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Abstract

Endocytosis is a highly regulated process in most eukaryotic cells, and is essential
for the cell to appropriately respond to changes in its environment. It is critical
for recycling plasma membrane proteins and lipids and for the uptake/down-
regulation of cell-surface receptors and cargo molecules ensuring appropriate
membrane composition. Clathrin-mediated endocytosis (CME) is the best-studied
form of endocytosis occurring in both mammals and in yeast. Stages of CME
involve the formation of a clathrin-coated pit (CCP), which undergoes progressive
invagination before scission occurs forming a clathrin-coated vesicle (CCV).
Dynamins are a conserved family of large GTPases whose function is best
understood in the context of CME specifically in the vesicle scission process.
Mutations in dynamin have been implicated in various neurological disorders
such as Epilepsy, Charcot-Marie Tooth and many others. There are no classical
dynamins in yeast however, Vpsl, a dynamin-like-protein has been shown to
perform similar functions to the classical mammalian dynamins. The work in this
thesis aimed to use yeast as a model system to increase our understanding of
dynamins and their endocytic function. Specifically, mutations corresponding to
disease causing mutations in dynaminl and 2 were generated and studied in
yeast Vpsl. Attempts were also made to investigate whether mammalian
Dynamin-2 can complement deletion of vps1 in any of its membrane trafficking
roles. A chimeric construct was generated comprising vps1l with the InsertB
region replaced by the Dynamin-2 PH domain to determine whether this was able
to localize and function in yeast. Finally, the generation of stable cells with
integrated Vpsl endocytic mutations allowed a screen to be carried out to

identify genes, which when overexpressed rescue the temperature sensitivity
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associated with one of these endocytic mutations and thereby indicate cell

processes or pathways that might impact on Vps1 function during endocytosis.
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Chapter 1: Introduction

1.1. Membrane trafficking and eukaryotic cell compartmentalization

An important feature of eukaryotic cells is the presence of internal membrane bound

compartments and organelles to which proteins must be correctly targeted in order
to maintain appropriate function of these compartments. Synthesized proteins
usually contain sorting signals through which they are recognized. They get
trafficked passing through a series of organelles, including the endoplasmic
reticulum (ER) and the Golgi apparatus on their way to the plasma membrane or the
extracellular space [figure 1.1]. While exocytosis ensures that appropriate material
is trafficked to the cell surface, material also needs to be constantly removed from
the surface to allow protein and lipid remodelling. Nutrient transporters and
signalling receptors need their levels to be regulated to ensure these are appropriate
for the cell environment. This inward movement of proteins and lipids happens via
the process of endocytosis. In the case of some integral membrane proteins which
carry ligands between different cellular compartments, they have to be constantly
shuttled making up to 300 round trips during their lifetime [Trowbridge and
Collawn 1993]. Therefore, controlling these processes is essential to regulate the
steady state of cellular organelles and to maintain the correct signaling response

required by the cell [Bonifacino and Glick, 2004].

1.2. Endocytosis

Endocytosis is an important and highly regulated process that occurs in most
eukaryotic cells. It involves the invagination of plasma membrane into the cell
resulting in a vesicle, which can then fuse with the endosomes and enter the endo-
lysosomal membrane system [Robertson et al. 2009]. Endocytosis is important for

recycling plasma membrane proteins and lipids ensuring appropriate membrane

composition, and for the uptake or down-regulation of cell-



Chapter 1: Introduction

Membrane Trafficking Pathways
Cell membrane

Endoplasmlc Reticulum Golgi apparatus

oI

06”

Lysosome

XOCyEOSl

/

Extracelluar
space

Endocytosis

Late Early
Endosome Endosome

Fig.1.1. Membrane trafficking. The diagram represents a broad summary of the
membrane trafficking pathways. Through several steps of fission and fusion events,
secretory vesicles form at the ER and move through the Golgi complex until they
reach the plasma membrane where the cargo gets removed to the extracelluar
space or stay at the plasma membrane. The Black arrows in the diagram represent
this pathway, which is known as exocytosis. In some cases the secretory vesicles
can be targeted to other compartments such as the early or late endosomes for
cargo recycling or degradation. On the other hand, various proteins, lipids and
extracelluar materials get internalized via the formation of plasma membrane
invagination, which bud off forming vesicles that carry the cargo molecules to the
early endosomes for appropriate sorting or to the late endosomes and the
lysosomes for degradation. The white arrows in the diagram represent this
pathway, which is known as endocytosis. In some cases the secretory vesicles can

be targeted to other compartments such as the Golgi complex.



Chapter 1: Introduction

surface receptors and cargo molecules [Doherty and McMahon 2009], which is
essential for allowing the cell to appropriately respond to changes in its environment.
Endocytosis is not only involved in the negative regulation of membrane proteins and
lipids, but it also plays important roles in the positive regulation of many signaling
pathways. An example of the latter is the epidermal growth factor (EGF), where in the
case of a reduction in the receptor concentration on the plasma membrane, the EGF
receptors are recycled back to the plasma membrane after being internalized via
endocytosis allowing for a prolonged signaling [Platta and Stenmark 2011]. Also, in
mammalian cells, pathogens such as viruses were shown to use various endocytic
routes for internalization into the cell [Marsh and Helenius 2006].

Because endocytosis is a fundamental process, controlling not only the plasma
membrane composition and the entrance of various cargoes into the cell, but also in
initiating various signaling pathways, its regulation is very important in order to
maintain normal function and cell response to environmental cues. Abnormalities in
endocytosis were shown to be involved in human diseases including
neurodegenerative diseases such as Alzheimer’s disease [Wu and Yao 2009],

atherosclerosis, diabetes [Zhang 2008] and cancer [Mellman and Yarden, 2013].

1.2.1. Mechanisms of Endocytosis - Clathrin-Mediated Endocytosis:

Several mechanisms of endocytosis have been described, which can be divided into
different classes. The best-studied mechanism is the clathrin-mediated endocytosis
(CME), where a clathrin-coated pit (CCP) undergoes progressive invagination before
scission occurs forming a clathrin-coated vesicle (CCV) [Yarar et al. 2004]. Various
adaptor and accessory proteins are involved in this process, and these can vary
between different compartments and organisms [Le Roy and Wrana 2005]. In terms of

cargoes, it was shown that in some cells, cargoes that get packaged into a vesicle are

_3-
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limited whereas in other cells e.g. in synapses, up to 20 different cargoes can be
present in the same vesicle [Doherty and McMahon 2009]. Real-time fluorescence
microscopy studies established that specific proteins are sequentially recruited to
endocytic sites to drive membrane invagination and vesicle scission [Smaczynska-de

Rooij et al. 2010].

Based on ultrastructural analysis and cellular observations the formation of a CCV was
defined to go through five stages, these are; initiation of pit formation, cargo selection,
coat assembly, scission and uncoating [figure 1.2] [McMahon and Boucrot, 2011]. The
first stage in CME, the formation of membrane invagination or a pit, was thought to be
mediated by the AP2 protein complex, however studies have shown that this stage is
initiated by the FCH domain only (FCHO) proteins, EGFR pathway substrate 15
(EPS15) and intersectins [McMahon and Boucrot, 2011]. These proteins are thought to
recruit AP2, which mediates cargo selection along with other cargo specific adaptor
proteins. Once cargo selection has taken place, clathrin gets recruited to the plasma
membrane from the cytoplasm directly by AP2 and other accessory adaptor proteins
[Le Roy and Wrana 2005] and clathrin triskelia assemble into a polygonal lattice,
which along with the action of other accessory proteins result in the formation of a
coated vesicle [McMahon and Boucrot, 2011]. As the coat assembly takes place, the
BAR domain proteins such as amphiphysin, endophilin and sorting nexin 9 (SNX9) get
recruited to help form the neck of the pit. Finally the CCV vesicle gets released upon
GTP hydrolysis of dynamin, which is a major scission protein (see later). Once released
into the interior of the cell, the CCV is uncoated with the action of specific proteins e.g.
Auxilin and Hsc70 (in mammals) and the vesicle is trafficked into the early endosome,

which is the primary sorting station for proteins [Le Roy and Wrana 2005].
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Clathrin-mediated endocytosis

Site selection ~ Curvature / Invagination Constriction of Scission
early the vesicle
invagination neck
— R R R
Scission machinery
Endocytic coat

Actin filaments

Internalized vesicle

Figure.1.2. Clathrin-mediated endocytosis. A schematic diagram representing the
different stages of clathrin mediated endocytosis including initiation of pit

formation, coat assembly, invagination of the plasma membrane and vesicle scission.
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Once in the early endosome, the proteins are either recycled back into the plasma
membrane or are targeted for degradation via the late endosome and the lysosome.

Many of the endocytic proteins were shown to be highly conserved from mammals to
yeast [Kaksonen et al. 2005]. The role of clathrin in endocytosis in mammalian cells
was established in 1975 [Pearse, 1975], however its importance in yeast endocytosis
was accepted much later [Kaksonen et al. 2005, Newpher et al. 2005].

Although CME occurs in both mammals and yeast, some obvious differences have been
pointed out. First of all, in yeast, CME results in the formation of tubular invaginations
with clathrin localizing only to the distal tips of the tubules, which suggests that
clathrin might play a role in stabilizing the curvature of the vesicle during its inward
growth [Robertson et al. 2009]. Another difference is the presence of F-actin at an
early stage, which is not evident in mammals. F-actin was shown to be essential for
appropriate plasma membrane invagination in yeast [Aghamohammadzadeh and
Ayscough 2009]. As a result, the presence of F-actin in the early endocytic stages
provides a strong framework to support the force generation required to invaginate
plasma membrane against the turgor pressure [Aghamohammadzadeh and Ayscough

2009].

1.2.2. Other endocytic routes: clathrin independent endocytosis

In mammalian cells an increasing number of clathrin independent endocytic routes
have been described [figure 1.3]. For example, a recently defined endocytic pathway
is the fast endophilin-mediated endocytosis (FEME) pathway [Boucrot et al. 2015].
This pathway is triggered upon the activation, either directly or in-directly, of

membrane-bound receptors.
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Micropinocytosis
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Fig.1.3. Summary of some Clathrin independent endocytic pathways. A schematic
diagram representing some of the clathrin independent endocytic pathways including
phagocytosis, micropinocytosis, caveolae dependent and fast endophilin-mediated

endocytosis.
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This activation triggers the formation of the phospholipid PI(3,4)P2 from PI(4,5)P2
that binds to a protein known as lamellipodin, a protein distributed at the leading edge
of a migrating cell [Boucrot et al. 2015, Haucke, 2015]. Lamellipodin binds to
endophilin allowing for its recruitment to the cell membrane, which in turn induces
membrane invagination forming tubules, which then snip off forming a vesicle

[Boucrot et al. 2015, Haucke, 2015].

Caveolae dependent endocytosis is another clathrin-independent pathway
characterized by 60-80nm wide pits in the plasma membrane, containing specific lipid
rafts coated with caveolins. Although in caveolae dependent endocytosis flask-shaped
invaginations of the plasma membrane have been described, caveolae appeared as an
open cup with a wide opening rather than a constricted neck as observed in cryo-fixed
material and form a flask-shaped invaginations of the plasma membrane [Hansen and
Nichols 2010, Parton and del Pozo, 2013]. Caveolae dependent endocytosis was
reported to be especially abundant in smooth muscle cells, fibroblasts, adipocytes and
endothelial cells [Parton and Simons, 2007].

Macropinocytosis [Swanson and Watts 1995] and phagocytosis [Aderem and
Underhill 1999] are other endocytic mechanisms, however, these are involved in the
uptake of larger membrane areas compared to other mechanisms. Macropinocytosis is
a method of internalizing large amounts of solutes and extracellular fluids where it
forms at highly ruffled sites of the plasma membrane [Swanson and Watts 1995,
Doherty and McMahon, 2009]. On the other hand phagocytosis is involved in
internalizing large particles via the formation of invaginations around the cargo to be

internalized [Doherty and McMahon, 2009].
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In yeast, CME has been well characterized, however the fact that endocytosis still takes
place in clathrin-null cells and in the absence of other CME required genes e.g. Las17,
although at a reduced rate, have suggested the existence of other endocytic routes that
are clathrin independent [Kaksonen et al. 2005]. Growing evidence has been emerging
describing alternative endocytic pathways in yeast. For example, Prosser et al. 2011
described a Rhol-dependent pathway which works through the GTPase Rho1 and the
formin Bnil and works independently of the key elements of CME such as clathrin,
actin bundling proteins and Arp2/3-mediated actin polymerization. Another work
published by the Ayscough lab [Aghamohammadzadeh et al. 2014] described an
Abplmediated pathway, in which this endocytic pathway was shown to be dynamin
independent and functions in the presence of low levels of latrunculin-A, a drug

known to disrupt the actin cytoskeleton [Morton et al. 2000].

1.3. Dynamins

Dynamins are a conserved family of large GTPases that have been implicated in a wide
range of cellular processes including vesicle trafficking, vesicle scission, synaptic
vesicle recycling, organelle division, viral resistance and cytokinesis (Praefcke and
McMahon 2004). The importance of dynamin was first highlighted in Drosophila
melanogaster, where mutations in the shibire gene (later discovered to encode
dynamin) caused paralysis at high temperature by reversibly blocking endocytosis at
nerve terminals, which prevents membrane cycling and as a result, depletes synaptic

vesicles (Van der Bliek and Meyerowrtz 1991).

1.3.1. Members of the Dynamin Superfamily
Although members of the dynamin superfamily have some structural similarity, they

seem to have diverse functional roles. Therefore, based on structural and functional
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properties, members of the dynamin superfamily have been divided into several
families. These include:

Classical dynamins - characterized as having five domains; an N-terminal GTPase
domain (also known as G-domain), a middle domain, a pleckstrin homology (PH)
domain, a GTPase effector domain (GED) and finally a C-terminal proline rich domain
(PRD) [Ramachandran 2011]. The GTPase domain is relatively large (~ 300 residues)
compared to other GTPases [Ramachandran 2011], and it contains GTP-binding motifs
(G1-G4) that are required for nucleotide binding and hydrolysis, where these motifs
are conserved except for the G4 (Praefcke and McMahon 2004). The middle domain
and the GED domain are both important in self-assembly as they are involved in the
dimerization and oligomerization of dynamin [Ramachandran 2011]. The PH domain
is involved in binding membrane lipids, specifically phosphatidylinositol-4,5-
bisphosphate (PIPz), while the PRD domain (more than 30% proline residues)
[Smirnova et al. 1998] contains sites for binding the Src-homology 3 (SH3) domain of
accessory proteins, including the amphiphysins, endophilin, calcineurin and cortactin,

which then target dynamin to different action sites in the cell [Ramachandran 2011].

Dynamin-like-proteins (also known as dynamin-related proteins) - are similar to
the classical dynamins except that they lack both the PH and PRD domains. However,
some members of this family still show lipid-binding properties, e.g. the A.thaliana
ADL2 was shown to bind specifically to phosphatidylinositol-4-phosphate

(PtdIns(4)P) [Kim et al. 2001].

Mx proteins - are only conserved in vertebrates and, like the dynamin related
proteins, lack both the PH and PRD domains. Their expression in humans is induced

by type 1 interferons, where MxA results in a strong protection against viral infections
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and block the replication of many viruses at various sites in the cell [Staeheli et al.

1986].

OPA proteins - contain all the domains present in classical dynamins except for the
PRD domain. In addition, they contain an N-terminal mitochondrial import sequence
followed by a predicted transmembrane domain [Praefcke and McMahon 2004].
These proteins were shown to be involved in mitochondrial fusion as they are found

between the inner and outer mitochondrial membranes [Olichon et al. 2001].

Mitofusin proteins - these proteins contain a predicted transmembrane domain in
place of the PH domain and the C-terminal domain was predicted to be helical. Also,
the GED domain of mitofusins shows weak homology to the classical dynamin GED
domain [Praefcke and McMahon 2004]. Mitofusins were shown to be involved in
mitochondrial dynamics, where they localize to the cytoplasmic side of the outer

mitochondrial membrane [Praefcke and McMahon 2004].

Guanylate-binding proteins (GBPs) - contain recognisable GTPase, middle and GED
domains, however, these domains have only a weak sequence homology to the
classical dynamins. GBPs play a role in resistance against intracellular pathogens,

which is similar but less efficient compared to the Mx proteins [Anderson et al. 1999].

In this review, the main focus will be on the function and properties of classical
dynamins and on dynamin-like proteins in endocytosis, therefore the other members

of the dynamin superfamily will not be addressed any further.
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1.3.2. Dynamin structure

As mentioned above, classical dynamins have been described to consist of five main
domains based on their primary sequence, including a large GTPase domain (also
known as G-domain), a middle domain, a PH domain, a GED and PRD domains
[Ramachandran 2011]. The increased information on the structure of dynamin
including the crystal structure of dynamin (lacking the PRD) has introduced some
modifications to our understanding of the dynamin domains, which better reflects the
three-dimensional folding of the protein [Figure 1.4]. These are summarized below.
The G-domain contains four highly conserved G-motifs (G1 to G4), which are required
for the binding and hydrolysis of GTP, where only one molecule of GTP binds per G-
domain [Praefcke and McMahon 2004]. The G1 motif coordinates the GTP phosphates,
a threonine residue in the G2 motif is involved in GTP hydrolysis, a glycine residue in
the G3 motif forms a hydrogen bond with the y-phosphate of GTP, and the G4 motif
plays a role in guanine and ribose coordination [Gonzalez-Jamett et al. 2013]. The
conformational changes regulating dynamin assembly and disassembly are
accompanied by cycles of GTP binding and hydrolysis [Marks et al. 2001].

The GED has a regulatory role in which it stimulates the protein’s GTPase activity
[Muhlberg et al. 1997]. An arginine residue located at position 725 was shown to be
involved in GTP hydrolysis suggesting that the GED acts as an intra-molecular GTPase
activating protein [Sever et al. 2000, Gonzalez-Jamett et al. 2013]. Helices at the
amino- and carboxy-terminal of the G-domain and a carboxy-terminal helix from GED
come together forming the bundle signaling element (BSE) [Chappie et al. 2009]. The
BSE was suggested to sense and transmit the conformational changes associated with

dynamin assembly to the GTPase domain [Chappie et al. 2009].
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Image removed

Fig.1.4. Structure of Nucleotide-Free Human Dynamin-1 (Faelber et al. 2011).
A) Different domains of classical Dynamin-1. The numbers at the top represent the
amino acids. B) Representation of human Dynamin-1 as resolved by Faelber et al.
2011. Regions not resolved in the crystal structure are indicated by dotted lines.

Lipid-binding residues are indicated as o.
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The middle domain and parts of the GED form the stalk region, which is critical for
mediating oligomerization of dynamin into higher ordered structures [Faelber et al.
2011]. Stalk regions from neighboring dynamin monomers assemble in a cross-like
manner via a conserved central interface known as interface-2 [Ford et al 2011,
Faelber et al. 2011, Chappie et al. 2011] yielding dynamin dimers in which the two G-

domains are positioned in opposite directions [Faelber et al. 2011, Ford et al. 2011].

The stalk dimers oligomerize into higher ordered structures via interface-1 and
interface-3. Mutations in the interface-3 region of the dynamin protein were shown to
disturb the ability of dynamin to assemble into rings or helical structures [Faelber et
al. 2011]. The PRD on the other hand contains a number of amino acid motifs (PxxP),
which interact specifically with SH3 domains of various proteins. This interaction has
been demonstrated to be essential for localizing dynamin to endocytic sites [Okamoto

etal 1997].

1.3.3. Biochemical properties of classical dynamins

Members of the dynamin family have some unique biochemical properties that differ
from the smaller GTPases that have been studied such as Ras. It has been proposed
that dynamins function as mechanochemical enzyme where upon the hydrolysis of
GTP results in a conformational change in the protein important to drive membrane
scission [Ferguson and Camilli, 2012]. Unlike other GTPase proteins, dynamins have a
low affinity for GTP (10-25 uM) but a high basal rate of GTP hydrolysis (Kca: 8-30 x10-3
sec'l) compared to ras, which has a basal rate of GTP hydrolysis of (Kca: 3.4 x10-*sec’1)
[Sever et al. 2000]. Dynamins also have a very high stimulated GTP hydrolysis activity

(Kcat 1-5 sec1) and since the rate of guanine nucleotide association and dissociation
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are very rapid in dynamins, the GTP hydrolysis was suggested to be the rate-limiting

step in it’s GTPase cycle [Sever et al. 2000].

Dynamins are able to bind membrane lipids and form helical tubes that constrict and
vesiculate in the presence of GTP [Sweitzer and Hinshaw 1998]. This induced self-
assembly of dynamin was demonstrated to stimulate the GTPase activity by up to 100-
fold [Gonzalez-Jamett et al 2013]. Other factors that can induce dynamin
oligomerization such as low-ionic strength solutions, negatively charged tubular
templates, such as microtubules and actin bundles were also shown to stimulate
dynamin’s GTPase activity [Gonzalez-Jamett et al. 2013]. The fact that dynamin is able
to self assemble in-vitro without the requirement for any additional proteins indicates
that the protein is able to form all the required binding interactions for self-assembly
[Smirnova et al. 1998] and act as its own guanine nucleotide-exchange factor (GEF)

when in an oligomerized state [Muhlberg et al. 1997].

Dynamin was shown to bind to Inositol phospholipids, specifically
phosphatidylinositol 4,5-bisphosphate (PtdIns (4,5) P2) [Salim et al. 1996, Lin et al.
1997]. It was reported that dynamin is capable of inserting itself into the lipid bilayer
via a hydrophobic variable-loop 1 (VL1) of the PH domain which is critical for its self-
assembly generation of high membrane curvature and membrane fission
[Ramachandran et al. 2009]. This study also revealed the importance of the PH domain

as another factor that can stimulate the dynamin GTPase activity.

1.4. Function of classical dynamins

In mammals, three dynamin genes are present which encode for Dynamin-1, 2 and 3
proteins, all of which have the same domain organization but differ in their expression

patterns [Cao et al. 1998]. Dynamin-1 is mainly expressed at high levels in neuronal
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cells [Nakata et al. 1991], Dynamin-2 is ubiquitously expressed and Dynamin-3 is
found in the brain, although at much lower levels than Dynamin-1, in the testis, and in
some other tissues such as the lungs [Cao et al. 1998]. It was suggested that the
differences between the dynamin isoforms include affinities for SH3-domain-
containing proteins, rates of GTPase activity, oligomerization efficiency and lipid
binding properties [Ferguson and Camilli 2012]. For example, one of the main
differences between Dynamin-1 and 2 was reported to involve differences in lipid
binding characteristics, which introduces differences in their membrane fission
activity [Liu et al. 2011]. This is fundamental to accommodate the differences in the
proteins roles where Dynamin-1 mediates rapid endocytosis at the synapse while
Dynamin-2 regulates early and late events in CME in non-neuronal cells [Liu et al.

2011].

1.4.1. Endocytic functions of classical dynamins

Despite dynamin having several cellular roles, its function is best understood in the
context of CME [Van der Bliek et al. 1993]. During endocytosis, scaffold proteins (e.g.
Eps15 and intersectin) and clathrin adaptors (e.g. the AP-2 complex) are recruited to
the plasma membrane [Traub, 2009]. The different endocytic proteins cluster cargo,
induce membrane curvature and actin nucleation [McMahon and Boucrot, 2011]. The
clathrin lattice continues to form around the endocytic coat with more cargo adaptors
and endocytic proteins assembling at the endocytic site [McMahon and Boucrot,
2011]. Actin polymerization is important in the invagination of the clathrin coated
vesicle (CCV), which is accompanied by the recruitment of BAR-domain-containing

proteins and since dynamin is important in the scission step of the vesicle, it is thought

-16 -



Chapter 1: Introduction

to rapidly accumulate in the last steps of vesicle formation to mediate fission [Taylor

etal 2011, Ferguson and Camilli, 2012].

Three models [Ramachandran 2011] have been proposed that might explain the exact
mechanism through which dynamin performs its role in vesicle scission. The first
being the mechanochemical model, which proposes that dynamin forms a collar
around the neck of a CCV, which upon GTP hydrolysis constricts, stretches or twists
resulting in the release of the vesicle. The second model is the lipid-partitioning model,
which suggests that dynamin assembly on the membrane results in an increase of
PIP2. Upon GTP-dependent helix constriction, PIP2 become separated from the bulk
membrane, which destabilizes the membrane leading to spontaneous membrane
fission. The third model is known as the effector recruitment model suggests that the
co-assembly of dynamin with membrane-curvature-generating BAR proteins such as,
SNX9 and syndapin, which function cooperatively with the actin network together
drive membrane fission and the vesicle release.

Although classical dynamins were best studied in CME, it was shown that they are not
limited to CME, but also play a role in caveolae mediated endocytosis [Henley et al.
1998], phagocytosis [Gold et al. 1999] and in fast endophilin mediated endocytosis

(FEME) [Boucrot et al. 2015].

1.4.2. Non-endocytic functions of classical dynamins

In addition to its role in endocytosis, dynamin was also shown to function in vesicle
budding from the Golgi and endosomes (Jones et al. 1998, Nicoziani et al. 2000),
regulation of microtubule stability (Thompson et al. 2002) in actin cytoskeleton

dynamics (Mooren et al. 2009, Gu et al. 2010) and in cytokinesis [Ishida et al. 2011].
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Various live cell analysis and immunofluorescence studies have shown a colocalization
of dynamin with actin meshworks in lamellipodia, membrane ruffles, invadopodia,
podosomes and actin comets [Ferguson and Camilli, 2012]. A direct interaction
between dynamin and actin has also been reported [Gu et al. 2010], however it was
suggested that the importance of this interaction is a reflection for the important role

of dynamin in endocytosis.

Initially, dynamin was identified as a microtubule-binding protein, where it was
shown to interact with microtubules in-vitro [Shpetner and Vallee 1989]. However the
growing data supporting its role in endocytosis put its role with microtubules under a
question. More recent work [Tanabe and Takei, 2009] has revealed for the first time a
role for Dynamin-2 in the regulation of dynamic instability of microtubules in-vivo, a
function that is essential for microtubule-dependent membrane transport and
organelle motility. Since dynamin was shown to regulate microtubule dynamics by a
mechanism independent of membrane traffic [Tanabe and Takei, 2009], the
implication of this function in cell cycle progression, which requires dynamic
instability of microtubules [D’Avino et al. 2005] was addressed by [Ishida et al. 2011].
Through interactions of its PRD, Dynamin-2 was found to localize at the mitotic
spindle, and deletion of this region resulted in defects in cytokinesis but had no severe
effects on endocytosis. Also, deleting the middle domain in dynamin, which binds to y-
tubulin, impaired the entry into mitosis. Their data suggest that dynamin may regulate

cytokinesis by two distinct pathways, membrane traffic and microtubule dynamics.

1.4.3. Function of dynamin-related-protein 1 (Drp-1)
Similar to classical dynamin, the dynamin-related proteins (DRPs) contain the N-

terminal GTPase domain, the middle domain, and the C-terminal GED [Williams and
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Kim 2014, Vater et al.1992, Van der Bliek 1999] but lack the PH and PRD domains.
Drpl was suggested to specifically function in mitochondrial fission [Smirnova et al.
1998] where it performs scission in a similar manner to the classical dynamins, i.e. via
the oligomerization into helices and the formation of ring-like structure [Smirnova et
al. 2001, Williams and Kim 2014]. Drpl was also reported to tubulate liposomes
[Yoon et al. 2001] and to constrict lipid bilayers in the presence of GTP [Frohlich et al.
2013, Francy et al. 2015] even though no lipid binding regions are known to be
present in the protein, suggesting that these proteins have the capacity to function in a

similar manner to the classical dynamins.

1.5. Dynamins and human disease

It has been well documented that different mutations in classical dynamins are
involved in various diseases. In mice, the knockout of Dynamin-2 gene was shown to
result in embryonic lethality suggesting an essential role during embryonic
development [Ferguson et al. 2009], while the knockout of Dynamin-1 gene resulted in
a reduced life span in mice mainly due to defects in synaptic vesicle endocytosis
[Ferguson et al. 2007]. On the other hand, Dynamin-3 knockout mice showed no
apparent phenotype, however it worsened the Dynamin-1 knockout phenotype,
resulting in a perinatal lethality and a more severe defect in activity-dependent

synaptic vesicle endocytosis [Raimondi et al. 2011].

Mutations in Dynamin-2 were shown to result in congenital diseases in humans with
the best-studied examples being the Charcot-Marie-Tooth (CMT) neuropathy [Zuchner
et al. 2005] and Centronuclear Myopathy (CNM) both which are autosomal dominant
disorders. CMT is characterized by progressive muscle weakness and wasting, where

most of the mutations were shown to localize to the N-terminal region of the PH
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domain, specifically to a ‘lipid-binding pocket’” [Bohm et al. 2012], which includes
three hydrophobic variable loops (VL1-VL3) that are involved in membrane scission
and in the insertion of dynamin into lipid membranes [Heymann and Hinshaw 2009,
Bethoney et al. 2009, Ramachandran et al. 2009 and Gonzalez-Jamett et al. 2013].
Mutations outside the PH region have also been reported in CMT [Claeys et al. 2009].
The mechanism by which these mutations affect the cellular function of dynamin is
still not fully understood, and despite the fact that many of the CMT linked mutations
were shown to affect clathrin mediated endocytosis (CME), some mutations showed
normal function of CME, suggesting that CMT mutations could affect other cellular

mechanisms other than CME [Gonzalez-Jamett et al. 2013].

CNM on the other hand, is a slowly progressive congenital myopathy characterized by
a progressive weakness and atrophy of the skeletal muscles [Jeannet et al. 2004,
Fischer et al. 2006] and the presence of centrally located nuclei in muscle fibres
[Bitoun et al. 2005 and Durieux et al. 2010]. A number of Dynamin-2 mutations linked
to CNM are localized to the C-terminal helix of the PH domain [Bohm et al. 2012],
which coordinates lipid binding with the GTPase activity [Kenniston and Lemmon
2010]. In this case, these mutations show an enhanced GTPase activity in the presence
of lipids compared to the wild-type dynamin [Kenniston and Lemmon 2010]. Other
Dynamin-2 mutations linked to CNM were also localized to the middle domain
[Ramachandran et al. 2007], where they were also shown to have an increased GTPase
activity, suggesting that the pathogenic mechanism of this disorder could be a result of

a gain-of-function (Bohm et al. 2012, Gonzalez-Jamett et al. 2013].
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Mutations in Dynamin-1 gene have also been associated with various diseases,
including epilepsy. Fitful, is a mutation in mouse that was shown to result in epilepsy
[Boumil et al. 2010]. Fitful mice were shown to have recurrent seizures in addition to
other neurological defects, including impaired hearing. The mutation was shown to
localize to the middle domain, which is important for the oligomerization of the
protein into higher orders and it was shown to distort the self-assembly of Dynamin-1

as well as endocytosis [Boumil et al. 2010].

Mutations in the GTPase domain in Dynamin-1 were also shown to be responsible for
reversible collapse, which is characterized by a deficiency in sustained synaptic
transmission during high neural activity [Heymann and Hinshaw 2009]. Also,
Exercise-induced collapse (EIC) in Labrador retrievers is another disorder caused by
mutations in the Dynamin-1 gene [Patterson et al. 2008], where upon intense exercise
or excitement, this mutation results in an acute and severe muscle weakness that can
become life threatening to the otherwise healthy dogs [Patterson et al. 2008].
Although this mutation maps specifically to the GTPase domain, its effect on the
GTPase activity remains unclear. The number of various mutations mapping to
Dynamin-1 and -2 resulting in diseases is greatly increasing, however our
understanding of the impact of these mutations on the biochemical properties and

functions of dynamin and the resulting phenotype remains poorly understood.

1.6. Yeast as a model of membrane trafficking and endocytosis

Yeast is a common term used to describe Saccharomyces cerevisiae, one of the most
studied and best-characterized eukaryotic model organisms and the first eukaryotic

organism to have its entire genome sequenced [Goffeau et al. 1996]. Despite the fact that
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S.cerevisiae is a single-celled organism, it offers several advantages that make it the most
useful model organism to study many fundamental cellular processes such as DNA
replication and recombination, cell cycle, cell signaling, membrane trafficking and much
more.

In addition to the fact that it is easily handled, S.cerevisiae has a generation time of about
1.5 - 2 hrs when grown in rich medium and one of its main advantages is that it shares
its complex intracellular organization with higher eukaryotic organisms [Sherman
2002]. S.cerevisiae can exist stably as either diploids or haploids and with the rapid
advances in molecular biology techniques, various genetic modifications can be easily
introduced into its genome such as gene deletions, gene mutations, creation of fusion
proteins etc. In addition to genomic modifications, genetic information can also be

introduced into it on plasmids.

With the completion of the human genome sequencing project [Lander et al. 2001,
McPherson et al. 2001] it became clearer that thousands of proteins are conserved in
both yeast and man sharing amino acid sequence similarity, many of which are
implicated in various human diseases. All this makes yeast an important organism for

studying the bases of complex problems in various human disorders.

1.7. The yeast dynamin-like proteins

In yeast there are no classical dynamins, however, there are three dynamin-like
proteins (DLPs); mitochondrial genome maintenance-1 (Mgm1), dynamin-related
GTPase 1 (Dnm1) and vacuolar protein sorting-1 (Vps1), all of which contain the
conserved N-terminal GTPase domain, the middle domain and the C-terminal GTPase

effector domain GED [Praefcke and McMahon 2004].
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1.7.1. Dnm1

Dnm1 is an 85 kD protein homologous to Drp-1 in mammals [Williams and Kim 2014].
Like Dlpl, Dnm1 was reported to localize to the mitochondria and function in
mitochondrial fusion and fission [Ingerman et al. 2005, Cerveny et al. 2007] as well as
playing a role in controlling peroxisome abundance [Kuravi et al. 2006]. In addition to
the three domains it shares with classical dynamins, Dnm1 also contains a region
known as Insert B, between the middle and GED domains. This region is thought to
facilitate the binding of Dnm1l to adaptor proteins, which is essential for its
recruitment to the mitochondrial membrane [Bui et al. 2012]. Besides its function at
the mitochondria, early studies have also suggested that Dnm1 plays a role in post
scission endosomal trafficking [Gammie et al. 1995] however no further work was

carried out in that area.

1.7.2. Mgm1

Mgm1 is a 94 kD mitochondrial GTPase protein considered to be mainly involved in
maintaining mitochondrial genome and inheritance, where mutations in the MGM1
gene resulted in temperature sensitive loss of mitochondrial DNA [Jones and Fangman
1992]. In addition to the three domains that Mgm1 shares with classical dynamins, it
also contains a mitochondrial targeting sequence (MTS) that confers mitochondrial
localization of Mgm1, and a transmembrane domain (TMD), which anchors the protein
in the inner membrane of the mitochondria. Mgm1 was shown to be homologous to
the mammalian DLP Opal, where mutations in Opal were linked to dominant optic

atrophy [Alexander et al. 2000].
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1.7.3. Vpsl

Vpsl is an 80 kD protein [Rothman et al. 1989] sharing about 45 % of sequence
identity with dynamin (Obar et al. 1990). Vps1 was originally identified in screens for
genes involved in vacuolar protein sorting in S.cerevisiae [Rothman et al. 1989, Vater
et al. 1992]. Similar to Dnm1 and Mgm1, Vps1 also lacks both the PH and the PRD
domains but alternatively it contains a region within the GED domain known as Insert
B [figure 1.5]. Although no PH domain is present in Vps1, it was still shown to be able
to bind to, and tubulate liposomes [Smaczynska-de Rooij et al. 2010].

Vps1 has been shown to play a role in several processes including membrane protein
trafficking and retention in the Golgi compartment [Wilsbach and Payne 1993,
Nothwehr et al. 1995, Yu and Cai 2004], endosomal recycling [Hayden et al. 2013],
sorting of soluble vacuolar proteins [Vater et al. 1992], peroxisomal inheritance
[Hoepfner et al. 2001] and in clathrin-mediated endocytosis [Smaczynska-de Rooij et
al. 2010].

Since Vps1 is the main subject of this thesis, the remaining of the introduction will

only address Vps1.

1.8. Role of Vps1 in yeast

Of the three DLPs in yeast, Vps1 is the most functionally diverse protein, performing
fusion and fission roles in a number of membrane trafficking stages including Golgi to
endosome, endosomal recycling, vacuolar fusion, and endocytosis as well as in

peroxisomal fission . Some of these functions are addressed below.
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Fig.1.5. Domain structure comparison of Classical Dynamin and the three DLPs
in yeast. The human Dynamin-1 (Dyn1) contains the five classical domains, including
the GTPase domain, middle domain, Pleckstrin homology (PH) domain, GTP effector
domain (GED), and proline-rich domain (PRD). (BSE) refers to the bundle signaling
element. The yeast DLPs all have a GTPase, middle, and GED domain. Both Vps1 and
Dnm1 contain a region upstream the GED known as Insert B (B). In addition, Mgm1
contains a mitochondrial targeting sequence (MTS) and a transmembrane domain
(TMD). The lengths of each of the proteins are shown on the right as the number of

amino acids.
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1.8.1. Vps1in membrane trafficking

Many studies have revealed a significant role for Vps1 in endosomal trafficking after
the analysis of post-endocytosed patches. It was shown that in cells lacking Vps1, the
rate of the endocytic patch inward movement was reduced [Nannapaneni et al. 2010].
A disruption in the actin cytoskeleton in cells lacking Vps1 was also observed which is
correlated with the reduced patch motility [Nannapaneni et al. 2010]. In addition,
Vps1 was shown to be involved in the disassembly of endocytic components [Wang et

al. 2011].

A role for Vpsl in early endosome to Golgi trafficking was also recently reported
(Lukehart et al. 2013). Using the vesicle membrane receptor protein (v-SNARE) Sncl,
which gets continuously recycled back to the plasma membrane through the early
endosomes and Golgi [Lewis et al. 2000] it was shown that cells lacking Vps1 or
carrying mutations in the GTPase domain resulted in the accumulations of Snc1 in the
cytoplasm [Smaczynska-de et al. 2010). In addition, genetic interaction studies
revealed that Vps1 interacts with 4 recycling factors Ricl, Gyp1, Ypt6 and Rcy1, all of
which are involved in the trafficking from the early endosomes to the Golgi [Hoppins
etal. 2011, Lukehart et al. 2013, Tong et al. 2004].

A study by Hayden et al. 2013 reported a role for Vps1 in trafficking from the late
endosomes to vacuole where it was shown that cells lacking Vpsl had an
accumulation of late endosomes in the cytoplasm. Using FM4-64 pulse chase and dual-
labeling it was shown that a large fraction of Vps1 localized to the late endosomes. A
genetic interaction between Vps1 and several endosomal sorting complex required for

transport (ESCRT) proteins was reported [Hayden et al. 2013] and it was suggested
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that Vps1l may participate along with the ESCRT proteins for intraluminal vesicle

formation at the late endosome.

1.8.2. Vps1 in vacuolar fusion and fission and peroxisomal division

The process of fission and fusion in yeast is important for maintaining vacuolar
homeostasis. Mutations in Vpsl were shown to lead to defective phenotypes in
vacuolar morphology. Cells lacking Vps1 were classified into the F class of vacuolar
morphology with one large vacuole surrounded by numerous smaller ones (Raymond
et al. 1992). Since the one large vacuole was an indication of defective vacuolar fission
and the numerous smaller vacuoles were an indication of defective fusion event, it was
suggested that Vps1 is involved in both processes [Peters et al. 2004, Williams and
Kim 2014].

Vps1 was also shown to play a role in peroxisome division, where cells lacking Vps1
showed aberrant peroxisomal phenotype characterized by a reduction in the number
and an increase in the size of peroxisomes (Hoepfner et al. 2001, Vizeacoumar et al.

2003, Kuravi et al. 2006).

1.8.3. Vps1l in endocytosis

While the high level of homology between Vpsl and mammalian dynamins might
indicate a role in endocytosis, the lack of clear localization to sites of clathrin at the
plasma membrane, coupled with its roles in other steps of membrane trafficking,
meant that a function in endocytosis was not recognized until recently. However,
accumulated circumstantial evidence as well as co-localization with endocytic
reporters using TIRF microscopy has meant that Vps1 is now considered part of the
endocytic machinery. A study by Yu and Cai (2004) showed that vpsiA4 conferred

synthetic lethality when combined with sla14. Slal is an adaptor protein required for
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the cortical actin patch structure and organisation in S.cerevisiae [Ayscough et al
1999] and is essential in coupling endocytosis with the actin cytoskeleton via
interacting with several actin-binding proteins including Sla2, Abp1l and Las17
[Warren et al. 2002]. Results from two-hybrid interaction analysis showed that Vps1
interacts directly with Slal via its C-terminal domain (GED plus some additional
upstream sequences) [Yu and Cai 2004]. The work also showed that vps14 mutant was
hypersensitive to Latrunculin-A (Lat-A), which is a drug known to bind actin
monomers and inhibit their polymerization [Coue et al. 1987]. Lat-A sensitivity has
been used as a marker for actin cytoskeleton integrity [Ayscough et al. 1997] and so
from the results which show that the loss of the Vps1 leads to instability of actin
filaments, it was suggested that Vps1, specifically the C-terminus, is important for the

normal organization of actin cytoskeleton in yeast.

Further support for an endocytic role for Vps1 came again from the study by Yu and
Cai 2004, using the Ste3p receptor as a marker for endocytosis. Their results showed
that in vpsIA the Ste3 receptor internalization from the cell membrane into the
vacuole was impaired. Nannapaneni et al. (2010) also investigated the role of Vps1 in
endocytosis using the fluorescent lipophilic dye FM4-64, with the aim to identify the
exact stage of endocytosis at which the protein functioned. The results revealed that in
vps14, the majority of vesicles remained on the membrane after a 5min pulse-chase,
compared to only 10% of cells containing wild-type Vps1, suggesting that Vps1 was
required for the normal internalization of endocytic vesicles. Furthermore, the study
looked at the effect of vps14 on various endocytic proteins including Las17, Edel and
Abp1. Both Las17 and Edel which are early endocytic proteins, stayed immobile once

recruited to cortical patches and showed nearly 2-fold increase in their lifetime
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compared to wild-type Vps1. The same was true for the late endocytic protein Abp1
which showed a 2-3 fold increase in its lifetime compared to wild-type, suggesting that
Vps1 functioned in patch assembly starting at an early stage. In addition, it was shown
that Abp1 showed slow and random motions upon internalization compared to the
wild-type Vps1, which showed movements in directional motions. This was explained
by the fact that actin cables are usually short and fragmented in vps14 and so patches
are unable to move as fast compared to when wild type protein is present

[Nannapaneni et al. 2010].

A study from the Ayscough lab, by Smaczynska-de Rooij et al. (2010) also investigated
the role of Vpsl in endocytosis. Using live cell imaging techniques of fluorescently
tagged endocytic reporters they measured the lifetime of Vps1-GFP on membrane
which was found to be 8.7 seconds. Vps1-GFP also colocalised with Abp1l-mRFP
suggesting that Vps1 is indeed present at endocytic sites. They observed that Vps1
arrived to endocytic patches about 5 seconds after Abp1 suggesting a role at the onset
of/or during invagination of the vesicle. In trying to address a question of the possible
mechanism of action for Vps1, Smaczynska-de Rooij et al. (2010) investigated the
behaviour of various endocytic proteins in vps1A. It was found that the lifetime of 5
endocytic proteins, Sla2, Ent1, las17, Abp1 and Sac6 were markedly increased with
aberrant inward movement of patches and patch retraction, confirming the fact that

deletion of Vps1 severely disrupts endocytosis.

Vps1 was found to interact with the amphiphysin protein Rvs167 both genetically
[Nannapaneni et al. 2010] and physically [Smaczynska-de Rooij et al. 2012]. In the
study by Nannapaneni et al. 2010, vps14 cells were crossed with Rvs1614 or Rvs167A

cells and the results revealed a synthetic lethality in the vps1A / Rvs167A cells at the
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non-permissive temperature (37 9C), suggesting a genetic interaction between these
two proteins and a possible role for Vpsl in vesicle scission. The fact that upon
deletion of Rvs167 there was only about 25% decrease in the successful vesicle
scission [Kaksonen et al. 2005] suggested that the amphiphysins were important but
are not be the only scission proteins. A physical interaction between Vps1 and Rvs167
was confirmed using Yeast-Two hybrid analysis and bimolecular fluorescence
complementation [Smaczynska-de Rooij et al 2012]. In addition, mutagenesis
revealed that a proline residue at position 564 in Vps1 was found to interact with the
SH3 domain of Rvs167. A P564A mutation resulted in an endocytic defect but all other
functions of Vpsl were rescued. Previous mammalian work showed that the
amphiphysin proteins link Dynamin-1 to the clathrin coat during endocytosis of
synaptic vesicles and form a ring like structures around tubules in the presence of GTP
[Takie et al 1999] suggesting a close functional relationship between the

amphiphysins and dynamin in mammals.
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1.9. Project aims

In this thesis, three projects have been undertaken. The aims of each of the projects

are summarized below.

Project 1.

Investigating whether yeast can be used as a model to understand specific dynamin
mutations and explain the mechanistic defects causing diseases. Functions of dynamin
critical in endocytosis but not in its other membrane associated roles are also
investigated.

Based on sequence analysis, it was shown that three different dynamin mutations that
have been implicated in neurological diseases were in regions conserved in yeast
Vps1. For this purpose, these three dynamin mutations were introduced into the yeast
Vps1 protein and their effect on the protein’s function was studied using various in-
vitro and in-vivo assays. Table 1 summarizes the dynamin mutations used in this

work, their Vps1 equivalents and the diseases it has been implicated in.

Vps1 Equivalent Mutations Linked Diseases
Mutations el

R298L R256L in DNM1 Exercise Induced Collapse
G397R G358R in DNM2 Charcot-Marie Tooth
A447T A408T in DNM1 Epilepsy

Table.1. The three Vps1l mutations used in this project along with their analogues
mammalian dynamin mutations that have been implicated in different neurological

diseases
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Project 2.

Investigate whether the human dynamin gene can complement to some level the yeast
Vps1. In this work, the mammalian Dynamin-2 gene was used. In addition, a chimeric
protein was constructed where the Vps1 InsertB region was replaced by the Dynamin-

2 PH domain to determine whether this was able to localize and function in yeast.

Project 3.

Using a genetic screen to identify suppressors of a Vpsl endocytic mutation.
Performing the screen would allow the identification of gene/genes that can rescue
the defects caused by the Vps1 mutations affecting endocytosis. In this work, a YEp24
library screen was undertaken to identify suppressors of a temperature sensitive

phenotype shown by the Vps1 RR456-7EE endocytic mutant.
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2.1. Strains, plasmids antibodies and oligonucleotides:

2.1.1. List of bacterial strains:

Strain Genotype Origin

XL10- TetrA(mcrA) 183A (mcrCB-hsdSMR-mrr) 173 endA1 Agilent Technologies

Gold supE44 thi-1 recA1 gyrA96 relAl lac Hte

C41 F - ompT hsdSB (rB- mB-) gal dcm (DE3) Lucigen

C43 F - ompT hsdSB (rB- mB-) gal dcm (DE3) Lucigen

DH5a supE44 Alac 169 (¢80 lacZ AM15) hsdR17 recAl endA1 | Lab strain
recBC gyr96 thi-1 relA

2.1.2. List of yeast strains:

Strain Genotype Origin
name

KAY 389 | MATa, his3-A200, leu2-3, 112 lys 2-801 ura 3-52, trp 1- | Lab strain
1,

KAY447 | Research genetic strain BY4742 MATa his3A1, leu2A0, | GE Life Sciences
lys2 A, ura3A0 (wild type)

KAY1095 | KAY477 MATa his3A1, leu2 A0, lys2 A, ura3A0 E.Hettema
vps1A::KanMx

KAY1096 | KAY477 MATa his3A1, leu2 A0, lys2 A, ura3A0 E.Hettema
dnm1A::KanMx vps1A::HIS5

KAY1337 | MATa, Rvs167-GFP::HIS3, his3A1, leuZ A0, met15A0, KA Lab
ura3A0 vps1A::LEUZ

KAY1368 | MATa, Sac6-RFP::KanMX vps1A::Leu KA Lab

KAY1459 | MATa, Sla2-GFP::HIS3, his3A1, leu2 A0, met15A0, KA Lab
ura3A0 vps1A::LEUZ

KAY1462 | MATa his341, leu2A0, lys24, ura340 + integrated GFP- | Smaczynska-de

Snc1-SUC2 URA

Rooij et al. 2010
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KAY1756 | MATa, his3-A200, leu2-3/112, ura3-52, trp1-1, lys2-801, | KA Lab

vps1A::URA3
2.1.3. List of antibodies:

Antibody Western Blot Source
Anti-aCPY primary 1:500 Chemicon
International

Anti-Vps1 mouse primary 1:2000 K.Ayscough
Anti-Dyn2 primary 1:4000 Elizabeth Smythe
Anti-Dyn 2 primary 1:1000 Abcam
Anti-Vps1 rat primary 1:20,000 K.Ayscough
Anti-rat horse radish peroxidase conjugate IgG 1:10,000 Sigma
secondary antibody
Anti-rabbit horse radish peroxidase conjugate 1:10,000 Sigma
IgG secondary antibody
Anti-mouse horse radish peroxidase conjugate 1:10,000 Sigma
IgG secondary antibody
Anti-Sheep horse radish peroxidase conjugate 1:10,000 Sigma

IgG secondary antibody
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2.1.4. List of Plasmids:

Plasmid Description Origin
name
pKA526 | pTpi- mcs-3xHA URA3 E.Hettema (Univ of
Sheffield)
pKA527 | pTpi- mcs - 3xHA LEUZ
pKA528 | pKA527 with HA replaced by GFP LEUZ Iwona Smaczynska-de
Rooijj
pKA544 | URA3 CEN empty plasmid E.Hettema
pKA549 | pAS040 Tpi URA3 CEN Iwona Smaczynska-de
Rooijj
pKA677 | pKA544 Vps1 under its own promoter URA3 Iwona Smaczynska-de
CEN Rooij
pKA701 | pKA677 Vpsl 1649K URA3 CEN Iwona Smaczynska-de
Rooijj
pKA760 | pKA677 Vpsl P564A URA3 CEN Iwona Smaczynska-de
Rooijj
pKA768 | Vps1-GFP LEUZ CEN Iwona Smaczynska-de
Rooijj
pKA770 | pKA677 Vpsl K642A URA3 CEN Iwona Smaczynska-de
Rooijj
pKA796 | pKA677 Vpsl A447T URA3 CEN This study
pKA797 | pKA677 Vpsl G397R URA3 CEN This study
pKA798 | pKA677 Vps1 R298L URA3 CEN This study
pKA819 | pKA850 His-tag Vps1 R298L This study
pKA820 | pKA850 His-tag Vps1 G397R This study
pKA821 | pKA850 His-tag Vps1 A447T This study
pKA836 | pKA768 Vpsl G357G-GFP LEUZ CEN Iwona Smaczynska-de
Rooijj
pKA850 | His-tag Vps1 (wild type) Iwona Smaczynska-de
Rooijj
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pKA943 | pKA677 Vps1 RR457-8EE URA3 CEN Iwona Smaczynska-de
Rooijj
pKA945 | pKA677 Vpsl E461K URA3 CEN Iwona Smaczynska-de
Rooijj
pKA964 | pKA836 Vps1-GFP P532V ((introduces Sall This study
site 5’ InsertB region) LEUZ CEN
pKA966 | pKA964 Vps1-GFP V620L (introduces Sacl This study
site 3’ InsertB region) LEUZ CEN
pKA970 | pKA966 insBA +Dyn2 PH domain fragment This study
LEUZ CEN
pKA1227 | pKA526 + Dyn2 This study
pEHO010 | Ycplac111 His3 promoter, GFP-PTSI, PGK1 E.Hettema
term LEUZ CEN

2.1.5. List of Oligonucleotides:

Oligonucleotide Use Company
Number

712 Vps1 genome integration check - forward Operon molecules for
life

713 Vps1 genome integration check - reverse Operon molecules for
life

832 Vps1 check 1 forward primer Eurofins

833 Vps1 check 1 reverse primer Eurofins

834 Vps1 check 2 forward primer Eurofins

835 Vps1 check 2 reverse primer Eurofins

1138 Vps1P532V_forward primer Eurofins

1139 Vps1P532V_reverse primer Eurofins

1140 Vps1V620L_forward primer Eurofins

1141 Vps1V620L_reverse primer Eurofins

1150 Dynamin-2 Xbal forward primer Eurofins
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1151 Dynamin-2 HindlIII reverse primer Eurofins

1152 Dynamin-2 control sequencing primer 1 - Eurofins
forward

1153 Dynamin-2 control sequencing primer 2 - Eurofins
reverse

1154 Dynamin-2 control sequencing primer 3 - Eurofins
forward

1155 Dynamin-2 control sequencing primer 4- Eurofins
reverse

1161 Vps1 allele exchange forward Eurofins

1162 Vps1 allele exchange reverse Eurofins

1282 YEp24_forward Eurofins

OKA152 YEp sequencing primer_reverse MWG oligo Syn Report

2.2. Bacterial Methods:

2.2.1. Bacterial growth media

2XYT media (1.6% Tryptone, 1% Yeast extract, 0.5% NaCl and 2% Agar only for

solid media) was used to grow Escherichia coli (E.coli) C41 and C43 competent

cells (Lucigen) used in this study. The bacterial strains used in the experiments

conferred ampicillin resistance, therefore, the media was supplemented with the

antibiotic ampicillin (100mg/ml stock) to a final concentration of 0.1mg/ml. Media

was autoclaved before being used. C41 cells were grown at 37°C whilst C43 cells

were grown at 30°C. The liquid cultures were incubated at the appropriate

temperature in an orbital shaking incubator (Certomat BS-1).

2.2.2. Transformation of chemically competent E.coli cells

To transform the C41 and C43 competent cells with the appropriate plasmid, cells

were removed from the -80°C freezer and thawed at room temperature. 1ul of
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plasmid was added to 50ul of competent cells and the cells were incubated on ice
for 30mins. Cells were heat shocked for 40sec, placed back on ice for 2 min and
then 400ul of 2xYT was added. Cells were incubated at the appropriate
temperature for 1 hr in a shaking incubator before being plated onto 2xYT plates
with 0.1mg/ml ampicillin (200ul per plate), which were then incubated overnight

at the appropriate temperature (37°C for C41 and 30°C for C43).

2.2.3. Glycerol stocks of bacteria
For long-term storage of bacterial cells, glycerol stocks were prepared by mixing
equal volumes of the overnight culture with 50% of sterile glycerol in a cryovial.

Tubes were snap frozen in liquid nitrogen and stored in the -80°C freezer.

2.3. Yeast Methods:

2.3.1. Yeast growth medium

Saccharomyces cerevisiae (S.cerevisiae) stains used in this study were grown in
autoclaved YPD media (1% Yeast extract, 2% peptone, 0.02% adenine, 2%
Glucose, 2% agar only for solid media). When selecting for a plasmid containing a
marker that compensates for auxotrophic deficiencies, cells were grown in drop-
out media containing the appropriate drop-out mix (0.67% nitrogen base without
amino acids, drop-out mix of amino acids, 2% glucose and 2% agar for solid
media). Yeast cells were grown at 30°C. The liquid cultures were incubated in an

orbital shaking incubator (Certomat BS-1).
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2.3.2. Yeast transformation

2.3.2.1. Quick method of yeast transformation

200 ul of overnight culture grown at 30 °C was taken and added to a microfuge
tube. Cells were spun for 1 min at 5000 rpm (Eppendorf centrifuge 5415) and the
pellet was resuspended in 100 ul CH buffer (0.1M DTT, 200 mM of Lithium
acetate, 800 ul of 50% PEGuaoo). 5 ul of Herring sperm single stranded DNA
(HssDNA) (10 mg/ml) was added to the cells after being incubated at 100 °C for
15 min, following with 1ul of plasmid DNA. The cells were vortexed briefly and
then incubated for 30 min at 45 °C. Cells were then plated onto appropriate drop-
out plates and incubated at 30 °C until colonies become visible (usually after

2days).

2.3.2.2. Lithium acetate method of yeast transformation

From an overnight culture, 250 ul of cells was re-inoculated into 4.75 ml of fresh
media and incubated at 30°C for cells to reach early log phase. Cells were spun
down for 3 min at 3000 rpm (Hettich Zentrifugen 1619) , resuspended in 5 ml of
1x Tris-EDTA (TE) buffer (10 mM Tris-HCL pH7.5, 1 mM EDTA pH8, dH20), spun
down again for 3 min at 3000 rpm (Hettich Zentrifugen 1619), resuspended in
5ml of 1x lithium acetate (LiAC) (100 mM) in 1x TE buffer. Samples were spun
down again for 3 min at 3000 rpm and the pellets resuspended in 100 ul of 1x
LiAc in TE buffer. 15 ul of HssDNA (10 mg/ml) was added followed by 1 ul of
plasmid DNA or 20 ul of deletion cassette. Samples were vortexed and 700 ul of
40% Polyethylene glycol (PEG) in LiAc TE was added followed by 1 hr incubation
at room temperature on a rolling carousel. Cells were heat shocked at 42 °C for 15

min, spun down for 3 min at 3000 rpm (Hettich Zentrifugen 1619) and pellets
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were resuspended in 200 ul of dH20. Cells were finally plated on appropriate

plates and incubated at 30°C.

2.3.3. Yeast plasmid miniprep - Zymoprep I (Zymo Research)

The procedure was followed exactly as stated in the user manual p.2 (catalog
#D2001). Briefly, 1 ml of an overnight yeast culture was aliquoted into a 1.5 ml
microcentrifuge tube and spun down at 600 xg for 2 min. The pellet was
resuspended with 150 pl of digestion buffer (solution 1) followed by 2 ul of
Zymolyase. Sample was vortexed and incubated at 37 °C for 30 min. 150 pl of lysis
buffer (solution 2) was added into the microcentrifuge tube followed 150 pl of
neutralizing buffer (solution 3). The sample was centrifuged at maximum speed
for 2 min and 400 pl of isopropanol was added. The sample was centrifuged again
at maximum speed for 8 min and the supernatant was removed by aspiration. The

plasmid pellet was resuspended in 35 pl of TE buffer.

2.3.4. Glycerol stocks of yeast
For long-term storage of yeast cells, glycerol stocks were prepared by mixing 900
ul of overnight culture with 900 ul of 50% of sterile glycerol in a cryovial and

stored at -80°C freezer.

2.4. Molecular Biology Methods:

2.4.1. Bacterial plasmid DNA miniprep (Bioline plasmid mini Kkit)

Several bacterial colonies were picked, inoculate into 5 ml of 2XYT medium
containing 10 pl of 25 mg/ml of ampicilin and incubated overnight at 37 °C. A
plasmid miniprep kit from Bioloine (catalog #Bio-52056) was used and the

method was followed exactly as stated in the protocol p.9-10. The plasmid DNA
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was eluted in 30 pl of distilled H20 (dH20) and 1 ul of each purified sample was
ran on a 1% agarose gel at 100V for about 30 min to check for the presence of the

plasmid (see 2.4.2.)

2.4.2. Agarose gel electrophoresis

DNA samples were analysed using agarose gel electrophoresis, mostly using a 1%
gel (1g agarose in 100 ml of 1% Tris-acetate-EDTA (TAE) buffer (40 mM Tris OH,
20 mMAcetic Acid and 1 mM EDTA) and 0.5 ug/ml of ethidium bromide). DNA
samples were loaded onto agarose gel after mixing with orange loading dye and
samples were run at 100V for 35 minutes before being visualized using a short
wave UV transilluminator and the images were taken on high-density thermal

matt paper (110 mm x 20 m from Mitsubishi electric).

2.4.3. Extraction of DNA from Agarose gel (Qiagen)

The QIAquick gel extraction kit (Qiagen) was used (catalog #28704) and the
procedure was followed as described in the user handbook p. 24-25. Briefly, the
DNA fragment was excised from the agarose gel, weighted and dissolved in the QG
buffer. Isopropanol was added to the sample, which was then applied to the
QIAquick column and centrifuged for 1 min. 0.75 ml of buffer PE was added to the
column and centrifuged for 1 min. The flow through was discarded and the
column was centrifuged for a further 1 min. The QIAquick column was placed into

a clean 1.5 ml microcentrifuge tube and the DNA was eluted with 30 ml of dH>O.

2.4.4. Restriction Endonuclease digestion of DNA

Plasmid DNA (200 ng) or PCR products were digested with suitable restriction

enzymes (20,000 U/ml) (New England Biolabs) using 10x restriction buffers (1x
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final concentration) and dH:0. Restriction digestion was carried out at 37 °C for

1-4 hrs.

2.4.5. DNA Mutagenesis - QuickChange Lightning Site-directed mutagenesis
(Agilent)

Specific mutagenic oligonucleotide primers were designed following the
guidelines on p.5 of the user manual (catalog #210518). The procedure was
followed exactly as stated in the user manual p. 7 - 10. Briefly, a reaction mix was
prepared using 10-100 ng of template DNA. 2 pl of Dpnl enzyme was added into
the amplified reaction and was incubated for 5 min at 37 °C. 2 pl of Dpnl treated
DNA was then transformed into XL.10-Gold ultracompetent cells (see p.9-10 of the
user manual). Transformed cells were plated onto 2xYT with 25 mg/ml of amp

and incubated at 37 °C overnight.

2.4.6. Polymerase Chain Reaction (PCR)

2.4.6.1. PCR using Taq polymerase (from Bioline)

DNA fragments were amplified using plasmid DNA as a template using polymerase
chain reaction (PCR). Specific oligonucleotide primers were designed to bind
specifically to upstream and downstream regions of the sequences to be amplified.
The following reagents were used at the stated volumes for a total reaction

volume of 50 pl;

5ul 10x NH4* reaction buffer

1ul 50 mM of magnesium chloride (MgClz)
1l 25mM dNTPs mix

1ul Forward primer (100 ng/ pl)
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1l Reverse primer (100 ng/ pul)

0.5ul Taq polymerase (5U/ pl)

1l 1:10 dilution of plasmid DNA (100 pmol)

39.5 ul dH20
Cycle Temperature (°C) Time (sec)
Initial denaturation 94 2 min
Denaturation 94 1
Annealing 55-65 (depending on primers used) 30
Extension 72 60 sec /kb
Final extension 72 5 min
Hold 10 -

PCR cycles for gene amplification using the Taq polymerase.

2.4.6.2. Colony PCR
For colony PCR using bacterial cells, a small amount of cells from a single colony

was collected using a toothpick and added to a PCR tube followed by 25 ul of the

PCR master mix prepared as stated below;

10x NH4* reaction buffer, 50 mM of magnesium chloride (MgCl;), 25mM dNTPs
mix, forward primer (100 ng/ ul), reverse primer (100 ng/ pl), taq polymerase

(5U/ ul), 1:10 dilution of plasmid DNA (100 pmol) and dH20 (to make up a total

volume of 50 pl)
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For yeast colony PCR, a small amount of yeast cells taken from a single colony was
added to an eppendorf tube containing 20 pl of 0.02 M NaOH and was incubated at
100 9C for 15 min. 2.2 pl of the cell suspension was then added to 22.5 pl of PCR

master mix (same as stated above).

2.4.7. PCR sample purification (Qiagen)

The QIAquick PCR purification kit (Qiagen) was used (catalog #28704) and the
procedure was followed as described in the user handbook p18-19. Briefly, 5
volumes of buffer PB were added to 1 volume of the PCR sample, which was then
applied to the QIAquick column and centrifuged for 1 min. To wash, 0.75 ml of
buffer PE was added to the column and centrifuged for 1 min. The flow through
was discarded and the column was centrifuged for a further 1 min. The QIAquick
column was placed into a clean 1.5 ml microcentrifuge tube and the DNA was

eluted with 30 ml of distilled H2O.

2.5. Protein assays

2.5.1. Purification of His-tagged protein

2 L of cell culture (C41/C43 competent cells transformed with Vps1 WT, R298L,
G397R and A447T containing plasmids) were grown in 2xYT media overnight and
centrifuged (Beckman Coulter, Avanti J-26 XP centrifuge) at 7000 rpm for 12 min
at 4 °C. Cells were harvested into 50 ml falcon tubes and pellets were stored at -

140C.

For protein purification, protein pellets were resuspended in 10 ml of Start buffer
(20mM Sodium phosphate NaH2P0O4, 0.5 M NaCl and 10 mM Imidazole pH7.4) and

stored on ice. Cells were sonicated (to disrupt the cells) 3 times for 30 seconds at
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15 microns Amplitude. 200 ul of (50x) EDTA free protease inhibitor (from Roche,
cat. no. 04693132001) was added and the pellets were centrifuged at 21000 xg
for 45 minutes. After centrifugation the supernatant was passed through a 0.2 um
filter and 1 mM DTT (Dithiothreitol) was added to it before it was applied to the

His-Trap HP 1 ml column (GE Healthcare Life Sciences).

Before the His-Trap column was used it had to be washed with 5 ml of Start buffer
containing 500mM imidazole pH7.4 followed by 5 ml of distilled water. 0.5 ml of
100 mM nickel sulphate was then added to regenerate the column followed by 5
ml of distilled water and 5 ml of Start buffer. Once the column was washed, the
protein fractions were applied to the column followed by 5 ml of Start buffer. The
column was then washed several times with Start buffer containing an increasing
concentration of imidazole, starting with 5 ml of Start buffer with 60 mM
imidazole, 5 ml of Start buffer with 80 mM imidazole, 5 ml of Start buffer with 100
mM imidazole and then finally the protein was eluted with 5 ml of Start buffer

with 500 mM imidazole

2.5.2. Measuring protein concentration using the Bradford assay

Protein concentration was measured using the Bradford reagent (from Bio-Rad).
A BSA (Bovine serum albumin) standard curve was made using a range of
concentrations (between 2 and 9 mg/ml). 20 ul of each BSA concentration was
added to 1 ml of 1 in 5 diluted Bradford reagent and the OD was measured at
595nm. A XY graph was then generated using the OD values in Excel, which gave
the slope and the Y intercept values, which were then used to calculate the

protein concentration.
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Absorbance = x + Y intercept / Slope
X = Absorbance - Y intercept / Slope = answer in mg/ml
To convert the protein concentration from mg/ml into uM;

([Protein in mg/ml]/molecular weight) x 1000 x 1000

2.5.3. Protein separation by SDS PAGE

Proteins were separated by size using the sodium dodecyl sulfate (SDS-PAGE) gel
electrophoresis. A 10% resolving gel was prepared by mixing 4 ml of dH20, 3.3 ml
of 30% acrylamide, 2.5 ml resolving buffer (1.5 M Tris-HCI pH8.8 and 0.4% SDS),
100 pl 10% ammonium persulphate (APS) and 4 pl N, N, N’, N’-Tetramethylethyl-
enediamine (TEMED). The mix was poured between two glass plates sealed
together with a rubber strip and held together by two clips, and was left at room
temperature for 30 minutes for the gel to set. While the resolving gel was setting,
5 % of stacking gel was prepared by mixing 2.7 ml of distilled water, 670 pl of
30% acrylamide, 500 pl stacking buffer (1 M Tris-HCl pH6.8 and 0.4% SDS), 40 pl
10% APS and 4 ul TEMED. The stacking gel was then poured on top of the
resolving gel and a comb was immediately inserted to form the gel wells. The gel
was left for another 30 minutes to set before the clips, the comb and the rubber
seal were removed. The gel was placed into a gel tank (ATTO Slab Gel
Electrophoresis Chamber) and the tank filled with 1 x SDS running buffer (0.025
M Tris, 0.192 M glycine and 0.1 % SDS pH 8.6). 50 ul of sample buffer (50 mM Tris
HCL pH 6.8, 2 % SDS, 10 % glycerol, 1 % p-mercaptoethanol, 0.02 %
bromophenol blue) was added to 50 pl of each protein sample, before heating

them for 5 minutes at 100 °C and 25 ul of each sample was loaded onto an SDS
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PAGE gel. The gel was run at 150 V (Volts) for 2 hours, stained with the
Coomassie safe stain (80 mg of Coomassie Brilliant Blue G-250 in 1L of dH20 and

3ml concentrated HCL for 30 minutes and destained in dH:O.

2.5.4. Western Blotting - Semi Dry Transfer

Samples were run on a 10% sodium dodecyl sulfate (SDS) gel, which was run at
150 V for 2 hrs. The proteins were transferred onto a polyvinylidene difluoride
(PVDF) membrane which was previously soaked in methanol for 5 min before it
was left in Tris/glycine buffer (25 mM Tris base, 190 mM glycine and 0.1% SDS).
4 Whatman filter paper previously soaked in Tris/glycine SDS buffer were placed
onto the transfer cassette followed by the nitrocellulose membrane, the SDS gel
and finally covered with another 4 Whatman papers. The transfer was run for 50
min at 400 mA. The membrane was stained with Ponceau stain (0.2% (w/v)
Ponceau S and 5% glacial acetic acid) for about 1 min and destained with dH20
several times until the stain was removed from the membrane and an image was

taken.

The membrane was blocked with 5ml of 1% Tris-buffered saline and Tween-20
(TBST) buffer (20 mM Tris pH 7.5,150 mM NaCl and 0.1% Tween 20) with 5% fat
free milk. The membrane was then put into a plastic pouch and 2 ml of 5% fat free
milk and primary antibody was added to the membrane. The pouch was sealed
and incubated on a moving tray overnight at 4 9C. After the overnight incubation,
the membrane was washed 3 times every 10 min with 5 ml of 1% TBST buffer
before it was incubated with 10ml of 5% fat free milk containing 1:10,000

horseradish peroxidase conjugated secondary antibody. The membrane was left
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for at least 1 hr on a shaking platform before it was washed again in TBST buffer
three times every 10 min. 3 ml of each of ECL I (2.5 uM luminol, 0.396 uM p-
coumaric acid, 0.1 M Tris HCL pH 8.5, dH20) and ECL II (19.2 % hydrogen
peroxide, 0.1 M Tris HCL pH 8.5, dH20) were mixed together and applied onto the
membrane with light agitation for 30 seconds. The membrane was visualized
using Bio-Rad Molecular Imager (Chemi Doc XRS + with image lab software)
using the Chemi program where an image was taken every 60 sec for a total of

3600 seconds resulting in a total number of 30 images.

2.5.5. Protein self-assembly assay

A His-tagged protein was purified and buffer exchanged into buffer 1 (20mM
Hepes pH7.2, 100mM KCI, 2mM MgCl; and 1mM DTT). The protein was spun at
90K rpm (Optima TM Ultracentrifuge TL100, Beckman) for 15 minutes to remove
any aggregated proteins and the protein concentration of the supernatant was
calculated using the Bradford method (see 2.5.2). Ranges of protein
concentrations (chosen to be tested) were made up in buffer 1 in a total reaction
volume of 50 ul. 0.5 uM of GTPys was added to the reaction mix followed by
sample incubation at room temperature for 15 minutes. The samples were spun
down at 80K rpm (Optima TM Ultracentrifuge TL100, Beckman) and the
supernatant and pellet were carefully separated, where the pellet was
resuspended in 50 ul of buffer 1. 50 ul of sample buffer was added to each of the
samples before heating them for 5 minutes at 100 °C and 25 ul of each sample
was loaded onto an SDS PAGE gel, which was run at 150 Volts (V) for 50 min. The
gel was stained using the Coomassie safe stain for 30 minutes and destained in

dH:0.
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2.5.6. Lipid Binding Assay

2.5.6.1. Preparation of Liposomes

11 pl of 25 mg/ml Folch fraction I (Brain extract from bovine brain from Sigma -
Aldrich) was pipetted into a glass vial and washed with 500 ul of chloroform and
dried with nitrogen. 500 ul of diethyl ether was added to the glass vial to wash
the dried liposomes and then it was dried with nitrogen. Finally the liposomes
were resuspended in 200 ul of liposome buffer (20mM Hepes pH7.2, 100mM KCl,
2mM MgCl; and 1mM DTT) before being placed in a 60 °C waterbath for 30
minutes with regular agitation. Liposomes could be stored for up to 1 week at 4

oC.

2.5.6.2. Liposome Co-sedimentation Assay

His-tagged protein was purified and buffer exchanged into liposome buffer
(20mM Hepes pH7.2, 100mM KCl, 2ZmM MgCl; and 1mM DTT). The protein was
spun down at 90K rpm (Optima TM Ultracentrifuge TL100, Beckman) for 15
minutes and the protein concentration was calculated using the Bradford method
(see 2.5.2). For a liposome co-sedimentation assay, 20 ul of liposomes, 5 uM Vps1
protein, ImM GTP, 1mM CaClz, 5mM MgClz, 5mM DTT and dH20 (to make up the
reaction volume to a total of 100 ul) was used. Samples were incubated at room
temperature for 15 minutes. The samples were spun down at 80K rpm (Optima
TM Ultracentrifuge TL100, Beckman) and the supernatant and pellet were
carefully separated, where the pellet was resuspended in 100 ul of liposome
buffer. 100 ul of sample buffer was added to each of the samples before heating

them for 5 minutes at 100 °C and 25 ul of each sample was loaded onto an SDS
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PAGE gel, which was run at 150 Volts (V) for 50 minutes. The gel was stained

using the Coomassie safe stain for 30 minutes and destained in dH:O0.

2.5.7. PIP strips:

PIP strips (from Echelon) compose of a 2 cm x 6 cm nitrocellulose membrane
containing 100 pmol samples of 15 different phospholipids. In this experiment,
the PIP strip membrane was blocked with 5ml of TBST buffer with 5% fat free
milk. The membrane was gently agitated for 2 hrs at room temperature before
the blocking buffer was discarded and 1 uM of protein in 5% milk and TBST final
volume of 500 pl was added. The membrane was incubated for overnight at 4 °C,
washed three times in 5 ml of TBST buffer (each time for 10 minutes) and
incubated with an anti-His antibody 1:100 dilution in TBST and 5% milk for 2_hr
at room temp on a shaking platform. The membrane was washed again for three
times in 5 ml of TBST buffer (each time for 10 minutes) and incubated with anti-
mouse IgG-HRP 1:5000 dilution in TBST and 5% milk for 1 hr at room
temperature on a shaking platform. The washing step was repeated again and
finally 0.5 ml of ECL I and Il was added to the membrane with light agitation for
30 seconds before the membrane was visualised using Bio-Rad Molecular Imager
(Chemi Doc XRS + with image lab software) using the Chemi program where an
image was taken every 60 sec for a total of 3600 seconds resulting in a total

number of 30 images.

2.5.8. PIP arrays:
PIP Arrays (from Echelon) are 4 x 5 cm hydrophobic membranes that have been

spotted with a concentration gradient of eight phosphoinositides. As with the PIP
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strips, His-tagged Vps1WT and R298L proteins were purified using a His-tag
column and 1uM of each of the proteins made in 5% fat free milk, final volume of
0.5 ml was added to the PIP array membranes. The procedure was carried out

exactly as stated in section 2.5.7.

2.5.9. Yeast Whole cell extraction

Yeast cells (containing appropriate expression plasmid) were inoculated into 5 ml
of appropriate media and incubated overnight at 30 °C. Samples were refreshed
by adding 0.5 ml of the overnight culture into 4.5 ml of fresh media and the
samples were incubated at 30 °C for 3-4 hrs. The ODsoo of the samples was
measured in order to calculate the volume of cell suspension required to give a 2
ODsoo units of cells. Once 2 ODe¢oo units of cells were pipetted the samples were
spun down at 4000 rpm (Hettich Zentrifugen 1619) for 5 min and the
supernatant was discarded. The pellet was resuspended in 1 ml of dH20, spun
down again at 6000 rpm (Hettich Zentrifugen 1619) for 3 min and the
supernatant was discarded again. 100 ul of glass beads and 125 ul of 2x sample
buffer was added to the pellet, the samples were vortexed and then left at 100 °C
for 3 min. After the incubation at 100 °C, the samples were put into a cell
disrupter for 3 min, left to cool on the bench for few minutes and then loaded
onto a 10% SDS gel which was run at 150 V for about 2 hrs. A semi-dry transfer

was then performed (see section 2.5.4.).

2.5.10. Carboxypeptidase Y (CPY) assay
Carboxypeptidase Y (CPY) is a yeast vacuolar protein whose movement from the

endoplasmic reticulum (ER) to the Golgi apparatus can be monitored by the
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change in protein size from 67 kDa to 69 kDa in the Golgi compartment (Stevens
etal. 1982).

For this experiment overnight yeast cultures were reinoculated into fresh media
and left to grow to early log phase. Samples were spun down for 3 min at 3000
rpm (Hettich Zentrifugen 1619) and the pellets was resuspended in 5 ml of media
with 0.05 mg/ml of cyclohexamide. Samples were incubated at 30 °C for 30 min
before the ODsoo was measured and the required volumes for 3 U of cell were
calculated and pipetted into sterile eppendorf tubes. Samples were then spun
down for 3 min at 6000 rpm (Hettich Zentrifugen 1619), washed with 1 ml of
dH20, spun again for 3 min at 6000 rpm and 100 ul of glass beads was added
followed by 125 ul of 2x sample buffer. The samples were vortexed and then
boiled in a heat block for 3 min at 100 °C before being loaded onto a 10% SDS gel
which was run at 150 V for about 2 hrs. A semi-dry transfer was then performed

(see section 2.5.4.).

2.6. Cell based assays

2.6.1. Temperature sensitivity

Yeast strains grown overnight were reinoculated in fresh drop-out Ura media by
adding 250 ul of the overnight culture into 4.75 ml of fresh media and incubated
for 3 hrs at 30 °C. 0.5 ODsoo units of cells was serially diluted five times in a
multi-well plate (1:10, 1:100, 1:1000, 1:10,000, 1:100,000) and 5 ul of each
sample was spotted onto fresh drop-out Ura plates which were then incubated at

30 9C and 37 9C for 3 days.
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2.6.2. Lucifer Yellow

Lucifer yellow is a dye that was used to assess fluid phase endocytosis in yeast
[Dulic et al. 1991]. An overnight culture was refreshed, where 250 ul of the
culture was added to 4.75 ml of fresh YPD media and incubated at 30 °C in an
orbital shaking incubator until the cell density reached 1.4x107 cells/ml. 0.4 - 0.6
U of culture at ODsoo was spun down at 3000 rpm (Hettich Zentrifugen 1619) for
5 min and the pellet was resuspended in 30 ul of drop-out Ura media. 10 ul of
40mg/ml lucifer yellow (LY-CH dilithium salt, Sigma) made up in sterile deionised
water was added to the cells and the samples were incubated at 30 °C in an
orbital shaking incubator for 15 minutes to assess early stage endocytosis or 90
minutes to assess late stage endocytosis. Cells were washed three times with 1 ml
of ice-cold succinate/azide buffer (50mM succinic acid (Sigma) and 20mM
sodium azide (Sigma) buffer (brought to pH5 with NaOH) and the pellet was
resuspended in 10 ul of succinate/azide buffer and left on ice until the samples
were ready to be viewed. 3 ul of the cell suspension was added onto a microscope
slide with a cover slip and images were taken using the 100x oil-immersion
objective lens in the Olympus BX-81 fluorescence microscope with a 100 W

mercury lamp.

2.6.3. FM4-64 staining

An overnight culture was refreshed, where 250 ul of the culture was added to 4.75
ml of fresh drop-out Ura media and incubated at 30 °C in an orbital shaking
incubator for 4 hrs. 1 ml of log phase culture 0.4 - 0.6 U at ODg( was spun down
at 3000 rpm (Hettich Zentrifugen 1619) for 3 min and the pellet was resuspended in

250 wl drop-out Ura media. 0.25 pl of 16mM FM4-64 (T3166 from Invitrogen) in

- 54 -



Chapter 2 - Materials and Methods

Dimethyl sulphoxide (DMSO) was added to the cell suspension after which it was
incubated in a rolling carousel for 15 minutes at 26 °C. Cells were then spun down at
3000 rpm (Hettich Zentrifugen 1619) for 3mins and resuspended in 1 ml of drop-out
Ura media and incubated at 26 °C shaker for 90 minutes before the cells were
harvested by spinning them at 3000 rpm (Hettich Zentrifugen 1619) for 3mins and
resuspending the pellet in 150 ul drop-out Ura. 3 ul of the cell suspension was added
onto a microscope slide with a cover slip and images were taken using the 100x
oil-immersion objective lens in the Olympus BX-81 fluorescence microscope with

a 100 W mercury lamp.

2.6.4. Rhodamine Phalloidin

Rhodamine Phalloidin was used to fix and stain yeast cell in order to visualize
actin structures. An overnight culture was refreshed by adding 0.5 ml of the
culture into 4.5 ml of fresh media and cells were then grown for 4 hrs at 30 °C. 1
ml of actively growing yeast cells (ODsoo 0.1-0.3U) were fixed by addition of 134
ul of 37% formaldehyde for 1 hr at room temperature. Cells were spun down for
3 min at 3000 rpm (Hettich Zentrifugen 1619) followed by two washes with 500
ul of wash buffer 1 (1x phosphate buffered saline (PBS) pH 7.4, 1mg/ml BSA and
0.1% Triton TX-100). The pellet was resuspended in 50 ul of wash buffer 1 with 5
ul rhodamine phalloidin and samples were incubated in dark for 30 mins. The
cells were spun down at 3000 (Hettich Zentrifugen 1619) and washed twice with
50 ul of wash buffer 2 (1x PBS and 1mg/ml BSA). The pellet was re-suspended in
200 ul of wash buffer 2 and then 2 ul of each sample was spotted onto microscope
slide. Images were taken using the 100x oil immersion objective lens in Olympus

BX-81 fluorescence microscope 100 W mercury lamp.
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2.6.5. Analysis of GFP- and mRFP- tagged reporter proteins

Yeast cells expressing GFP (Green fluorescent protein) or mRFP (Red fluorescent
protein) tagged proteins were inoculated into 5 ml of fresh media and grown
overnight at 30 9C. The culture was reinoculated by adding 0.5 ml of the overnight
culture into 4.5 ml of fresh media and growing the cells for 3-4 hrs. 3 ul of each
sample was then placed onto a microscopic slide and visualized using the 100x oil
immersion objective lens in Olympus BX-81 fluorescence microscope 100 W
mercury lamp. Time-lapse live-cell imaging was performed with 1 sec time-lapse

and 0.5 s exposure.

2.6.5.1. Measuring patch lfetime
The time-lapse videos were analysed using Imaje ] software (patch tracking
plugin) where the lifetime of individual endocytic patches were measured

starting from the appearance of the patch until its disappearance.

2.6.5.2. Measuring patch intensity
The time-lapse videos were analysed using Imaje ] software (patch tracking
plugin) where the maximum pixel value of each endocytic patch was measured

over time from the point of appearance of the patch until its disappearance.

2.6.5.3. Patch tracking
Patch tracking was performed using the Imaje ] software (patch tracking plugin)
were the X and Y axsis of the each pacth were measured and plotted on

appropriate graph using GraphPad Prism 6 software.
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2.7. Microscopy methods

2.7.1. Fluorescence microscopy and statistical analysis

Epifluorescence microscopy was performed using Olympus IX-81microscope with
a Photometrics Cool Snap HQ camera and 100x 1.40 numerical aperture oil
objective. Imaging and image capture was performed using NIS Elements 4.20.01
software. Time-lapse live-cell imaging was performed with 1 sec time-lapse and
0.5 s exposure. Statistical analysis was performed using GraphPad Prism 6

software.

2.7.2. Electron microscopy

2.7.2.1 Vps1 and actin interaction using electron microscopy

To investigate the interaction between Vpsl and actin, actin was polymerized
overnight at 4 9C in F-buffer (500 mM KCI, 10 mM MgClz, 10 mM EGTA, 100 mM
Tris pH 8.0]. 1 uM of Vps1 was mixed with 1.5 uM F-actin in a total volume of 20
ul reaction mix made up with F-buffer. Samples were incubated at room
temperature for 15 minutes before a 1 in 10 dilution with F-buffer was made for

each sample and the samples were loaded onto carbon coated grids.

2.7.2.2. Negative staining of carbon-coated grids and visualizing grids
5 ul of each sample were adsorbed onto glow discharged (for 25 sec) carbon-

coated grids, incubated at room temperature for 2 min before being stained with
0.75 % Uranyl formate (UF). Grids were visualized using the Philips CM-100

electron microscope using a Gatan MultiScan 794 CCD camera.
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3.1. Introduction

Vps1 belongs to the family of dynamin-like-proteins and is an important protein that
has several essential roles in yeast cells including endocytosis. Although new insights
into the role of Vpsl in endocytosis have been made, a lot is still not understood
about the functions of its domains and their roles in endocytosis. In this chapter the
three chosen Vps1 mutations (Table 1), for which equivalent mutations in dynamin
were shown to be linked to neurological disorders, were analyzed using different cell
based assays in order to investigate the phenotype of these mutants and determine
their effect on the normal function of Vpsl in its different membrane trafficking
functions. The effect of the endocytic mutations on the biochemical properties of
Vps1 and hence on its roles were also addressed.

This work aimed to help in understanding the nature of the defect that each of the
three mutations causes to Vpsl and therefore might help to understand how this
affects function in dynamin itself. It would also help to clarify whether the studied

mutations result in a general defect or specifically affect endocytosis.

3.2. In-vivo analysis

Yeast is a fully functional unicellular organism that allows the study of various
proteins and their mutations in their natural cellular environment. The ability to
delete, mutate or epitope/GFP tag yeast genes relatively easily, as well as to study
the consequence of these changes in a physiological system have all contributed to

making yeast a powerful tool for investigating cellular processes.
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Image removed

Fig.3.1. Disease mutations annotated on Dynamin-1 structure. A) Different
domains of classical Dynamin-1. The numbers at the top represent the amino
acids and the arrows indicate the position of the mammalian mutations used in
this study. B) Representation of human Dynamin-1 as resolved by Faelber et al.
2011. Regions not resolved in the crystal structure are indicated by dotted lines.
Lipid-binding residues are indicated as o. The three mutations used in this work
are marked on the proposed structure of the human Dynamin-1. This gives an
indication of the position of the mutations within the protein. The (m) stands for

the mammalian mutations and the (y) stands for the equivalent yeast mutations.
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3.2.1. In-vivo expression of Vps1 mutations

The first step towards analyzing the R298L (in the GTPase domain), G397R and
A447T mutations (in the middle stalk domain) [figure 3.1] was to confirm that
the mutations did not affect the protein steady state levels or stability in yeast
cells. This was essential so that any effects could be attributed to the mutation
rather than to lack of protein. Previously in another project carried out by Laura
Beaumont and Iwona Smaczynska-de Rooij, the R298L, G397R and A447T
mutations were introduced into the VPS1 gene on a CEN based plasmid via site-
directed mutagenesis and this was confirmed by sequencing.

Cells expressing wild type and mutant Vps1 proteins were grown to exponential
growth phase and a yeast whole cell protein extraction was performed. A vpsiA
yeast strain (KAY1095) was transformed with a Vps1 wild-type (pKA677) vps1A
(pKA544) , Vps1R298L (pKA798), Vps1G397R (pKA797) and Vps1A447T
(pKA796) expression plasmids. An anti-Vpsl mouse primary antibody
(generated by the KA lab) and anti-mouse HRP secondary antibody were used to
detect Vps1 protein following separation by SDS-PAGE and western blotting. As
expected, no Vps1 protein was detected in the vps14 cell extract but Vps1 was
clearly observed in the wild-type cells. The results from the blot confirmed that
the three mutant proteins were all expressed in cells with the expression levels
being similar to the wild type protein [figure 3.2.A]. A loading control was used
[figure 3.2.B] to confirm an equal loading of each of the samples into the gel
wells. The experiment was performed twice to confirm the results and an image

best representing the results is shown [figure 3.2].
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Fig.3.2. Protein expression levels of Vpsl disease mutants in yeast

P ——— <—— 30 kDa

cells. Yeast whole cell protein extraction was performed, where yeast cells
containing expression plasmids of Vpsl wild-type, vpsi4, Vps1298L,
Vps1G397R and Vps1A447T were used. Samples were loaded onto a 10%
SDS gel before being transferred onto a PVDF membrane. A) Western blot
was probed with anti Vps1 antibodies showing the expression of the three
mutated proteins in yeast cells at similar levels to the wild-type protein. B) A
Ponceau staining of the membrane was used as a loading control to allow

the protein loading to be compared.
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3.2.2 Assessing Growth Phenotype of Vps1 Mutants

Once the expression of the Vps1 mutant proteins in yeast cells was confirmed, a
liquid growth phenotype test was performed to assess the effect of the mutations
on cell growth. An overnight culture of vpsIA yeast strain (KAY1095)
transformed with a Vpsl wild-type (pKA677) vpslA (pKA544) , Vps1R298L
(pKA798), Vps1G397R (pKA797) and Vps1A447T (pKA796) expression
plasmids were re-inoculated into fresh media and the optical density was
measured using the spectrophotometer. The ODe¢oo for all cultures was set at 0.1.
Cells were incubated in a shaking incubator at 30 °C and the ODsoo of the culture

was measured every hour for a total of 11 hours and a growth curve was plotted.

The growth rates of the mutant proteins were shown to be similar to that of the
wild type for the first 5-6 hours after which the vps1A4 strain showed a slightly
reduced growth rate [figure 3.3]. As the cells entered the log phase (after 6 hours
of growth) a clear reduction in the growth of the G397R mutant was noticed. A
slight reduction in the R298L mutant also became evident whereas the growth of
the A447T mutant continued to be similar to the wild-type. The growth graph
[figure 3.3] was used to calculate the generation time, where the generation time
for Vps1 wild type averaged to 2.4 hrs, 2.8 hrs for vpsi14, 2.6 hrs for R298L, 2.9
hrs for G397R and 2.55 hrs for A447T. This suggested that growth and doubling
time in the R298L and A447T mutants were more similar to the wild type
compared to the G397R which was more similar to the vpsiA suggesting a
possible dominant negative phenotype. Since this experiment was performed

once, this difference might be within error.
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Fig.3.3. Growth of Vps1 mutants in liquid media. An overnight cell culture was
re-inoculated into fresh media and the ODsoo of cells was set at 0.1. Cells were
incubated at 30 °C for a total of 11 hours and a reading of cell density was taken

every 1 hour. Graphpad Prism 6 software was used to generate the graph.
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3.2.3. Effect of Temperature and Sorbitol on the Growth of Vps1 Mutations

Although growth in liquid media showed some reduction in the growth phenotype
in the G397R and the R298L mutants, it was important to further investigate this
phenotype. To do so, growth at a higher temperature and in the presence of sorbitol
media was analyzed. An overnight culture of vpsliA yeast strain (KAY1095)
transformed with a Vpsl wild-type (pKA677) vpsiA (pKA544) , Vps1R298L
(pKA798), Vps1G397R (pKA797) and Vps1A447T (pKA796) expression plasmids
were re-inoculated into fresh media and the optical density was measured using the
spectrophotometer and the ODg¢oo was equalized at 0.5. Cell cultures were then
serially diluted (1:10, 1:100, 1:1000, 1:10,000 and 1:100,000) and spotted onto
selective solid media. The plates were incubated for 3 days at 30 °C (permissive

temperature) and 37 C (restrictive temperature).

As expected, the wild-type cells were able to grow normally at both the permissive
and the restrictive temperatures unlike the vps14 cells, which showed a reduction
in growth at the restrictive temperature. None of the three mutations affected cell
growth at the permissive temperature, however at the restrictive temperature the
G397R mutant showed a temperature sensitive phenotype which appeared more
severe than that seen in the vpsi4 [figure 3.4] further suggesting that this mutant
might generate a largely non-functional protein with a dominant negative effect.
This growth defect was rescued when the G397R cells were grown on selective
media containing 1M of sorbitol which is an osmotic stabilizer suggested to reduce

the function of actin in endocytosis [Aghamohammadzadeh and Ayscough 2009].
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Fig.3.4. Effect of Vps1 mutations on cell growth. An overnight culture was
serially diluted and spotted onto selective media +/- 1M sorbitol. Plates

were incubated for 3 days at 30 9C and 37 °C.
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3.2.4. Effect of Vps1 mutations on the trafficking of CPY

Vps1 was originally identified in screens for genes involved in vacuolar protein
sorting in S.cerevisiae and one of the known trafficking roles it has is in the
transport of vesicles between the Golgi and the vacuolar compartments. [Rothman
et al. 1989, Vater et al. 1992]. To test whether this trafficking property was affected
by the mutations, a Carboxypeptidase Y (CPY) assay was performed.
Carboxypeptidase Y (CPY) is a yeast vacuolar protein whose movement from the
endoplasmic reticulum (ER) to the Golgi apparatus can be monitored by the change
in protein size from 67 kDa precursor form to 69 kDa form in the Golgi
compartment (Stevens et al. 1982). The 69 kDa form of CPY gets trafficked into the
vacuole where it undergoes a post-translational modification resulting in a 61 kDa
mature protein (Stevens et al. 1982, Bowers and Stevens 2005). Upon successful
trafficking of the protein from the Golgi into the vacuole, a 61 kDa band can be
detected by Western blot analysis (mCPY), however, in the case of a defect in the
trafficking pathway, a 69 kDa band is expected to be detected which would

represent the immature form of the protein (pCPY).

A whole cell protein extraction was performed as described in the materials and
methods (section 2.5.9) using vpslA yeast strain (KAY1095) transformed with a
Vpsl wild-type (pKA677) vpslA (pKA544), Vps1R298L (pKA798), Vps1G397R
(pKA797) and Vps1A447T (pKA796) expression plasmids. Samples were loaded
onto 10% SDS gel and a semi-dry transfer was used to transfer the samples onto
PVDF membrane (section 2.5.10). The membrane was incubated with pre-cleaned

anti-CPY antibody and the blot was developed using ECL.
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pCPY 69 kDa——>
mCPY g1 kDa——>

- e

Fig. 3.5. Effect of Vps1 mutations on carboxypeptidase Y (CPY) trafficking. A
whole cell protein extraction was performed following preincubation of cells with
cycloheximide to stop the synthesis of new CPY protein. Samples were loaded onto
10% SDS gel and transferred onto a PVDF membrane. Pre-cleaned anti-CPY
antibody was used and the blot was developed using ECL. The arrows indicate the

mature (61 kDa) and precursor (69 kDa) form of CPY.
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As expected, in the wild-type cells a band of about 61 kDa was detected
representing the mature protein confirming the successful trafficking of CPY.
However, in the vpsiA cells as well as showing a 61 kDa band, there was a higher
band of about 69 kDa representing the immature form of CPY [figure 3.5]. This
suggested that the trafficking process was not totally aberrant but rather less
efficient compared to the wild-type. The results from the western blot showed the
presence of mature CPY in all of the three mutants indicating that the trafficking
role of Vps1l from the late Golgi to the vacuole was at least partially functional.
However, similar to vps14, the G397R mutant showed a clear higher band of about
69 kDa representing the immature CPY, which again suggested that the efficiency of
trafficking of CPY from the late Golgi to the vacuole was reduced in this mutant. The
western blot also showed a faint band representing the immature CPY in the wild-
type, R298L and A447T mutants which probably was because the cycloheximide

was not fully effective or the incubation time was not enough.

3.2.5. Effect of Vps1 mutations on Peroxisomal inheritance

[t was previously shown that Vps1 is important in facilitating peroxisome fission in
yeast cells and in its absence cells showed a significant reduction in the number of
peroxisomes [Hoepfner et al. 2001]. In a vps14 , cells only contained between 1-3
peroxisomes compared to that seen in the wild-type cells, which could have up to 9
peroxisomes seen as large puncta [Hoepfner et al. 2001]. In this work the aim was
to assess whether the Vps1 mutations could rescue peroxisomal fission defect in
yeast cells and thereby fulfil a specific function normally performed by Vps1.

In this experiment a vps14/ dnm1A yeast strain was used. Dnm1, which is another

protein that belongs to the dynamin-like-protein family in yeast, is also able to
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participate in regulating peroxisome abundance and therefore, to ensure that any
rescue of the peroxisomal fission defects was a result of the Vps1 mutations, it was

important to ensure that both endogenous Vps1 and Dnm1 were absent.

A vps1A/dnmi1A yeast strain (KAY 1096) was transformed with Vps1l wild-type
(pKA677) vpslA (pKA544), Vps1R298L (pKA798), Vps1G397R (pKA797) and
Vps1A447T (pKA796) expression plasmids. These transformants were inoculated
for an overnight growth and cell cultures were refreshed and grown until
exponential growth phase was reached. Cells were placed on a glass slide and were
visualized using fluorescent microscopy at 100x magnification where 30 cells from
each sample were examined by eye. This experiment was repeated twice to confirm
the observed phenotypes [figure 3.6.a]. The quantification results have shown that
75 % of wild-type cells had more than 10 peroxisomes per cell compared to 53 %
for the R298L mutant and 57 % for A447T [figure 3.6.b] suggesting a more
intermediate phenotype compared to the wild-type and the null. On the other hand,
the G397R mutant was more similar to vpsiA, where 90% of cells had 1-3
peroxisomes per cell confirming the inability of this mutant to rescue peroxisomal

fission defects.
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Fig.3.6. Rescue of the peroxisome fission defects by Vps1 mutants. vpsIA/dnm1A
yeast cells were transformed with expression plasmids containing the Vpsl
mutations to assess the rescue of the peroxisomal fission defect. A) Cells visualized
using fluorescent microscopy at 100x magnification. Scale bar: 2 um. B)
Quantification of the number of peroxisomes in each Vpsl mutant. Vps1l wild-type
and vps1 null were used as controls. 60 cells from each sample from two independent

experiments were used in this quantification. Error bars represent mean with SD.
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3.2.6. Effect of Vps1l Mutations on endosomal recycling of SNARE reporter
Sncl-GFP

Another pathway that Vps1 was shown to function in the trafficking of Sncl from
the late endosomes to the plasma membrane. Sncl is a vesicle membrane receptor
protein (v-SNARE) coded by SNC1 gene, which is a homolog of vertebrate synaptic
vesicle-associated membrane proteins (VAMPs) or synaptobrevins. (Gerst et al
1992). It is involved in endocytosis and in the fusion of Golgi-derived secretory
vesicles with the plasma membrane. Mutants in endosomal recycling fail to show
clear plasma membrane staining of the reporter.

In this experiment, the yeast strain containing an integrated GFP-Sncl (KAY1462)
was transformed with plasmids containing one of each of the three Vps1 mutations
(pKA798 - R298L, pKA797 - G397R and pKA796 - A447T) and the cells were
visualised using fluorescent microscopy. Control plasmids were also used (pKA677
for Vpsl wild-type and pKA544 for vpsiA) The results from this experiment
[figure3.7] have shown that in Vps1 wild type, the Snc1-GFP localizes to the plasma
membrane with 59 % of budded cells showing plasma membrane staining in the
bud, confirming that the receptor was recycled successfully. On the other hand, only
6 % of vpsiA budded cells showed plasma membrane staining in the bud, suggesting
a defect at the endosome / plasma membrane trafficking route. R298L and A447T
both showed 48 % of plasma membrane staining in the bud while G397R showed
33 %. This reduction in the percentage of plasma membrane staining in the bud in
Vps1 mutants compared to the wild type suggested that the endosomal trafficking
pathway could be to some extent defective / less efficient in these mutants,

however the defect is less severe than that observed in the null.
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Vps1 wild type Avps1 Vps1 R298L Vps1 G397R Vps1 A447T
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L 59 6 48 33 48
polarization

Figure 3.7. Effect of Vps1 mutations on the endosomal trafficking pathway. The
Snc1-GFP receptor, which gets recycled from the endosomes to the plasma membrane
was used to test for defects in this pathway. Cells with plasmids carrying different Vps1
mutations were examined using DeltaVision microscope and the percentage of bud
polarization was counted. N = 50 cells from 2 independent experiments. An unpaired t-
test was performed using Graphpad Prism 6 software which gave p values of 0.0046 for

vps1A4, 0.1588 for R298L, 0.0256 for G397R and 0.0670 for A447T. Scale Bar: 2 um.
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Surprisingly, the G397R appeared to have a phenotype distinct from the null, which
was not the case in almost all of the previous experiments conducted in this project.

Possible reasons for this are discussed later in this chapter.

3.2.7. Effect of Vpsl Mutations on Vacuolar  Morphology
Vps1 was identified as a vacuolar protein sorting [Vater et al. 1992] and was shown
to play a role in maintaining vacuolar morphology [Raymond et al. 1992, Peters et
al. 2004]. To determine whether the Vpsl mutations affected the vacuolar
morphology in yeast cells FM4-64 staining was used. FM4-64 is a lipophilic styryl
dye that stains the vacuole membrane in yeast [Vida and Emr, 1995].

An overnight culture of vpsIA yeast strain (KAY1095) carrying a Vps1 wild-type
(pKA677) vpslA (pKA544), Vps1R298L (pKA798), Vps1G397R (pKA797) and
Vps1A447T (pKA796) expression plasmids were re-inoculated in fresh media and
treated with FM4-64 for 90 minutes (section 2.6.3). As expected, the FM4-64
staining of the wild-type cells showed the presence of two to five vacuoles all of
which are similar in size [figure 3.8]. In contrast, in vpsIA cells a large vacuole
surrounded by many fragmented vacuoles could be seen which was typical of Class

F vacuolar phenotype [Raymond et al, 1992).

Analysis of R298L and A447T revealed vacuolar morphology similar to that seen in
the wild type suggesting that these two mutations do not affect the vacuolar
morphology in cells or have major defects in trafficking to the vacuole. On the other
hand, G397R was not only significantly different from the wild-type (p-value
0.0070) but it was also significantly different from vps14 (p-value 0.0082). It mainly

showed a fragmented vacuolar phenotype.
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Wild-type Avpsl Vps1R298L Vps1G397R Vps1A447T

% of normal 87 15 70 4 82
vacuolar phenotype

Fig.3.8. Effect of Vps1l mutations on the vacuole morphology. vpsiA cells with
plasmids carrying different Vps1 mutations were treated with FM4-64 for 90 minutes at
30 9C to assess the effect on vacuole morphology. Cells were placed on a glass slide and
visualized using fluorescent microscopy at 100x magnification. N = 100 cells from two
independent experiments. An unpaired t-test was performed using Graphpad Prism 6
software which gave p values of 0.0095 for vps1A, 0.2065 for R298L, 0.0070 for G397R

and 0.5631 for A447T. Scale Bar: 2 um.
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3.2.8. Effect of Vps1 Mutations on actin cytoskeleton

In yeast there are three different organisations of actin present; actin patches,
cables and rings [Aghamohammadzadeh and Ayscough 2009]. Of these, the cortical
actin patches are known to be sites of endocytosis. Vps1 was shown to interact with
Slal, a component of the endocytic machinery that is involved in organizing cortical
actin [Yu and Cai 2004]. To assess whether Vps1 mutations affect actin structures,
rhodamine phalloidin staining was used. Yeast cells were fixed with formaldehyde
and stained with rhodamine phalloidin as described in the materials and methods
(section 2.6.4). The microscopy analysis was carried out by Iwona Smaczynska-de
Rooij.

Analysis of the data [figure 3.9] shows that wild type cells have clear actin cables
and 87 % of cells have polarized actin patches in the bud (patch polarization
phenotype). Since actin patches are an indication of sites of endocytosis, it was
expected for wild type cells to show patch polarization, as most endocytic events
take place in the growing bud rather than the mother cell. In the vps1A4 only 63 % of
cells showed patch polarization. With regards to the Vps1 mutations, none of them
seemed to affect actin cables but rather had a relatively minor effect on actin patch
polarization. The G397R cells most closely resembled the null phenotype with 65 %
of cells showing patch polarization, while both R298L and A447T cells had an
intermediate phenotype with 71 % and 77 % of cells showing the polarization

phenotype.
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Wild-type Null R298L G397R A447T
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Fig.3.9. Effect of Vps1 mutations on actin cytoskeleton. Rhodamine phalloidin
staining was used to determine F-actin organization in vpslA cells expressing
plasmids with Vpsl mutations. Cells were examined using the DeltaVision
microscope and the percentage of cells with actin patches polarized at the bud was
calculated. N = 100 cells from 2 independent experiments. An unpaired t-test was
performed using Graphpad Prism 6 software, which gave p values of 0.0299 for
vpsiA, 0.1111 for R298L, 0.0636 for G397R and 0.1425 for A447T. The microscopy

work was carried out by Iwona Smaczynska-de Rooij.
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3.2.9. Effect of Vps1 Mutations on Fluid Phase Endocytosis

Lucifer yellow (LY) is an aqueous fluorescent dye that was used as a marker to
assess fluid phase endocytosis in vpsi4 cells carrying Vps1l mutations (Dulic et al
1991). vps1A yeast cells (KAY1095) carrying a Vpsl wild-type (pKA677) vpslA
(pKA544), Vps1R298L (pKA798), Vps1G397R (pKA797) and Vps1A447T (pKA796)
expression plasmids were treated with LY as stated in (section 2.6.2) and incubated
at 30 °C for 15 min to assess early stage endocytosis and 90 min to assess later
stages of endocytic trafficking. Cells were visualized using fluorescence microscopy,
analysed by eye and placed into appropriate categories.

In wild-type cells at 15 min of incubation with LY dye, 17 % of cells showed
predominantly vacuolar staining, which increased to 57 % after 90 min of staining.
In contrast, the vps1A4 cells showed no vacuolar staining in the first 15 min of
staining and after 90 min, 40 % of cells showed endosomal stain with some weaker
vacuolar staining. This suggests a defect in the uptake and/or progress through the
pathway. Although cells containing the R298L and A447T mutants did show
vacuolar staining, this was lower than that observed in wild-type cells, with about
10 % vacuolar staining in R298L and 3 % in A447T after 15 min of staining. This
increased to about 32 % in R298L and about 53 % in A447T after 90 min [figure
3.10]. Unlike the other two mutations, the G397R showed a phenotype that was
very similar to the vps14 cells, where in the first 15 min no vacuolar staining was
observed but after 90 min over 50 % of cells showed an endosome and vacuole

staining [figure 3.10].
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Fig.3.10. Effect of Vps1l mutations on fluid phase endocytosis. vpsiA cells with

plasmids carrying different Vps1 disease mutants were treated with Lucifer yellow to
assess fluid phase endocytosis. Cells were visualized using fluorescent microscopy at
100x magnification. A) 15 and 90 minutes of staining with Lucifer yellow to asses the
early and late stages of endocytosis. B) Examples of different categories of cell staining.

N =100 cells from two independent experiments. Scale Bar: 2 um.
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Although these results show that the R298L and A447T mutants can still perform
fluid phase endocytosis, the rate of endocytosis and trafficking of the dye to the
vacuole is reduced compared to the wild-type cells suggesting a defect in the
process. On the other hand, the G397R mutant clearly resembles the null phenotype

suggesting that the protein has lost its function in endocytic trafficking.

3.2.10. Effect of Vps1l mutations on the behaviour of endocytic reporter
proteins

Results from the previous experiments have shown that both R298L and A447T
have a similar phenotype to the wild-type in all of the tested trafficking roles except
for fluid phase endocytosis, which in both cases (although to a greater extent in
R298L) the LY uptake seemed to be reduced compared to the wild-type suggesting
a delay in the rate of endocytosis in cells. On the other hand, the G397R mutant
showed defects in all of its roles investigated including fluid phase endocytosis
suggesting that the mutation resulted in a largely non-functional protein even
though the protein was still expressed in yeast cells.

Although an obvious starting point would be analyzing the localization and
behavior of Vps1-GFP patches, this was not done due to the known problems of GFP
tagging in this protein. Previous work has shown that Vps1-GFP was very difficult
to localize at the plasma membrane and bright fluorescence could be seen
throughout the cells due to its function in other organelles [Peters et al. 2004].
Therefore, to gain a deeper insight into the effect of the mutations on endocytosis,
three fluorescently tagged endocytic reporter proteins, which are involved at
different stages of endocytosis were used. These were, Sla2-GFP, an adaptor protein

linking actin filaments to the clathrin coat, Sac6-mRFP, an actin bundling protein
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and Rvs167-GFP, a homolog of mammalian amphiphysin involved in vesicle
scission.

In this experiment, each yeast strain carrying one of the reporter proteins, Sla2-GFP
(KAY1459), Sac6-mRFP (KAY1368) and Rvs167-GFP (KAY1337) were transformed
with plasmids carrying the Vps1l mutataion, (pKA798 - R298L, pKA797 - G397R
and pKA796-A4447T) using the method described in section 2.3.2.1. Exponentially
growing yeast cells carrying the reporter proteins and the Vps1l mutations were
used, where 3 ul of cell culture was placed onto a glass slide and images and 1 sec
time-lapse recordings were taken. Individual endocytic patches [figure 3.11.a] were
analysed for their lifetime, intensity and movement pattern and data were plotted

onto appropriate graphs.

3.2.10.1. Analysis of endocytic reporter protein lifetime

Analysis of endocytic reporter lifetime involved measuring the patch intensity from
the point of its appearance on the plasma membrane until the disappearance of its
fluorescence [fig.3.11.b]. This approach therefore measures a straightforward
change in the lifetime of the reporter protein caused by the mutations. Sla2 lifetime
in wild-type patches was shown to be about 22 sec whereas the lifetime of vpsi4
patches was about 37 sec [fig.3.11.b]. The results obtained from this analysis
revealed that all of the three mutations caused a significant increase in the lifetime
of Sla2 (p < 0.0001) compared to the wild type with the R298L mutation resulting
in the highest increase with a lifetime of 48 sec. The A447T mutant had a lifetime of
40 sec while G397R had a lifetime of 34 sec, which was similar to that seen in the

vps1A strain.
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In the case of Sac6, the lifetime of the reporter protein was about 15 sec in wild-
type patches and 11 sec in vpsl1A. R298L and G397R mutations caused a non
significant reduction in the lifetime of Sac6 with a lifetime of 14 sec in R298L and
13 sec in G397R, however in A447T, Sac6 had a lifetime of 12 sec, which was slight
but significantly different from that in the wild type (p = 0.0185).

With the amphiphysin Rvs167, wild type cells had a lifetime of 7.9 sec while vps14
cells had a lifetime of 6.4 sec. Interestingly, the mutations did not all have the same
effect as one another on the lifetime of Rvs167. The lifetime was similar to that in
the wild-type cells in the R298L mutant cells, about 8 sec, suggesting that this
mutation did not affect the stability of Rvs167 at the plasma membrane, whereas
the other mutants showed a reduction in the lifetime of Rvs167 with a lifetime of 7

sec for the G397R (p = 0.0318) and 6.5 for the A447T mutants (p = 0.0020).

The fact that the major effect of the endocytic mutations was on the lifetime of Sla2
with a significant increase in the reporter protein’s lifetime, suggests a defect after
the recruitment of Sla2 to the endocytic site, possibly at the onset of invagination.
A447T showed a significant change in all of the reporter protein lifetime, initially an
increase in Sla2 followed by a decrease in the lifetime of Sac6 and Rvs167
suggesting that the A447T mutation mainly affects endocytosis but not the other

roles of Vps1.
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Fig.3.11. Effect of Vps1 mutations on endocytic reporter proteins. Cells carrying
the reporter proteins and the Vps1l mutations were grown to exponential phase and
images and 1 sec time-lapse video were taken and individual endocytic patches were
analysed. a) An example of endocytic patches that were analysed in this experiment. b)
The lifetime of the three endocytic reporter proteins, Sla2, Sac6 and Rvs167 in the
presence of the Vps1 mutations. Error bars represent mean with SD. Asterisks indicate
level of statistical significance of differences compared to the wild-type control from

an unpaired t- test.
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3.2.10.2. Analysis of Sac6 Patch intensity

Because the lifetime of reporter proteins only gave an overview of the time spent at
the membrane with no reference to the level of protein recruited at the endocytic
sites, further analysis was undertaken to determine any changes in the reporter
protein levels caused by the Vps1l mutations. Since the effect of the three Vpsl
mutations on Sla2 lifetime was already clear, this analysis focused on Sac6 and
Rvs167.

An intensity profile was generated for individual Sac6 and Rvs167 patches as a
reflection of the level of these reporter proteins at the endocytic sites with the aim
of highlighting any significant changes in the levels of these proteins in the presence
of the Vps1 mutations. The patch intensity reached at 7 sec for Sacé [figure 3.12.a]
and 4 sec for Rvs167 [figure 3.12.b] were plotted on a graph.

Although the data showed a wide distribution of intensity values for each of the
strains, the results from the Sac6 graph [figure 3.12.a] showed that at 7 sec 60 % of
patches had a pixel value higher than 200 in cells expressing wild type Vps1l
compared to the null where 40 % of the patches had a pixel value higher than 200.
This indicates that the absence of Vpsl affects the accumulation of Sac6 at the
endocytic patches at the time point tested.

Statistical analysis indicated that there was no significant difference in the pixel
values between the wild-type and the three Vpsl mutants after performing
unpaired t-tests, suggesting that these mutations did not affect the level of Sac6

recruitment to the endocytic sites at the time tested.
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Figure 3.12. Patch intensity of Sac6é and Rvs167 in Vps1 mutants. A) The intensity
value reached by individual endocytic patches after 7 sec of Sacé6 assembly at endocytic
sites in each of the wild-type, vps14, R298L, G397R and A447T mutants. Patch intensities
were measured using Image ] software and plotted using GraphPad Prism 6. N = 15
patches from 5 cells for each sample. Error Bars are mean with SD.

B) The intensity value reached by individual endocytic patches 4 sec afterRvs167
lifetime in each of the wild-type, vpsiA, R298L, G397R and A447T mutants. Patch
intensities were measured using Image | software and plotted using GraphPad Prism 6. N
= >15 individual endocytic patches from 5 cells for each sample. Error Bars are mean

with SD.
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However, it was clear that the majority, 87 %, of patches in the A447T mutant
reached a pixel value of >200 at the 7 sec time point [figure 3.12.a]. This was higher
than that observed in the wild-type patches suggesting that this level of Sac6 was
recruited at endocytic sites faster in this mutant compared to the wild-type. In
R298L, 40 % of patches reached a pixel value of > 200, while in G397R 33 %
reached a pixel value of > 200 which was lower than that observed in the null
strain.

While there seems to be clear variations in the level of Sac6 accumulation by the
Vps1 mutants compared to wild type, the majority of Rvs167 patches in the wild-
type and the null reached the maximum pixel value after 4 sec. This was also true
for the three Vpsl mutations where majority of patches had also reached the
maximum pixel value after 4 seconds suggesting that these mutations did not affect

the level of Rvs167 recruited to the endocytic sites [figure 3.12.b].

3.2.10.3. Analysis of Sac6 patch invagination

The invagination behaviour of Sac6-RFP at the endocytic sites was analysed by
tracking the movement of individual patches [fig.3.13]. This analysis revealed that
85 % of wild type cells showed a normal invagination event compared to vpsIA in
which the patches would move on the plasma membrane without invaginating
inwards. This analysis also showed that Sac6 patches in R298L and G397R were
unable to successfully invaginate with only 29 % and 27 % of the patches showing
successful invagination respectively. Invagination was higher in the A447T mutant

in which 76 % of the endocytic patches were able to successfully invaginate.
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Wild-type Avps1 R298L G397R A44TT
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Figure 3.13. Patch tracking of Sac6 endocytic patches. Each endocytic patch was
tracked for movement starting with the appearance and ending with the
disappearance of its fluorescence. The percentage of invagination events observed in
patches was also calculated. Green = start, Red = end. N = 30 cells from two

independent experiments. Image ] software was used for this analysis.
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The data from reporter protein analysis showed that although the lifetime and the
patch intensities of Sac6 in the R298L mutant were not greatly aberrant, patch
tracking showed that patches in this mutant had a clear defect in invagination.
Defective invagination was also found for cells expressing the G397R mutant
however this was less surprising considering that this mutant had been shown to

be non-functional in most of the functions tested.

3.3. In-vitro analysis of Vps1 mutants

Studying the role of Vpsl in living yeast cells and examining the effect of the
mutations in the physiological environment has been an important tool in
increasing our understanding of the functions in which it is involved. However,
yeast cells are complex containing thousands of proteins which makes it
challenging to study specific mechanistic defects in the biochemical properties of
the protein of interest. In vitro studies allow a complementary approach to
investigate the proteins of interest and was used here for studying Vps1 and the

effect of the three mutations addressed in this project.

3.3.1. Expression and purification of His-tagged Vps1 proteins

The first step towards analyzing the effect of the mutations on the biochemical
properties of Vps1 was to purify the proteins from the cells. This was achieved by
expressing Vps1 carrying the disease mutations in a His-tagged plasmid construct
and purifying the proteins using a His-Trap HP column via nickel binding.

Vps1 disease mutations were introduced into a previously constructed N-terminus
His-tagged Vpsl wild-type plasmid construct (pKA 850) via site-directed

mutagenesis and this was confirmed by sequencing to ensure that only the
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mutations of interest were present (work performed by Iwona Smaczynska-de
Rooji). His-tagged Vps1 R298L (pKA 819), G397R (pKA 820) and A447T (pKA 821)
plasmid constructs were transformed into E.coli chemically competent cells
(Section 2.2.2.) for protein expression, and cell cultures were grown in 2 L of 2xYT
media + ampicillin. Protein expression was induced by IPTG and cells were

harvested by centrifugation (section 2.5.1).

The proteins were purified and eluted into 1 ml fractions using high salt buffer
containing 500 mM of imidazole. 10 ul of the first two elution fractions were run on
an SDS gel. As it can be seen from [figure 3.14] the three Vps1l mutations were
successfully expressed in bacterial cells at similar levels to the wild type protein.
The protein concentration was measured using a BSA standard curve (see section

2.5.2) where the concentration of the proteins ranged between 3 to 10 uM.

3.3.2. Effect of Vps1 mutations on Self-assembly

It was reported that dynamins are able to oligomerize into higher ordered
structures, which is crucial for performing their cellular functions. Recent work
from the Ayscough lab (Palmer et al. 2015) has shown that Vpsl forms ring
structures which are very similar to those formed by dynamins but slightly smaller
in size, 32 nm in diameter compared to 43 nm [Chappie et al. 2011, Hinshaw and
Schmid, 1995].

To determine whether any of the three mutations affected the oligomerization
property in Vpsl, a self-assembly experiment was performed, where a non-
hydrolysable form of GTP known as GTPys was used. GTPys binds to Vpsl in a

similar manner to GTP however since it non-hydrolysable, it locks the protein in an
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* Band size 80 kDa

Vpsl WT

Vps1l_R298L

Vpsl_G397R

Vpsl_A447T

Fig.3.14. Purification of His-tagged Vps1 proteins. Vps1 wild-type, R298L, G397R
and A447T proteins purified using the His-trap column and eluted using high salt
buffer into 1 ml fractions. Lane 1 and 2 represent the first two elution samples from
the purification column. Samples were run on an SDS PAGE and stained with

Coomassie.
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oligomerized form and so in a pelleting assay, all of the protein oligomers would be
expected to pellet upon centrifugation at high speed. In the case of a defect in
oligomerization caused by any of the three Vps1 mutations, a reduction in pelleting
would be expected.

The experiment was performed as described in the materials and methods (section
2.5.5) where, following protein purification, 10 uM of Vps1l wild-type, R298L,
G397R and A447T proteins were spun down at high speed and the supernatant and

pellet were carefully separated before they were run on a SDS gel.

Although much of the wild-type protein had pelleted even in the absence of GTPys
[figure 3.15] the presence of GTPys increased the proportion of protein in the pellet
confirming that Vps1 wild type was able to oligomerize. For both R298L and G397R
proteins the results did not show an increase in the proportion of protein in the
pellet in the presence of GTPys. This inability to oligomerize could explain why the
G397R appeared to be non-functional in almost all of its in vivo roles showing a
phenotype similar to that of the null. However this was not the case for R298L as
previous data in this project showed that it was a functional protein. Electron
microscopy (EM) examination of Vps1 wild-type and R298L and A447T has shown
an increased level of protein aggregation, which explains the pelleting of the
proteins even in the absence of GTPys. Therefore, due to the aggregative nature of
the R298L protein, it was difficult to make clear a conclusion on whether the
oligomerization property in this mutant was defective or not and a different
approach, possibly further EM examination would be a more appropriate approach

to use to make definitive conclusions.
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Fig.3.15. Effect of Vps1 mutations on oligomerization. Vps1 wild-type, R298L,
G397R and A447T proteins + / - GTPys were spun down and the pellet and

supernatant were separated by SDS PAGE gel and stained with Coomassie. Band

size is 80 kDa.

92 .-



Chapter 3 - In-vivo and In-vitro analysis of Vps1 mutations

On the other hand, a clear band shift was seen in the A447T protein where a higher
proportion of the protein was in the pellet in the presence of GTPys suggesting that

this mutation was not affecting the oligomerization property in Vps1.

3.3.3. Effect of Vps1 mutations on lipid-binding

Another well-documented property of dynamins is their interaction with lipids,
which is though to take place via the PH domain. In the case of Vps1 no PH domain
is present but instead a region known as Insert B (InsB), which was proposed to
play a similar role and despite the absence of the PH domain, Vps1 was shown to
bind and tubulate liposomes [Smaczynska-de Rooij et al. 2010]. To test whether any
of the three mutations have any effect on the lipid binding property of Vps1, a co-
sedimentation assay was performed where 20 ul liposomes and 5 uM Vps1 protein
were incubated together and the procedure was performed exactly as described in
the materials and methods (section 2.5.6). If Vpsl mutants do not affect this
property of the protein, then a higher proportion of the Vpsl protein would be

expected to pellet in the presence of liposomes compared to their absence.

As expected, a higher proportion of wild-type protein pelleted down in the presence
of liposomes confirming that it was able to bind lipids [figure 3.16]. Similar to the
self-assembly assay, the results for both R298L and G397R proteins did not show an
increase in the proportion of protein in the pellet in the presence of liposomes.
Again this could explain why G397R appeared to be defective in almost all of the in
vivo experiments performed, unlike the R298L where previous data in this project
showed that it was a functional protein. This again made it difficult to make a clear

conclusion on whether the lipid binding property in R298L was defective or not.
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Fig. 3.16. Affect of Vps1 endocytic mutations on binding lipid. Vps1 wild-type, R298L,
G397R and A447T proteins + / - liposomes were spun down and the pellet and supernatant

were separated by SDS PAGE and stained with Coomassie.Band size is 80 kDa.
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On the other hand, a clear band shift could be seen in the A447T protein where the
presence of liposomes increased the proportion of protein in the pellet, suggesting

that this mutation was not affecting the lipid binding property in Vps1.

Since a direct co-sedimentation assay had its limitation due to the oligomerizing
nature of Vps1 proteins, a different approach was used to investigate interaction with
lipids. This involved using PIP strips, which are hydrophobic membranes that have
been spotted with 100 pmol of 15 different phospholipids (Echelon). The table on the

next page (table 2) summarizes the function of some of these phospholipids.

The PIP strip membranes were incubated with Vps1 wild type, R298L, G397R and
A447T proteins and the membranes were analysed using western blotting (section
2.5.7). The results [figure 3.17] showed that wild type Vps1 interacted only with the
mono-phosphoinositides and phosphatidylethanolamine (PE). In the case of the
endocytic mutants, R298L was shown to bind not only to mono-phosphoinositides
but also to di- and tri-phosphoinositides. This confirmed the lipid binding ability of
the R298L mutant, and also highlighted a marked change in the lipid-binding
specificity caused by this mutation. The results have also shown that lipid binding
was greatly reduced in G397R mutant with only a very weak interaction evident
with PtdIns(3)P. A447T was more similar to the wild type but showed a weaker

interaction with PtdIns(5)P.
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Phospholipids Role Reference
PtdIns(3)P enriched in the early endosomes and is found in the Sbrissa et al.
plasma membrane. 1996
PtdIns(4)P important in regulating membrane trafficking at the | Godi etal. 2004
exit of the Golgi complex. It is also a precursor to
PtdIns(4,5)P2.
PtdIns(5)P arare lipid found in the nucleus and is Barlow et al.
phosphorylated to PtdIns(4,5)P2. 2010
PE found in cell plasma membrane. Wellner et al.
2012
PtdIns(3,4)P2 generated at the plasma membrane activating a Posor et al.
number of cell signalling pathways and playing a role 2013

in clathrin-mediated endocytosis.

PtdIns(3,5)P2

required for retrograde membrane trafficking from

[konomov et al.

lysosomal and late endosomal compartments to the 2002
Golgi. Its dysregulation has been linked to several
human neuropathies including Charcot-Marie-Tooth
disorder.
PtdIns(4,5)P2 regulates clathrin-mediated endocytosis and was Czech MP,
suggested to be required for endocytic membrane 2000, Sun and
invagination. Drubin, 2012
PtdIns(3,4,5)P3 | found at the plasma membrane where it controls Czech MP,
processes such as phagocytosis, pinocytosis, 2000, Lawe et
exocytosis, and cytoskeletal organization and it was al., 2000

shown to regulate endosome fusion.

Table.2. Summary of the function of some of the phospholipids from the PIP

strips.
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LPA S1P
LPC Ptdins(3,4)P,
Ptdins 2 Ptdins(3,5)P,
pdins(3)p | @ o " D @ Ptdins(4,5)P,
Ptdins(a)p | & o * Q Ptdins(3,4,5)P,
Ptdins(5)P | @ ) PA
PE | © PS
PC Blank
WT R298L G397R A447T
Lysophosphatidic Acid (LPA) | O O | Sphingosine-1-phosphate (S1P)
Lysophosphocholine (LPC) | O O [ PtdIns(3,4)P; (P-3416)
PtdIns (P-0016) | O O | PtdIns(3.5)P; (P-3516)
PtdIns(3)P (P-3016) | O O | PtdIns(4.5)P; (P-4516)
PtdIns(4)P (P-4016) Q O | PtdIns(3.4,5)P; (P-3916)
PtdIns(5)P (P-5016) | O O | Phosphatidic Acid PA
Phosphatidylethanolamine PE | O O | Phosphatidylserine PS
Phosphatidylcholine PC | O O | Blank

Fig.3.17. Lipid Binding analysis of Vps1 mutants using PIP strips. A) PIP strip
membranes incubated with Vps1l wild type, R298L, G397R and A447T proteins.
The membranes were blotted and probed with anti-His antibody. B) The identity of
the 15 lipids spotted on the PIP strip membrane. Image taken from Echelon

website.
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Since these results have shown an altered binding specificity of Vps1 R298L toward
phosphoinositides compared to the wild type protein, a further investigation into the
degree of binding of the R298L mutant towards those phosphoinositides was
undertaken using a more sensitive membrane based assay - the PIP arrays. These
arrays are hydrophobic membranes that have been spotted with a concentration
gradient of eight phosphoinositides. The procedure was performed as described in
materials and methods [section 2.5.8] and the membranes were analysed using
western blotting. The results from the PIP arrays [figure 3.18] showed that the wild
type protein mainly interacted with the mono-phosphoinositides and this
interaction increased as the concentration of the phosphoinositides increased. A
weak interaction with PI(4,5)P2 was also seen. Supporting the data from the PIP
strip, R298L interacted with all of the phosphoinositides on the membrane except
for PI.

With most of the phosphoinositides, the interaction increased gradually as the
concentration of the phosphoinositides increased, however, in the case of PI(3,5)P2,
an interaction could only be seen at concentrations higher than 25 pmol suggesting

that the affinity for this phosphoinositides was lower.
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Fig.3.18. PIP array analysis of wild type Vps1 and R298L. Purified Vps1
wild type and Vpsl R298L proteins were incubated with PIP array
membranes to check for concentration dependent interaction. The

membranes were blotted and probed with anti-His antibody.
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3.3.4. Vps1 and actin interaction using Electron Microscopy

Previously in this project the A447T mutant was shown to have a phenotype similar
to the wild type in every test performed. However when tested for the level of Sac6
at the endocytic patches (section 3.2.10.2), the majority of A447T patches had high
levels of Sac6 at the early stage of endocytosis. Since Sac6 is an actin bundling
protein and recent studies have shown that Vps1 can directly interact with actin
[Palmer et al. 2015], it was decided to investigate whether the A447T mutant
affected the interaction with actin. The most direct way of investigating this would
have been by performing co-sedimentation assays, however this experiment
appeared to be very challenging with the oligomerizing nature of the protein and
although initial attempts were undertaken, no consistent results were obtained.
Therefore, in order to answer this question, A447T and F-actin were incubated and
examined using electron microscopy. The procedure was performed as described in
the materials and methods (section 2.7.2) where 1 uM Vps1 wild type /A447T was
added to 1.5 uM F-actin. For controls, 1.5 uM F-actin only and 1 uM Vps1 wild type
/A447T protein only were used. 5 ul of a 1:10 dilution of each mix was adsorbed
onto carbon coated grids and were negatively stained using uranyl formate. The
grids were examined using Gatan MultiScan 794 charge-coupled device (CCD)

camera on Philips CM100 electron microscope.
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Fig.3.19. EM analysis of Vpsl and actin. Purified Vpsl wild type and A447T were
incubated with F-actin and visualized by EM. A) EM images showing Vps1 wild-type and
A447T alone or following incubation with F-actin. Blue arrows indicate rod-like shape of
Vps1, Black arrows indicate ring structures and red arrows indicate spike-like structures.

B) Closer images of ring structures formed by Vps1 A447T mutant proteins.
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The EM images [Figure 3.19.a] showed that in the absence of actin, Vps1 wild-type
protein formed rod-like shaped structures, with an average length of 8.2 nm.
Similar to the wild-type protein, the A447T mutant protein also formed rod-like
shaped structures in the absence of actin with an average length of 7.6 nm. In
addition, the A447T protein also formed ring-like structures [figure 3.19.b], which
were not evident in these conditions for the wild-type protein. These ring
structures were very similar to those reported in a recent study by Palmer et al
2015, and had an average diameter of 27.2 nm compared to 32 nm for Vps1 wild-

type as reported in the mentioned study.

In the presence of actin however, the wild type Vps1 formed spike-like structures
all along the actin filament. The A447T mutant was also able to form similar
structures, however these appeared to be larger in size and less frequent. To
confirm this observation, the number of spikes formed by both wild-type and
A447T proteins per 150 nm length of actin filament was quantified and the results
[figure 3.20.a] have shown that the average number of spikes per 150 nm of actin
filament in the wild type was about 5 spikes compared to about 2 spikes in the

A447T mutant.

The effect of actin on the oligomerization of A447T was further investigated by
measuring the length of oligomers (spike-like structures) formed by the wild-type
and A447T proteins in the absence of actin, in actin background and on actin
filaments [figure 3.20.b]. The results revealed that in the presence of actin the

average length of the wild-type oligomers increased from 8.2 nm to 15.5 n.
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Fig.3.20. Analysis of Vps1 A447T spikes. A) Quantification of the number of Vps1
wild-type and A447T spikes per 150 nm length of actin filament. Error bars are
mean with SD. B) Quantification of the effect of actin on Vps1 oligomerization. The
length of oligomers formed by the wild-type and A447T proteins were measured in
the absence of actin, in actin background and on actin filaments. Error bars are

mean with SD.
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This was even more dramatic in the A447T mutant where the average length of
oligomers increased from 7.6 nm to 48.8 nm suggesting that the A447T mutation is

enhancing the protein oligomerization in the presence of actin.

3.4. Discussion

In this part of the study three Vpsl mutations were generated to mimic the
equivalent dynamin mutations that cause disease in mammals. The effect of each
mutation was analysed in several in vivo assays. In addition, the mutant proteins
were expressed recombinantly and purified. The effect of the mutations on protein
behaviour was also studied biochemically. Importantly all of the three mutants
were expressed in yeast cells at levels similar to that in the wild type indicating that
none of the mutations caused a major disruption to protein folding. Given that all
mutated residues project from the tertiary protein structure (judged by comparison
of Vps1l with the Dynamin-1 crystal structure) mutations would not have been
predicted to cause a large disruption of protein structure and, as surface residues,

would be more likely to affect protein-protein interactions.

The various assays undertaken have indicated that different functions are affected
in each of the mutants. Table 3 provides a summary of the Vps1l disease mutant
phenotypes. The mutation that caused the greatest effect to function was the G397R
mutation. This mutation would introduce a large basic residue in place of a small
residue that often confers flexibility to regions of protein. Both the charge and
reduced flexibility might be predicted to have a marked change on function. The
region in which this mutation is made is the stalk region. This part of dynamin

proteins is known to be important in oligomerization. It was therefore not
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completely surprising that this mutation had a negative effect on oligomerization in
vitro. Interestingly the mutation also caused a dramatic reduction in lipid binding.
The majority of assays conducted in vivo indicated that cells expressing this mutant
had a phenotype similar to the null strain therefore indicating the importance of
oligomerization and lipid binding in function. Interestingly however the presence of
the vps1l G397R protein seemed to confer greater temperature sensitivity and a
slower growth rate on cells. This might suggest that there is some level of
functionality in the protein. For example, it might still maintain certain protein
interactions with other binding partners. In support of this partial function the
G397R mutant appeared to have a phenotype distinct from the Vps1 deletion strain
for the Sncl trafficking assay. In the deletion strain there is an accumulation of
small vesicles, while in this mutant, material is also observed at the plasma
membrane. This might indicate that the G397R protein is still able to interact with a
protein at the endocytic site and that this, possibly unregulated interaction acts to

inhibit Snc1 recycling from the plasma membrane.

The A447T mutation had a less dramatic effect on the overall function of Vps1.
Although neither the normal nor the mutant residues have a charge, threonine is a
slightly larger residue with an additional methyl-group and also it has a hybroxyl
group which can participate in hydrogen bond interaction. These may therefore
result in steric clashes or inappropriate hydrogen bonding, which may disturb the
protein conformation. This mutation also lies in the stalk region, however unlike
the G397R mutation, it did not affect the oligomerization of the protein neither did
it affect the lipid binding. The majority of in vivo assays performed revealed a

phenotype similar to the wild-type except for endocytosis where the mutation
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caused a significant affect on the lifetime of all three reporter proteins tested.
Furthermore, the mutation also seemed to enhance the recruitment of Sacé at
endocytic sites suggesting that it may have an essential role during early stages of
endocytosis, which was unexpected, as Vps1, like other dynamins is considered to

function during the late stages of endocytosis, specifically the scission stage.

When tested for the affect of actin on the A447T oligomerization, it was very clear
that actin enhanced greatly the oligomerization of this mutant. The paper by Palmer
et al. 2015 revealed that Vps1 forms ring structures which help to bundle and
stabilize actin filaments at sites of endocytosis. In this study, similar ring structures
were also observed in the A447T mutant but not in the wild-type. The reason
behind this could be attributed to the difference in the purification conditions used.
In the study described in this thesis, spun protein extracts were used compared to
non-spun protein materials which was used in the Palmer study. This extra step of
spinning protein extracts allows removal of the non-functional and oligomerized
protein as well as all the debris that can affect EM analysis. However it could be that
this procedure has also resulted in the destabilization of the ring structures in the
wild-type Vps1, hence no rings were observed. The fact that these ring structures
were formed in the A447T mutants might suggest that the ring state is more stable
and prevalent in this mutant. The exact mechanism of interaction of A447T with
actin is still not clear and so further analysis is essential to understand the effect of
this mutation on actin, its stabilization and bundling and hence the outcome it has

on endocytosis.
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Of the three Vps1 mutations analysed in this study, the R298L mutation was the
most marked alteration at the level of the amino acid itself, where a large positive
hydrophilic residue was substituted for an uncharged hydrophobic residue. This
removal of charge might have been expected to have adverse effects on protein
stability and folding as well as affecting protein-protein interactions that the
protein may have. Although the R298L mutant protein was successfully purified,
the protein appeared to have a greater tendency to form aggregates, which made
interpretation of some in-vitro work difficult.

As a result, it was difficult to conclude whether this mutation affects the
oligomerization of the protein. On the other hand, the data from the PIP strips have
revealed significant changes in the lipid binding specificity of R298L. Since this
mutation lies in the GTPase domain, it was unexpected for an effect on lipid binding
to occur, as this function has been suggested to lie within the Insert B region in the
stalk domain. However, one possible explanation could be the during the folding of
the protein into its tertiary structure or the dimerization/oligomerization of the
protein, the GTPase region somehow comes in close contact with the stalk region
and the R298 residue interacts with the Ins B bringing an effect on the function of

Ins B.

The GTPase domain in Vps1 contains a region known as Insert A (amino acids 74-
117) about which little is known. Though it would be predicted to lie relatively
close to the R298L position. It is possible that this region may be involved in lipid
binding, and since leucine is a hydrophobic residue, which can be involved in the

binding and recognition of hydrophobic ligands such as lipids, the mutant protein
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might have increased its affinity for binding lipids. Further structural studies will be

essential to understand such outcome from a mutation in the GTPase domain.

The majority of in vivo assays performed on cells expressing the R298L mutant
revealed phenotypes similar to the wild-type except for endocytosis where the
mutation resulted in a significant increase in the lifetime of Sla2 reporter protein
and defects in Sac6 endocytic patch invagination suggesting a defect following

commitment to invaginate.

Cells carrying the R298L mutation also had low uptake levels of lucifer yellow dye
and although data shows that the R298L cells can still perform fluid phase
endocytosis, the rate of endocytosis and trafficking of the dye to the vacuole is
reduced compared to the wild-type cells suggesting a defect in the process. Unlike
the wild-type or the other mutant cells, no plasma membrane staining was
observed in the R298L cells after 15 min of staining with lucifer yellow dye. This
could be either due to a faster initial uptake of the dye or a defect in the cell wall
which could allow an increased access of the dye into the cells. It is also possible
that the plasma membrane in this mutant is different, for example, the composition
or the arrangement of the plasma membrane might be different compared to wild-
type cells in which case this could result in the LY dye being washed off and
therefore a reduction in the total amount of dye uptake. A future experiment that
could be performed to clarify the level of internalisation is to measure the total
fluorescence intensity of LY inside the cells, which should show whether less dye is
taken up by the mutant compared to wild-type. Analysis of the cell wall by EM to

check for fundamental differences in the cell wall structure could also be attempted.
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Experiment R298L G397R A447T
Expression in yeast cells + + +
Cell growth + +/- +
Temperature sensitive - + -
Rescued by sorbitol +
CPY + - +
Normal peroxisomes + - +
Snc1-GFP recycling + +/- +
Normal vacuolar + - +
phenotype
Lucifer yellow staining + - +

Effect on Sla2 reporter -- - -

lifetime

Effect on Sac6 reporter + + +/-
lifetime

Effect on Rvs167 + +/- +/-
reporter lifetime

Sac6 patch intensity + + +/-
Rvs167 patch intensity + + +
Patch tracking - - +
Protein oligomerization ? - +
Lipid binding ? - +
PIP strips +++ - +
Electron microscopy ND ND +

Table 3. A summary table of the Vpsl disease mutant phenotypes. The
experiments performed are listed and the effect of each of the three mutations on

the phenotypes was marked as positive (+), negative (-) or no major effect (+/-).
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Chapter 4 - Investigating functional complementation of Vps1 by
Dynamin-2

4.1. Introduction

In yeast, Vps1 is the only dynamin-like protein that functions in endocytosis and
various membrane trafficking pathways. Studies of Vps1 suggest that it is likely to
function in a similar way to Dynamin-1 or Dynamin-2 in mammalian endocytosis
[Yu and Cai 2004, Smaczynska-de Rooij et al. 2010, Nannapaneni et al. 2010 and
Schmid and Frolov, 2011], where recent studies have reported that Dynamin-2
functions not only in endocytosis but also in a number of trafficking pathways
[Gonzalez-Jamett et al. 2013]. Similar to classical dynamins, Vps1 has a GTPase
domain and a stalk region but it does not have a PH domain nor does it have a
PRD domain. However, work from the Ayscough lab has shown that the Insert B
region is able to interact with amphiphysins via their SH3 domains, therefore
performing similar function to the PRD domain. In addition, recent work in the
Ayscough lab has shown that Insert B alone can confer lipid binding function, and
so perform at least part of the function of the PH domain.

The work in this chapter outlines attempts to investigate whether mammalian
Dynamin-2 can complement deletion of vps1 in any of its membrane trafficking
roles. A chimeric construct was also generated comprising vps1 with the Insert B
region replaced by the Dynamin-2 PH domain to determine whether this was able

to localize and function in yeast.

4.2. Introducing Dynamin-2 in yeast

To confirm whether dynamin is able to function in a similar way to Vps1 in yeast,
mammalian DYNZ gene was cloned into a yeast expression plasmid under a TPI
promoter for expression in yeast cells and to check for the rescue of a vps1 null

phenotype.
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DYN2 was PCR amplified using the 1150 and 1151 primers, while the plasmid
(pKA526) was digested with Xba I and Hind III restriction enzymes. A ligation
reaction was set up and transformed into E.coli competent cells after which plasmid
miniprep was performed. A restriction digestion was used to check for successful
ligation of the DYNZ gene into the plasmid following by plasmid sequencing to
confirm the correct ligation as well as the absence of any mutations in the construct
sequence. The construct was transformed into yeast cells expressing endogenous
Vps1 to check for any changes in cellular phenotype in the presence of the DYNZ gene,
and was also transformed into yeast cells with a vps1 deletion to check for phenotype

rescue.

4.3. Effect of temperature on cell growth

It has been previously shown in this project and elsewhere that vps1A cells show a
temperature sensitivity phenotype when grown at 37 9C (section 3.2.3). Since it was
proposed that Vpsl and Dynamin-2 proteins perform similar functions, it might be
expected that the presence of the DYNZ gene would rescue the temperature sensitive
phenotype expressed by vps1A cells. For this reason a temperature sensitivity test
(ts) was performed, where an overnight culture of KAY447 (Vps1 wild type) cells and
KAY1095 (vps1A) cells containing the pKA677 (Vps1 wild-type), pKA544 (empty CEN
plasmid), pKA549 (empty plasmid with a TPI promoter) and pKA 1227 (DYNZ2 under
a TPI promoter) expression plasmids were re-inoculated into fresh media and the
optical density was measured using the spectrophotometer where the ODsoo was
equalized at 0.2. Cell cultures were serially diluted (1:10, 1:100, 1:1000, 1:10,000 and
1:100,000) and spotted onto selective solid media. The plates were incubated for 3

days at 30 °C (permissive temperature) and 37 °C (restrictive temperature).
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As seen in [figure 4.1] the expression of endogenous wild-type Vps1 allowed the cells
to grow in both the permissive and restrictive temperatures. The presence of either a
CEN based plasmid (pKA544) or a plasmid containing a TPI promoter (pKA549) did
not affect the cell growth. In the absence of vpsl, re-expression of VPSI rescued
growth at 37°C as expected while Dyn2 was unable to rescue the ts phenotype of
yeast cells indicating that Dyn2 is not able to complement vps1 functions. However,
while the empty plasmid pKA544 did not rescue cell growth at 37 °C, unexpectedly
the pKA549 empty plasmid appeared to. This result would need to be repeated to
investigate whether this effect was reproducible. It was also noted that the plasmid

carrying Dyn2 did not impact on growth of cells with wild type Vps1.

4.4. Expression of Dynamin-2 in yeast

In order to analyze the effect of Dynamin-2 in yeast cells and to determine whether
the lack of rescue of vps14 growth phenotype was attributable to lack of Dynamin-2
protein in cells, it was important to confirm its expression and stability in yeast.
Therefore a yeast whole cell protein extraction was performed where KAY447 (Vps1
wild-type) and KAY1095 (vps1A) yeast cells containing the pKA549 (vps14) plasmid
or pKA 1227 (Dyn2) were used.

The procedure was performed exactly as described in materials and methods (section
2.5.9). A 10 % mouse brain extract was included as a positive control and an anti-
Dyn2 (rabbit) primary antibody and anti-rabbit HRP secondary antibody were used

to detect Dynamin2 protein following western blotting.
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30°C 37°C

Vps1 wild type + empty URA CEN PGK terminator (pka544)
Avps1 + empty URA CEN PGK terminator (pka544)

Avps1 + Vps1 wild type

Vps1 wild type +empty TPI plasmid

Avps1 + empty TPI plasmid

Vps1 wild type + Dyn2
Avps1 + Dyn2

Fig.4.1. Effect of Dyn2 on yeast growth. An overnight culture were serially diluted
and spotted onto selective media. Plates were incubated for 3 days at 30 °C and 37 °C.
A CEN empty plasmid (pKA544), an empty plasmid containing a TPl promoter

(pKA549) and a plasmid containing wild-type Vps1 (pKA677) were used as controls.
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As expected, Dynamin-2 protein was detected in the mouse brain extract but not
in the negative controls, Vpsl wild-type (KAY447) + pKA549 and
vps1A(KAY1095) + pKA549. However, no Dynamin-2 protein was detected in
both KAY1095 and KAY447 cells expressing the pKA1227 plasmid [figure 4.2]. A
band of about 150 kDa was detected which is most likely a non-specific band of
the antibody as it is seen in the strains in which Dynamin-2 has not been
introduced. This experiment was repeated three times, however all results

indicated no expression of the Dynamin-2 gene in yeast cells.

In order to determine the problem that was preventing Dynamin-2 expression in
yeast, a number of factors were considered. First, the functionality of the TPI
promoter in the plasmid, which could be tested by cloning a different gene known
to function under this promoter and check for its expression using western
blotting. This plasmid has been used on many occasions and expression is known
to occur for a number of other proteins so it was deemed that the promoter was
unlikely to be the main problem in this case. A second step that could be taken
would be to check for the production of the Dynamin-2 mRNA, for example by
performing northern blotting or reverse transcription-polymerase chain reaction.
If the results confirm the production of the Dynamin-2 mRNA then the following
step would be checking for defects in the translation of the mRNA, for example

due to the presence of rare codons.
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150KDa

Fig.4.2. Dyn2 expression levels in S.cerevisiae. Yeast whole cell protein extraction was
performed to check for the expression levels of the Dyn2 protein in yeast cells. Samples were
separated using a 10% SDS gel before being transferred onto a PVDF membrane. A Western
blot was probed with anti-Dyn2 antibody and 10 % mouse total brain extract was used as a
positive control. A band of about 150 kDa can be seen, however this is a non-specific band

as it can be seen in the strains in which Dyn2 has not been introduced.

- 116 -



Chapter 4 - Investigating functional complementation of Vps1 by
Dynamin-2

4.5. Checking for rare codons in S.cerevisiae

It was mentioned in the previous section that one of the possible reasons for not
detecting Dynamin-2 in yeast is due to a problem at the translation stage, which
can be caused by the presence of rare codons. Since checking for rare codons does
not require experimental procedure, it was decided to analyse the Dynamin-2
sequence for the presence of any rare codons that would potentially cause a
problem during translation in yeast. The t-RNAs available for rare codons are
usually far less numerous, which results in slowing down of the translation stage
and finally can give rise to a premature protein, if any is made at all. The online
Bioline calculator tool (http://www.bioline.com/us/media/calculator/01_
11.html) was used to check for the presence of rare codons of Dynamin-2 in yeast.
The results [figure 4.3] showed the presence of 21 rare codons, all coding for the

same amino acid, arginine (Arg) and consisting of the same codon CGG.

4.6. Exchanging Vps1 Insert B domain for Dyn2 PH domain

Introducing Dynamin-2 into yeast would have allowed investigating the functional
similarities between Vpsl and dynamin, however the presence of rare codons
made this much more challenging to achieve considering time limitations for the
project. During the analysis of the sequence, the PH domain of the DYNZ2 gene was
also checked for rare codons using the Bioline calculator tool. The results [figure
4.4] showed the presence of only two rare codons, which if introduced into yeast,
in the context of the rest of the Vpsl protein, may not cause such a drastic

reduction in translation.

-117 -



Chapter 4 - Investigating functional complementation of Vps1 by

Dynamin-2

1 mgnrgmeeli plvnklgdaf ssiggschld lpgiavvggqg sagkssvlen
51 fvgRdflprg sgivtRrpli lglifsktey aeflhckskk ftdfdevRge
101 ieaetdRvtg tnkgispvpi nlRvysphvl nltlidlpgi tkvpvgdgpp
151 dieygikdmi lgfisRessl ilavtpanmd lansdalkla kevdpgglRt
201 igvitkldlm degtdardvl enkllplrrg yigvvnrsgk diegrkdiRa
251 alaaerkffl shpayRhmad rmgtphlgkt lnggltnhiR eslptlrskl
301 gsqgllsleke veeyknfRpd dptrktkall gmvgqfgvdf ekriegsgdqg
351 vdtlelsgga rinrifherf pfelvkmefd ekdlrreisy aiknihgvrt
401 glftpdlafe aivkkgvvkl kepclkcvdl vigelistvr gctsklssyp
451 rlreeteriv ttyireregr tkdgilllid iegsyintnh edfigfanaqg
501 grstglnkkr aipnggeilv irrgwltinn islmkggske ywfvltaesl
551 swykdeeeke kkymlpldnl kiRdvekgfm snkhvfaifn tegrnvykdl
601 rgielacdsq edvdswkasf lragvypekd gaenedgage ntfsmdpgle
651 Rqgvetirnlv dsyvaiinks iRdlmpktim hlminntkaf ihhellayly
701 ssadgsslme esaeqagRRd dmlrmyhalk ealniigdis tstvstpvpp
751 pvddtwlgnt sshsptpqrr pvssvhppgr ppavRgptpg pplipmpvga
801 tssfsappip sRpgpgnvfa nndpfsappq ipsRpaRipp gippgvpsrr

851 apaapsRpti irpaepslld *

Fig.4.3. Rare Codons in S.cerevisiae. Amino acid sequence of Dyn2 gene in
S.cerevisiae. The highlighted amino acids are those composed of rare codons
and therefore may introduce difficulty during the translation stage. The rare
codons were identified using the Bioline rare codon calculator tool

(http://www.bioline.com/us/media/calculator/01_11.html).
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> Dyn2_PH ### translated in organism: Saccharomyces cerevisiae

1 dfigfanagg rstglnkkra ipnggeilvi rrgwltinni slmkggskey
51 wifvltaesls wykdeeekek kymlpldnlk iRdvekgfms nkhvfaifnt
101 egrnvykdlr gielacdsge dvdswkasfl ragvypekdg aenedgagen
151 tismdpgleR gve

Fig.4.4. Rare Codons in Dyn2 PH domain. Amino acid sequence of the
Dyn2 PH domain. The highlighted amino acids are those composed of rare
codons. The Bioline rare codon calculator tool

(http://www.bioline.com/us/media/calculator/01 11.html) was used to

identify rare codons.
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The PH domain in dynamin is thought to be essential in the protein interaction
with lipids, which is important for its role in endocytosis. Vps1 however has no PH
domain yet it was shown both in this project (section 3.3.3) and in a previously
published work [Smaczynska-de Rooij et al. 2010] to be able to bind lipids.
Because of the high conservation across most of the protein, it was thought that
this function was most likely attributable to the region showing difference - known
as Insert B (InsB) in Vps1.

Despite the absence of any sequence similarity, the Insert B region is thought to
function similarly to the PH domain in dynamin and so to study this in greater
depth, a chimeric construct was generated in which the Vps1 Insert B region was
exchanged for the Dynamin-2 PH domain. Another reason for investigating this
chimera is that if expressed it would potentially allow the investigation of many
more disease causing mutants, as a large subset of mutations causing both CMN
and CMT have been show to lie in the PH domain [figure 4.5] of Dynamin-2

[Kenniston and Lemmon, 2010 and Koutsopoulos et al. 2011].

4.7. Creating the chimeric protein

In order to exchange the Vps1_InsB for the Dyn2PH domain [figure 4.6], it was
essential to introduce appropriate restriction sites upstream and downstream the
InsertB region in Vps1. Upstream of InsertB, a Sall restriction site was introduced
by changing residue 532 from proline to valine, while Sacl restriction site was
introduced downstream of the region by introducing a silent mutation at residue

619 (glutamic acid) and changing valine 620 into leucine.

-120 -



Chapter 4 - Investigating functional complementation of Vps1 by
Dynamin-2

R522H A618T & S619L
E560K| P627H

I A

G537C |L570H

K562E

Fig.4.5. Disease mutations in the Dynamin-2 PH domain. Schematic diagram
highlighting the disease mutations in the PH domain of the Dynamin-2 protein.
Mutations in red represent those implicated in centronuclear myopathy (CNM) while
mutations in blue represent those implicated in Charcot-Marie-Tooth (CMT).

Information taken from Koutsopoulos et al. 2011 and Kenniston and Lemmon, 2010.
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The mutations were introduced by site-directed mutagenesis as described in the
materials and methods (section 2.4.5) using the 1138, 1139, 1140 and 1141
primers and pKA677 (Vps1 wild type) and pKA836 (Vps1_GFP) as templates. The
procedure was performed as stated in the manual kit. The PCR products were
cleaned using the PCR cleaning method (section 2.4.7) and sent for sequencing
(University of Dundee) to confirm the successful creation of the Sall and Sacl sites
and to confirm that no extra mutations were present.

The sequencing results confirmed the successful creation of the Sall and Sacl sites,
however, sequence analysis revealed the presence of an extra Sall site at the end of
the Vps1 gene in pKA677 (Vps1 wild-type). Therefore, before the InsertB could be
exchanged for Dyn2PH in this construct, it is essential to remove the extra Sall site,
which due to the time limitation was difficult to perform. Therefore, it was decided
to continue with the GFP construct of Vpsl that now had the restriction sites

introduced (pKA970).

The pKA970 plasmid was digested with Sall and Sacl restriction enzymes and the
fragments were separated on a 1% agarose gel. A band representing the digested
plasmid was excised from the gel extracted and cleaned using the gel extraction
method (section 2. 4.3). The PH domain from DYNZ gene was amplified using PCR
and the flanking Sall and Sacl restriction sites were introduced using the 1142 and
1143 primers. The PCR amplified Dyn2PH fragment was also digested with Sall and
Sacl restriction enzymes. A ligation reaction was set up to ligate the Dyn2PH into the
digested pKA970 and the successful ligation of the Dyn2PH into pKA970 was

confirmed by sequencing using the 832,833, 834 and 835 primers.
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A
532 (Sall) 619 (Sacl)
Vps1 InsB Vps1
535 612
492 —.— 612
Vps1 Vps1
1 532 619 704
B

ATGGATGAGCATTTAATTTCTACTATTAACAAGCTTCAGGACGCTTTGGCGCCCTTAGGAGGAG
GATCTCAATCTCCTATTGATTTACCACAGATCACTGTTGTCGGTAGGGTTCTCAAGCAATGGTTA
TGGTCGACTTCATTGGATTTGCCAATGCCCAGCAGAGGAGCACGCAGCTGAACAAGAAGAGG
GCCATACCTAACCAGGGGGAGATCTTGGTGATCCGCAGGGGCTGGTTGACCATCAACAACATC
AGCTTGATGAAAGGCGGTTCCAAGGAGTACTGGTTCGTGCTGACTGCTGAGTCGTTGTCTTGG
TACAAGGATGAAGAGGAAAAAGAAAAGAAGTACATGCTGCCACTAGACAACCTCAAAATACGG
GATGTGGAGAAGGGCTTCATGTCCAACAAGCATGTGTTTGCCATCTTCAACACAGAGCAGAGG
AACGTCTACAAGGACCTGCGACAGATCGAACTGGCTTGTGACTCCCAGGAAGATGTGGACAGC
TGGAAGGCTTCGTTCCTGCGAGCTGGGGTCTACCCAGAGAAGGACCAGGCAGAGAACGAGGA
TGGAGCACAAGAGAACACCTTCTCCATGGACCCGCAGCTGGAGCGGCAGGTGGAGCTCATCA
AGTTGTTGATTAGTAGTTATTTCTCTATTGTCAAAAGAACCATTGCCGATATTATACCAAAGGCT
TTGATGCTTAAATTGATTGTGAAAAGTAAAACTGATATTCAGAAAGTTTTACTCGAAAAACTTTAC
GGAAAGCAAGATATTGAAGAATTAACGAAAGAAAACGAC
ATAACCATTCAAAGAAGAAAAGAATGTAAG

Fig.4.6. Sequence of Dyn2_PH domain in Vps1l. A) Schematic diagram of the
exchange of the Vps1 InsB for the Dyn2PH domain. B) The sequence represent a
section of the Vps1 nucleotide sequence and the underlined sequence represents the
Dyn2_PH nucleotide sequence. The sequence highlighted in red are the 5’ Sall and 3’
Sacl restriction sites introduced to exchange the Vpsl_InsB with the Dyn2PH

sequence.
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4.8. Protein Expression of the Vps1InsBA Dyn2PH chimera

After successfully exchanging Vps1_InsB for the Dyn2 PH domain it was essential to
ensure that this exchange did not interfere with the protein production and its
stability in yeast. For this reason, a yeast whole cell protein extraction was
performed where vps14 yeast cells (KAY1095) containing the pKA836 (Vps1_GFP),
pKA528 (vps1A_GFP) and pKA970 (VpslinsBA_Dyn2PH-GFP) expression plasmids
were used. The procedure was performed as stated in the materials and methods
(section 2.5.9). A mouse anti-GFP mouse monoclonal antibody and anti-mouse HRP
secondary antibody were used to detect the Vps1InsBA_Dyn2PH chimera following
western blotting. As expected, no Vps1 protein was detected in the vps14 cell extract
but was expressed in the wild-type cells [figure.4.7]. The loading control has shown
that the lane with the chimeric protein contained slightly less extract compared to
the wild type and the empty plasmid lanes and this was reflected in the blot which
showed the expression of the chimeric protein but to a lesser extent compare to the

wild type most likely due to the loading error.

4.9. Investigating the localization of the Vps1AInsB Dyn2PH-GFP chimera in

yeast cells

In order for a protein to have a direct role in endocytosis, it is expected to, at least
partially localize to endocytic sites. Vps1_GFP was previously shown to localize to

several internal organelles such as the endosomes and the Golgi (Peters et al., 2004
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Fig.4.7. Expression of Vps1AInsB_Dyn2PH-GFP chimera in yeast. Yeast whole
cell protein extraction was performed, where vpsiA yeast cells containing
expression plasmids of vps1A_GFP (pKA528), Vpsl _GFP (pKA836) and the
Vps1AInsB_Dyn2PH-GFP chimera (pKA970) were used. Samples were loaded onto a
10% SDS gel before being transferred onto a PVDF membrane. A Ponceau staining of
the membrane was used as a loading control to allow the protein loading to be

compared.
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and Smaczynska-de Rooij et al. 2010) and also was shown to colocalize with the
endocytic adaptor protein Slal and Abp1 (Smaczynska-de Rooij et a. 2010).

After the expression of the Vps1AInsB_Dyn2PH-GFP chimera in yeast was confirmed,
it was important to investigate the localization pattern of this construct in yeast cells.
For this purpose, Vps1_GFP and Vps1AInsB_Dyn2PH-GFP were expressed as the sole

source of Vps1 in cells.

The yeast strain KAY1095 was transformed with pKA836 (Vps1_GFP) and pKA970
(Vps1AInsB_Dyn2PH-GFP) expression plasmids. These transformants were then
inoculated for an overnight growth and cell cultures were refreshed and grown until
exponential growth phase was reached. Cells were placed on a glass slide and were
visualized using fluorescence microscopy at 100x magnification. As expected,
Vps1_GFP showed clear localization to internal organelles most likely endosomes and
Golgi. In the cells expressing the chimeric protein all organelle localization was lost

[figure 4.8].
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Fig.4.8. Localization of Vps1AInsB_Dyn2PH-GFP chimera in yeast cells. Yeast
cells were transformed with Vps1_GFP and Vps1AInsB_Dyn2PH-GFP expression
plasmids to assess the effect of exchanging Vps1_InsB with the Dyn2_PH on Vps1
localization. Cells were visualized using fluorescence microscopy at 100x

magnification.
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4.10. Discussion

In this part of the study the mammalian DYNZ gene was cloned into a yeast
expression plasmid for expression in yeast to check for functional similarity
between Dynamin-2 and Vps1 and the ability to rescue a vps1 null phenotype. The
DYNZ gene however was not expressed in yeast cells, which was attributed, at least
in part, to the presence of 21 CGG codons, which encode for Arg. According to the
work published by Letzring et al. 2010, the CGG codon has only one t-RNA gene copy
and accounts for 4 % of the Arg codons in yeast compared to the AGA codon which
has 11 t-RNA gene copies and accounts for 47 % of the yeast Arg codons. Therefore
the presence of this high number of the CGG codons in Dynamin-2 may explain why
no protein could be detected in the western blot, as these codons most likely have
prevented effective protein production. One possible way of overcoming this
problem might be by growing the cells with the Dynamin-2 plasmid at a lower
temperature, possibly below 20 °C, which should slow down the cellular processes
including translation, which might allow more effective incorporation of the CGG
encoded arginine. Alternatively or in addition, the CGG codons could be replaced for

a more common codon in yeast such as AGA.

Given that only two CGG codons were present in the Dyn2PH domain and the high
number of disease mutations occurring in this region [figure 4.5] a different strategy
was then adopted. In this approach, the InsertB region in Vps1 was exchanged for
the Dyn2PH domain to generate a chimeric protein. A Vps1AInsB_Dyn2PH-GFP
chimeric protein was successfully created and importantly was shown to be
expressed in yeast cells. However, the chimera was not able to localize neither to the

plasma membrane nor to the internal organelles.
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One possible reason for this loss of localization was suggested to be due to a
possible lower level of PtdIns(4,5)P2 to which the PH domain is known to bind to on
the plasma membrane. For this reason, an attempt was made to elevate the levels of
PtdIns(4,5)P2 in yeast by introducing the chimeric protein into a sjl14, sjl2A yeast
strain. The Sjl1/2 proteins belong to the family of synaptojanins, which are
phosphatidylinisitol-4,5 bisphosphate phosphatases and are involved in endocytic
coat disassembly [Stefan et al. 2005 and Goode et al. 2015]. Although the
Vps1AInsB_Dyn2PH-GFP chimera was expected to localize to the plasma membrane
and to internal organelles, again no localization was observed (data not shown). It is
possible that the GFP tag is interfering with the functioning of the protein and so a
co-expression with untagged Vps1l_Dyn2PH may facilitate the chimeric protein

incorporation at relevant sites.

It is still not clear whether lipid binding is important for the localization of Vps1. It is
possible that the PH domain is preventing the formation of higher order structures
therefore interfering with the protein function as a whole. Another possible
explanation could be that InsertB, but not the PH domain, contains major
localization signal that is important in localizing Vps1 into plasma membrane and
other organelles. In a work published by Smaczynska-de Rooij et al. 2012, the
presence of a KxxPxxP motif predicted to bind the Rvs167 SH3 domain was
identified within InsertB region. Specifically, when the central proline in the motif
was mutagenized, the interaction between Vps1l and Rvs167 was lost. Since Vps1
does not have a PRD domain, which in dynamins is known to be involved in the

interaction with SH3 domain, it is possible that in Vps1, the InsertB region is acting
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as both the PH and the PRD domains. Therefore, when it was exchanged for the PH
domain, the PH domain was not able to rescue all of the functions performed by
InsertB, for example interaction with SH3 domain containing proteins, and hence
the loss of localization observed. One possible way to approach this problem is to
determine the motif or the specific amino acids essential for lipid binding within
InsertB and if possible exchange that specific motif for the PH domain and leave the
remaining of the InsertB. This should mean that the functions performed by InsertB
other than lipid binding should not be affected and the new chimeric protein should

be able to maintain its interaction with other protein partners such as Rvs167.
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5.1. Introduction

The work described in this thesis and elsewhere indicated that some Vpsl
mutations affect all of its known roles while other mutations only affect
endocytosis. These latter mutations presumably affect residues only required in
this process. In order to gain deeper insight into the function of Vps1l during
endocytosis, it was decided to investigate what other genes could rescue Vpsl
endocytic mutant phenotype when overexpressed. Because of ease of analysis, it
was determined that a primary screen would focus on rescue of temperature
sensitivity (ts) associated with one of these mutations and follow up analysis

would focus on more specific phenotypes.

5.2. Integration of Vpsl endocytic mutations into the yeast
genome

So far, the Vps1 mutations that have been studied were all expressed from a yeast
expression plasmid under the control of a Vps1 promoter. Because under various
conditions the number of plasmids carrying a mutation of interest can change
affecting by that the level of expressed protein in cells, it was essential to integrate
the Vpsl endocytic mutations into the yeast genome before the screen was
attempted. Integrating the mutations into the yeast genome should result in a
more uniform expression of the mutant proteins in cells. For this purpose, a URA3

deletion cassette and 5-Fluoroorotic acid (5-FOA) selection were used [figure 5.1].
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strain (KAY 1756)

- Vps1 _ Genomic DNA - S.cerevisiae

URA3 URA3 deletion cassette

KAY 1756 -  Vpsl

- v
exchanged for URA3 gene,

>< i.e. vps1A

Vps1l PCR product containing the
endocytic Vps1 mutation of interest
mutation

_ Vps1 _ Vps1 endocytic mutations
endocytic integrated into the yeast genome
mutation

In presence of 5-FOA When cells are grown in

media containing 5-FOA,
those that have
successfully exchanged the
URA3 gene for a Vpsl
endocytic mutation should
B show normal cell as no 5-

— z:— -

mutation Fluorouracil is formed.
5-Fluorouracil No 5-
formed Fluorouracil
l fmlmed
Cell death Cell growth

Fig.5.1. Summary of the Vps1 allele exchange. The URA3 deletion cassette was
used to produce a vpslA strain. PCR fragments containing Vpsl endocytic
mutations were then exchanged with the URA3 gene and the mutations were
integrated into the yeast genome. A 5-Fluoroorotic acid (5-FOA) selection was

used.

-133 -



Chapter 5 - Genetic screen to identify suppressors of an endocytic
mutant of Vps1

URA3 gene on chromosome V in yeast encodes for orotidine 5-phosphate
decarboxylase (ODCase), which is involved in the catalysis of a reaction important
in the synthesis of pyrimidine ribonucleotides in yeast RNA [Lacrout F. 1968]. In
the presence of 5-FOA, ODCase converts 5-FOA into 5-Fluorouracil, a toxic
compound resulting in cell death [Boeke ]D, et al. 1984]. In the case of successful
integration, the cells would have exchanged the URA3 gene for the Vps1 mutation
and therefore should be able to grow in the presence of 5-FOA.

In this study, and other studies, a number of Vps1 mutations were studied which
showed an effect on endocytosis but not on the other roles of Vps1. A number of
these mutations were chosen for this study with the aim of checking for a robust
phenotype that could be rescued in a suppressor screen. The mutations selected
were Vps1l R298L in the GTPase domain, A447T, RR457-8EE and E461K in the
middle/stalk domain, P564A in the Insert B region and K642A and 1649K in the

GED domain.

Plasmid constructs containing the Vpsl R298L, A447T, RR457-8EE, E461K,
[649K, P564A and K642A mutations were used as PCR templates and the 1161
and 1162 oligonucleotides were used for the allele exchange (section 2.4.5). The
linear PCR products encoding the mutant gene were transformed into KAY1756
yeast strain using the lithium acetate protocol (section. 2.3.2.2) and the cells
were plated on YPD plates and incubated at 30 °C overnight. The YPD plates
were replica plated onto media plates containing 5-FOA, and incubated at 30 °C
until colonies were evident. Once colonies started growing, they were re-

streaked onto a fresh media plate containing 5-FOA to confirm the selective
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growth and colony PCR was performed to check for the integration of the
mutations into the yeast genome. A 2 kbp increase in band size when run on an
agarose gel was an indication of successful integration compared to the non-
integrated samples.

Once the integration of R298L, A447T, RR457-8EE, E461K, 1649K, P564A and
K642A was confirmed via colony PCR, using the 712 and 713 oligonucleotides,
the generated products were cleaned using a PCR cleaning method (section
2.4.7) and sent for sequencing (University of Dundee) to further demonstrate the
integration of the mutations into the genome as well as to determine whether
any extra mutations had occurred. The results from both colony PCR and the
sequencing have shown that 5 mutations; A447T, RR457-8EE, E461K, 649K and
P564A were integrated successfully into the genome, while in the R298L and

K642A fragments additional mutations were present.

5.3. Analysis of the Vps1 integrated mutants

5.3.1. Growth at the permissive and restrictive temperature

After successfully integrating the Vps1 endocytic mutations into the genome, it
was important to test for their effect on the growth of yeast cells. Therefore a
temperature sensitivity test (ts) was performed where yeast strains grown
overnight were re-inoculated in fresh YPD media and incubated for 3 hrs at 30 °C.
0.5 ODeoo units of cells were serially diluted in a multi-well plate (1:10, 1:100,
1:1000, 1:10,000, 1:100,000) and 5 pl of each sample was spotted onto fresh YPD

plates, which were then incubated at 30 °C and 37 °C for 3 days.
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E461K
1649K
A447T

Fig.5.2. Temperature sensitivity test for Vps1 integrated mutants. 0.5
ODsoo units of cells were serially diluted and plated onto YPD plates and
incubated at 30 9C and 37 °C. Vps1 wild-type and vps14 were included as

controls.
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The results from the plates showed that out of all the mutants tested only RR457-
8EE and 1649K had a ts phenotype when grown at 37 °C. The 1649K mutant
showed a very weak growth 37 °C whereas the RR457-8EE showed no growth at
all [figure 5.2]. Because of their ts phenotype, which allows a ts phenotype
suppression screen to be carried out, both RR457-8EE and 1649K mutants were
chosen as possible candidates for the screen and therefore their phenotypes were

analysed further.

5.3.2. Protein Expression of the Vps1 integrated mutants

The growth test performed previously revealed a ts phenotype for both RR457-
8EE and 1649K mutants when grown at 37 °C. To confirm that this phenotype was
the result of the mutations rather than the proteins not being expressed or being
unstable in the cells, a yeast whole cell protein extraction was performed to check
for the protein expression in the cells. The method was performed as stated in
section 2.5.9. An anti-Vps1 (rat) primary antibody and anti-rat secondary antibody
were used to detect the Vps1 protein in a western blot and the results confirmed

the expression of the two mutants at similar levels to the wild-type [figure 5.3].

5.3.3. Effect of Vps1 integrated mutants on vacuolar morphology

As well as its role in endocytosis, Vps1 is also involved in the maintenance of
vacuole morphology in cells [Raymond et al. 1992, Peters et al. 2004]. In this
experiment the aim was to identify whether integrating the mutations resulted in
a vacuolar fission defect. For this purpose the lipophilic dye FM4-64, which stains
the vacuole membrane in yeast [Vida and Emr, 1995] was used. An overnight

culture was re-inoculated in fresh YPD media and treated with FM4-64 for 60
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Fig.5.3. Expression levels of the Vps1 integrated mutants. Yeast whole cell
extraction was performed to check the expression levels of Vps1 RR457-8EE
and 1649K in yeast cells. A Ponceau staining of the membrane was used as a

loading control to allow the protein loading to be compared.
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minutes using the same procedure as described in the materials and methods
(section 2.6.3). Cells were visualized using fluorescent microscopy at 100x
magnification and vacuolar morphologies were categorized. As expected, the
majority of wild-type cells (Over 70 %) showed normal vacuolar staining which
involved the presence of two to five vacuoles all of which were similar in size. On
the other hand, 50 % of vps14 cells had fragmented vacuoles [figure 5.4]. Analysis
of the RR457-8EE mutant revealed that about 69% of the cells show a single
vacuole or single vacuole + endosomes morphology which was not evident in

either the wild-type or in the vps1A.

This could be an indication of a vacuolar fission defect where the vacuoles are
unable to perform fission and therefore appear as a single bright vacuole. In the
case of the 649K mutant, 56 % of cells showed a single vacuole or single vacuole +
endosomes morphology and about 38 % of cells showed a normal vacuolar
morphology. This suggests that similar to the RR457-8EE mutant, this mutation
could be affecting the vacuolar fission in cells but probably to a lower extend
compared to RR457-8EE. Previous analysis of vacuolar morphology in cells
expressing these mutants from plasmids had not noted these mild vacuolar fission

defects.
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Fig.5.4. Vacuolar morphology in RR457-8EE and 1649K integrated mutants.
Cells were treated with FM4-64 for 60 minutes at 30 9C to assess the effect on
vacuole morphology. Cells 0-were visualized using fluorescent microscopy at 100x
magnification. a) Graph representing the percentage of cells with each of vacuolar
categories. N = 80 from two independent experiments. b) Examples of different

categories of cell staining. Scale Bar 2 uM
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5.3.4. Effect of Vps1 integrated mutants on fluid phase endocytosis

Lucifer yellow (LY) staining was used to test for fluid phase endocytosis in the
RR457-8EE and 1649K integrated mutants. Cells were incubated with the dye
(section 2.6.3) to test for early (15 min) and late endocytic (90 min) defects. Cells
were visualized using fluorescence microscopy and were placed into appropriate
categories [figure 5.5].

After 15 min of incubation with the LY dye, 52 % of wild-type cells showed
vacuolar staining which increased to 90 % after 90 min of staining. In contrast, the
vps1A cells showed only 6.5 % of vacuolar staining after 15 min of staining and 45
% after 90 min of staining. Although the initial uptake of the LY dye in the RR457-
8EE mutant was similar to the wild-type, where 6 % of cells showed plasma
membrane and endosomal staining after 15 min of staining, the majority of cells
appeared to have defects in further trafficking and 70 % of the cells showed
endosome only staining. Only 4 % of the RR457-8EE cells had vacuolar staining.
This suggests that the trafficking pathway from the endosome to the vacuole could
be blocked, hence the accumulation of the LY in the endosomes.

After 90 min of staining 12 % of the RR457-8EE cells still showed endosome
staining and only 40 % of the cells had a vacuolar staining, supporting further the
suggestion that these cells have defects in vacuolar trafficking. With the 1649K
cells, 2 % showed vacuole only staining after 15 min however unlike the RR457-
8EE cells, 42 % of the 1649K cells showed endosome only staining and 35 %

showed endosome and vacuole staining.
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Fig.5.5 Fluid phase endocytosis of the RR457-8EE and 1649K integrated mutants. a) Cells

were treated with Lucifer yellow to assess fluid phase endocytosis at two time points, 15mins

for early endocytosis and 90mins for late endocytosis. Cells were visualized using fluorescent

microscopy at 100x magnification. b) Examples of different categories of cell staining. N = 80

cells from two independent experiments. Scale Bar 2 pM.

142 -



Chapter 5 - Genetic screen to identify suppressors of an endocytic
mutant of Vps1

The graph shows a slow and less efficient trafficking of the dye through the
different compartments compared to the wild-type cells, however it is unlikely
that any stage of the pathway is blocked. After 90 min of staining, 75 % of cells
showed vacuolar staining supporting the suggestion that this mutation seems to
only affects the rate of the dye trafficking and if given enough time, the dye would

reach finally to the vacuoles.

5.3.5. Further analysis of the TS phenotype of RR457-8EE and 1649K
Previously in this project the 1649K mutant showed a ts phenotype at 37 OC.
However, data from other projects have observed variability in its growth at 37 °C,
which might make it difficult to interpret any results following the suppression
screen. Therefore, the RR457-8EE mutant seemed to be a better candidate for the
suppression screen.

For a screen to be performed it was essential to identify the exact temperature at
which the RR457-8EE mutant cease to grow. This is because during the screen, the
cells may not get rescued by a high copy gene if the level of rescue required is too
great. Therefore, a ts test was performed using exactly the same procedure as
before (section 5.3.1.) but the cells were incubated at 35 °C instead of 37 °C. The
results have shown a ts phenotype for the RR457-8EE mutant at 35 °C, which was
more severe than that seen in the vps1A4 possibly suggesting a dominant negative

effect. The 1649K mutant was still able to grow normally at 35 °C.
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Fig.5.6. Temperature Sensitivity test for the RR457-8EE and 1649K
integrated mutants. 0.5 ODeoo units of cells were serially diluted and plated
onto YPD plates and incubated at 30 °C and 35 °C. Vps1 wild-type and vpsi4

were used as controls.
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In this experiment the difference in growth of the RR457-8EE mutant at 30 °C and
35 0C seemed to be quite dramatic and therefore preferably more analysis should
have been carried out to define the exact temperature at which the mutant would
start to show the ts phenotype. This however was not possible due to the time
limitation especially that these experiments and the suppression screen were

performed simultaneously.

5.4. Endoctyic suppressor screen using the YEp24 library

Yeast episomal plasmid 24 (YEp24) is a 7,769bp shuttle vector used for gene
overexpression in S.cerevisiae, but is also able to replicate in E. coli [Parent et al.
1985]. It is a high copy number plasmid and it contains the ampicillin (ampR), the
tetracycline (tetR) and URA3 marker for selection [figure 5.7] [Parent et al. 1985].
In this work, a YEp24 genomic library, which was created via blunt end cloning of
genomic fragments at the BamHI site, was used to perform the endocytic

suppression screen.

For the screen, 100 ml of log phase RR457-8EE mutant cells (OD600 0.5) were
transformed with 5 pl of the YEp24 library (1mg/ml) using the lithium acetate
transformation method (section 2.3.2.2) with 10 min heat shock at 40 °C. Cells
were resuspended in 4 ml of drop-out URA and recovered for 40 min before being
plated onto drop-out URA plates. Cells were plated onto 21 plate, in which 10 were
incubated straight at 34 °C, 10 were left at room temp overnight then moved to 34

0C and 1 was incubated at 21 °C to test for transformation efficiency.
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Fig.5.7. YEp24 Map. The map shows the different features and the unique
restriction sites of the YEp24 plasmid. EcoRI restriction enzyme cuts the

plasmid at 1 and 2241 bp.
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The plate at 21 °C indicated that there should be 50-100,000 transformants over
the 20 plates however only 11 transformants grew with no difference between the
plates that were left at room temperature before incubation and the plates that

were incubated straight at 34 C.

Each of these 11 colonies were extracted using the Zymoprep yeast plasmid
miniprep I (section 2.3.3.) where the final pellet was resuspended in 35ul of TE
buffer. A PCR test was performed using the plasmids as templates to check for the
presence of the Vps1 gene in the extracted plasmid, as in most screens it might be
expected to isolate the gene mutated. The results showed no band representing
Vps1 confirming that the growth of the 11 colonies was rescued by another gene
or genes. To make a bacterial stock of the rescued plasmids each of the 11
plasmids extracted from yeast cells were transformed into XL-gold bacterial
competent cells, plated onto YPD + ampicillin plates and incubated overnight at
37 OC. Plates were covered with cells from which 4 colonies from each of the 11
samples were picked up at random (total of 44 samples) and bacterial plasmid

minipreps were performed (section 2.4.1).

To confirm that the extracted plasmids were not empty, each of the 44 plasmids
were digested for 2 hrs at 37 °C with EcoR1 restriction enzyme which cuts the
YEp24 plasmid at two sites, 1 and 2241 bp. The digested samples were run on a
0.8% agarose gel for 30 min at 110V. As expected, the empty YEp24 plasmid
showed two bands, the first band being about 2300 bp and another band of about

5500 bp.
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All of the digested plasmids resulted in different band sizes compared to the
control which confirmed that the rescued plasmids were not empty and that the

growth rescue observed was due to the presence of another gene or genes [figure

5.8].

5.4.1. Confirming Suppression by isolated plasmids

Plasmid 1 from each of the samples B1-B8, B10-B11 and plasmid 1 and 4 from B9
were picked and re-transformed into the integrated RR457-8EE mutant using the
lithium acetate transformation method to confirm the rescue of the ts phenotype
previously observed. Cells were plated onto drop-out URA plates and incubated at
30 °C. The plates were covered with colonies and 2 random colonies from each
plate were inoculated into liquid drop-out URA media and grown overnight at 30
0C. OD600 0.4 of the overnight refreshed culture were diluted at 1/100 and
1/1000, plated onto drop-out URA plates and incubated at 35 °C to check for the
growth rescue. The results have shown successful growth of cells containing the

plasmids [figure 5.9].

After confirming the ts phenotype rescue, the following step was to identify what
genes were present in the plasmids. This was achieved by sequencing, where
plasmid 1 from each of the samples B1-B8, B10-B11 and plasmid 1 and 4 from B9
were sent for sequencing using the 1282 and OKA152 primers. Each of the
sequences obtained were analysed using the basic local alignment search tool

(BLAST) and the results came with a DNA fragment on chromosome VII.
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Fig.5.8. Test digest for the YEp24 screen recovered plasmids. Each of the 11
recovered plasmids (B1 - B11) were transformed into XL-gold competent cells
from which 4 random colonies were picked for plasmid miniprep. The minipreped
plasmids were digested with EcoRI. Yep24 empty plasmid was included as a

control. Bioline Hyperladder [ marker was used.
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Fig.5.9. Confirming the ts phenotype rescue. Two random colonies from
each of B1-B11 plasmids in the RR457-8EE mutant were picked and grown at

30 CO%as control and at 35 °C to confirm the rescue of the ts phenotype.
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The BLAST analysis revealed that plasmids B1 - B11 all contained fragments of
the same region in chromosome VII with only few base pair differences. This
region was shown to code for 3 genes, PBP1, ATF2 and ERG1. Unlike the other
plasmids, B4 fragment was greater in size and was shown to span through a larger
area on chromosome VII which codes for 7 genes in its sequence, PBP1, ATF2,

ERG1, CBP4, RGB2, YIP1 and part of MSM1 [figure 5.10]

5.5. Discussion

In total, 7 genes were identified in the YEp24 screen for suppressors of the ts
phenotype in RR457-8EE. Out of the 7 genes, 3 were present in all of the 11
plasmids rescued and these were PBP1, ATFZ and ERGI1. In addition, the B4
fragment also contained 4 additional genes in their sequences, which were CBP4,
RGBZ2, YIP1 and only about 250 base pair of MSM1.

The fact that the same region was picked up 11 times in a screen suggests its
importance in the phenotype rescue of the Vps1 RR457-8EE mutation. However,
from the initial search on the functions of these genes using the Saccharomyces
Genome Database (SGD) [Table 4], it appears to be unlikely for all of the genes to
be required for the rescue of the ts phenotype in RR457-8EE. Amongst those that
are unlikely to be involved in the rescue are CBP4 and MSM1, which are both
mitochondrial proteins and would probably not be able to suppress an endocytic
defect in the cell. On the other hand, PBP1, which is involved in Processing-body-
dependent granule assembly, might be a good candidate for the rescue especially
that a genetic interaction with Vps1 has been previously reported [Hoppins et al

2011].
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Fig.5.10. Genes identified in the screen. A schematic diagram represents
the region on yeast chromosome VII that was identified in the YEp24 screen.
The diagram represents the size of the fragments from each of the 11

plasmids rescued in the screen. This region contained 7 protein-coding genes

PBP1, ATF2, ERG1, CBP4, RBG2, YIP1 and MSM1.
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Processing bodies (P-bodies) which appear as dense foci in the cell cytoplasm
have fundamental roles in mRNA degradation and also they can be a place for
storing and protecting mRNA from harmful conditions until they are needed for
translation [Buchan et al. 2008]. It is possible that the temperature used in the
screen put the cells in stress and the overexpression of the PBP1 protein allowed
the protection of the essential mRNAs until the cells were adapted to their
environment and were ready to progress forward.

In order to understand which of the genes rescued the ts phenotype, it is essential
to introduce each of the genes from the screen separately into the RR457-8EE
mutant and check for ts phenotype rescue. This can be achieved via restriction
digestion of the genes and ligating them into a high copy plasmid before
introducing them into the RR457-8EE integrated mutant. Not only ts suppression
can be checked for, but also if any of these genes can rescue the endocytic and

vacuolar defects observed in the RR457-8EE mutant.

Although this screen aimed to identify suppressors of an endocytic mutation when
integrated, the RR457-8EE mutation was shown to have also affected the role of
the protein in vacuolar fission/morphology. However, because the YEp24 genomic
screen and the test for vacuolar morphology were performed simultaneously, it
was decided to continue with the screen based on the ts phenotype. The ts
phenotype of the RR457-8EE mutant was rescued, however it is still unclear
whether this was due to an endocytic rescue or it was a result of
rescuing/inducing other pathways within the cell that would make it survive the

stressful environment.
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Interaction
Gene Name Gene size Function with Vps1
Component of glucose deprivation induced Genetic
stress granules; involved in P-body-
dependent granule assembly; upon DNA
replication stress the protein increases in
PBP1 (Pab1p- abundance and relative distribution to the
Binding Protein) 2169 bp | nucleus [Buchan et al. 2008, Tkach et al. 2012]
ATF2 Encodes for alcohol acetyltransferase None
(AcetylTransFerase) 1608 bp | [Nagasawa etal. 1998]
Encodes for Squalene epoxidase a protein that None
catalyzes the epoxidation of squalene into 2,3-
oxidosqualene and also plays an essential role
ERG1 (ERGosterol in the ergosterol-biosynthesis pathway
biosynthesis) 1491 bp | [Jandrositz et al. 1991, Satoh et al. 1993]
CBP4 (Cytochrome B Mitochondrial protein required for assembly None
mRNA Processing) 513 bp of cytochrome bcl complex [Crivellone 1994]
Plays a role in translation; forms a complex None
with Gir2p; has similarity to mammalian
developmentally  regulated  GTP-binding
RBG2 (Ribosome protein [Li and Trueb 2000, Daugeron et al.
interacting GTPase) 1107 bp | 2011]
Integral membrane protein; required for the None
biogenesis of ER-derived COPII transport
vesicles; localizes to the Golgi, the ER, and
YIP1 747 bp COPII vesicles [Heidtman et al. 2003]
MSM1 Functions as a monomer in mitochondrial None
(Mitochondrial protein synthesis [Tzagoloff et al. 1989]
aminoacyl-tRNA
Synthetase,
Methionine) 1728 bp

Table.4. Summary of the genes identified in the suppressor screen.

Information was used from the Saccharomyces Genome Database (SGD).
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In the future it would be important to determine if the screen genes would also be
able to rescue the ts phenotype in vpsi4 as well as the other defects such as
membrane trafficking, peroxisomal inheritance and vacuolar defects. This would
answer the question of whether these genes can only contribute to the endocytic

role of Vps1 or they can also rescue its other roles.

One of the questions that puts itself forward is whether the genes identified in the
screen can also rescue defects caused by deletion of other endocytic genes such as
las17A and sla2A. This information would clarify whether these gene/genes have
a specific role at a specific stage of endocytosis or whether they have a more
general endocytic role. Growth tests, ts tests, vacuole morphology, peroxisomal
inheritance are all simple tests that can be done as a starting point to learn more
about the genes that came up in the screen and their effect on Vps1.

Due to time limitations further work was not undertaken, however, future work
can reveal important relationships and interactions either direct or indirect
between the rescued genes and Vpsl. The results from this project will be a
valuable addition to the Vps1 interaction chart unraveling new genes that can

affect its function.
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6. Discussion

The work presented in this thesis was aimed towards addressing the role of Vps1
in endocytosis and also aimed to determine whether studies of Vpsl could be
useful to inform about defects in mammalian dynamins caused by point
mutations. Work in chapter 3 describes how mutations corresponding to disease
causing mutations in Dynamin-1 (R256L and A408T) and Dynamin-2 (G358R)
were generated in yeast Vpsl. These studies focussed on mutations in highly
conserved regions of the protein that could allow effective identification of the
homologous residues. However, many disease causing mutations fall in the PH
domain of dynamin. Like other dynamin-like proteins, Vps1 does not have a PH
domain, instead at the equivalent position in its primary sequence is a different
domain referred to as InsertB. Thus in Chapter 4 attempts were made to
introduce either full-length Dynamin-2 or to generate a chimera
Vps1AInsB_Dyn2_PH. The aim here was to be able to subsequently model the PH
domain mutations in a manipulable system. Finally, a number of previous studies
in the lab, coupled with work outlined in chapter 3, had allowed generation of a
number of mutations that were defective in endocytosis but able to perform other
functions associated with Vps1l including Sncl recycling, Golgi to vacuole
trafficking and peroxisome fission. These mutations suggest that certain functions
of Vps1l were only important during endocytosis. The generation of stable cells
with integrated mutations allowed a screen to be carried out to identify genes,
which when overexpressed rescue the temperature sensitivity associated with
one of these endocytic mutations and thereby could indicate cell processes or

pathways that might impact on Vps1 function during endocytosis.
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Analysis of Dynamin Disease causing Mutations generated in Vps1

This work started with investigating the effect of three disease mutations on the
cellular role of Vps1. All three mutations have been linked to various neurological
diseases.

The G397R mutation in Vps1 is the equivalent mutation to G358R in Dynamin-2
that causes Charcot Marie tooth disorder. G358R was described to lie in the C-
terminus of the L1Ns loop which is one of the main contributors to interface 3
which was shown to be essential along with interface 1 for the assembly of
Dynamin-3 dimers into tetramers [Reubold et al. 2015]. This mutation was shown
to dimerise but was unable to bind liposomes, it also had a dominant-negative
effect on CME [Koutsopoulos et al. 2011, Sidiropoulos et al. 2012, Reubold et al.
2015]. It was suggested that the arginine side chain interferes with the proper
binding conformation of L1Ns. Interestingly, the G358R mutant was still recruited
to clathrin-coated pits, however these remained stable at the membrane surface
suggesting that interface 3 is important for the function of dynamin at the
clathrin-coated pits, but not in its recruitment [Reubold et al. 2015].

The work carried out in this thesis suggest that the G397R mutation does not
cause an inherent stability in the protein as levels of expression were similar to
those of Vps1 in wild type cells but the protein was no longer able to interact with
lipids effectively and that oligomerisation was reduced. The recent data published
by Reubold et al 2015 and the results described here suggest that the
oligomerisation and lipid binding are the main defects in the G358R/G397R
mutant which when expressed in humans probably affects all functions of the
protein hence leading to disease. It has been reported (unpublished work from

the lab by Marklew et al.) that oligomerisation is important for lipid binding by
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the dynamin PH domain. The result here might also suggest that oligomerisation
is important for lipid binding in Vpsl and the primary defect in the mutant is

oligomerisation.

The other two mutations analysed were based on Dynamin-1 mutations causing
epilepsy in mice (A408T) or exercise-induced collapse in Labrador retrievers
(R256L). These mutations reflect the importance of Dynamin-1 in neuronal cells
and in particular in endocytic recycling at the synapse. The process of synaptic
vesicle recycling involves the coupling of both exocytosis and endocytosis. The
fusion of synaptic vesicles containing neurotransmitters with the plasma
membrane of the presynaptic terminal results in the addition of new membrane
to it. This extra membrane is retrieved back into the cytoplasm of the nerve
terminal via endocytosis [Saheki and Camilli 2012]. At low levels of activity in
neurons it was shown that neither Dynamin-1, nor Dynamin-1 and 3 together
were essential for clathrin-mediated endocytosis to take place. The high level of
Dynamin-1 present at synapses is however required during extensive neuronal
activity to balance out the high rate of exocytosis taking place [Lou et al. 2008,
Saheki and Camilli 2012]. The synaptic vesicles need to be urgently recycled so it
can pack more neurotransmitters for release outside the synaptic plasma
membrane. The role of Dynamin-1 becomes very critical where it is required to
perform its role at a very high rate, hence its uniquely high GTPase activity.
Therefore, it is not surprising that any defects to the dynamin will have adverse
effects on the synaptic recycling pathway, which eventually leads to various
neurological disorders.

It was interesting that the two mutations in Vpsl were able to rescue all

functions of the protein apart from endocytosis. Despite the complexity of the
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neuronal cells it seems that the Vps1 mutations were causing defects that might
at some level recapitulate the defects caused by the disease mutations. In this
respect it is interesting that the mutations had distinct effects with the
R298L/R256L mutation in the GTPase domain having an unexpected effect on
lipid binding. It will be interesting to note whether this mutation in mammalian
dynamin-1 also influences the range of PI head groups that the protein is able to
interact with. The A447T/A408T mutation had more subtle, but still significant
effects on endocytosis. The fitful mutation is known to disrupt transferrin uptake
in mammalian cells [Boumil et al. 2010] and more recently it was shown to lie
close to the oligomerisation interface [Reubold et al. 2015]. Although the protein
was shown to be defective in its oligomerization, the A447T mutation in Vps1
showed no such defects. In fact, stable ring structures of this mutant were
observed by EM, further confirming its ability to form higher ordered structures.
The work published recently by Dhindsa et al. 2015 reported using electron
microscopy that fitful mice had a significant decrease in the number of vesicles
and an increase in its size in synapses compared to wild type. This observation
was consistent with the previously proposed idea by [Patterson et al. 2008] that
the mutation affected the synaptic vesicle recycling resulting in a defect in
endocytosis. If an increased oligomerising potential was also found with
Dynamin-1 this might be predicted to be able to have a detrimental effect on the
rapid recycling required at synapses when at exercise but not during normal level

of function.
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Introduce full-length Dynamin-2 and generation of a Vps1AInsB_Dyn2_PH
chimera in yeast.

This work started with introducing the full length Dynamin-2 into yeast to check
for complementation of vps1 deletion. However, most likely due to the presence
of large number of rare codons, Dynamin-2 could not be expressed in yeast. A
Vps1AInsB_Dyn2PH-GFP chimera was created in yeast with the aim of modeling
human disease mutations in the PH domain in yeast. Since many of the disease
related mutations in Dynamin-2 were located in the PH domain, creating a
construct that can allow the study of these mutations in a simpler model will
definitely be of a great value. It is interesting how mutations in a very close
proximity can cause the onset of different neurological disorders, as is the case
with Dynamin-2 PH mutations that cause Charcot-Marie-Tooth and Centronuclear
myopathy. Modeling these mutation in yeast will allow studying the basic effect of
these mutations on the biochemical property of the protein and hence a
comparison can be made between these mutations. The effect of these mutations
on the protein’s role in endocytosis and/or its other roles can be addressed
especially that there has been growing evidence that Dynamin-2 is not simply
involved in endocytosis [Yang et al. 2001 and Nicoziani et al. 2001] which makes
yeast a good model to expand on these studies.

Although in this work the Vps1lAlnsB_Dyn2PH-GFP chimeric protein was
expressed in yeast cells, it failed to localize to the plasma membrane or to the
internal organelles. As was discussed previously in section 4.10 one of the possible
reasons behind this could be that the InsertB region, but not the PH domain,
contains sequence that is not only important for lipid binding but also for the

interaction of Vps1 with other partner proteins. The deletion of InsertB resulted in
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the loss this sequence and this in turn could have lead to the loss in the
localization observed in the chimeric protein. Therefore, before this chimera could
be used, it is important to identify the residues within InsertB that are essential
for lipid binding and those essential for the protein’s interaction with other
partners. Once this is achieved, the PH domain can be substituted for the
residues/motifs that are required for lipid binding. This theoretically should
ensure that the localization of the new chimeric protein is not affected. Once a

stable construct is created, further studies described above can be undertaken.

Genetic screen for a suppressor of a Vps1 endocytic mutant

To fully understand the role and function of Vps1 in endocytosis screens can be
performed to identify proteins, which might act to perform equivalent functions.
Chapter 5 of this thesis describes a suppressor screen that was performed to
identify rescuers of the temperature sensitive phenotype caused by the Vpsl
RR456-7EE endocytic mutation. Results obtained from the screen revealed a
region on yeast chromosome VII that coded for 7 different genes. Although the
temperature sensitive phenotype of the RR457-8EE mutant was rescued, it is still
unclear which of the 7 genes was the major contributor to this effect. Once
identified, it would particularity be interesting to test whether this gene/genes
can also rescue the temperature sensitive phenotype associated with vps14 as well
as the other defects such as membrane trafficking, peroxisomal inheritance and
vacuolar defects. If the interaction between the suppressor gene/genes and the
Vps1 is specific to endocytosis, then none of the other defects exhibited by vpsi4
would be expected to be rescued. Testing the effect of the suppressor gene/genes

on other endocytic protein deletions such as las174 and sla2A would reveal
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interesting information on whether the Vps1/suppressor rescue is specific to a
specific stage of endocytosis.

The integrated Vpsl mutants form a stable construct and performing a
suppressor screen that would rescue specifically an endocytic defect rather than
simply temperature sensitivity would definitely be more informative. For
instance, an invertase assay can be used to assess endocytosis, which involves the
use of a construct where the SNARE protein Sncl is fused at its N-terminus to a
SUCZ2 gene which has an invertase activity and GFP at its C-terminus [Burston et
al. 2009].

Sncl normally gets internalized into the cell via endocytosis and gets recycled
back to the plasma membrane. When grown on appropriate media, colonies of
wild-type Vps1 would appear orange/brown in colour, however in the presence
of an endocytic defect, the colonies will appear dark brown in colour due to a
delay in the Sncl internalization [Smaczynska-de Rooij et al. 2010]. In the case of
the vps1A, the Sncl construct fails to get recycled back to the plasma membrane
and therefore the colonies appear white in colour. If a suppressor gene rescues an
endocytic Vps1 mutation, then the change in colony colour from dark brown to
orange would be expected. Therefore the rescue of an endocytic defect can be
easily monitored in a colormetric manner.

Overall the work described in this thesis has investigated the use of Vpsl as a
model for mammalian dynamin function and understanding diseases associated
with mutations in dynamin. The yeast work suggests interesting avenues for
future research and also indicates that it might be a useful model to understand
the growing breadth of membrane fission events with which Dynamin-2 is

associated.
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