inactive. It is not clear if an inactivated Rab protein
directly causes dissociation from Myo2 or GDI-binding of the Rab GTPase causes Myo2

dissociation.
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Inp2

Inp2 functions in the inheritance of peroxisomes. Inp2 is a single-pass integral
membrane protein on the outer peroxisome membrane, and directly links peroxisomes to
Myo2 (Fagarasanu et al., 2006). Further, Inp2 expression is coordinated with the cell
cycle. Inp2 expression rises during peroxisome inheritance and falls at its conclusion
(Fagarasanu et al., 2009). Mutations in Myo2 that disrupt Inp2 binding cause a cause a
rise in steady-state levels in Inp2 protein.

Similar to Vacl7, Inp2 is phosphorylated (Fagarasanu et al., 2009). Peak
phosphorylation occurs during peroxisome inheritance. Consensus Cdk1 sites have also
been identified in Inp2 (Peng and Weisman 2008) suggesting phosphorylation of Inp2

may be positively associated with Inp2 binding to Myo2 and peroxisome inheritance.

Kar9

In yeast, the actin cytoskeleton and Myo2 play a major role in nuclear
segregation. Lat-A, an inhibitor of actin polymerization, disrupts nuclear orientation early
in the cell cycle, however this is corrected at later stages (Theesfeld et al., 1999), due to
an independent dynein pathway (Grava et al., 2006; Eshel et al., 1993).

KARY (for Karyogamy 9) was identified as a gene whose mutation resulted in
misoriented microtubules, and increased frequency of binucleated cells (Kurihara et al.,
1994). Kar9 acts as a cargo adaptor that links Bim1, a protein that caps the end of spindle
microtubules, to Myo2 (Beach et al., 2000; Korinek et al., 2000; Lee et al., 2000; Miller
et al.,2000; Yin et al., 2000). The Myo2/Kar9/Bim1 complex functions to orient the

mitotic spindle before nuclear division so that the dividing nucleus is polarized toward
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the bud. The force behind separating the nucleus occurs via dynein motors (Grava et al.,
2006). Initially Kar9 localizes to the bud-proximal spindle microtubule (i.e., the aster).
Later, when the nucleus is dividing, Kar9 localizes to the distal microtubule of the mother
cell.

This asymmetric localization of Kar9 has been attributed to phosphorylation and
SUMOylation. At least two residues on Kar9 are phosphorylated (Liakopoulos et al.,
2003; Maekawa et al., 2003). Both sites are phosphorylated by Cdc28, however cyclin
specificity for these two sites differs. S197 is phosphorylated by Cdc28/Clb4, while S496
is phosphorylated by Cdc28/Clb5 (Moore and Miller 2007). Phosphorylation at serine
197, adjacent to the Bim1 binding region, and serine 496 (Figure 1.3), inhibits attachment
to the distal spindle pole body which ensures that Kar9 only attaches to the SPB oriented
toward the mother-bud neck.

Kar9 is SUMOylated on four lysine residues (Leisner ef al., 2008). SUMO is
ligated to a lysine (K) within the consensus sequence YKXD/E of the target protein,
where W represents an aliphatic hydrophobic residue, and X represents any residue.
SUMO has typically been studied in the context of transcription regulation, in which a
transcription factor is shuttled between the cytoplasm and nucleus via interaction with a
binding partner containing a nuclear localization sequence (Verger and Crossley 2002).
SUMO directly regulates this interaction. In the case of Kar9, SUMO promotes
asymmetric localization of Kar9 to the bud-proximal SPB (Leisner ef al., 2008; Meednu
et al., 2008). Thus, while Kar9 is phosphorylated and SUMOylated, evidence is lacking
whether these modifications work independently or in concert to coordinate Kar9

localization.
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Mechanisms that coordinate organelleinheritance

Ultimately, the transport of all organelles and cargoes is coordinated so that
inheritance is completed prior to cytokinesis. Studies of Vacl7 have yielded insight into
how yeast initiates vacuole inheritance. Vacl7 is a direct target of the cell cycle control
protein, Cdk1. Cdkl phosphorylates Vac17 and this phosphorylation peaks when vacuole
inheritance peaks (Peng and Weisman 2008). Mutation of consensus Cdk1 sites in Vacl7
decreases Vacl7 interaction with Myo2 and causes vacuole inheritance defects. That
Kar9, Mmrl and Inp2 also contain putative Cdk1 consensus sites (Peng and Weisman
2008) or are already known to be phosphorylated by Cdk1, suggests that inheritance of
most organelles is coordinated with the cell cycle.

There is recent evidence that a cell cycle check point exists for some organelles,
for example, the cortical ER (Babour et al., 2010) and mitochondria (Garcia-Rodriguez et
al., 2009). A spindle assembly checkpoint was previously identified (Amon 1999).
Mammalian organelle-related checkpoints are also known. For example, in addition to
several cell cycle checkpoints, a Golgi fragmentation checkpoint prior to partitioning into
daughter cells has been determined (Colanzi et al., 2007). Whether all organelles have
similar checkpoints remains to be determined, though several regulators of budding yeast

ER and mitochondria checkpoints are conserved in metazoans.

Variety of cargo attachment in the myosin family

All myosin motors characterized to date bind to actin cables via similar mechanisms.

With one exception, myosin motors travel toward the plus-end of actin cables, toward the

18



cell periphery. Interestingly, myosin VI, a minus-end directed motor, travels in the
opposite direction. Studies have confirmed, however, that myosin VI interacts with actin
cables similarly to other myosins. The reverse directionality originates from two
additional inserts that cause the lever arm to swing in the opposite direction (Ménétrey et
al., 2005).

Based on the strict sequence conservation of the motor domain, two methods have
been proposed to classify myosin genes. One highly cited study grouped myosins into
twenty-four families based upon phylogenetic analysis of the motor domain (Foth ez al.,
2006). Another study, arguably more useful, categorized myosins into thirty-six groups
based on sequence similarity to protein domains outside of the motor domain (Richards
and Cavalier-Smith 2005). The benefit of this approach is that it correlates with a motor’s
molecular function. A caveat to this, however, is that many motors currently have protein
domains of unknown functions.

Though the various motor domains of myosins interact with actin via the same
mechanism throughout the family, analysis of the cargo binding domains revealed that
the mechanisms employed to attach motors to their cargoes is highly diverse (Mooseker
and Foth 2008). The primary reason for this is likely because the cargoes themselves are
varied and numerous, and differ among cell types. Moreover, a single motor may have
multiple cargoes. Interestingly, the C-terminal cargo binding region of the ~twenty-four
classes of myosins varies in length and composition considerably. For example, 7. gondii
myosin XIVa has one of the shortest cargo binding domains, approximately 35 residues,
while C. elegans myosin XII has a cargo binding domain more than double the length of

the myosin V CBD (Foth et al., 2006).
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At both a genetic and biochemical level, the cargo binding domain of class V
myosins are the best characterized in the myosin family (Schliwa and Woehlke 2003). In
mammalian melanocytes, myosin V interacts with the small Rab GTPase Rab27a which
also interacts with melanophilin to enable distribution of melanosomes to the cell cortex.
Since budding yeast Myo2 contains a small Rab GTPase site as well, and since the
residues which are required for Ypt31/Ypt32 binding are conserved between yeast and
humans (Jin ef al., 2011), it is likely that, though untested, Rab27a binds to the same
region on myosin Va as Ypt31/Ypt32 binds to Myo2. Thus it is possible that while
individual cargo adaptor proteins may have distinct functions between different species,

the binding sites on the CBD of myosin V function similarly for similar cargoes.

Kinesins share some similaritiesto myosins

Kinesins also contain a conserved motor domain that interacts with microtubule
filaments, and a highly variable cargo binding domain, or tail. Notably, eukaryotic
organisms such as animals have established an accessory subunit, the kinesin light chain
(KLC), which directly binds to the tail of a single kinesin heavy chain (KHC). These
serve to mediate distinct molecular interactions with cargo (Vale 2003). The KLC
tetracopeptide region interacts with several proteins, including Jun-N-terminal kinase
(JNK)-interacting protein 1 (JIP1) (Verhey et al., 2001; Byrd et al., 2001) JIP2 and JIP3
(Hirokawa and Takemura 2005), amyloid precursor protein (APP) (Kamal et al., 2000)
and vaccinia viral protein (Rietdorf et al., 2001). Moreover, the KHC interacts with
GRIP1, a glutamate receptor-interacting protein (Setou et al., 2002), the

neurofibromatosis protein (Hakimi et al., 2002) and RNA-containing granules (Kanai et
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al., 2004). Because many cargo binding domain binding partners are as yet unidentified,
it is likely that a single kinesin motor interacts with multiple cargoes in the same cell at
overlapping times, and that more complex mechanisms to coordinate cargo movement
exist.

It has been shown that several kinesins have a mechanism to suppress cargo
transport in the absence of cargo (Verhey and Hammond 2009). This occurs via a folding
mechanism in which the motor bends and the KLC interacts with the KHC motor domain
and/or the microtubule. This motor is considered “autoinhibited” because the ATPase
activity of the motor is turned off (Wong and Rice 2010). Conversely, when cargo is
present, kinesin has the ability to processively move along filaments bound to the cargo.
For example, by attaching a glass bead to the tail of D. melanogaster kinesin-1 purified in
vitro, the motor is able to walk processively along microtubules (Coy et al., 1999). It was
further shown that in vivo, two inhibitory regions of the kinesin tail exist. Binding of both
Fezl, which binds to the KHC, and Jip1, which binds to the KLC, are necessary to
overcome autoinhibition and drive processive movements (Blasius et al., 2007).
Therefore, at least some kinesins, with their attached lights chains, are bound to two
cargo proteins at the same time.

An autoinhibitory state was also shown for myosin V (Liu et al., 2006; Taylor
2007) however it is not known to what extent this occurs in vivo. Both kinesins and
myosins have the ability to shut off transport in the absence of cargo. A region of the tail
domain in either myosins or kinesins has not yet been identified that interacts with the
motor domain. It is reasonable to speculate that when the tail domain is bound to the

motor, the binding sites for cargo would be less accessible to other cargo.
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Focus of thethesis

At least eight cargo adaptor proteins are known to interact with the myosin V
motor, Myo2, cargo binding domain. Each cargo adaptor acts directly in the transport of
at least one organelle or cargo. Interestingly, inheritance of organelles by Myo2 occurs at
distinct yet overlapping times during the cell cycle, and each cargo itinerary is unique.
Together, these observations suggest a complex mechanism for the attachment of cargoes
to Myo2. A model in which all cargo adaptors freely attach to Myo2 at the correct time in
the cell cycle had been assumed. This model suggests that Myo2 freely associates with
cargo adaptors, and that cargo adaptors interact with Myo2 when correctly positioned or
modified (i.e., phosphorylated). Studies described in this thesis are the result of findings
that cargo adaptor proteins have overlapping binding sties on Myo2. Moreover, these
findings suggest that shared Myo2 binding sites provide an important mechanism of
regulating cargo transport and regulate organelle volume, as well as, the timing of

organelle inheritance.

22



Nuclear cortical ER

Figure 1.1

Budding yeast, Saccharomyces cerevisiae, divides asymmetrically by budding. Each
cargo is carried individually to the emerging bud at a defined time in the cell cycle, where
the cargo is release and retained. Cargoes transported by the myosin V motor, Myo2, are
underlined. This includes: the vacuole, peroxisomes, mitochondria, late Golgi, secretory
vesicles (SV) and astral microtubules (MT). Cargo adaptor proteins for each cargo are
indicated. Cargoes of Myo4, the other myosin V motor in budding yeast, are indicated in
red font. Image modified from Fagarasanu et al., 2010.
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Figure 1.2

Surface representations of the crystal structure of the Myo2 Cargo Binding Domain. (a)
Linear schematic of Myo2. Red arrow heads denote phosphorylation sites. (b) Top: The
Vacl7 binding site has been identified (Ishikawa et al., 2003 and Pashkova et al., 2006).
Some of these residues, when mutated, also cause a mitochondrial inheritance defect
(Altmann et al., 2008). Vacl7 binding residues and the “mitochondria” binding residues
are indicated in blue. Sec15 binding site of Myo2 was identified (Jin ef al., 2011).
Bottom: The Inp2 binding region has been identified (Fagarasanu et al., 2009). Some of
these residues overlap with residues the bind the Rab GTPases, Ypt31/Ypt32 and Sec4
(Lipatova et al., 2006; Santiago-Tirado et al., 2010; Jin et al., 2011). The Rab GTPase
binding site is indicated in black outline. The Vac17, mitochondria and Sec15 binding
sites are located on the opposing side of the CBD from the Rab GTPase and Inp2 binding
region.
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Figure 1.3

Linear schematics of Myo2 cargo adaptor proteins. All proteins depicted interact directly
with Myo2 except Vac8. Regulatory or structural domains are indicated for each protein.
The Myo2 binding region is indicated in cases in which it has been identified. Red arrow
heads denote phosphorylation sites that have been tested in vivo; Kar9 is SUMOylated on
4 residues indicated by purple arrow heads: K301, K333, K381 and K529. Vac8 is
myristoylated at Glycine 2 (red) and palmitoylated at Cysteines 4, 5 and 7 (blue). Arm
repeats 2 and 5 are important for all known Vac8 functions and deletion of these two
domains disrupts Vac17 interaction. Yptl11/31/32: The grey box next to the GTP/Effector
BD indicates the Switch I/II regions. Yeast Rab GTPases are attached to membranes
using a geranylgeranyl (20 carbons) unsaturated group on a Cysteine residue followed by
two aliphatic residues (Caa) at the C-terminus of the protein. CC = coiled cold domain,;
BR = Binding Region; BD = Binding Domain; TM = Transmembrane domain.
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CHAPTER 2
OVERLAP OF CARGO ADAPTOR BINDING SS TESON MYOSIN V
COORDINATESTHE INHERITANCE OF DIVERSE CARGOES

Introduction

Multiple cellular functions are executed via cytoplasmic organelles. The volume
of each organelle likely depends upon several factors, including type of cell, its functions,
metabolic status, and stage in the cell cycle. Moreover, during cell division, organelle
volume must be coordinated with the transient change in cell volume. However little is
known about how cells control organelle size.

In the yeast Saccharomyces cerevisiae, the mother cell generates a bud that
becomes the daughter cell. During budding, a portion of each cytoplasmic organelle is
transported across the mother-bud neck to a distinct location in the bud. In yeast, the
myosin V motor, Myo2, transports most cytoplasmic organelles as well as other cargoes.
Myo2 carries secretory vesicles (Govindan et al., 1995), the vacuole (Catlett and
Weisman, 1998; Hill ef al., 1996), mitochondria (Itoh et al., 2002), peroxisomes
(Fagarasanu et al., 2006; Hoepfner et al., 2001), the late Golgi (Rossanese et al., 2001a),
and astral microtubules (Beach et al., 2000; Yin ef al., 2000). This raises the question of
how Myo2 carries diverse cargoes to the proper place at the right time.

Insight into how Myo2 selects cargoes comes from analysis of a high-resolution

crystal structure of the Myo2 cargo binding domain (CBD) (Pashkova ef al., 2006). The
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CBD consists of the C-terminal 487 residues of the motor heavy chain, which fold into a
globular protein of fifteen anti-parallel helices, ending with a long loop containing two
helices. The loop wraps back to the “beginning” of the CBD. Residues identified as
critical for the inheritance of the vacuole map to a single region on the surface of the
CBD (Catlett et al., 2000; Pashkova et al., 2006). Mutation of these Myo2 residues
disrupted Myo?2 interaction with Vacl7, the vacuole-specific cargo adaptor protein
(Ishikawa et al., 2003). Vacl7 also binds Vac8, a vacuole membrane protein (Tang et al.,
2003). Thus, the Myo2/Vacl7/Vac8 complex attaches Myo?2 to the vacuole. These
studies suggested that specificity for an individual Myo2 cargo derives in part, from
adaptor proteins that link the cargo to the Myo2 CBD (Weisman, 2006).

Indeed several adaptor proteins have been identified. In yeast, the peroxisomal
protein Inp2 binds Myo2 and is required for proper inheritance of peroxisomes
(Fagarasanu et al., 2006). Kar9 links Myo2 to the plus ends of microtubules via direct
interaction with the capping protein Bim1 (Korinek et al., 2000; Miller et al., 2000).
Myo2/Kar9 interaction is important for the correct orientation of the mitotic spindle
during the cell cycle (Beach et al., 2000; Yin et al., 2000). While the Myo2 CBD exhibits
high conservation with most eukaryotic myosin V CBDs, the adaptor proteins are not
uniformly conserved (Mast ef al., 2011), which suggests that modes of attachment to
myosin V rapidly evolve, while the mechanisms employed by the CBD itself are
conserved.

Mmrl was proposed to be an adaptor protein that links Myo2 to mitochondria.
The mitochondrial protein, Mmr1, binds directly to Myo2 (Itoh et al., 2004) and has a

role in mitochondrial distribution to the bud (Frederick et al., 2008; Itoh et al., 2004). In
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cells deleted for MMR 1, mitochondria are often missing from small buds. Mmrl may
have additional roles related to mitochondria fusion; in mmrIA yeast, the mitochondrial
network is mildly fragmented.

In mmrIA yeast, as the bud size increases, mitochondria distribution is partially
corrected, indicating that additional mechanisms of inheritance/distribution are involved.
One additional mechanism involves the ERMES/mitochore complex, which forms
junctions between mitochondria and the endoplasmic reticulum (ER) (Kornmann et al.,
2009). The ERMES complex functions independently of Myo2 and is critical for the
proper distribution of mitochondria. The GTPase, Gem1, required for distribution of
mitochondria to the bud (Frederick et al., 2004), is part of the ERMES complex
(Kornmann et al., 2011).

The Rab GTPase, Yptl1, which has a role in mitochondrial inheritance or
retention, also interacts with Myo2 (Boldogh et al., 2004; Fortsch et al., 2011; Frederick
et al., 2008; Itoh et al., 2002). However, Yptl1 localizes to the ER (Buvelot Frei ef al.,
2006) and late Golgi vesicles (Arai et al., 2008), which raises questions about whether
Yptl1 directly attaches mitochondria to Myo2. Given its localization, Yptl 1 may move
the ER and/or late Golgi. Moreover Yptl1 likely functions outside of the Mmr1 pathway;
a double deletion of YPT11 and MMRI has a synthetic negative effect on mitochondrial
distribution (Frederick ef al., 2008).

Adaptor proteins that attach Myo?2 to secretory vesicles have been identified (Jin
et al.,2011; Lipatova et al., 2008; Santiago-Tirado et al., 2011). The Rab GTPases
Ypt31/32 and Sec4 bind a site on Myo?2 that is offset 180° from the Vacl7 binding site.

Mutation of any residue that disrupts Rab GTPase binding produces a severe growth
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defect due to a defect in secretory vesicle transport to the plasma membrane. Secl5, a
subunit of the exocyst tethering complex, binds an additional region on Myo2, on the
opposing side from the Rab GTPase binding site (Jin ef al., 2011). Binding of both Sec15
and the Rab GTPases are required for the normal distribution of secretory vesicles.

Here we map the binding sites of the other known cargo adaptors for Myo?2.
Together with previous studies, we find that eight adaptor proteins bind to either of two
overlapping binding sites (Fagarasanu et al., 2009; Jin et al., 2011; Lipatova et al., 2008).
The binding sites for Mmr1 and Vacl7 overlap at a “simpler” region. These proteins
compete for access to Myo2 in vivo and in vitro. Surprisingly, mutations that affect Myo2
interaction with Mmr1 only, result in an increase in the volume of vacuoles in the bud.
Similarly, mutations that affect Myo2 interaction with Vac17 only, result in an increase
in the volume of mitochondria in the bud. Thus overlap of the Vac17 and Mmr1 binding
sites on Myo?2 likely has a role in regulating organelle volume. Similarly, the other
adaptor proteins overlap on the opposite side of Myo2. The Yptl1 and Kar9 binding sites
overlap with each other and with the secretory vesicle Rab GTPases and Inp2 binding
sites. Furthermore, the Rab GTPase/Kar9/Inp2 binding region, Mmr1/Vac17 binding
region and the Sec15 binding site are potentially connected through shared helices and
loops. This raises the possibility that the binding of any single cargo adaptor may
enhance or inhibit binding of adaptor proteins at spatially distinct regions. Thus the CBD

of Myo2 may be a focal point to integrate the distribution of all of its cargoes.
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Results

Mmrl is a cargo adaptor protein for mitochondria, and binds Myo?2 at a site that
overlaps with the Vacl7 binding site.

Several organelle cargo adaptor proteins interact with the Myo2 cargo binding
domain (CBD) (Figure 2.1a). Mmrl is required for normal distribution of mitochondria to
the yeast bud. Movement of mitochondria is disrupted by mutation of specific surface
residues on the Myo2 CBD (Altmann et al., 2008). These residues overlap with residues
required for Myo2 interaction with Vac17, the vacuole-specific adaptor protein (Ishikawa
et al., 2003). Thus we tested whether myo2 mutations in this region disrupted the
interaction between Myo2 and Mmr1 and/or Myo2 and Vacl7 (Figure 2.1b). In addition,
we tested each of the six residues mutated in myo2-573, a mutant defective in binding
Mmrl and mitochondria inheritance (Itoh ef al., 2004). Using a yeast two-hybrid test, we
identified several mutants, including myo2-N1304D, which disrupted interactions
between both Myo2 and Mmrl and between Myo2 and Vacl7 (Figure 2.2; purple).
Mutation of adjacent residues, myo2-E1293K and myo2-D1297N, only affected the
ability of Myo2 to interact with Vacl7, and not Mmr1 (Figure 2.2; blue). myo2-
P1529A/S, was the single residue in myo2-573 that disrupted Myo?2 interaction with
Mmrl (Figure 2.2, red). This mutant did not affect Myo2 interaction with Vacl7. An
additional two mutants, myo2-11308A and myo2-K1312A, interacted with Vac17 but not

Mmrl (Figure 2.2; red).
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These point mutations in the context of full length MYO?2 did not affect Myo2
expression levels (Fig. 2.3), actin cable organization (Figure 2.3), cell viability (Figure
2.4), or mitochondria function, measured by the ability of mutant strains to grow on a
non-fermentable carbon source, glycerol (Figure 2.4). Surface mutations near this region
did not disrupt binding to any cargo adaptor protein tested (Figure 2.5; Table 1).

Selected mutations that blocked Myo2 interaction with Vacl7 and/or Mmr1 in a
yeast two-hybrid test, were assayed for their ability to support vacuole and mitochondria
inheritance in vivo (Figure 2.6 and 2.7, respectively). Mutations that disrupted interaction
with both Vac17 and Mmrl1 in the yeast two-hybrid test, disrupted inheritance of both
vacuoles (Figure 2.6) and mitochondria (Figure 2.7). Thus, a central region on helix six,
and part of helix four of the Myo2 CBD contain residues important for inheritance of
both vacuoles and mitochondria.

The myo2-E1293K and myo2-D1297N mutants, which affected Myo2 interaction
with Vac17 but not Mmrl1, disrupted the inheritance of vacuoles only. Conversely, the
myo2-11308A, myo2-K1312A and myo2-P1529A/S mutants only disrupted mitochondria
inheritance. Together, these data support the hypothesis that Vacl7 and Mmr! interact
with Myo2 at overlapping but not identical regions on the Myo2 CBD. Disruption of the
interaction between Myo2 and either Vac17 or Mmrl results in fewer vacuoles or
mitochondria in the daughter cell, respectively.

myo2-P1529S disrupted the interaction of Myo2 with Mmrl1 (Figure 2.8) and
caused a mitochondrial inheritance defect. However, substitution of a proline may disrupt
secondary and tertiary structure. Thus, whether P1529 contributes directly to the Mmr1

binding site remains an open question.
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That the Vacl7 and Mmr1 binding sites overlap raised the possibility that Vac17
and Mmrl may function together with Myo2 to move vacuoles and mitochondria. We
tested if the absence of either Vac17 or Mmrl affected the inheritance of mitochondria or
vacuoles, respectively. The mmrIA mutant has a mitochondrial inheritance defect (Figure
2.9). However, vacuole inheritance was normal. Conversely, in vacl7A cells,
mitochondria were inherited normally but vacuole inheritance was disrupted (Figure 2.9).
Thus, inheritance of mitochondria requires Mmr1, while the inheritance of vacuoles
requires Vacl7. Further, these studies suggest that Vac17 binds Myo2 in the absence of
Mmrl, and conversely, Mmrl binds Myo2 in the absence of Vacl7.

Prior to testing the functional significance of the overlap of the Mmrl and Vacl7
binding sites on Myo2, we tested the relative importance of Mmrl and Yptl1 for
inheritance of mitochondria. Similar to Mmrl1, Yptl1 binds directly to the Myo2 CBD,
but at a distinct site from Mmr1/Vacl7. We found that the mmrIA mutant had a greater
mitochondrial inheritance defect than the ypt/ /A mutant (49% versus 21% buds had no
detectable mitochondria; Fig. 2.10). Thus, we chose to study Vacl7 and Mmr1

independent of potential contributions from Yptl1.

Vacl7 and Mmrl localize to the leading edge of vacuoles and mitochondria in the bud
and mother cell.

To determine functions of Vacl17 and Mmr1, we determined the localization of
these proteins in wild-type cells and in myo2 mutants. Vacl7-3xGFP localized on the
leading edge of vacuoles in the bud, as well as to portions of vacuoles in the mother cell

that are near the mother-bud neck (Figure 2.11). In wild-type cells, the regulated
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degradation of Vacl7 protein occurs following vacuole inheritance (Tang et al., 2003).
Notably in the myo2-D1297N mutant, there is a vacuole inheritance defect and an
unpolarized accumulation of Vacl7-3xGFP protein on the vacuole membrane in the
mother cell (Figure 2.12). Similarly, Vac17 protein levels are elevated on the mother cell
vacuole in myo2-N1304S, a mutant that is defective in binding to Vacl7 (Tang et al.,
2003). These findings support the hypothesis that Myo2 and Vacl7 bind vacuoles in the
mother, and that Vacl7 together with the attached portion of the vacuole, moves to the
bud via Myo2. Vac17-3xGFP did not accumulate in myo2-11308 A, which does not have a
vacuole inheritance defect.

We tested Mmr1 using assays that paralleled those used for Vacl7. Two
postulated roles for Mmr1 function are consistent with the observation that Mmr1 directly
contacts Myo2. Mmrl may connect Myo2 to mitochondria to facilitate their transport
(Frederick et al., 2008; Itoh et al., 2004). Alternatively, Mmrl protein may be transported
to the bud tip via Myo2 where it functions as a tether to capture and retain mitochondria
(Peraza-Reyes et al., 2010; Shepard et al., 2003; Swayne et al., 2011). These hypotheses
are not mutually exclusive. For the purposes of this study, we focused on whether the
Mmr1/Myo2 complex moves mitochondria across the mother-bud neck.

Mmr1-GFP localized to portions of mitochondria in the bud, as well as
mitochondria in the mother cell near the mother-bud neck (Figure 2.13). Importantly,
mitochondria at the rear of the mother cell, opposite the bud, lack Mmr1-GFP (Figure
2.13; arrows). Thus, localization of both Vac17 and Mmr1 are consistent with their roles
as adaptor proteins which link Myo2 to those portions of vacuoles and mitochondria that

are moving into the bud. In further support of this hypothesis, in the myo2-11308A

33



mutant, which cannot bind Mmr1, Mmrl was distributed throughout the mitochondrial
surface. In small budded cells, Mmr1 accumulated on mitochondria in the mother cell
(Figure 2.14). There was also an increase in Mmr1-GFP fluorescence. Elevation of
Mmr1-GFP did not occur in cells containing myo2-D1297N, which disrupts Vacl7 but
not Mmr1 interaction with Myo2 (Figure 2.14). By western blot analysis Mmr1 protein
was elevated five to seven-fold in myo2 mutants that are defective in binding Mmr1
(Figure 2.15). Both Vacl7 and Mmrl are elevated in myo2-N1304D, which has a vacuole
and mitochondrial inheritance defect (Figures 2.12 and 2.14). That Mmr1 and Vacl7
accumulate in specific myo2 mutants in the mother cell on mitochondria and vacuoles,
respectively, strongly suggests that Mmr1 and Vacl7 interact with the organelles in the
mother, and interact with Myo2 to transport mitochondria and vacuoles across the
mother-bud neck. In the case of mitochondria, other transport mechanisms may be
present as well (Boldogh et al., 2001; Frederick ef al., 2008; Kornmann et al., 2011;

Shepard et al., 2003; Swayne et al., 2011).

Vacuole and mitochondrial inheritance occur early in the cell cycle, at similar but not
identical times.

To further test the role of Mmrl and Vacl7 interactions with Myo2, we
performed in vivo time-lapse imaging. Cells with buds initially devoid of mitochondria
and vacuoles were visualized until both mitochondria (mitoGFP) and vacuole (FM4-64)
tubules moved into the bud (Figure 2.16). Each red and green pair represents one cell. We
found that the time the vacuole or mitochondria crossed the mother-bud neck occurred

independently; this was designated time zero for the first organelle that moved into the
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bud. The black arrowhead between each red-green pair indicates when the second
organelle crossed the mother bud neck. As an example, in Figure 2.16 (1), the green bar at
top indicates that mitochondria moved into the bud first and crossed the mother-bud neck
approximately one minute from the start of imaging. After approximately four minutes,
the vacuole also crossed the mother-bud neck, indicated by the arrowhead.

To maximize the number of time-courses analyzed, we utilized time-lapse series,
ranging from 13 s between each image up to 180 s between each image. For the majority
of the ten cells imaged, both vacuoles and mitochondria crossed into the bud within seven
minutes after the start of imaging. After moving across the mother-bud neck, the
organelles frequently retracted back into the mother cell and then recrossed from the
mother to the bud (Figure 2.17; red and green arrow heads). This was observed in six of
the ten time-lapse series. Moreover, for the two cells in which images were acquired less
than 60 seconds apart (Figure 2.16 , I and V) the vacuole tubule crossed the mother-bud
neck seven and nine times, respectively, and the mitochondrial tubule crossed the mother-
bud neck eleven and five times, respectively.

The time lapse series revealed several aspects regarding the inheritance of
vacuoles and mitochondria: (1) There is not a designated order for whether vacuoles or
mitochondria enter the bud first. Mitochondria moved into the bud before vacuoles in
four of the ten cells analyzed, while vacuoles moved first in the other six cells. (2) While
the precise time that each organelle crossed the mother bud neck was independent of the
other, mitochondria and vacuoles moved into the bud at similar times in the cell cycle.
Thus, there is not a chronological order to binding of Vacl7 versus Mmrl to Myo2 yet

binding of each is regulated by the cell cycle. (3) The movement of vacuoles and
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mitochondria into the bud is a combination of anterograde and retrograde events
(rocking) across the mother-bud neck. The timing of rocking of each organelle was
independent of the other.

To further test whether Mmr1/Myo2 move mitochondria across the mother bud
neck, we acquired time-lapse images for myo2-11308 A, which is defective in binding
Mmrl (Figure 2.18). In the six examples imaged, five cells had either a pronounced delay
(approximately 32 minutes; Figure 2.18 (I-1II)) or complete defect (observed for >40 min
each; Figure 2.18 (IV-V) open arrow heads) in movement of mitochondria into the bud.
While mitochondria in myo2-11308 A mutants frequently moved to a position near the
mother-bud neck, they did not move into the bud (Figure 2.19a; white arrow). That
mitochondria eventually crossed the mother-bud neck in three of the six myo2-11308A
mutants fits the postulate that there are redundant mechanisms to move mitochondria
across the mother-bud neck (Boldogh et al., 2001; Frederick et al., 2008). Alternatively,
myo2-11308A may be only partially defective in binding Mmr1. Note that the time
required for buds to inherit the vacuole in six of the myo2-11308 A mutants was similar to
wild-type cells; approximately 7 minutes. Together the defects observed in myo2-11308 A
cells support the hypothesis that Mmr1 links the mitochondrial membrane to Myo?2 for
transport across the mother-bud neck.

One of the myo2-11308 A mutants had normal inheritance of mitochondria (Figure
2.18 (VI)). Moreover, in this example the vacuole was inherited late, with a delay of 12.3
minutes. This example raises the possibility that Vacl7 may also interact with Myo2
residue 11308, although this residue is not a major contributor to Vacl7 binding (Figure

2.1).
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Based on studies of populations of cells, Vacl7 was proposed to act as an adaptor
protein that links vacuoles to Myo2 for movement of vacuoles across the mother-bud
neck. To further test this hypothesis, we acquired time-lapse images of the myo2-D1297N
mutant, which fails to bind Vacl7 (Figure 2.19b). In each of the five time-lapse series,
the vacuole was not inherited for the duration of imaging (cells observed 20 to 35 min;
Figure 2.18 (VII-XI)). This result strongly suggests that Myo2 interaction with Vacl7 is
essential for vacuole movement across the mother-bud neck.

Notably, in the myo2-D1297N mutant, where vacuole inheritance is defective,
mitochondrial tubules moved into the bud earlier. On average mitochondria moved into
the bud within 2 to 3 minutes from the start of imaging (Figure 2.18) compared with 5 to
6 minutes for the wild-type strain (Figure 2.16). In addition, in time lapse images
acquired less than 60 seconds apart, there was less rocking, mitochondria crossed the
mother-bud neck, an average of 3 times in the myo2-D1297N mutant. Conversely,
vacuoles crossed the mother-bud neck an average of 3.4 times in the myo2-11308A
mutant. These observations strongly suggest that in Myo2 mutants where Vac17 binding
is compromised, Mmr1 has greater access to Myo2. Conversely in mutants where Mmr1
binding is compromised, there is a greater likelihood of Vac17 attachment to Myo2.

Thus, Vacl7 and Mmr1 may compete for access to Myo?2.

Mmrl and Vacl7 compete for access to Myo2, in vivo.
To determine whether Mmr1 and Vacl7 compete for access to Myo?2 in vivo, we
examined images from a large population of cells, to test if myo2-D1297N, which has a

defect in binding Vacl7, has increased amounts of mitochondria in the bud. Conversely,
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we tested if myo2-11308A, which has a defect in binding Mmr1, has increased amounts of
vacuoles in the bud. We measured the ratio of bud fluorescence to mother fluorescence
for individual cells for both mitochondria (mitoGFP) and vacuoles (FM4-64). A
minimum of one hundred small budded cells for each strain was analyzed (Figure 2.20).
myo2-D1297N cells had lower vacuole fluorescence levels in the bud compared to wild-
type cells (0.029+0.004 versus 0.178+0.010, respectively; p<0.001), consistent with
observations that myo2-D1297N has a vacuole inheritance defect. Conversely, myo2-
D1297N had an increase in mitochondrial fluorescence in the bud compared to wild-type
cells (0.151+0.006 versus 0.115+0.002, p<0.001). Thus, when Vacl7 cannot bind Myo2,
transport of mitochondria into buds is increased, which suggests that Mmr1 has greater
access to Myo2.

In myo2-11308A mutant cells, which have a defect in Mmr1 binding to Myo2,
there was a significantly lower ratio of mitochondria fluorescence in buds compared to
wild type cells (Figure 2.20; 0.040+0.002 versus 0.115+0.002, p<0.001). This provides
further support for the hypothesis that Mmr1 interaction with Myo2 is important for
mitochondria inheritance. Interestingly, buds in the myo2-11308 A mutant had an increase
in vacuole fluorescence compared to wild-type cells (0.213+0.010 versus 0.178+0.010,
p<0.05). These data are consistent with the postulate that when Myo2 cannot bind to
Mmrl, a larger population of Myo2 binds Vacl7, and thus transport of vacuoles to the
bud is increased. myo2-N1304D, a mutation at the center of both the Vacl7 and Mmrl
binding sites, results in decreased inheritance of both vacuoles and mitochondria.

The excess volume of vacuoles or mitochondria inherited by small buds of the

myo2 point mutants persisted in large budded and unbudded cells (Figure 2.21). Thus the
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changes in both vacuole and mitochondrial volume that occurred early in the cell-cycle in
the myo2-11308A and myo2-D1297N mutants were not corrected to wild-type volumes at
the point of cytokinesis. Thus, competition between Mmr1 and Vacl7 for access to Myo2
is a major contributor to the modulation of organelle volume.

Additional evidence for competition between Mmr1 and Vacl7 came from studies
of wild-type cells that over-expressed either MMRI or VAC17 (Figure 2.22a). Compared
with wild-type cells, when MMRI was over-expressed, mitochondria accumulated in the
bud (Figure 2.22b and 2.22c), with a corresponding significant decrease (p<0.05) in the
amount of vacuoles present (Figure 2.22b). Conversely, over-expression of Vacl7 led to
higher levels of vacuoles but fewer mitochondria in the bud (Figure 2.22b and 2.22c).

Over-expression of either MMR1 or VAC17 had additional consequences. Over-
expression of Vacl7 led to abnormal positioning of vacuoles in the mother cell to the
forward part of the cell, near the mother-bud neck (Figure 2.22c¢; asterisk). Similarly,
over-expression of MMR1 disrupted the cortical distribution and caused an accumulation
of mitochondria in the forward part of the mother cell near the mother-bud neck (Figure
2.22¢; arrowhead). These results provide further support for the hypotheses that Vacl7
and Mmrl link Myo?2 to vacuoles and mitochondria, respectively, for transport of these
organelles across the mother-bud neck.

Together, analysis of mutations in myo2 that block either binding of Mmr1 or
Vacl7, as well as analysis of over-expression of Mmr1 or Vacl7, strongly suggest that
Myo?2 transports both mitochondria and vacuoles, and further, that the volume of
mitochondria and vacuoles inherited is partially determined by access of Mmr1 and

Vacl7 to Myo2.
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Mmrl and Vacl7 compete for access to Myo?2, in vitro.

We tested and found that recombinant Myo2 CBD pulls-down both Vacl7-GFP
and Mmr1-HA expressed in yeast cell lysates (Figure 2.23). To determine whether Myo2
interactions with Vac17 or Mmrl can be assayed in vitro, we expressed full-length Vacl7
and Mmrl in E. coli, but found that neither protein was soluble (data not shown). Thus,
we used yeast two-hybrid analysis to identify peptides of Vacl7 and Mmr1 that interact
with Myo?2 (Figure 2.24). We performed further tests on Mmr1(378-430), because it
interacted well with wild-type MYO2, but not myo2-N1304D or myo2-11308 A, mutant
alleles that do not interact with full-length Mmrl. Similarly, we chose Vac17(112-157),
which interacted with wild-type MYO2 and myo2-11308A, but did not interact with myo2-
N1304D, which does not bind full-length ¥4C17. The Mmr1 and Vacl7 peptides were
expressed as fusion proteins containing an N-terminal maltose binding protein (MBP)
tag.

Purified Myo2 CBD interacted with MBP-Vac17(112-157). Proteins were added
in a 1:1 molar ratio and analyzed by size-exclusion chromatography. Myo2 CBD (50.5
kD) and MBP-Vacl7 peptide (53 kD) eluted as a single complex of approximately 115
kD (Figure 2.25a; red line). Similarly, we found that the Myo2 CBD interacts with MBP-
Mmr1(378-430) (55 kD) and migrates on gel filtration as a bimolecular complex of
approximately 120 kD (Figure 2.25b). As a control, MBP added to Myo2 CBD ina 1:1
ratio eluted as unbound monomers (Figure 2.25a and 2.25b, dotted line).

To determine if Vac17 and Mmr1 peptides compete for Myo?2 in vitro, we formed

a Myo2-Mmrl1 complex and added MBP-Vac17 peptide (Figure 2.26). Increasing
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amounts of MBP-Vac17 resulted in the formation of Myo2/Vacl7 complexes with the
concomitant displacement of Mmr1 (Figure 2.26, black boxes on gels). Thus Mmrl1 and
Vacl7 compete for access to Myo2 in vitro. Note that MBP-Vac17 peptide does not
interact with MBP-Mmr1 peptide; these eluted as unbound monomers (Figure 2.26;

chromatogram dotted line).

The binding surfaces for Yptl 1, Kar9, Inp2 and additional Rab GTPases partially
overlap with each other.

Ypt31/Ypt32 and Sec4 bind a site on Myo?2 that is offset 180° from the
Vacl7/Mmr1 binding site. Notably, Inp2, which functions in peroxisome inheritance,
binds a subset of these Myo2 residues plus one additional residue in this region
(Fagarasanu et al., 2009).

We tested proteins known to interact with Myo2 whose binding sites were
unknown; Kar9, Yptl1 and Smy!1 (Figure 2.27a). These proteins bound to each of the
Myo2 mutants of the Vac17/Mmr1 binding region. The one exception was myo2-L1301P,
which was defective in binding to Smy1 and Kar9 (Figure 2.27a). Since other mutations
in this region bound to these proteins, it is likely that Smy1 and Kar9 binding are affected
due to a conformational change due to the substitution of leucine with proline. Note that a
conformational change may affect only a subset of surface residues. For example,
mutation of a buried residue, myo2-G1248D, affects Vacl7 binding but does not affect
binding of Rab GTPases (Catlett and Weisman, 1998; Pashkova et al., 2006).

To test whether Yptl1, Smyl or Kar9 bind Myo2 near the Ypt31/Ypt32, Sec4 or

Inp2 binding sites, we generated and tested sixteen additional mutations near Myo2-
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Y1415, a surface residue whose mutation disrupts binding of each of these proteins
(Figure 2.27b). Smy1 bound to all of the mutants tested in that region, therefore the Smy1
binding region remains to be determined. Yptl1 binding was disrupted by most of the
mutations that disrupt Myo2 interaction with the Rab GTPases Ypt31/Ypt32 and Sec4
(Figure 2.28, blue and brown residues). However, Myo2-L1331, which is important for
binding Ypt31/Ypt32 and Sec4 is not important for Yptl1 interaction with Myo2 in a
yeast two-hybrid test (Figure 2.28; green). We tested the viability of cells with myo2-
L1331S as the sole source of MYO2 in the cell, and found a modest growth defect (Figure
2.29), consistent with a role for Myo2-L1331 being important for Ypt31/Ypt32 and/or
Sec4 binding. This growth defect was not due to an altered expression level of myo2-
L1331S (Figure 2.30). Thus, Myo2-L1331 may uniquely bind Ypt31/Ypt32 and Sec4,
while residues L1411, Y1415, and K1444, are required for the binding all of the Rab
GTPases that interact with Myo2.

Note that growth defects due to mutation of Rab GTPase-binding residues are
unlikely to be due to disruption of the ability of Yptl1 to bind to Myo2. Deletion of
Yptll does not affect yeast growth (Figure 2.29).

Using a yeast-two hybrid test we found that Kar9 failed to interact with two
mutants defective in binding Rab GTPases, myo2-L1331S and myo2-Y1415E. In
addition, Kar9 failed to interact with myo2-F1334A, myo2-K1408A and myo2-Y 1483A.
To test the functional significance of this interaction, we measured spindle orientation.
Note that even in the absence of Kar9, the defect in spindle orientation is partial. This is

because a parallel dynein-dependent pathway divides a subset of the nuclei along the
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correct axis (Grava et al., 2006). Thus kar9A cells are viable and do not display a
temperature sensitive growth defect.

Importantly mutations identified in the yeast two-hybrid test as defective in
binding to Kar9, were also defective in binding Kar9 in vivo, as assessed by their function
in the orientation of the mitotic spindle. An asynchronous population of myo2A cells
expressing a plasmid encoding wild-type or mutant myo2 was scored according to five
categories. Orientations assigned to categories III, IV and V are not informative and thus
while recorded, were excluded from the analysis. Categories I and II are informative and
about 35-50% of cells in both the mutants and wild-type were assigned to one of these
two groups (Figure 2.31). Wild-type MYO?2 plasmid-containing cells had a 2.5-fold
higher percentage of correctly oriented spindle microtubules compared to kar9A cells.
Strikingly, there was a direct correlation between mutations that disrupted Myo2-Kar9
interaction in the yeast two-hybrid test and those that cause the misorientation of spindle
microtubules in vivo. Mutations of residues adjacent to these mutations did not affect
spindle orientation or Kar9 binding. A mutation that disrupts vacuole and mitochondria
inheritance, myo2-N1304D, also did not affect spindle orientation (Figure 2.31).
Together, these results demonstrate that Kar9, Inp2, Sec4, Yptl1 and Ypt31/Ypt32 bind
to overlapping regions on the Myo2 CBD. Thus, of nine proteins known to interact with

the Myo2 CBD, six overlap in this region.
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Conclusions

Characterization of organelle-specific cargo adaptors, which directly link cargoes
to myosin V motors, revealed that organelle transport occurs via direct regulation of
cargo adaptor proteins (Fagarasanu ef al., 2009; Moore and Miller, 2007; Peng and
Weisman, 2008). An example is Vacl7, where initiation of vacuole movement begins
with Cdk1-dependent phosphorylation of Vacl7 (Peng and Weisman, 2008). This
promotes Vacl7 binding to Myo2 and results in vacuole movement. Regulation of Vacl7
is also required for the termination of vacuole movement (Tang et al., 2003). When the
vacuole reaches the bud, a pathway that utilizes the Vac17 PEST sequence promotes
detachment of Vac17 from Myo2 and the degradation of Vacl7. These events deposit the
vacuole at its correct position (Tang et al., 2003). Additionally, Vacl7 expression is
coordinated with the cell cycle (Tang et al., 2003). Vacl7 levels peak when the vacuole is
moving into the bud (Peng and Weisman, 2008).

Discovery of multiple modes of regulation of Vac17 suggested that cargo
adaptors provide the main regulation of cargo movement, while the motor provides an
inert platform for cargo binding. In further support of this postulate, two types of cargo
adaptors, Vacl7, and the secretory vesicle-specific Rabs Ypt31/Ypt32, bound distinct
sites on Myo2. Thus it was assumed that binding of each Myo2 adaptor could be

independently regulated.
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An indication that the CBD of myosin V plays an active role in the selection of
cargoes came from discoveries that Xenopus myosin V and yeast Myo2 undergo
reversible phosphorylation. Three residues in the Myo2 CBD are phosphorylated
(Legesse-Miller et al., 2006). Interestingly, phosphorylation of the conserved myosin V
CBD in Xenopus oocytes regulates cargo interactions (Karcher et al., 2001; Rogers et al.,
1999). Thus phosphorylation of the myosin V CDB may facilitate the attachment or
detachment of select cargoes.

A further indication that the cargo binding of Myo2 may regulate cargo selection,
was the observation that the Inp2 binding site overlaps with the Rab GTPase binding site
(Fagarasanu et al., 2009). The results contained in this thesis show that Kar9 and Yptl1
also interact with residues at this region (Figure 2.28). Similarly, Mmr1 binds to a second
site, which overlaps with the Vac17 binding site (Figure 2.2). The overlap of at least eight
cargo adaptors at two distinct sites suggested that this extensive overlap is functionally
significant.

Indeed the overlap of the binding sites of Mmr1 and Vac17 contributes to the
inheritance of mitochondria and vacuoles (Figure 2.20). An initial hypothesis was that
competition between Mmrl and Vacl7 for access to Myo2 could provide temporal order
for the inheritance of these organelles. However, mitochondria and vacuoles moved into
the bud at similar times (Figure 2.16). Moreover, either the vacuole or mitochondria
moved first, or both crossed the mother-bud neck simultaneously. Thus Mmr1 and Vacl7
appear to have equal access to Myo2.

Despite similar access to Myo2, Mmr1 and Vacl7 compete with each other in

vivo and in vitro (Figure 2.20 and 2.26). The major significance of this competition is
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regulation of the volume of vacuoles and mitochondria that are inherited by the bud.
Little is known about the processes that regulate organelle volume (Chan and Marshall,
2010). It had been assumed that organelle volume is primarily regulated via a
combination of organelle biogenesis and autophagy/turnover (Diaz and Moraes, 2008;
Hutchins ef al., 1999; Veenhuis et al., 2000). Our studies reveal an additional determinant
of organelle volume, which is based on the competition between cargo adaptor proteins
for Myo2. A mutant that blocks mitochondrial inheritance, myo2-11308A, has an
increased amount of vacuoles in the bud. Conversely, a mutant that blocks vacuole
inheritance, myo2-D1297N, has an increased amount of mitochondria in the bud. Note
that the inheritance of a greater amount of mitochondria or vacuoles persisted, and was
observed in large budded and unbudded cells from myo2-D1297N and myo2-11308A
mutants (Figure 2.21). This finding leads to the model that the competition between
Mmrl and Vacl7 for access to Myo2 plays a major role in regulation of the volume of
mitochondria and vacuoles that are inherited (Figure 2.32).

Both mitochondria and vacuoles undergo retrograde, as well as, anterograde
movements across the mother bud neck. One possibility, is that in general Myo2
stochastically releases cargoes through a loss of Myo2 attachment to the cargo adaptor.
Indeed, in both the myo2-D1297N and myo2-11308 mutants, there are fewer retrograde
movements of the inherited organelle (Figure 2.18). One interpretation of these
observations, is that in those mutants the likelihood of reinitiation of Myo2 binding to
Vacl7 (for myo2-11308A) or Mmr1 (for myo2-D1297N) is higher because there is no

longer competition from the other cargo adaptor protein.
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Mutants with defects in moving mitochondria or vacuoles often had portions of
each organelle poised at the mother-bud neck for several minutes. This suggests that in
the myo2-11308 A and myo2-D1297N mutants, attachment of the organelle to Myo2 is not
completely blocked. Further, the intracellular environment in the mother-bud neck may
be distinct from the cytoplasm in the mother cell; a higher level of force might be needed
to move organelles through this region of the cell. It is tempting to speculate that fewer
motors are required to bring a portion of the organelle to the mother-bud neck, and then
additional motors are required for movement through the mother-bud neck. The
environment in the neck may contribute to the rocking motion.

Eventually, the retrograde and anterograde rocking ceases, and a stable pool of
both mitochondria and vacuoles persist in the bud. Tethering proteins likely anchor the
organelles in the bud. Mmrl and Yptl1, as well as ERMES tethering of mitochondria to
the endoplasmic reticulum may perform this function for mitochondria. Similarly, there
are likely tethers for the vacuole. Interestingly we observed that over-expression of either
VACI17 and MMR1 overcomes a tethering mechanism in the mother cell for vacuoles or
mitochondria, respectively (Figure 2.22c¢).

That mitochondria and vacuoles move across the mother-bud neck at similar
times and that Mmr1 and Vacl7 appear to have equal access to a common binding region
on Myo2, suggests that the cell cycle-dependent regulation of Vac17 and Mmrl may be
similar. Mmr1 may be the target of the same Cdk1/cyclin complex(es) that target Vacl7
(Peng and Weisman, 2008). Note that Mmr1 has seven Cdk1 consensus sites. Along
similar lines, we predict that detachment of Mmrl from Myo2 may utilize a similar

mechanism to that observed with Vacl7 (Tang et al., 2003). Vacl7 detachment from
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Myo?2 requires the Vacl7 PEST sequence. Similarly Mmr1 contains two predicted PEST
sequences (Figure 2.24). Moreover, like Vacl7, Myo2 mutations that block
mitochondrial inheritance result in elevation of Mmr1 protein (Figure 2.15).

Determination of the molecular consequences of the overlap of six cargo adaptors
at the Rab GTPase binding site, will be challenging. In addition to the Rab GTPase Yptl1
and the secretory vesicle Rab GTPases Ypt31/Ypt32 and Sec4, both Kar9 and Inp2 bind
at this region. Moreover, the overlap of cargo binding sites may be even more complex.
All cargo adaptor binding sites may modulate each other through structural changes in
the Myo2 CBD.

Binding of the Rab GTPases Ypt31/Ypt32 and Sec4 may impact the Secl5
binding site and vice versa. Analysis of the CBD structure reveals a loop containing an
important Sec15-binding residue (Figure 2.33b; Loop H) that connects to helix nine,
which has several residues that are important for Kar9, Inp2 and the Rab GTPase
interactions. In addition, helix twelve contributes residues to Sec15 binding. The loop
extending from this helix contains residues important for Kar9 and Inp2 binding (Figure
2.33b; Loop L). Thus binding of Inp2, Kar9 and/or Rab GTPases has the potential to
change the Secl5 binding site, or vice versa. This may be critical to the regulation of
Myo?2 attachment to secretory vesicles.

Along similar lines the Vac17/Mmr1 binding region may connect with the Rab
GTPase binding region. The Mmr1 and Vac17 binding region lies on helix six, which
spans the CBD. Helix six contains most of the critical Vacl7/Mmr1 binding residues and
contains a loop at the C-terminus (Figure 2.33b; Loop F) with residues important for the

Rab GTPase binding site. Thus, binding of a Rab may affect the binding of Vac17 and
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Mmrl, and vice versa. Evidence in support of this hypothesis comes from a mutation of
myo2-L1301 on Helix 6. As expected, mutation of L1301 to proline disrupts Myo2
interaction with Mmr1 and Vacl7. Notably, this mutation also disrupts the ability of Kar9
and Smy]1 to bind to Myo2 (Figure 2.33). Further, that Yptl1 binding was not affected in
myo2-L1301P suggests that this mutation did not drastically alter the globular structure of
the CBD. It is tempting to speculate that Ypt31/Ypt32 and Sec4, may have priority to
occupy the CBD. Thus, cargo transport may be coordinated in part through structural
changes in the myosin V CBD that occur through long-distance communication between

each of the adaptor binding sites.
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Figure 2.1

Mutations on the Myo2 cargo binding domain surface reveal an overlapping binding
region for interactions with Vacl7 and Mmrl. (a-b) Yeast two-hybrid plates incubated at
24°C for 3 or 4 days until growth was seen on all control test squares. Top and left-most
test squares in for each panel are empty vector controls. (a) Vacl7, Mmrl, Kar9, Yptll,
Inp2 and Smy1 interact with Myo2 cargo binding domain. (b) Myo2 mutations that
define the binding region for Vac17 and Mmr1. This analysis was conducted on the basis
of initial findings from Matthew J. Brunner and Dr. Yui Jin. pPGBD-Vac17, Ishikawa et
al., 2003. pGBD-Mmr1 was constructed by Dr. Jin.
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Figure 2.2

Surface (top) and ribbon (bottom) representations of the Myo2 cargo binding domain.
The Myo2 CBD structures (i.e., globular tail domain, Pashkova et al., 2006) depict
residues of indicated binding proteins shown in color. Blue: only important for Vac17
interaction; Red: only important for Mmr1 interaction; Purple: important for interactions
with both Vac17 and Mmrl. Colors represent residues which, when mutated, disrupt the
binding between Myo2 and the cargo adaptor. Dark grey: Sec15 binding site (Jin et al.,
2011).
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Figure 2.3

Specific mutations in full length Myo2 do not disturb actin filament formation or cortical
actin patch localization, or Myo2 expression levels. (a-b) Cells, in which a wild-type
(MYO?2) or mutant myo?2 allele was transformed into cells lacking the endogenous MYO?2
gene, were grown in log phase for six to seven doubling times. (a) Cells were fixed and
stained as described (Hill et al., 1996). (b) Cells were washed once and prepared for
protein analysis using the TCA/NaOH precipitation method (Methods). Cells were
immunoblotted with anti-Myo2 goat primary antibody (Catlett ez al., 2000). Pgk1,
phosphoglycerate kinase 1; loading control.
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Figure 2.4

Myo2 mutations that cause a defect in vacuole or mitochondria inheritance do not
noticeably affect cell viability or mitochondria function and integrity. The endogenous
MYO?2 ORF was deleted and wild-type (MYO2) or myo?2 allele transformed on a plasmid.
Cells were grown in log phase for approximately at least six doubling times before
performing 1:10 serial dilutions as indicated. (Top) Cells were spotted onto glucose-rich
media. (Bottom) Cells were spotted onto glycerol-containing plates as the sole carbon
source.
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Figure 2.5

Surface representation of the crystal structure of the Myo2 CBD. Colored residues
indicate residues that were mutated and tested for Mmr1 or Vacl7 interaction in a yeast
two-hybrid test. Blue: binds Vac17 only; Red: binds Mmr1 only; Purple: binds Vacl7
and Mmrl; Green: Mutations that did not perturb any of the interactions or phenotypes
tested. Residues indicated as follows: 1, 1229; 2, 1233; 3, 1234; 4, 1237, 5, 1248 (myo2-
2; internal residue); 6, 1293; 7, 1295; 8, 1296, 9, 1297, 10, 1299; 11, 1300; 12, 1301; 13,
1302; 14, 1303; 15, 1304; 16, 1307; 17, 1308; 18, 1311; 19, 1312; 20, 1331; 21, 1408;
22,1411; 23, 1414; 24, 1415; 25, 1418; 26, 1422; 27, 1444; 28, 1447; 29, 1461; 30,
1464; 31, 1480; 32, 1482; 33, 1483; 34, 1484; 35, 1525; 36, 1526; 37, 1528; 38, 1529.
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Figure 2.6

Specific mutations in MYO2 cause a vacuole inheritance defect. (a) Cells in which the
endogenous MYO?2 ORF was deleted and the myo?2 allele transformed on a plasmid were
scored for vacuole inheritance. Cells were grown in log phase for approximately seven
doubling times, washed, and labeled with FM4-64 fluorophore (red) and chased with
fresh media. Cells not in focus were not scored nor cells that were not sufficiently labeled
with FM4-64. (b) Representative micrograph images of cells labeled as in ().
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Figure 2.7
Specific mutations in MYO2 cause a mitochondria inheritance defect. (a) Cells in which

the endogenous MYO2 ORF was deleted and the indicated myo?2 allele was doubly
transformed with mitoGFP(LEU2) plasmid. Cells were grown in log phase for
approximately seven doubling times, imaged and scored for mitochondrial inheritance
according to four categories; categories I and II were mutant, categories III and IV were
wild-type. Cells not in focus were not scored. (b) Micrograph images of cells from (a).
The mmrIA strain was created by Dr. Yui Jin.
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Figure 2.8

The P1529S mutation is the sole mutation that disrupts interaction of Mmr1 with Myo2 in
the myo2-573 mutant. The myo2-573 mutant was found to disrupt interaction with Mmr1
and disrupt polarized localization of Mmrl in vivo (Itoh et al., 2002 and Itoh et al., 2004).
Control plate, sc-leu-trp. Selection plate, sc-leu-trp-ade-his+3-aminotriazole. Plates
incubated 2 to 5 days at 24°C.
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Figure 2.9

Deletion of MMR1 ORF preserves vacuole inheritance and deletion of VAC17 ORF
preserves mitochondrial inheritance. Both the MMR1 and VAC17 ORFs were deleted in
the LWY7235 (wild-type) yeast strain using the PCR method of recombination as
described previously (Jin et al., 2008; Ishikawa et al., 2003; Tang et al., 2003). Cells
were transformed with mitoGFP (2u, LEU2). Cells were grown in log phase for seven
doubling times, washed, and labeled with FM4-64 fluorophore (red) and chased with
fresh media for one doubling period.
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Figure 2.10

Deletion of MMR1 causes a stronger mitochondrial inheritance defect than deletion of
YPT11. Cells were transformed with mitoGFP (2u, LEU2) and grown in sc-leu media in
log phase for at least six doubling periods. Mitochondrial inheritance was scored
according to four categories. Categories III and IV were wild-type phenotypes. The
yptlIA strain was generated by Dr. Yui Jin.
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Vacl7 localizes to the leading portion of the vacuole membrane. Vacl7 was tagged at the
C-terminus with three tandem GFP modules (Jin ef al., 2009). Representative small (S),
medium (M) and large (L) budded cells are shown. Cells were grown in log phase for at
least six doubling times, washed, and labeled with FM4-64 fluorophore (red) and chased
with fresh media for one doubling period. (Right) Small budded (»=34) and large budded
(n=31) cells were scored. In cases where GFP signal was detected, the signal was
localized to the vacuole membrane closest to the bud or toward the bud tip.
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Figure 2.12

myo2 mutants that disrupt Vacl7 interaction with Myo2 have elevated levels of Vacl7-
3xGFP. myo2A cells with wild-type or the indicated myo2 mutant expressed from a
plasmid (CEN, HIS3) as the sole copy of MYO2. Vacl17-3xGFP was expressed from its
endogenous locus. Cells were grown in log phase for at least five doubling times,
washed, and labeled with FM4-64 fluorophore (red) and chased with fresh media for one
doubling period before imaging.
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Figure 2.13
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Mmrl concentrates to the leading portion of mitochondria. Cells expressing Mmr1-GFP
from its endogenous locus, transformed with mitoRFP (2p, LEU2). Small budded (top
graph; n=32) and large budded (bottom graph; n=30) cells were scored for the presence
of polarized GFP signal on the mitochondrial membrane or a diffuse GFP signal that was
not polarized. Cells were grown for at least five doublings before imaging. Mmr1-GFP

strain was made by Dr. Yui Jin.
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Figure 2.14

myo2 mutants that disrupt Mmr1 interaction with Myo2 have elevated levels of Mmrl-
GFP. myo2A cells with wild-type or the indicated myo2 mutant expressed from a plasmid
(CEN, HIS3) as the sole copy of MYO2. Mmr1-GFP was expressed from its endogenous
locus. Cells were transformed with mitoRFP (2, LEU2) grown in log phase for at least
five doubling times
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Figure 2.15

Mmr1-GFP protein levels are elevated approximately six-fold in myo2 mutants that
disrupt Mmr1 binding. Cells were washed once and prepared for protein analysis using
the TCA/NaOH precipitation method (Methods). Protein extracts were separated via
SDS-PAGE and blots were probed with monoclonal anti-GFP and anti-Pgk1. Fold
elevation of GFP signal was quantified using NIH ImageJ software.
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Figure 2.16

Vacuole and mitochondrial inheritance occur at similar times during the cell cycle. Each
pair of bars, green (mitochondria) and red (vacuoles), represents one cell. Total length of
bar indicates total time of the time-lapse series. Zero (t=0) indicates the time that the first
organelle (top bar) entered the bud. Black arrowheads indicate the time the lagging
organelle entered the bud. Right columns: Time (seconds) between each time-lapse
exposure for the series; ‘“V’ or ‘M’ indicate the number of times a vacuole tubule (V) or
mitochondria tubule (M) crossed the mother-bud neck for the two time-lapse series that
had less than 60 seconds between collected images. Wild-type cells were transformed
with pmitoGFP and grown in log phase for a minimum of six doubling times, labeled
with FM4-64, chased for one doubling time and imaged at room temperature (23.5 to
24.5°C). Small buds initially devoid of both mitochondria and vacuoles were analyzed for
organelle inheritance. Buds that emerged outside the focal plane were not analyzed
further. Only cells in which both mitochondria and vacuoles were visible in the region
around the mother-bud neck were analyzed.
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Figure 2.17

Time-lapse series of a wild-type cell. Time-lapse images were recorded from the cell
analyzed in Figure 2.13(I) (top red-green pair) as mitochondria and vacuoles crossed the
mother-bud neck into the bud. Images acquired every twenty seconds for a total of ~
thirteen minutes (860s). Color of arrow heads indicate an organelle in the bud. s, seconds.
Bar=1 pm.
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Figure 2.18

Vacuole or mitochondrial inheritance is delayed or disrupted in myo2 mutants that disrupt
Vacl7 or Mmrl1 binding. Vacuoles (FM4-64) and mitochondria (mitoGFP), were imaged
in cells containing either myo2-11308A or myo2-D1297N, expressed from a plasmid
(CEN, HIS3) as the sole copy of MYOZ2. Zero (t=0), set for each pair, is the time that the
first organelle (top bar in each pair) entered the bud. Arrowheads indicate the time that
the lagging organelle entered the bud. 7Top: Five of six cells containing myo2-11308A
display a delay (I-III) or absence (IV-V) of mitochondrial inheritance. The bottom cell
(VI) was wild-type-like. Bottom: Five cells containing myo2-D1297N showed an absence
of vacuole inheritance (VII-XI). Right columns: Time (seconds) between each time-lapse
exposure for each series; ‘V’ or ‘M’ indicate the number of times a vacuole tubule (V) or
mitochondria tubule (M) crossed the mother-bud neck for the two time-lapse series that
were less than 60 seconds between collected images.
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Figure 2.19

Time-lapse series micrographs of a cell containing myo2-11308A or myo2-D1297N. (a)
Time-lapse images (Figure 2.15 (IV)). Images acquired every 58 seconds for a total of ~
41 minutes. Red arrowhead indicates when the vacuole was in the bud. After 41 minutes
of imaging, the mitochondrial tubule moved toward the mother-bud neck region, yet did
not pass into the bud (white arrow). (b) Time-lapse images (Figure 2.15 (VIII)). Images
acquired every 28 seconds for a total of ~ 18 minutes. After about one minute, the
mitochondrial tubule crossed the mother-bud neck while the vacuole remained toward the
rear of the mother cell. s, seconds. Bar = 1 um.
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Figure 2.20

Quantitative analysis of vacuole and mitochondrial inheritance in myo2 mutants reveals
increased mitochondrial inheritance in myo2-D1297N and increased vacuole inheritance
in myo2-11308A. Small budded cells (bud diameter was <! the diameter of the mother)
were scored for relative levels of mitochondria (mitoGFP) and vacuole (FM4-64) signal
in the bud compared to the mother. Right panel shows an example of linear intensity
scales for mitochondria and vacuoles in a wild-type small budded cell. For each cell,
fluorescence emitted at 528 nm (GFP) and 617 nm (FM4-64) in the mother and in the
bud, with background subtracted, was determined. The bud-mother ratio of fluorescence
is shown. Cells analyzed fit three criteria: [1] The bud was in focus. [2] Both vacuoles
and mitochondria were visible in the mother cell. [3] The cell was free of surrounding
cells on at least two sides which permitted background fluorescence measurement. Error
bars represent standard deviation from the mean. * indicates p<0.05; *** indicates
p<0.001 using Students T-test analysis. n=3; 33 small budded cells per strain, per
experiment.
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Figure 2.21

Quantitative analysis of the amount of mitochondria and vacuoles in large budded and
unbudded cells. The bud:mother ratio of fluorescence emitted at 528 nm (GFP,
mitochondria) and 617 nm (FM4-64, vacuoles) is shown. Cells analyzed fit the following
criteria: [1] The bud was in focus. [2] Both vacuoles and mitochondria were visible in the
mother cell. [3] The cell was free of surrounding cells on at least two sides. 33 budded
cells per strain, per experiment. n=3, with the exception of myo2-11308 A (pmitGFP)
where the values of two independent experiments are indicated (diamonds). Error bars
represent the standard deviation from the mean.
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Figure 2.22

Over-expression of MMR1 or VAC17 reveals that Vacl7 and Mmr1 proteins compete for
access to Myo?2 in vivo. (a) Wild-type cells transformed with single copy (CEN, URA3)
or multicopy plasmids (2, URA3) as indicated. Whole cell lysates were prepared and
separated by SDS-PAGE, then immunoblotted with anti-V5 or anti-Vacl7 antibodies.
Anti-Pgkl, loading control. (b-c) Wild-type cells were dual transformed with empty
vector (2u, URA3), pMMR1-V5 (2pu, URA3) or pVAC17 (2u, URA3) multicopy
plasmids and with pmitoGFP (2u, LEU2) and grown in log phase before labeling with
FM4-64 and subsequent imaging. (b) Quantitative fluorescence analysis of small and
medium budded cells. n=3; 33 cells per experiment. Error bars represent standard
deviation from the mean. (c) Micrograph images taken from one experiment in (b).

GFP
GFP

e
)
oy
=
=

FM464

71



Pull-down from
Vacl7-GFP, Mmrl-
GFP Lysate O&Q

&
Input
§ ST
< XN oGP
& Q%c.. 4%0

a-GFP

a-Pgkl

Figure 2.23

Recombinant Myo2 cargo binding domain pulls down Vacl7-GFP and Mmrl1-HA from
yeast cell lysates. GST alone or GST-Myo2GTD (the cargo binding domain, residues
1131-1574) was expressed and purified from E. coli cell lysates (SDS-PAGE). Wild-type
yeast cells expressing Vacl7-GFP (CEN, URA3) and Mmr1-HA (CEN, TRP1) were
lysed and GST or GST-Myo2GTD bound resin was incubated in the presence of yeast
cell lysate. Input, ~8% of total loaded. Anti-Pgkl, loading control. Elutions from GST
beads were separated and immunoblotted with anti-GFP or anti-HA antibody. Coomassie
stain, star: GST-Myo2 (76 kDa). *Non-specific band.

72



(a)

F OO 050
& 5 99&99
\»\‘Qd“@é\ A¥
QG‘\ &
> >

@& _\&\& @'S g‘.\ @Q \0 \6‘

Myo2 binding region

MYO2
PEST motif PEST motif

myo2-N1304D 121-138 420475

nyo2-11308A

(b)

Myo2 binding region

12 157
\
5Y
\ (S :" & b
Vacl7p E N — ' = 1
MYO2 [ R T
PEST motif
myo2-N1304D _ 204-250

myal-11308A

Figure 2.24

Yeast two-hybrid analysis to define the Myo2-binding region of Vacl7 and Mmrl1. (a)
Yeast two-hybrid tests identified a region of Mmr1between residues 378 and 441 that
showed specific interaction with wild-type Myo2 but not with Myo2 containing
mutations that disturb mitochondrial inheritance (Figure 2.7) or Mmr1 binding (Figure
2.1). ePESTfind algorithm (Mobyle portal website of Pasteur Institute, France) identified
two putative PEST sequences in Mmr1. (b) Yeast two-hybrid tests identified a region of
46 residues that interacts strongly with wild-type Myo2 and shows no binding to myo2-
N1304D, a mutation that disrupts full-length Vac17 and vacuole inheritance (Figure 2.6).
Vacl7 PEST sequence was previously identified (Tang et al., 2003).
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Figure 2.25

The Myo2 cargo binding domain interacts with Vacl17 and Mmrl, in vitro. (a-b)
Recombinant Myo?2 cargo binding domain (Myo2GTD) and the Myo2-binding motif of
either Vacl7 (peptide of 46 residues) or Mmr1 (peptide of 44 residues) containing an N-
terminal MBP tag (MBP-Vacl7pep or MBP-Mmr1pep), were purified from E. coli.
Myo2GTD was incubated in a 1:1 molar complex with MBP-Vac17pep (a; red line) or
MBP-Mmrlpep (b; green line) and separated on a size exclusion chromatography
column. Fractions collected (arrow heads) were separated via 10% SDS-PAGE (inset
gels). Peak fractions: purple arrow heads. Molecular weight markers (in kDa) are
indicated at the top. Chromatograms of separations of Myo2 GTD monomer (50.5 kDa;
grey dashed line) and MBP monomer (42 kDa) plus Myo2 GTD (grey dotted line) are
shown.
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Figure 2.26

Vacl7 and Mmrl compete for access to Myo2, in vitro. Equal molar ratios of MBP-
Mmrlpeptide (11.7 nmol) and Myo2 CBD (11.4 nmol) were added together with
increasing amounts of MBP-Vac17 peptide: 4.8 nmol, 9.3 nmol, 15 nmol, or 19 nmol
(colored wedge) in four separate gel filtration experiments. Top: chromatogram of each
separation. Grey dotted line indicates elution of MBP-Vacl7peptide plus MBP-
Mmrlpeptide (1:1 molar ratio) as a control. Middle: Fractions 1 to 12 (indicated) were
collected from each run; these correspond to proteins of molecular weight from
approximately 180 kDa to 30 kDa. Bottom: Intensity of MBP-Mmr1peptide bands
quantified from each gel.
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Figure 2.27

Mutations of the Myo2 cargo binding domain reveal that Yptl1 and Kar9 bind to an
overlapping region with secretory vesicle Rab GTPases and Inp2. Yeast two-hybrid
plates incubated at 24°C for 4-5 days. Top and left test squares in each panel are empty
vector controls. (a) myo2-L1301P, a mutation on helix six within the Mmr1/Vacl7
binding region, also disrupts Kar9 and Smy1 binding. (b) Mutation analysis of surface
residues surrounding Myo2-Y1415. This analysis was conducted on the basis of findings
from Matthew J. Brunner and Dr. Yui Jin.
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Figure 2.28

Surface (top) and ribbon (bottom) representation of the crystal structure of the Myo2
CBD indicating surface residues that interact with Kar9, Inp2, Yptl1 and Ypt31/Ypt32.
Inp2 binding site (Fagarasanu et al., 2009); Ypt31/Ypt32 binding site (Lipatova et al.,
2008). Rotated on the longitudinal axis 180° from the view in Figure 2.2. Black outline
on the surface view represents the Ypt31/Ypt32 and Sec4 binding site. Red: Inp2 only;
Orange: Kar9 and Inp2; Yellow: Kar9 only; Green: Kar9, Sec4 and Ypt31/Ypt32; Blue:
Sec4, Yptl1 and Ypt31/32; Brown: Kar9, Inp2, Sec4, Yptl1 and Ypt31/Ypt32.
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Figure 2.29

Myo2 mutants affecting Kar9 and Inp2 interactions had no effect on growth, whereas
mutations in the Rab GTPase binding site had deleterious effects on growth. Strains
containing myo2 mutations were grown to log phase and serially diluted as indicated, and
plated on rich media and incubated at 24°C or 37°C for 2-4 days.
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Figure 2.30

Expression levels of myo2 mutants are similar to cells with wild-type MYOZ2. myo2A cells
were transformed with either wild-type or mutant Myo2 plasmids (CEN, HIS3) under
expression of the endogenous promoter. Cells were grown in log phase and protein
extracts were extracted using TCA precipitation. Extracts were separated via 9% SDS-
PAGE and immunoblotted with anti-Myo2 and anti-Pgk1 antibodies.

79



n>205 per strain

I 1I
Category

% of total cells scored

Figure 2.31

myo?2 mutations that disrupt Kar9 binding in a yeast two-hybrid test also display a defect
in spindle microtubule orientation. Residues L1331, F1334, W1407, K1408, Y1415 and
Y 1483 form the Kar9 binding site on Myo2 and are critical for proper orientation of the
mitotic spindle. myo2A cells containing full-length wild-type MYO?2 or myo2 mutant
plasmids were transformed with pGFP-Tub1 and the orientation of spindle microtubules
was scored according to 5 categories: [I] Microtubules properly aligned toward the bud;
[1I] Microtubules improperly aligned pointing away from the mother-bud neck;
Categories III, IV and V were not informative and while they were scored, they are not
shown. Categories I and II were plotted as percent of the total number of cells scored per
all five categories. n=2; >215 cells scored per mutation.
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Figure 2.32

Model for how competition between Vacl7 and Mmr1 contributes to the inheritance of
vacuoles and mitochondria. Near the end of G1 phase, the bud emerges from the mother
cell. Both mitochondria (M) and vacuoles (V) begin moving toward the bud at similar
times. At the neck region, one organelle crosses the mother-bud neck before the other, a
50/50 chance for either a mitochondria or vacuole tubule. After moving into the bud, the
organelle often retracts back into the mother cell before beginning movement further in
the bud. In the model depicted above, a mitochondrial tubule crosses the neck first. In
subsequent events, the other organelle, will move into the bud and back out. This
“rocking” continues until a stable pool of each organelle is established in the bud.
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Figure 2.33

Binding cargo adaptors at the Rab GTPase/Inp2/Kar9, Vacl7/Mmrl binding regions or
the Sec15 binding site may cause conformational changes in Myo2 that regulate the
binding at other sites. (a) Binding of Kar9 and Smy1, in addition to Mmr1 and Vacl7,
are disrupted by mutation of Myo2-L1031 to myo2-L1301P. The residue L1301 is surface
exposed. A mutation to proline likely produces a conformational change in helix 6 which
affects the structure of the cargo binding domain. No other surface mutations in the
Mmr1/Vacl7 binding region affected the binding of Kar9 or Smy1. Plates incubated at
24°C for 4 days. Top and left test squares are empty vector controls. (b) Ribbon view of
the Myo2 cargo binding domain. Residues which affect binding interactions (stick view)
are shown in color; colors are that of Figure 2.2 and 3.3. Three loops that may be critical
for connection between binding sites are pink (Loops F, H and L).
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CHAPTER 3

FUTURE DIRECTIONS

These thesis studies demonstrate that cargo adaptors bind to Myo2 at overlapping
binding sites. Moreover they show that the overlap of Mmr1 and Vac17 regulate the
volume of mitochondria and vacuoles inherited. Notably, the Rab GTPase/Inp2/Kar9
binding sites also overlap on Myo2, which strongly suggests that this overlap has
functional significance. To gain further mechanistic insight into the functional
significance of each overlapping binding site, it would be informative to determine the
copy number of each adaptor relative to Myo2, their affinities for Myo2, and the precise
in vivo localization for each cargo adaptor. Moreover analysis of the Myo2 structure
suggests that it may change as a result of cargo adaptor binding or Myo2
phosphorylation. How cargo adaptor interactions integrate with other specific cellular

processes and machinery is also important.

Do the contributions of cargo adaptor affinities and copy number account for cargo
adaptor competition?

In addition to overlapping binding sites, other parameters regulate the inheritance
of vacuoles and mitochondria. Importantly, the following discussion assumes that the
adaptor proteins bind a cytoplasmic pool of Myo2 that is then recruited to the organelle.

Moreover, the localization, copy number and binding affinity of Mmrl and Vacl7 for
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Myo?2 are important factors. As demonstrated in this thesis, Mmr1 and Vac17 localize to
distinct pools at the bud-directed portions of mitochondria and vacuoles, respectively. As
a first approach, since Mmrl and Vacl7 compete for access to Myo2, we tested whether
the copy numbers of Mmrl and Vacl7 would be similar in vivo.

The total amount of Vac17 was found to be approximately 20 copies per cell
(Tang et al., 2006). To determine the relative levels of Mmrl to Vacl7 in vivo, both
Mmrl and Vacl7 were C-terminally tagged with GFP and expressed from their
endogenous promoters. Protein extracts were made from log-phase cells and a western
blot was performed of yeast extracts blotting with anti-GFP antibody (Figure 3.1). The
linear range of anti-GFP signal was used to determine the relative levels of Vacl7-GFP to
Mmr1-GFP. The results indicate that Mmr1-GFP is present in the cell almost 4-fold
higher than Vac17-GFP. This suggests that Mmr1 is expressed at at least 80 copies per
cell.

The difference between Mmrl and Vacl7 steady-state levels was unexpected.
While cell cycle regulation of Mmr1 is not well characterized, it may be that peak Vacl7
levels are nearly equal to peak Mmr1 levels at overlapping times during organelle
inheritance. This has yet to be tested. Another possible explanation for why Vac17 and
Mmrl compete for access to Myo2 even though their expression levels are ~4-fold
different in vivo is that their binding affinities for Myo2 may not be the same. It is
tempting to speculate that since Mmr1 is present ~4-fold higher than Vacl7 in vivo,
Vacl7 may have a stronger binding affinity than Mmr1, for Myo2.

The binding affinity of a Vac17 peptide for the Myo2 cargo binding domain was

determined. Recombinant Vac17(68-195) and Myo2(1131-1574) proteins were prepared
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to high purity via size-exclusion chromatography. Myo2 was covalently modified with
Alexafluor-532 and Vacl7 was covalently attached to biotin affinity tags for use in the
Flow Cytometry Protein Interaction Assay (Blazer et al., 2010; Figure 3.2a). A binding
curve was obtained from a titration of Myo2 (amount held constant) with Vac17 (amount
was varied). The dissociation constant (Kg) for Myo2/Vacl7 was 53 nM (Figure 3.2b),
which is within the range of dissociation constants for monoclonal antibodies bound to
epitope (Kindt et al., 2007). To determine if Mmr1 binds Myo2 with a similar
dissociation constant, the FCPIA assay can be utilized. Several suitable Mmr1 constructs
have been identified (Figure 2.24) that are highly soluble in vitro and specifically interact
with Myo2 CBD (Figure 2.25). Though the MBP tag remained attached to Mmr1 peptide
in these experiments, MBP can be easily cleaved and removed using the TEV cleavage
site within the expressed protein. Mmr1 peptide protein remains soluble after MBP

cleavage (data not shown).

Do structural changes occur in Myo2 CBD upon cargo adaptor binding?

Allostery describes how protein binding at a specific binding site can regulate or
affect a second, distinct binding site (Bu and Callaway 2011). Analysis of the structure of
the Myo2 CBD suggests that cargo adaptor binding at the Rab GTPase/Inp2/Kar9 binding
region may affect binding at the Mmr1/Vac17 binding region, and vice versa. Helix six,
which contains most of the Mmr1/Vac17-binding residues, runs diagonally across the
CBD. The C-terminus of helix six ends with a loop (Loop F; Figure 2.33) that connects to

the Rab GTPase/Inp2/Kar9 binding region. It is appealing to speculate that the Myo2
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CBD may structurally regulate cargo adaptor attachment to make binding at the other site
less favorable.

To test whether cargo adaptor binding at one site regulates cargo adaptor binding
at a distinct site, both in vivo and in vitro approaches can be utilized. Over-expression of
Kar9 or Inp2 (using a 2 plasmid) can be employed to test vacuole inheritance (using
FM4-64) or mitochondria inheritance (using pmitoGFP). Further, over-expression of
Vacl7 or Mmrl can be used to determine spindle orientation (Tub1-GFP), peroxisome
inheritance (Pts1-GFP) or Golgi inheritance (Sec7-3xGFP). In vitro size-exclusion
chromatography can be used to test if Vacl7 peptide or Mmr1 peptides affect binding of
Kar9 or Inp2 binding, and vice versa. While the in vivo approach would be more
applicable to determine significance, the second approach may reveal if a direct structural
change in the Myo2 CBD occurs.

Currently, in vitro studies and yeast two-hybrid mutational analysis suggests that
aregion in Vacl7 between residues 112 and 157 (Figure 2.24) directly interact with the
Myo2 CBD. The precise residues on Vacl7 which directly contact Myo2 remain to be
determined. To date, there is no high resolution structure of Vacl7. At least four
phosphorylation sites exist on Vacl7 that enhance its interaction with Myo2 and are
likely solvent-exposed. That these phosphorylation sites are located near or within the
Myo2-binding region raises the possibility that they alter local Vac17 structure when
phosphorylated, which in turn regulates binding to Myo2, Vac8 or other downstream
partners in the vacuole inheritance pathway (e.g., protein(s) required for Vacl7 turnover).

Knowing the structure of Vac17 bound to Myo2 would provide crucial insight

into how the Vac17/Myo?2 interaction is regulated. A structure of the complex would also
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reveal if the Rab GTPase binding region has been altered when Vac17 binds Myo2.
Studies have been initiated to determine the co-crystal structure of Myo2 CBD bound to
Vacl7(68-195), a region of Vacl7 that likely includes all of the Myo2-binding domain.
This Vac17 construct only interacts with wild-type Myo2 and not point mutants that
disrupt full length Vacl7 (Figure 3.3a). Using size-exclusion chromatography, the
proteins were purified to homogeneity and several co-crystal structure screens were
prepared to grow protein crystals. One screen, the Qiagen JCSC+ screen, yielded a small
cluster of crystals of about 170 um in length (Figure 3.3b). Birefringence (i.e., light
rotation) indicates they are true crystals. The crystal was seeded at a protein concentration
of 4 mg/ml. Unfortunately the individual crystals were too small to obtain a diffraction
pattern. Additional promising conditions have been identified.

Future studies to determine the co-crystal structure of Myo2/Vacl7 could also
incorporate two new soluble peptides that were identified in this thesis work, Vacl7
(112-157) and Mmrl1 (387-430). However their binding affinities for Myo2 CBD have
not been determined. New co-crystal screens from Hampton and Sigma companies are

now available and may provide lead conditions to obtain crystals.

Identify additional Myo?2 residues involved in cargo adaptor binding sites

The mapping of residues on Myo2 that are important for cargo adaptor binding is
incomplete (Figure 3.4). Studies of the Myo2 surface, to date, suggests several open
regions on the Myo2 CBD surface which may reveal extended binding sites of adaptor
already identified. Further, that the Sec15 binding site was recently identified (Figure 3.4,

dark grey residues), which is distinct from the two primary binding regions, suggests
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additional binding sites on Myo2 are unknown. This is highlighted by Smyl. Smyl, a
kinesin-like protein which does not likely have motor function, binds directly to Myo2.
However a definitive binding site has not yet been identified. Similar to other cargo
adaptors like Vacl7, Mmr1 and Kar9, Smy1 binding to Myo?2 is disrupted by myo2-2
(myo2-G1248D) (unpublished results). Whether Smy1 binds an overlapping region with

Sec15 should be tested.

How does the Myo2/Vacl7/Vac8 complex get recruited to the proper subdomain on the
vacuole membrane?

Segregation structures form at the region of the vacuole membrane closest to the
emerging bud. Vacl7 co-localizes with this structure and is often observed in the anterior
portion of this structure. A screen for vacuole inheritance uncovered mutants related to
Myo2 movement of vacuoles, as well as the pathway that generates the lipid
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P»). PI(3,5)P; is a signaling lipid on the
vacuole membrane that may serve to integrate location with downstream effects.
However it is currently not known if and how these pathways interact.

An intriguing finding in a large-scale yeast two-hybrid screen suggested that
Atgl8, a PI(3,5)P;, binding protein (Dove et al., 2008), interacts with Vacl7
(Georgakopoulos et al., 2001). To validate results from the larger study, we tested and
found that a slightly truncated form of Vac17 interacted with full length Atg18 but not
truncated forms (Figure 3.5a). Atgl8 is a WD repeat-containing protein that likely has a
tertiary structure similar to B-barrel proteins. Thus, smaller domains of Atgl8 may not

bind to Vacl7 because the entire structure is critical to its function. We narrowed the
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domain of Vac17 required for this interaction to residues 260-425 (Figure 3.5b). This
region of Vacl7 includes the Vac8-binding region and the coiled-coil two (CC2) domain.

The finding that Atgl8 interacts with Vacl7 was not expected. In addition to
binding PI(3,5)P,, Atgl8 is a negative regulator of the lipid kinase Fabl (Efe et al.,
2007). Fabl converts PI(3)P to PI(3,5)P; via its 5° kinase catalytic domain. That Atgl8
binds Vacl7 suggests that Atgl8 plays a role in the mechanism that links vacuole
inheritance with the regulation of PI(3,5)P; levels.

Based on images of vacuoles in atg/8A yeast, which show a single enlarged
vacuole and an absence of segregation structures. Atgl8 may function in membrane
tubulation of the vacuole during vacuole inheritance. It is tempting to speculate that
Atg18 functions at this same region to allow for membrane fission or membrane tubule

formation the segregations structure.
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Figure 3.1

Mmrl levels are approximately four-fold higher than Vac17 levels. The endogenous 3’
end of MMRI and VACI17 ORFs were tagged with GFP in the same strain and grown in
log phase for several doublings. Indicated volumes of loaded yeast whole cell extract are
at top; total volume loaded per lane was 8.2 pL. Lane 1 was loaded with 8.2 pL of wild-
type cell extract as a control; Lane 2 was loaded with 1.0 puL of yeast lysate plus 7.2 uLL
of 1xSDS loading buffer, etc. Only data points within the linear range were plotted on the
graph. Since the slopes are almost identical (Mmr1-GFP, m=2.32; Vacl7-GFP, m=2.40),
an increase in Mmr1-GFP signal corresponds to the same level of increase as Vacl7-GFP
for the range of each protein plotted on the graph. Mmri-GFP, y=2.32x+11.0, x-int = -
4.9; for Vacl7-GFP, y=2.40x+2.4, x-int = -1.2. For example, at a y-value of 14, the x-
value for Mmr1-GFP is 1.29 and Vacl7-GFP is 4.83; therefore Mmrl1 is ~3.8-times
higher than Vacl7.
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Figure 3.2

Myo2 cargo binding domain interacts with Vac17(68-195) with a 53 nM dissociation
constant. (a) Luminescent Lumavidin microspheres (pink) bind biotinylated Vac17.
Myo2, labeled with Alexa532, binds to Vacl7. The flow cytometry detector
simultaneously detects Lumavidin signal with Alexafluor 532 signal when Myo2 binds
Vacl7, and a dissociation constant can be calculated from titrations. (b) Recombinant
Myo2 cargo binding domain purified from E. coli was covalently attached to ~three
fluorescent Alexafluor-532 n-succidimidyl esters per protein. Vac17(68-195) purified
from E. coli was covalently attached to ~two biotin n-succidimidyl esters per protein.
Increasing concentrations of Myo2-AF532 bound to Vacl7-biotin-microbeads allows
generation of a binding curve. K4q=53 nM; B,,,x=479. Vac17(68-195) was originally
found to bind Myo2 cargo binding domain by Dr. Natasha Pashkova.
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Figure 3.3

Myo2/Vacl7 co-crystals identified in Qiagen JCSC+ Screen. (a) Vacl7(68-195) interacts
only with wild-type Myo2 and not point mutations which disrupt Myo2/Vacl7
interactions. (b) The crystals were seeded in 2 ul; 1 ul mother liquor and 1 pl
Myo2/Vacl7 protein sample at 4 mg/ml. The mother liquor contained 0.1 M HEPES pH
7.50, 22% (w/v) polyacrylic acid-5100, 0.02 M MgCl,. The hanging drop diffusion
method was used. This condition was part of a tray set up on 7/31/2008; crystals were
found on 11/26/2008 (118 days). 6His-Vacl7(68-195) was constructed by Dr. Natasha
Pashkova. This project was not pursued further because crystals were not obtained in a
repetition of these conditions.
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Site (Black Outline)

Figure 3.4

Surface representations Myo2 cargo binding domains showing all residues tested for at
least one cargo adaptor. The binding sites for Myo2 cargo adaptors may extend beyond
the tested residues. Note that, adjacent to each cargo adaptor region, there are white
residues which have not been tested. Colors shown are those as previously shown in
Figures 2.2 and 2.28. Green residues are mutations that did not perturb binding partners.
Tested residues are as follows: 1, 1229; 2, 1233; 3, 1234; 4, 1237, 5, 1248 (myo2-2;
internal residue); 6, 1293; 7, 1295; 8, 1296; 9, 1297, 10, 1299; 11, 1300; 12, 1301; 13,
1302; 14, 1303; 15, 1304; 16, 1307; 17, 1308; 18, 1311; 19, 1312; 20, 1331; 21, 1408;
22,1411; 23, 1414; 24, 1415; 25, 1418; 26, 1422; 27, 1444, 28, 1447, 29, 1461; 30,
1464; 31, 1480; 32, 1482; 33, 1483; 34, 1484, 35, 1525; 36, 1526; 37, 1528; 38, 1529;
39, 1334; 40, 1407; 41, 1419; 42, 1462; 43, 1539.
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Figure 3.5

Full length Atgl8 interacts with the Vac8-binding region of Vacl7. Yeast two-hybrid
plates incubated at 24°C for 8-10 days until growth was seen on all control test squares.
Top- and left-most test squares of both panels are empty vector controls. (a) Only full
length Atgl8 interacts with a truncated Vacl7 construct (1-355). pGAD-Myo2 and
pGBP-Vacl7, positive control. (b) Full-length Atgl8 interacts with the Vac8-binding
region of Vacl7 (residues 260-425). pATG 18 plasmids were constructed by Jason
Peterson. FL, full length.
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CHAPTER 4

METHODS

Yeast strains and plasmids (Tables S1 and S2). Strains were grown at 24°C unless
indicated. mmrIA strain was constructed using PCR amplification of the endogenous
kanamycin cassette from the YLR190W haploid knock out strain (Open Biosystems) and
transformed into a diploid wild-type strain LWY9087, and sporulated to obtain the
haploid knock out. ypt1 1A was constructed by PCR amplification of the endogenous
kanamycin cassette from the YNL304W haploid knock out strain (Open Biosystems) and
transformed into the haploid wt yeast strain LWY7235. Vacl7-3xGFP was constructed
using PCR with the plasmid PB1960 (from Dr. David Pellman, Harvard) and transformed
into diploid yeast, sporulated and dissected (Jin et al., 2009). Vacl7-3xGFP was used
because endogenous Vacl7 is of low abundance; approximately twenty copies per cell
(Tang et al., 2006). Mmr1-GFP was constructed using PCR amplification of the
endogenous GFP-HIS3 cassette containing flanking ends from the YLR190W OREF strain
(Invitrogen) and transformed into the haploid wt yeast strain (Jin et al., 2009). Mmr1-
GFP is functional; cells expressing Mmr1-GFP expressed from the endogenous locus
have normal inheritance of their mitochondria. In the Mmr1-GFP strain (LWY8867)
transformed with mitoRFP (2u, URA3) 80% of small and medium buds inherit

mitochondria, versus wild-type cells transformed with mitoRFP (2u, URA3) which
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inherit mitochondria in 84% of small and medium buds (three independent experiments, a
minimum of 33 cells analyzed per strain per experiment).

For generation of pRS416 MMRI-V5, a Kpnl-Sacll fragment (3.1 kb) of MMR1
was subcloned into pBlueScript SK+ (pBS) at Kpnl and Sacll sites to generate pBS
MMRI. A Bglll site was generated at the C-terminus of MMR1 by PCR using primers,
(5’-GGA GAA GAA GGA AAA AaG Atc tGT CAA CTT CAA ATT AAATTA AC-3’)
and (5’-GTT AAT TTA ATT TGA AGT TGA Cag aTC tTT TTT CCT TCT TCT CC-3”)
to generate pPBS MMRI-Bglll. To insert a V5 tag into the Bg/Il site of pBS MMR I-Bgll],
annealed V5 primers encoded the V5 tag were used, (5’-GAT CTG GTA AGC CTA
TCC CTA ACC CTC TCC TCG GTC TCG ATT CTA CGT GAG-3’) and (5’-GAT CCT
CAC GTA GAA TCG AGA CCG AGG AGA GGG TTA GGG ATA GGC TTA CCA-
3’) to generate pPBS MMRI-V5. The resulting Kpnl-Sacll fragment was subcloned from
pBS MMRI-V5 into pRS416 at the Kpnl and Sacll sites.

Strains grown in rich media (1% yeast extract, 2% peptone, 2% dextrose),
synthetic media (2% dextrose) lacking the indicated amino acid(s), or 5-fluoroorotic acid
(5-FOA). myo2 mutations were created with Stratagene Site Directed Mutatagenesis II kit
following the manufacturer’s protocol. For myo2 plasmid-carrying strains, myo2A cells
containing the MYO2 (URA2, CEN) plasmid were transformed with mutant myo?2
plasmids (H1S3, CEN) and grown on 5-FOA. myo?2 plasmids in myo2A cells were
maintained on rich media. Crystal structure representations of the Myo2 CBD (Pashkova
et al.,2006) PDB ID: 2F6H, were made using PyMOL Molecular Graphics System,

Version 1.3 (Schrodinger, LLC) using the “cartoon” view.
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Microscopy

Cultures were maintained at or below 5x10° cells/ml for a minimum of six
doubling times. Mitochondria were visualized by transformation of a mitochondrial-
specific targeting peptide fused to GFP or RFP; mitoGFP/mitoRFP (Frederick et al.,
2008). For vacuoles, cells were incubated with 60 pg of FM4-64 for 45 minto 1 h in 2.5
ml of media, washed twice, and grown in 5 ml media for 1 doubling time (1.5-3hr).
Images acquired on a DeltaVision Restoration system using an Olympus IX-71 inverted
epifluorescence microscope with a Photometrics CoolSNAP HQ CCD camera. Widefield
epifluorescence images were acquired without deconvolution using an Olympus 100X
PlanApo objective. Following acquisition, fluorescence intensity was adjusted and
applied to all images using DeltaVision soft WoRx suite 3.5.1. Images converted to TIF
format were overlaid and cropped in Adobe Photoshop. All budded cells in a given field
were analyzed/scored if the bud was in focus using DIC, and the mother cell contained
visible mitochondria and vacuoles that were in focus using fluorescence. Mitochondria
inheritance was scored in small and medium budded cells according to 4 categories: [I]
Mitochondria in the mother cell progressed to the mother bud neck only; [II] A small
amount of mitochondria concentrated to the bud tip but not elsewhere in the bud; [1II]
Mitochondria progressed into the bud, but no more than halfway to the bud tip. [IV]
Mitochondria distributed throughout the cortex up to the bud tip. Categories III-IV were
scored as wild-type phenotypes. Small bud diameter </ the diameter of the mother cell.
Medium buds 5 to 2 the diameter of the mother cell. Large buds were greater than ' the
diameter of the mother. The large budded cell population included both budded and

unbudded cells. The larger diameter cell in large budded cells was assumed to be the
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mother. For quantitative fluorescence analysis, the softWoRx Data Inspector tool was
used concurrently with the Measure Distance tool. For each channel, individual
measurements of bud cell fluorescence were divided by mother cell fluorescence after
subtracting background. Background was defined for each cell per channel by measuring

detectable fluorescence next to the cell (Waters, 2009).

Live-Cell Time-Lapse Imaging

FM4-64 labeling was modified. Cells were labeled with 125 pg FM4-64 in 3 ml
of fresh media for 1 hour. Cells were centrifuged once, supernatant was aspirated
completely and cells were resuspended in 5 ml fresh media (without washing). Cells were
grown for one doubling period (2-3 hours). Glass bottom chambers (Lab-Tek II; Nalge
Nunc International) were treated overnight at 4°C with concanavlin A dissolved at 1
mg/ml in 50 mM HEPES pH 7.5, 20 mM calcium acetate, | mM manganese sulfate, then
air dried at least 30 min. Cells adsorbed to concanavalin-A-treated chambers for 2 min.
Unbound cells were removed by aspiration and 250 pl fresh media was added. Cells were
imaged at 23-24.5°C. Three criteria were applied to the cells imaged. (1) At the start,
both organelles were absent from the bud; (2) both organelles were visible in the mother;

(3) the cell remained in focus during imaging.

Yeast two-hybrid assays
S. cerevisiae strain PJ69-4A (James et al., 1996) was co-transformed with LEU2
and TRPI plasmids containing the GAL4 transcription factor activation domain (AD) and

binding domain (BD), respectively. Colonies were grown for 3-4 days at 24 °C on
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synthetic complete (SC)-leu-trp media and patched onto SC-leu-trp agar plates before
replica plating to selection media: SC—leu—trp, SC—leu—trp—ade—his and SC-leu-trp-Ade-
his+3AT (3 mM 3-aminotriazole). Plates imaged after 3 to 10 days. Contrast and
intensity settings were adjusted in Adobe Photoshop using the same settings for all

images from a single experiment.

Western blot

TCA precipitation/NaOH method of protein extraction from whole cells was used.
Briefly 4 x 10® cells were collected, washed with distilled, deionized H,O and
resuspended in ice cold 0.2 M NaOH. 50 pL of 100% trichloroacetic acid (TCA) was
added, the sample centrifuged. 50-200 pL of 2xSDS loading buffer was added to the
pellet, which was incubated at 70°C, 5 min prior to loading on SDS-PAGE. Goat anti-
Myo?2 antibodies affinity purified and used at 1:1,500. Mouse monoclonal antibodies,
anti-GFP (Roche) and anti-HA (Covance) was used at 1:5000 and 1:500, respectively.
Mouse monoclonal anti-Pgkl (Invitrogen) 1:10,000. Mouse anti-V5 antibody
(Invitrogen) 1:1,000. Sheep Anti-Vacl7 antibody, 1:500 (Tang et al., 2003). HRP-
conjugated donkey anti-goat antibody IgG, HRP-conjugated goat anti-sheep antibody
IgG, and HRP-conjugated goat anti-mouse IgG (Jackson Immuno Research Laboratories)

were used at 1:5,000.

In vitro purification, and binding and competition analysis with size-exclusion

chromatography
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Plasmids pMBP-Vac17(112-157)p, pMBP-Mmr1(378-430)p and pGST-
Myo2(1131-1574)p were transformed into E.coli strain BL21/DE3/STAR and grown to
Absgoonm 0f 1.00 +/- 0.1 at 37°C in Terrific broth (Invitrogen) containing Ampicillin and
Spectinomycin, 100 pg/ml. Cells were cooled for 15 min then incubated at 20°C for 14
hours in 1 mM isopropyl-p-D-thio-galactoside to induce expression. Cells were harvested
at 4°C. All subsequent steps took place at 0-4°C. Cells were resuspended in 40 ml lysis
buffer containing 20 mM HEPES pH 7.9, 200 mM NaCl, 1 mM EDTA, 0.05% f-
mercaptoethanol. Lysis was performed using a probe sonicator with 6-8 repetitions of 10-
15 sec, 50% intensity, in the presence of Roche Protease Inhibitor Cocktail (without
EDTA; one tablet per 40 ml lysis buffer) andl uM Pefabloc SC. Lysates were centrifuged
at 40,000 rpm for 90 min in a Beckman Ti45 rotor. Lysate supernatants were incubated
with the affinity matrix.

For GST-Myo2 CBD: Supernatants incubated with 2.5 ml glutathione sepharose
4B resin (GE Healthcare), 1 hour. GST was cleaved from the Myo2 CBD via incubation
with 5 pL biotinylated thrombin (Thrombin Cleavage Capture Kit; Novagen) for 3.5 h in
1.5 ml thrombin buffer. Biotinylated thrombin was removed with streptavidin-linked
agarose (Novagen). For MBP-conjugated peptides: Supernatants were incubated with 3.0
ml amylose resin (New England BioLabs), 1 hour. Resin was centrifuged, collected in 10
ml Polyprep columns (Bio-Rad) and washed in lysis buffer. MBP peptides eluted using
lysis buffer containing 10 mM maltose.

Myo2 CBD and MBP-peptides were purified on a HiLoad 16/60 Superdex 200
prep-grade exclusion column (GE Healthcare). Purified proteins were analyzed on SDS-

(10%) PAGE and visualized with Coomassie. Both BCA (Pierce) and Bradford (Bio-
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Rad) assays were used to verify protein concentrations; a BSA standard curve was
generated for each analysis. Myo2 CBD and MBP-peptide binding assays and
competition assays were performed on a HiLoad 16/60 Superdex 200 analytical column

(GE Healthcare).

Visualization of filamentous actin in fixed cells

Actin structures were visualized in fixed cells using rhodamine-phalloidin.
Briefly, 5x1076 cells/ml in log-phase were resuspended in 3.7% formaldehyde (final
concentration) and incubated at RT for 10 minutes, washed and resuspended in PBS, pH
7.4 containing 3.7% formaldehyde. Rhodamine-phalloidin (Invitrogen) was dissolved in
methonal and100 pl of fixed cells were mixed with 6.1 pM rhodamine-phalloidin (final

concentration).
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Table 1: Summary of Yeast Two-Hybrid and /n Vivo Analyses

Yeast two-hybrid test In vivo
Myo?2 Residue Allele Yptll Inp2 Kar9 Vacl?7 Mmrl MTO | Viable
L12294 + +
1 L1229 7120k - T
2 01233 01233R - -
3 K1234 K1234A4 + +
4 T1237 T12374 + +
5 G1248 G1248D + - - - - -
6 E1293 E1293K - -
7 K1295 K1295S +
8 D1296 DI296N + +
DI297N + + - + +
9 D1297 D1297C -
10 E1299 E12990 + +
11 A1300 A1300G + +/- +
L1301P + +/- - - -
12 L1301 T130IR - - -
13 S1302 S1302D + + +
14 Y1303 Y13034 - -
N1304S + -
15 N1304 ~N1304D - - - - - " T
16 N1307 NI1307D + + - -
17 11308 113084 + - +
18 KI1311 KI1311A4 + +
K1312S + -
19 K1312 X314 T T
20 L1331 L1331S +/- + - + + - +/-
21 K 1408 K14084 + + - + - +
LI141IR + - + + +/-
22 L1411 L1411S +/- +/- + + -
L14114 + -
23 N1414 NI1414S + + + + +
YI415E - - - + + - -
24 Y1415 YI415F + + +/- + + - +
YI415R +/- - +/- +
25 T1418 TI418V + + + +
26 E1422 E14224 + + +
27 K1444 Kl1444A4 - + + + -
28 Q1447 01447R - + + + -
29 G1461 G1461A4 +
30 Y1464 Yi1464A4 +
31 V1480 V14804 +
32 D1482 DI1482N + + + +
YI483E + - - + +
33 Y1483 Y4834 + - - +
YI483R + + +
E14844 + +/- + + + +
34 E1484 £14840 - - " "
35 K1525 KI15254 + +
36 E1526 E15260 +
37 G1528 G15284 + +
38 P1529 P15294 + + + + -
39 F1334 F13344 + + - - +
40 W1407 WI1407F + - - +
41 R1419 RI14190 + + +
42 11462 114628 + + +
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43 11539 | £1539S | | | |+
+ Interaction/WT phenotype
Key: +/- Mild interaction/intermediate phenotype

No interaction/mutant phenotype

Blank = Not tested

MTO = Microtubule orientation ssay
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Table 2: Yeast strains used in this thesis

Strain Genotype Source
LWY7235 MAT a, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9 Catlett and
Weisman, 1998

LWY2947 MAT o, ura3-52, leu2-3 , his3-A200, trp1-A901 , Iys2-801 , suc2- Catlett and
A9,myo2A::TRPI, YCp50-MYO2 Weisman, 1998

PJ69-4A MATa, trpl-901, leu2-3, ura3-52, his3-A200, Agal4, Agal80, James et al .,
LYS2::GALI-HIS3, GAL2-ADE2, met::GAL7-lacZ 1996

LWY9591 MATa, , ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2-A9, This study
yptlIA::KanMX6

LWY9579 MATa, ura3-52, leu2-3 , his3-A200, trp1-A901 , lys2-801 , suc2-A9, This study
mmriA::KanMX6

LWY8944 MATa, leu2-3,-112, his3-200, trp1-901, lys2-801, suc2-9, GFP- Jinetal., 2009
TUBI1::URA3:: ura3-52, kar9A::kanM X6

LWY5798 MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2-A9, Tang et al .,
vacl7A::TRPI 2003

LWY8897 MATa, ura3-52, leu2-3, his3-A200, trp1-A901, lys2-801, suc2-A9,GFP- This study
TUBI::URA3

LWY10127  MAT o, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI, pRS413-MYO?2

LWY10129  MAT o, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI, pRS413-myo2-K13114

LWY10131  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-K12344

LWY10133  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-P15294

LWY10135  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-D1297N

LWY10137  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-113084

LWY10139  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-L12294

LWY10145  MAT o, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI, pRS413-myo2-A1300G

LWY10155  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-K13124

LWY10361  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-N1304D

LWY10363  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study
A9,myo2A::TRPI1, pRS413-myo2-L1301R

LWY10365  MATa, ura3-52, leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2- This study

A9,myo2A::TRPI, pRS413-myo2-E1293K
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LWY10367

LWY10369

LWY10371

LWY10976

LWY10978

LWY10980

LWY10982

LWY10984

LWY10986

LWY10988

LWY10990

LWY10992

LWY10994

LWY10996

LWY10998

LWY11000

LWY11140

LWY11141

LWY11142

LWY11143

LWY11144

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-Y1303E

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-L1229R

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-A1300R

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-Q1447R

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-F13344

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , lys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-L1411S

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-K14084

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-WI1407F

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-Y14844

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9, Amyo2::TRPI1, pRS413-myo2-Y1484Q

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-Y1415F

MAT o, ura3-52 , leu2-3 , his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-Y1415E

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-K14444

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-L1331S

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI1, pRS413-myo2-Y14834

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-
A9,myo2A::TRPI, pRS413-myo2-YI1483E

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-A9,

MMRI-GFP::HIS3, Amyo2::TRPI, pRS413-MYO?2

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-A9,

MMRI-GFP::HIS3, Amyo2::TRPI1, pRS413-myo2-DI1297N

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-A9,

MMRI-GFP::HIS3, Amyo2::TRPI, pRS413-myo2-L1301R

MAT o, ura3-52 , leu2-3, his3-A200, trp1-A901 , Iys2-801 , suc2-A9,

MMRI-GFP::HIS3, Amyo2::TRPI1, pRS413-myo2-11308A

MAT o, ura3-52 , leu2-3 , his3-A200, trp1-A901 , Iys2-801 , suc2-A9,

MMRI-GFP::HIS3, Amyo2::TRPI1, pRS413-myo2-K13124
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This study
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This study

This study

This study
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LWY11145

LWYR8737

LWY8867

LWY11413

LWY11414

LWY11415

LWY11416

LWY11417

LWY11418

MAT o, ura3-52 , leu2-3 , his3-A200, trp1-A901 , Iys2-801 , suc2-A9,
MMRI-GFP::HIS3, Amyo2::TRPI, pRS413-myo2-N1304D

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VACI17-3xGFP::TRP1

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
MMRI-GFP::HIS3

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VAC17-3xGFP::TRPI, myo2A::TRP1, pRS413-MYO2

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VACI17-3xGFP::TRP1, myo2A::TRPI, pRS413-myo2-D1297N

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VACI7-3xGFP::TRP1, myo2A::TRPI1, pRS413-myo2-L1301R

MAT a, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VAC17-3xGFP::TRP1, myo2A::TRP1, pRS413-myo2-N1304D

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VACI17-3xGFP::TRP1, myo2A::TRP1, pRS413-myo2-113084

MATa, ura3-52, leu2-3 , his3-A200, trpl-A901 , lys2-801 , suc2-A9,
VACI17-3xGFP::TRP1, myo2A::TRP1, pRS413-myo2-K13124
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Table 3: Plasmids used in this thesis

Plasmid Description Source
pRS413-MYO2 CEN, HIS3 Catlett and Weisman, 1998
pRS413-myo2-Q1447R CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -F1334A CEN, HIS3 This study
pRS413-myo2-L1411S CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -K1408A CEN, HIS3 This study
pRS413-myo2 -W1407F CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -Y1484A CEN, HIS3 This study
pRS413-myo2-Y1484Q CEN, HIS3 This study
pRS413-myo2-Y1415E CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2-Y1415F CEN, HIS3 This study
pRS413-myo2-Y1415R CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -K1444A CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -L1331S CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -Y1483A CEN, HIS3 Fagarasanu et al ., 2009
pRS413-myo2 -Y1483E CEN, HIS3 This study
pRS413-myo2 -E1293K CEN, HIS3 This study
pRS413-myo2 -Q1233R CEN, HIS3 Pashkova et al ., 2006
pRS413-myo2 -L1229A CEN, HIS3 This study
pRS413-myo2 -L1229R CEN, HIS3 This study
pRS413-myo2 -D1297N CEN, HIS3 Ishikawa et al ., 2003
pRS413-myo2-L1301R CEN, HIS3 This study
pRS413-myo2-Y1303A CEN, HIS3 This study
pRS413-myo2 -N1304D CEN, HIS3 This study
pRS413-myo2 -N1307D CEN, HIS3 This study
pRS413-myo2 -11308A CEN, HIS3 This study
pRS413-myo2 -K1312A CEN, HIS3 This study

pGAD-Cl1 2u, LEU2 James et al ., 1996
pGAD-C1-MYO2 2u, LEU2 Pashkova et al ., 2005
pGAD-Cl-myo2 -G1248D myo2-2, 2, LEU2 Ishikawa et al ., 2003
pGAD-Cl-myo2-L1331S 2u, LEU2 This study
pGAD-Cl-myo2 -F1334A 2u, LEU2 This study
pGAD-Cl-myo2 -W1407F 2u, LEU2 This study
pGAD-Cl-myo2 -K1408A 2u, LEU2 This study
pGAD-Cl-myo2 -L1411A 2u, LEU2 This study
pGAD-Cl-myo2 -L1411R 2u, LEU2 This study
pGAD-Cl-myo2-L1411S 2u, LEU2 This study
pGAD-Cl-myo2 -N1414S 2u, LEU2 This study
pGAD-Cl-myo2-Y1415E 2u, LEU2 This study
pGAD-Cl-myo2 -Y1415F 2u, LEU2 This study
pGAD-Cl-myo2-Y1415R 2u, LEU2 This study
pGAD-Cl-myo2 -T1418V 2u, LEU2 This study
pGAD-Cl-myo2 -R1419Q 2u, LEU2 This study
pGAD-Cl-myo2 -K1444A 2u, LEU2 This study
pGAD-Cl-myo2 -Q1447R 2u, LEU2 This study
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pGAD-Cl-myo2 -11462S
pGAD-Cl-myo2 -D1482N
pGAD-Cl-myo2-Y1483A
pGAD-Cl-myo2 -Y1483E
pGAD-Cl-myo2-Y1483R
pGAD-Cl-myo2 -E1484A
pGAD-Cl-myo2 -E1484Q
pGAD-Cl-myo2 -L1229A
pGAD-Cl-myo2 -L1229R
pGAD-Cl-myo2 -Q1233R
pGAD-Cl-myo2-K1234A
pGAD-Cl-myo2 -T1237A
pGAD-Cl-myo2-E1293K
pGAD-Cl-myo2 -D1296N
pGAD-Cl-myo2-D1297N
pGAD-Cl-myo2 -E1299Q
pGAD-Cl-myo2 -A1300G
pGAD-Cl-myo2 -L1301P
pGAD-Cl-myo2-L1301R
pGAD-Cl-myo2 -Y1303A
pGAD-Cl1-myo2-N1304D
pGAD-Cl-myo2 -N1304S
pGAD-Cl1-myo2-N1307D
pGAD-Cl-myo2 -11308 A
pGAD-Cl-myo2-K1311A
pGAD-Cl-myo2 -K1312A
pGAD-Cl-myo2 -G1528A
pGAD-Cl-myo2 -P1529A
pGAD-Cl-myo2 -P1529S
pGAD-Cl-myo2 -V1189A
pGAD-Cl-myo2 -V1288G
pGAD-Cl-myo2 -K1500M
pGAD-Cl-myo2-E1546G
pGAD-Cl-myo2 -K1559R
pGBD-C1-MMR1
pGBD-C1-VAC17
pGBD-C1-KAR9
pGBD-C1-YPT11
pGBD-C1-INP2
pGBD-C1-SMY1
pGBD-C1-Mmr1(398-430)
pGBD-C1-Mmr1(398-441)
pGBD-C1-Mmr1(387-430)
pGBD-C1-Mmr1(387-441)
pGBD-C1-Mmr1(378-430)
pGBD-C1-Mmr1(378-441)
pGBD-C1-Vac17(68-195)

2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, LEU2
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
2u, TRP1
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Ishikawa et al ., 2003
This study

This study

Ishikawa et al ., 2003
This study

This study

Ishikawa et al ., 2003
Ishikawa et al ., 2003
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Ishikawa et al ., 2003
Pashkova et al ., 2005
This study
Fagarasanu et al ., 2009
Pashkova et al ., 2005
This study

This study

This study

This study

This study

This study

This study



pGBD-C1-Vac17(158-195)
pRS416
pRS416-MMRI1-V5
pVT102-MMRI1-V5
pmitoGFP

pmitoRFP
pRS416-VAC17
pVT102-VAC17
pMBP-Parallel-1
pMBP-Vacl7(112-157)p
pMBP-Mmr1(378-430)p
pGST-Myo2(1131-1574)p
pUC19-TUBI1-GFP

2u, TRP1
CEN, URA3
CEN, URA3
2u, URA3
CEN, LEU2
CEN, URA3
CEN, URA3
2u, URA3
Amp'

Amp'

Amp'

Amp'

CEN, LEU2
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This study

Sikorski and Hieter, 1989
This study

This study

Frederick et al ., 2008
Frederick et al ., 2008
Tang et al ., 2003
This study

Sheffield et al., 1999
This study

This study

Pashkova et al ., 2006
Song and Lee, 2001
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