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Abstract

Eukaryotic cells contain various organelles, enclosed structures that execute specialized
functions, crucial for maintaining cell metabolism under diverse growth conditions. The
careful regulation of organelle dynamics and maintenance is central to cell growth and
division, and disruptions can lead to a multitude of illnesses in humans. The budding yeast,
Saccharomyces cerevisiae, is a model organism that has significantly contributed to our
understanding of these processes, leading to the discovery of numerous factors and
mechanisms vital for organelle function, many of which are evolutionarily conserved.

Eukaryotic cells have developed certain strategies to control the position, quantity and size
of their organelles. These mechanisms involve molecular anchors that are vital for the
multiplication of organelles, their spatial arrangement, and the creation of inter-organellar
contact points. In S. cerevisiae, as in many other cell types, the distribution and dynamics of
organelles are indeed critically important. This balance between organelle anchoring and
motility does indeed play a key role in determining where organelles are located within the
cell and how they are distributed when the cell divides. The distribution of peroxisomes, for
example, is controlled through two main mechanisms: anchoring to the cortex in the mother
cell and transport towards the bud that is dependent on Myosin. This process is made possible
by the Inpl-Pex3 tethering complex which facilitates this transport. Like other organelles,
peroxisomes in yeast engage in interactions with various cellular structures. These include the
plasma membrane, mitochondria, endoplasmic reticulum, lipid bodies and vacuole.

This thesis provides novel insights into the interactions between Inpl, a component of the
tethering complex, and the actin cytoskeleton. We found that the initial 100 amino acids of
Inpl (its N-terminal) provide enough capability for binding to actin, revealing a novel
connection essential for peroxisome organization. This mechanism is distinct from the Inp2-
Myo2-mediated process, indicating the existence of multiple strategies for the organization
of peroxisomes and their association with the actin cytoskeleton.

Our research also demonstrates that the middle domain of Inp1 interacts with the conserved
actin-binding protein Srv2 through its C-terminus. Srv2 demonstrates a strong inclination
towards ADP-G-actin and facilitates the recycling of actin monomers, a vital process for the
quick turnover of the actin network. Moreover, we discovered an interaction between Srv2
and Vps1, a key protein in peroxisome fission. Based on these findings, we propose a new
model for the fission of peroxisomes during asymmetric cell division, where Srv2 functions as
a central negative regulator, with its C-terminal playing a critical role in peroxisome
regulation.
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Chapter 1 — Introduction

1.1 Peroxisomes

Peroxisomes are small organelles that are bounded by a single membrane and can be
identified in almost all eukaryotic cells. The discovery of these organelles dates back to 1954
when Rhodin identified cytoplasmic components within the cells of mouse kidneys, labeling
them as 'microbodies’ due to their morphological characteristics (Rhodin, 1954). Later, these
microscopic entities were isolated and defined biochemically by de Duve and his team using
equilibrium density gradients. The presence of enzymes within these 'microbodies' that
trigger reactions leading to the generation and then decomposition of hydrogen peroxide was
identified, leading to the coining of the phrase 'peroxisome' (DeDuve and Baudhuin, 1966;
Baudhuin et al., 1965).

Peroxisomes are notably adaptable organelles and their contents, morphology, quantity, and
size are able to rapidly vary according to extracellular and intracellular conditions. They
contain many enzymes needed for a number of metabolic activities and play crucial functions
in a wide range of biochemical processes. Organism-specific variations exist in peroxisomal
reactions. For instance, in the case of Photinus pyralis, a widely found firefly species in North
America, the luciferase, which is a light-producing enzyme responsible for its bioluminescent
glow, is specifically localized within peroxisomes (Keller et al., 1987). On the other hand,
certain processes occurring within peroxisomes, including the B-oxidation cycle for fatty acid
breakdown, are remarkably preserved among nearly all eukaryotes (Lazarow and Fujiki,
1985).

In many fungi and plants, fatty acid B-oxidation is solely dependent on peroxisomes, while in
more complex eukaryotes, the process of beta oxidation additionally happens within the
mitochondria. Prior to the 1980s, the prevailing belief was that the sole essential role of
peroxisomes in mammals was fatty acid B-oxidation once the cell's mitochondria reached
their maximum oxidative capability (Poirier et al., 2006). Nonetheless, this hypothesis was
contradicted by evidence showing that tissues from individuals suffering from peroxisomal
disorders exhibit accumulations of very long chain fatty acids (VLCFA) (consisting of 22
carbons or more), while certain medium-chain fatty acids may remain unaffected (Wanders
and Waterham, 2006). Despite the presence of functional mitochondria, VLCFA fail to
undergo beta-oxidation in the absence of active peroxisomes (Brown et al., 1982). Currently,
it is understood that more complex eukaryotes display unique selectivity for substrates in the
breakdown process of fatty acid within mitochondria and peroxisomes (Wanders and
Waterham, 2006).

1.2 Peroxisomal disorders

Peroxisomes are essential for maintaining the metabolism and subsequently ensuring the
continuity of life in the organism. Abnormalities in their activities result from mutations in
over 30 genes associated with peroxisome biogenesis and function (Wanders, 2018). These
mutations lead to peroxisome biogenesis disorders (PBDs), a cluster of autosomal recessive
conditions, which are the most severe among peroxisome-related diseases.
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The creation of peroxisomes and efficient import of peroxisomal proteins depend on the
coordinated function of a group of 16 PEX genes encoding PEX proteins, also known as
peroxins. Any alterations in these PEX genes cause complete or partial obstruction in
peroxisome biogenesis, disrupting several metabolic pathways and resulting in metabolic
abnormalities in affected individuals (Braverman et al., 2013).

Among PBDs, there are Severe Zellweger Spectrum Disorders (ZSDs), which encompass
varying phenotypes like Zellweger syndrome (ZS), Heimler syndrome, Neonatal
adrenoleukodystrophy (NALD), and Infantile Refsum disease (IRD) (Klouwer et al., 2015; Poll-
The et al., 1987). These conditions were initially identified based on clinical symptoms but
later recognized as different manifestations within the same clinical range due to biochemical
characterization.

Another group of disorders related to peroxisome formation is peroxisomal enzyme
deficiencies (PEDs) (Fidaleo, 2010). PEDs can result from deficiencies in a single enzyme,
leading to clinically severe diseases comparable to PBDs. These disorders impact various
metabolic pathways, including peroxisomal a and B-oxidation processes, as well as ether-
phospholipid synthesis. They are further categorized into specific smaller groups (Wanders
and Waterham, 2006).

Heimler syndrome, a rare genetic disorder caused by mutations in peroxisome-biogenesis
genes Pexl and Pex6, is characterized by symptoms such as sensorineural hearing loss,
imperfect tooth enamel development (amelogenesis imperfecta), abnormal nails, and, in
some cases, retinal pigmentation issues (Ratbi et al., 2015; Varela et al., 2020).

Another special group of PBDs results from mutations in Pex7, the PTS2 receptor, or the PTS2
containing protein alkyl dihydroxyacetone phosphate synthase (alkyl-DHAP-synthase),
leading to rhizomelic chondrodysplasia punctata (RCDP) due to a lack of ether lipid synthesis
(Motley et al., 1997). Clinical symptoms of RCDP include extremely short stature, abnormal
facial appearance, severe growth and mental retardation, and inherited contractures
(Heikoop et al., 1990; Hoefler et al., 1988; Motley et al., 1997).

The third group of PBDs comprises peroxisomal fission defects, linked to genetic defects in
peroxisome division genes such as Dlp1, Mff, Gdap1, and Pex11p (Ebberink et al., 2012; Huber
et al., 2013; Shamseldin et al., 2012; Waterham et al., 2007). These defects were identified
relatively recently, and their recognition was delayed due to limited biochemical
abnormalities associated with peroxisomes in patient-derived cells (Waterham et al., 2016).

The final type of defect in peroxisomal function is referred to as single peroxisomal enzyme
deficiencies (PEDs) (Fidaleo, 2010; Klouwer et al., 2015; Steinberg et al., 2006; Subramani,
1993). This category includes impairments in peroxisomal matrix enzymes and peroxisomal
membrane proteins responsible for metabolite transport. Disorders within this group involve
various metabolic pathways, such as peroxisomal fatty acid B-oxidation, peroxisomal fatty
acid a oxidation, peroxisomal glyoxylate metabolism, peroxisomal ether phospholipid
biosynthesis, and peroxisomal bile acid synthesis, as well as peroxisomal H202 metabolism
(Waterham et al., 2016).

1.3 Peroxisome biogenesis

The investigation into the biogenesis of peroxisome originated from the observation that
Saccharomyces cerevisiae exhibits peroxisome proliferation when cultured on oleic acid
media (Veenhuis et al.,, 1987). Subsequent investigations have unveiled the vital role of
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peroxisomes in the growth of this yeast when oleic acid is the exclusive carbon source. This
finding served as the foundation for a negative selection test in which peroxisome biogenesis
mutants lacking peroxisomal structures were discovered because they are unable to grow on
media containing oleic acid (Erdmann et al., 1989). The scope of this study was expanded to
include additional yeast species, including Pichia pastoris (Gould et al., 1992; Liu et al., 1992).
Additionally, research has been performed in Chinese hamster ovary (CHO) cells, a
mammalian cell line that is widely used in biotechnology. Peroxisomes are important for
plasmalogen biosynthesis in CHO cells, which are a class of phospholipids found in the cell
membrane. This requirement for peroxisomes in plasmalogen biosynthesis provides an
additional means of negative selection for identifying mutations involved in peroxisome
formation (Morand et al., 1990; Tsukamoto et al., 1990), these furthered our understanding
of the process in a mammalian context.

In addition to the use of negative selection assays to identify key genes, mutants within
peroxisome biogenesis were also recognised through positive selection screenings. This assay
worked on the expression of a bleomycin-resistant chimeric protein and the luciferase
enzyme in S. cerevisiae. This experimental design was based on the idea that the absence of
phleomycin resistance in cells would indicate the successful transport of the protein into
peroxisomes. Conversely, in modified cells where peroxisomes are absent, the fusion protein
responsible for the resistance of phleomycin will remain in the cytoplasm. As a result,
peroxisome biogenesis mutants can be selectively identified based on their resistance to
phleomycin, as reported by Elgersma et al. in 1993.

The genes discovered during this time were first given names and characteristics based on
their roles or the order in which they were discovered. Distel et al. summarised the system
by which they are currently recognised, and the proteins were named peroxins, which are
encoded by PEX genes, as described by Distel et al. in 1996. PEX genes have been additionally
identified through the utilization of DNA microarray methods for studying yeast genes
induced by oleic acid, as well as through proteomic methodologies. 36 peroxins are
discovered up to the present time. In the table below, the identified PEX genes in S. cerevisiae
are presented, along with the specific roles of each gene.

Table 1. 1 - Peroxins and their functions in Saccharomyces cerevisiae (adapted from Smith and
Aitchison, 2013).

Peroxin Functional classifications | References

Matrix protein targeting

Pex5 The shuttling receptor for PTS1 | (Klein et al., 2001)

Pex7 The shuttling receptor for (Marzioch et al., 1996)
PTS2

Pex18, Pex21 PTS2 cargo coreceptor (Purdue et al., 1998)

Pex9 The shuttling receptor for PTS1 | (Effelsberg et al., 2016)
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Peroxisomal matrix proteins

Pex4

Export receptor engagement
mediated by ubiquitin-
conjugating enzyme

(Distel et al., 1996)

Pex1, Pex6

Receptor recycling, AAA-type
ATPase

(Erdmann et al., 1991)

Pex8

Facilitating the relationship
between export machinery
and the docking complex for
importer assembly

(Rehling et al., 2000)

Pex22

serves as an anchor for Pex4
and is involved in receptor
export

(Koller et al., 1999)

Pex10,Pex2,Pex12

Components of the RF (RING
finger) complex involved in
receptor ubiquitylation

(Warren et al., 1998)

Pex13, Pex14, Pex17

Receptor docking complex

(Girzalsky et al., 1999)

Pex15

Pexl and Pex6 membrane
receptor

(Elgersma et al., 1997)

Peroxisomal membrane proteins

(PMPs) direct targeting

Pex3 Pex19 docking, PMPs insertion | (Hohfeld et al., 1991)
Soluble cytosolic chaperone
di t tor for class |
Pex19 and IMport receptor 1or c1ass 1) cite et al., 1998)
peroxisomal membrane
proteins

Peroxisomal membrane formatio

n from the endoplasmic reticulum

Pex3, Pex19

necessary for peroxisome de
novo biosynthesis

(Tam et al., 2005)

Necessary for peroxisome de

Pex2 H tal., 2012
ex2> novo biosynthesis (Huber etal., 2012)
Regulat i d
Pex30 egUlates peroxisome de novo | pavid et al., 2013)
pathway
Fission
Involvement in membrane
Pex11 elongation and recruitment of | (Opalinski et al., 2011)
fission machinery
Membrane remodelling and | (Rottensteiner et al.,
Pex25

elongation

2003)

Pex34 and Pex27

Positive fission regulators

(Rottensteiner et al.,,
2003; Tower et al,,
2011)
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Peroxisome biogenesis regulation

A complex comprising proteins
containing  the  reticulon
Pex32, Pex31, Pex29, and Pex28 | homology domain establishes
peroxisomes—endoplasmic
reticulum contact sites
Regulates peroxisome
Pex35 abundance and Interacts with | (Yofe et al., 2017)
Arfl

(Vizeacoumar et al,,
2004)

Peroxisomal matrix proteins are a group of proteins synthesized by free ribosomes in the
cytosol, and they undergo post-translational transport across the peroxisomal membrane to
be localized within the peroxisomes (Lazarow and Fujiki,1985). Within the peptide sequences
of the majority of matrix proteins, either of the two peroxisomal targeting signal sequences
(PTS), namely PTS1 or PTS2, is present. While some proteins carry only a single (PTS1 or PTS2),
there are rare proteins that have both signals. The predominant PTS1 sequence is
characterized by a consensus motif of [A/C/S-H/K/R-L] located at the C-terminal ends of the
proteins (Gould et al., 1989). In contrast, the less frequent PTS2 sequence is located near the
N-terminal region of proteins with [K/R-1/L/V-X5-H/L-Q/A] consensus sequences (Swinkels et
al., 1992; Petriv et al., 2004).

PTS1-containing matrix proteins interact with the cytosolic receptor Pex5, while PTS2-
containing matrix proteins associate with the cytosolic receptor Pex7. In S. cerevisiae, the
recognition of PTS2 proteins is facilitated by Pex7 protein, which necessitates the presence of
co-receptors Pex18 and Pex21 (the Pichia pastoris Pex20p) (Titorenko et al., 1998). In the
process of protein import into mammalian peroxisomes, two distinct isoforms of the Pex5
receptor, called PEX5S and PEX5L, perform different roles (Fujiki et al., 2022; Ebberink et al.,
2009; Dodt et al., 2001). PEX5L serves as a coreceptor for PTS2 proteins and also interacts
with the protein Pex7, acting as a transition site between the PTS1 and PTS2 pathways. On
the other hand, PEX5S likely does a separate role within peroxisome-related mechanisms
(Ebberink et al., 2009; Dodt et al., 2001; Braverman et al., 1998).

The latest model for protein import into peroxisomes suggests a stepwise process. First, the
receptor binds PTS1 matrix proteins in the cytosol via its C-terminal TPR domain. Then, the
cargo-bound receptor is recruited to peroxisomes through N-terminal pentapeptide motifs.
Once at the peroxisomal membrane, PEX5, along with the cargo, translocates into the
peroxisomal lumen. The high-affinity interaction between the pentapeptide motifs and the
lumenal domain of PEX14 prevents the diffusion of PEX5 and bound cargo back into the
cytosol (Skowyra and Rapoport).

To initiate recycling, the receptor's unstructured N terminus emerges into the cytosol,
inserting into the Ub ligase complex. This interaction requires an amphipathic helix (AH2)
within the N-terminal region of PEX5. The receptor is then monoubiquitinated at a conserved
cysteine and fully pulled out of the lumen into the cytosol by the PEX1/PEX6 ATPase. Another
conserved amphipathic helix (AH1) near the receptor's N terminus is crucial for these steps
(Skowyra and Rapoport). The pulling action of the ATPase causes the C-terminal TPR domain
to unfold, releasing the cargo inside the lumen. Subsequently, the TPR domain refolds in the
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cytosol, and the ubiquitin (Ub) is removed by deubiquitinating enzymes, resetting the
receptor for a new import cycle.

The proposed model also accounts for the import of PTS2 cargo. The ternary complex,
comprising PEX5, cargo, and the adapter PEX7, docks at peroxisomes and translocates across
the membrane using the receptor's pentapeptide motifs. After export of PEX5 through the
Ub ligase, both the cargo and PEX7 are left behind in the peroxisomal lumen. The mechanism
by which PEX7 returns to the cytosol is currently unclear due to the absence of unstructured
regions that could interact with the ligase (Skowyra and Rapoport) (Fig. 1.1).

Pex5

Pex1
Pex6

Figure 1. 1: A model illustrating the series of actions of PEX5 shuttling. The import process
encompasses seven main steps: () In the cytosol, PTS1 cargo binds to the TPR domain of PEX5.
(I) The cargo-bound PEX5 is then directed to the docking complex in the peroxisomal
membrane, which consists of PEX13 and PEX14. This recruitment occurs through WxxxF/Y
pentapeptide motifs (pink), with only the first 5 motifs shown. (lll) PEX5, along with the cargo,
translocates into the peroxisomal lumen. The high-affinity interaction between the
pentapeptide motifs and the lumenal domain of PEX14 (crimson square) prevents diffusion
back into the cytosol. (V) Export of PEX5 is initiated by binding to the ligase complex through
an amphipathic helix (blue). Subsequently, the unstructured N terminus inserts into the ligase
pore and emerges in the cytosol. (V) The conserved cysteine in PEX5 undergoes
monoubiquitination. (VI) PEX5 is then pulled out of the lumen through the ligase pore by the
PEX1/PEX6 AAA ATPase. This extraction process involves the unfolding of the TPR domain and
the subsequent release of the bound cargo. (VII) After extraction, the TPR domain refolds in
the cytosol, and ubiquitin is removed by deubiquitinating enzymes, effectively resetting PEX5
for a subsequent import cycle. Adapted from (Skowyra and Rapoport, 2022).
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Peroxisomal membrane proteins (PMPs) utilize distinct pathways for entering the
peroxisomal membrane compared to peroxisomal matrix proteins (Santoset al., 1988). The
involvement of Pex19 and Pex3 is crucial for peroxisomal membrane biogenesis. Loss of either
PEX3 or PEX19 leads to the absence of characteristic peroxisomal membrane structures,
causing mislocalization of the majority of PMPs to be cytosolic or to be in other membranes
such as the mitochondrial outer membrane or the endoplasmic reticulum (Gotte et al., 1998;
Matsuzono et al., 1999; Muntau et al., 2000; Hettema et al., 2000; Shimozawa et al., 2000).
In the complex eukaryotes, Pex16 has been identified as a key player in peroxisomal
membrane biogenesis (South and Gould, 1999; Honsho et al., 1998). However, the presence
and conservation of Pex16's function and structure vary among organisms, and it is absent in
certain yeast species, including S. cerevisiae (Farré et al., 2017).

PEX19 is primarily located in the cytosol, with a small part existing on the peroxisomal
membrane, and it plays a critical role in the biogenesis of peroxisomes (Matsuzono et al.,
1999; Gotte et al., 1998; Sacksteder et al., 2000). It acts as a cytosolic chaperone responsible
for guiding peroxisomal membrane proteins (PMPs) and an import receptor by interacting
with multiple PMP targeting signals referred to as mPTSs (Jones et al., 2004). These mPTSs
typically consist of a cluster of basic and hydrophobic amino acids along with a
transmembrane domain (Honsho and Fujiki, 2001; Dyer et al., 1996). When Pex19 interacts
with Pex3 on the peroxisomal membrane, it stabilizes the PMP bound to Pex19 and facilitates
its release into the peroxisomal membrane bilayer (Fig. 1.2) (Fang et al., 2004; Muntau et al.,
2003; Matsuzono et al., 2006). Most PMPs are classified as Class | PMPs since they are
inserted directly and post-translationally into peroxisomal membranes via Pex19.

Independent of Pex19, it is believed that Class Il PMPs target the peroxisomal membrane
through the ER. Pex3 is one of the few known Class Il PMPs that has been well characterised.
Pex3 follows a distinct import pathway compared to other PMPs, as its import into
peroxisomes does not require binding of its mPTS by Pex19 (Jones et al., 2004). This could be
as a result of its crucial function in the production of peroxisomes.
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Figure 1. 2: The process model for how peroxisomal membrane proteins are imported into
peroxisomes. In the cytosol, PMP docks with the chaperone of Pex19 protein through mPTS.
Pex19 chaperones the PMP until docking with Pex3 at the peroxisomal membrane. Finally,
Pex19 is returned to the cytosol after the PMP is inserted into the peroxisomal membrane.
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Modeling peroxisome growth and fission

The understanding of peroxisome growth and fission is rooted in the notion that peroxisomes
originate from preexisting peroxisomes, through a process involving growth of peroxisomes
using lipids derived from the ER, and the integration of cytosolic peroxisomal membrane
proteins (PMPs) in the membrane of peroxisomes, and subsequent division process that
generate new peroxisomes (Fig. 1.3) (Carmichael and Schrader, 2022; Motley and Hettema,
2007; Lazarow and Fujiki, 1985). Upon synthesis in the cytosol, PMPs have the ability to
undergo the process of translocation to reach peroxisomes via a post-translational
chaperoning process facilitated by Pex19. Within the peroxisomal membrane, Pex19
establishes interactions with Pex3 through its high-affinity N-terminus binding site, facilitating
the incorporation of Class 1 PMPs into the peroxisomal lipid bilayer membrane (Matsuzono
et al., 2006; Fang et al., 2004; Schmidt et al., 2010). The Pex19-Pex3 complex results in the
development of distinct structural and functional units. In this context, Pex3's mPTS is unique
compared to other PMPs' mPTS binding locations, allowing to form complexes of Pex3, Pex19,
and peroxisomal membrane proteins (PMPs) (Shibataet al., 2004). Additionally, the specific
binding region of Pex19 within human Pex3 has been found (Muntau et al., 2003;Fang et al.,
2004).

The functional role of the Pex1l protein family in peroxisome proliferation has been
extensively studied and characterized. In humans, three PEX11 homologs, which are
PEX11lalpha, beta, and gamma, are present, while in the majority of fungi, the PEX11
members includes Pex11, Pex25, and Pex27, with Pex27 and Pex25 being paralogs (Kiel et al.,
2006). To produce a new peroxisome, peroxisome multiplication happens through three
essential steps which are elongation, constriction and fission. Pex11 family proteins,
particularly Pex11 perform an elongation step. Pex11 in S. cerevisiae and the a, B, and y
isoforms of Pex11 in mammals induce peroxisome tubulation through the elongation step
(Carmichael and Schrader, 2022; Kiel et al., 2006). Additionally, when Pex25 is overexpressed,
it affects the normal peroxisome shape, resulting in the elongation of peroxisomes (Huber et
al., 2012). Elongation of the peroxisome is subsequently followed by constriction. Pex11 (or
Pex11B in mammals) interacts with Fis1, a tail anchored protein, leading to the recruitment
of Caf4/Mdv1 in yeast (the mitochondrial fission factor Mff1l in mammals) by Fis1 protein
(Gandre and Bliek, 2008; Motley et al., 2008). The dynamin 1 GTPase protein (Dnm1 in yeast,
or DIpl in mammals) is positioned at the constriction region, where the hydrolysis of GTP
activates peroxisome fission (Kuraviet al., 2006; Liand Gould, 2003). It has been discovered
that Pex11p in mammals serves an additional function as a GTPase activating protein (GAP)
for Dynamin-related 1 (Dnm1p). This finding highlights Pex11p's crucial role in the final step
of peroxisomal fission, specifically in mediating dynamin-like protein (DLP)-mediated
membrane scission. The study demonstrates that yeast Pex1lp is essential for Dnmlp's
function in vivo, and it physically interacts with Dnm1p, with inhibiting this interaction leading
to compromised peroxisomal fission. Furthermore, Pex11p functions as a GAP for Dnm1p in
vitro, and similar observations were made for mammalian Pex11B and the corresponding DLP
Drp1, indicating the conservation of DLP activation by Pex11p (Williams et al., 2015). In yeast,
there is another Drp which is involved in the process of peroxisome fission. During normal
growth conditions, Vps1 acts as a significant key protein in peroxisome fission and contributes
more to this process compared to Dnm1. Notably, Vps1 functions autonomously from Fis1
(Ekal et al., 2023; Motley et al., 2008; Hoefpner et al., 2001). In the Hettema lab, it has been
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shown that Vps1 interacts with Pex27 and Pex27 is crucial and required for Vps1 function in
peroxisome fission (Ekal et al., 2023) (Fig. 1.4).

Peroxisome growth Elongation and
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Figure 1. 3: A proposed model of peroxisome growth and fission. Peroxisomes acquire lipids and a specific
subset of peroxisomal membrane proteins from the endoplasmic reticulum through vesicular transport
and subsequent fusion. They also acquire peroxisomal matrix and membrane proteins newly synthesized
in the cytoplasm. These mechanisms facilitate the growth of peroxisomes. When a peroxisome reaches
an appropriate size, it enters a series of scission stages, including elongation, constriction, and ultimately

fission.
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Figure 1. 4: The proposed model for peroxisome scission in S. cerevisiae involves the proteins
Dnm1l and Vpsl. This schematic diagram highlights the key players involved in their
respective fission pathways. Dnm1 recruitment requires Fisl and Mdv1l/Caf4. Pex11 is
believed to play a role in membrane remodeling and regulation of Dnm1 GTPase activity.
Additionally, Pex27 contributes to Vpsl-dependent fission.

The de novo model of peroxisome biogenesis

The significance of the Pex3-Pex19 binding was demonstrated when cells lacking functional
Pex19 or Pex3 were found to be devoid of peroxisomes (Hettema et al., 2000). In the absence
of peroxisomes in peroxisome inheritance mutants or peroxisome biogenesis mutants, re-
expression of the absent gene can allow forming of peroxisomes when preexisting
peroxisomal structures are not present (Hohfeldet al., 1991). This finding resulted in the
emergence of the de novo peroxisome synthesis model. The process of de novo formation
involves the generation of new peroxisomes from specific domains within the endoplasmic
reticulum (ER), relying on the presence of Pex19 (Fig. 1.5) (Hoepfneret al., 2005).

When peroxisomal structures are absent, Pex3 begins to accumulate at specific domains
within the endoplasmic reticulum (ER), forming what is known as the pre-peroxisomal ER
(Motley and Hettema, 2007;Kragt et al., 2005; Hoepfneret al., 2005; Tam etal., 2005). In yeast,
numerous PMPs, including Pex3, undergo co-translational insertion into the ER with the
assistance of the Sec61 translocon complex, while peroxisomal tail-anchored (TA) proteins
undergo post-translational insertion and require the involvement of the guiding tail-anchored
membrane (GET) proteins as well as Pex19 protein (Thoms et al., 2012; Schuldiner et al., 2008;
Mayerhofer et al., 2016). In mammalian cells, the insertion of PMPs may occur directly
(Costello et al., 2017).
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Pex19 has a critical function in releasing pre-peroxisomal vesicles from the ER, while the
precise process guiding the release of Pex3 by Pex19 remain unclear. Currently, no additional
essential molecular machinery affected in this process has been determined (Lam et al., 2011;
Van Der Zand et al.,, 2010). The proteins of endosomal sorting complexes required for
transport (ESCRT)-III specifically Snf7 and Vps20, are believed to play a part in the scission of
pre-peroxisomal vesicles (Mastet al., 2018). These pre-peroxisomal vesicles subsequently
undergo fusion to induce a pre-peroxisome qualified for importing matrix proteins. Over time,
this pre-peroxisome matures to form a fully active peroxisome (VanDer et al., 2012).
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Figure 1. 5: The model of the de novo pathway of peroxisome biogenesis. PMPs undergo co-
translational insertion into the endoplasmic reticulum (ER) through the complex of Sec61 and
post-translational insertion through the complex GET. These PMPs are specifically targeted to ER
subdomains known as peroxisomal ER (pER). Subsequently, the formation of pre-peroxisomal
vesicles (pPVs) takes place, with Pex19 playing a crucial role in their Pex19-dependent budding
from the ER. These pPVs exist in two separate classes: one containing Pex2, Pex3, and Pex11, and
the other consisting of Pex3, Pex10, Pex12, Pex13, Pex14, and Pex17. Following their formation,
these pPVs undergo fusion, resulting in the formation of a pre-peroxisome. Importantly, pre-
peroxisomes have the ability to import matrix proteins and finally grown into functional
peroxisomes.
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Peroxisomes in mammals

The process of peroxisome inheritance in mammals is less well understood than it is in yeast.
Although Inpl and Inp2 are essential for peroxisome retention and transfer in yeast,
mammalian cells do not contain direct homologs of these proteins. Mammalian cells do,
however, contain a few proteins that have an effect on peroxisome distribution and
inheritance.

Peroxisome trafficking in mammalian cells is principally controlled by the microtubule
network and related motor proteins. The two primary motor proteins involved in peroxisome
trafficking are dynein and kinesin (Covill-Cooke et al., 2020). Microtubules' minus ends, which
are often found close to the microtubule-organizing centre (MTOC), are where dynein travels.
Itis in charge of peroxisomes moving backwards towards the MTOC. Through interacting with
dynein and its cofactor dynactin, the membrane protein Pex14, which has a vital part in
peroxisomal import (Bharti et al., 2011; Baker et al., 2016), enables the retrograde transport
of peroxisomes across microtubules (Bharti et al., 2011). On the other hand, Kinesin travels
along microtubules in the direction of the plus end, which is often found at the edge of the
cell. Kinesin anchors to the peroxisomal membrane utilising various adaptors, such as Pex1
(Dietrich et al., 2013), to enable the anterograde movement of peroxisomes towards the cell
periphery (Covill-Cooke et al., 2020) (Fig. 1.6).

Miro1l, a mitochondrial Rho GTPase, plays a critical function in the movement of peroxisomes
within mammalian cells. Researchers have identified three distinct splicing variants of Miro1:
Mirol-var2, Mirol-var3, and Mirol-var4, each containing specific amino acid sequence
insertions. Among these variants, Mirol-var4 and Mirol-var2 are specifically targeted to
peroxisomes through a dependency on insertion 1, which is recognized by the cytosolic
receptor Pex19p. Introducing Mirol-var4 exogenously results in the accumulation of
peroxisomes at the cell periphery and enhances their long-range movement along
microtubules. Conversely, the depletion of all Mirol variants hinders the long-distance
peroxisome movement, a defect that can be reversed by reintroducing peroxisomal Mirol
variants. Overall, these research findings establish the role of Mirol variants as adapter
proteins, facilitating interactions between peroxisomes and microtubule-dependent
transport complexes, thereby playing a vital role in intracellular peroxisome translocation in
mammalian cells (Castro et al., 2017; Okumoto et al., 2018).

The ER is now connected to several different organelles by many tethering components, but
limited information is available regarding the processes that link it to peroxisomes. Since the
biosynthetic processes of sterols, ether-phospholipids, and unsaturated fatty acids depend
on peroxisome-ER interaction, defects in these processes can result in serious illnesses. The
interaction between the endoplasmic reticulum (ER) membrane proteins vesicle-associated
membrane protein-associated protein (VAPA or VAPB) and the peroxisomal proteins acyl-CoA
binding domain protein (ACBD4 or ACBD5) facilitates the binding of peroxisomes to the ER.
This binding is essential for oscillatory peroxisomal movement. The peroxisomal protein
ACBD4 isoform 2 is tail-anchored and interacts with the endoplasmic reticulum (ER) protein
VAPB, facilitating the establishment of contact between these two organelles. Based on the
findings, ACBD4, similar to ACBD5 and E-Syts, can function as a molecular anchor, directly
connecting the endoplasmic reticulum (ER) and peroxisomes. This discovery identifies ACBD4
as the third protein in mammalian cells that contributes to ER-peroxisome contact, in addition
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to the previously known ACBD5 and E-Syts (Costello et al., 2017). Moreover, the absence of
VAP-A/B or ACBD4/5, which are essential proteins for establishing ER peroxisome contact
sites in mammalian cells, results in elevated peroxisomal motility. This is likely due to the
release of these organelles from their tethering, enabling them to move more freely (Costello
et al.,, 2017). A recent study has uncovered a molecular mechanism that regulates
peroxisome-endoplasmic reticulum contacts in mammals. The research demonstrates that
peroxisome-ER associations are controlled through the phosphorylation of the ACBD5-VAPB
tether. The study identifies phosphorylation points within both the flanking sequences and
the central core of the FFAT motif, which differentially modulate interactions with VAPB and,
consequently, peroxisome-ER contact sites. The FFAT motif (two phenylalanines in an acidic
tract) is a conserved amino acid sequence motif that plays a critical role in mediating the
interaction between proteins residing in the endoplasmic reticulum (ER) and certain
organelles, such as peroxisomes. Furthermore, the study reveals that glycogen synthase
kinase-3-beta (GSK3f) has a function in regulating their interaction (Kors et al., 2022).

Like fission in yeast, peroxisome fission in mammals is subdivided into three processes,
including elongation followed by constriction and then scission (Schrader et al., 2012;
Schrader and Fahimi 2006). Several human proteins associated with these processes have
been discovered in recent years. This includes the PEX11 proteins, which contribute to
elongation and constriction stages, as well as the DRP1/DLP1, Mff, FIS1, and GDAP1 proteins,
which essentially affect the process of peroxisome fission. Interestingly, these proteins
including DLP1/Drp1,Mff,Fis1,and GDAP1 participate in the fission processes of peroxisomes
as well as mitochondria (Schrader et al., 2012; Schrader et al., 2015). PEX11 and its related
proteins can be found in every organism containing peroxisomes and seem to be involved in
peroxisome elongation and the deformation of peroxisome membrane (Opalifski et al.,
2011a; Opalinski et al., 2011b). PEX11 in humans has three homologous isoforms known as—
PEX11la, PEX11B, and PEX11ly—which exhibit significant sequence similarity but seem to do
unique roles in the division pathway of peroxisomes. For instance, when PEX11a and PEX11p
are overexpressed, peroxisome abundance is affected resulting in a high number of
peroxisomes, while PEX1ly overexpression does not affect peroxisome abundance.
Furthermore, Pex11B is suggested to be involved in the growth and scission pathways,
participating in the elongation and constriction stages of peroxisome fission and in the
absence of MFF, PEX11B can stimulate peroxisome division through a DRP1- and FIS1-
dependent mechanism (Carmichael et al., 2022; Li et al., 2002). In contrast, PEX11y seems to
play a role in the de novo peroxisome formation pathway, potentially facilitating the
peroxisomal matrix proteins to be imported into the pre peroxisomal vesicles originating from
the ER (Waterham et al., 2016) (Fig. 1.7).
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Figure 1. 6: Molecular mechanisms of peroxisomal trafficking and interactions with the ER.
The machinery responsible for peroxisomal trafficking involves long-range movement
across microtubules, enabled by motor proteins like dynein and kinesin (KIFC3, KIF5). PEX14
enables the peroxisomes' backward motion across microtubules through interactions with
the dynein—dynactin motor complex. KIFC3 and KIF5 kinesins aid in peroxisomal transport
over long distances in the direction of the microtubules' positive end by interacting with
the peroxisome membrane through various receptors, (KIFC3 and its receptor PEX1). Mirol
may have a regulatory role in peroxisomal trafficking through its interactions with one of
the transport motors, dynein or kinesin. The motility of peroxisomes relies on their
attachment to the ER through the binding of VAPA/B to ACBD4/5 (Adapted from Covill-
Cooke et al., 2020).
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Figure 1. 7: A proposed model for growth and fission of peroxisomes. Peroxisomes originate
through the growth and fission of preexisting ones or by emerging de novo derived from
specific regions of the ER. These peroxisomes then mature into metabolically active
organelles by sequentially importing peroxisomal membrane proteins (PMPs) and matrix
proteins. The division of peroxisome entails separate consecutive stages: elongation
followed by constriction, and then scission (Adapted from Waterham et al., 2016).
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1.4 Peroxisome Maintenance and the Function of Pex3

In S. cerevisiae, the morphology and quantity of peroxisomes are controlled by four key
processes: fission, de novo formation, pexophagy, and inheritance (Fig. 1.8). While there are
some claims suggesting that peroxisome de novo formation happens in all cells (VanDer Zand
et al., 2012; Kimet al., 2006), most studies in yeast suggest that peroxisome multiplication
primarily relies on growth and fission, with de novo pathway occurring when a cell lacks pre-
existing peroxisomes (Knoblach et al., 2013; Motley and Hettema, 2007; Motley et al., 2015).

Pex3 is an extensively conserved peroxisomal membrane protein that exerts its influence on
several genetically distinct peroxisomal functions via its bindings with diverse proteins. It
functions as a central protein, coordinating various processes including membrane protein
import, retention biogenesis and pexophagy (Fig. 1.9). The involvement of Pex3 in peroxisome
biogenesis and the import of membrane proteins has been discussed in detail in Section 1.3.

Pexophagy is a selective autophagic breakdown of peroxisomes. It is critical for peroxisome
turnover under nitrogen starvation conditions (Hutchins et al., 1999; Klionsky, 1997).
Pexophagy necessitates the binding between Atg36 and Pex3 in S. cerevisiae (Atg30 in Pichia
pastoris). Atg36 is the peroxisomal receptor for autophagy that interacts with autophagy
machinery components Atgll and Atg8. Atg36 (or its orthologue Atg30 in Pichia pastoris)
functions as a specific pexophagy adaptor. It plays a crucial role in linking peroxisomes to the
autophagic machinery by interacting with Atg8 and Atgll (Motley et al., 2012; Burnett et al.,
2015). The binding of Atgll and Atg36 relies on the Atg36 phosphorylation by Hrr25.
However, the precise processes regulating the interaction of Pex3—Atg36 are currently
unknown (Tanaka et al., 2014).

Pex3 also acts as a critical key in the retention of peroxisomes during cell division and is
involved in the peroxisome position at the cells' cortex, a topic which will be further discussed
in more detail in Section 1.5.

In addition to the contribution of Pex3 in peroxisome retention, Pex3 was found to be
involved in the inheritance of peroxisomes. In Yarrowia lipolytica, which is a unique yeast
because it carries both Pex3 and its paralogue called Pex3B. Pex3 and Pex3B interact with the
classV MyosinV. In this way they function as peroxisome specific myosin receptors that assist
in the peroxisome movement to the daughter cells through the asymmetric division.
Furthermore, the Y. lipolytica Pex3 and Pex3B have the ability to interact with ScMyo2 (a class
V myosin in S. cerevisiae), indicating that Pex3 and Pex3B may function as a counterpart of S.
cerevisiae Inp2. Notably, the homologue of the S. cerevisiae Myo2p receptor, Inp2p, is not
readily identifiable in Y. lipolytica (Chang et al., 2009).

A recent study demonstrated that Pex3 in Hansenula polymorpha plays a role in forming
contact sites between vacuoles and peroxisomes, particularly during the rapid growth of
peroxisomes. Specifically, when the organism was grown on methanol, Pex3 was observed to
accumulate at sites where peroxisomes make contact with the vacuole. Interestingly, the
overexpression of Pex3 led to forming of contact sites between vacuoles and peroxisomes
even in states where such sites are not typically present (Wu et al.,, 2019). The exact
mechanism of how Pex3 binds to the membrane of vacuoles is currently unknown.
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Nonetheless, this finding highlights a further function of Pex3 in the formation of organelle
contact sites, which will be further described in Section 1.6.
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Figure 1. 8: Regulation of Peroxisome Dynamics in S. cerevisiae. Peroxisomes are regulated
through various processes, including fission, segregation, and pexophagy. These mechanisms
ensure the proper maintenance and turnover of peroxisomes within the cell. Fission: The
proteins Vps1l and Dnm1 contribute to the fission of peroxisome, leading to an increase in
peroxisome quantity. Pexophagy: The activation of Atg36 triggers pexophagy, a selective
degradation process in which peroxisomes are directed to the vacuole for breakdown.
Peroxisome retention and inheritance: During the asymmetric growth and division of the cell,
two proteins, Inpl and Inp2, play important roles. Inpl is involved in tethering peroxisomes
to the mother cell periphery, ensuring the retention of peroxisome. Inp2 recruits the Class V
Myosin Myo2, facilitating the transfer of peroxisomes across actin filaments to the growing
bud, enabling their inheritance.
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Figure 1. 9: Pex3 plays multiple functions in the biology of peroxisomes. The schematic
diagram depicted Pex3 roles. These include its involvement in peroxisome membrane import
facilitated by Pex19, the retention of peroxisomes mediated by Inp1, pexophagy regulated by
Atg36, as well as the formation of vacuole-peroxisome contact sites through factors that are
currently unidentified. (Adapted from Wu et al., 2019).
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1.5 The inheritance of organelles

One of the fundamental characteristics of eukaryotes is the presence of membrane bound
organelles within their cells. While these lipid-encased structures include multiple chemical
microenvironments, they have grown to coexist and continue to fulfill a variety of particular
activities. Cellular processes depend on the entire complement of organelles. The presence
of genetic material-containing organelles, such as the nucleus and mitochondria, is crucial for
cellular survival. The generation of these organelles is not possible de novo, thus necessitating
their inheritance from pre-existing organelles. Conversely, some organelles can emerge de
novo like peroxisomes and vacuoles, but compared to the replication and partition of pre-
existing organelles, this is not energetically favourable. As a result, cells employ diverse
molecular processes to strictly control the partition of organelles between two daughter cells
throughout the process of cell division (Nunnari and Walter, 1996; Knoblach and Rachubinski,
2015; Warren and Wickner, 1996).

In the budding yeast S. cerevisiae, asexual reproduction is characterized by the asymmetric
growth and division of the cell. The simultaneous activities of transporting organelles from
the mother to the developing bud and retaining them there during cell growth contribute to
the predetermined equity of organelle content that is inherited during cell growth. As a result,
S. cerevisiae has emerged as a key example organism for understanding the fundamental
molecular processes that manage organelle segregation.

The classV myosin proteins Myo2 and Myo4 are part of the machinery that transports
organelles. The hydrolysis of ATP powers these myosin motors. The C-terminal cargo-binding
domains (CBDs) of Myo2 and Myo4 have the capability to bind to receptors present on the
organelles, and they use their N-terminal domains to transport organelles along actin cables
(Sellers and Veigel, 2006; Knoblach and Rachubinski, 2015). Myo2 is a vital protein in the
development of cells, whereas Myo4 does not exhibit the same level of significance. Most
organelles, including nuclei, mitochondria, peroxisomes, Golgi bodies, vacuoles, lipid bodies
and secretory vesicles, are delivered via Myo2. A subset of mRNAs and cortical ER (cER) are
transported by Myo4 (Knoblach and Rachubinski, 2015).

Actin in yeast

Actin, a highly conserved protein across species, plays a fundamental role in cellular biology.
In S. cerevisiae, actin is a linchpin of cellular processes, orchestrating a wide array of functions,
including cell division, cytoskeleton organization, intracellular transport, and polarized
growth. The dynamic properties of actin, particularly its ability to polymerize and
depolymerize rapidly, underpin its versatility in responding to diverse cellular demands.

Understanding the intricacies of actin function in S. cerevisiae has been a longstanding pursuit
in cell biology. Central to this endeavor is the utilization of mutant libraries, a valuable
resource that allows researchers to probe the functional consequences of specific genetic
alterations. In this context, Wertman et al. (1992) made seminal contributions by embarking
on the systematic construction and characterization of a synoptic set of site-directed
mutations distributed throughout the single actin gene of S. cerevisiae.
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Wertman et al. (1992) meticulously designed their study by targeting charged residues within
the actin protein's primary sequence, particularly those forming clusters of two or more
charged residues. These charged residues, crucial for the protein's electrostatic interactions,
were systematically replaced with alanine. The resultant mutations were then thoroughly
examined in yeast.

Their findings were compelling. Out of the 36 constructed mutations, 34 were successfully
recovered in yeast as heterozygous diploids, forming a rich repository of actin variants with
distinct properties. The ensuing analysis revealed a diverse array of mutant phenotypes,
including 11 recessive lethal mutations, 16 conditional-lethal mutations (encompassing
temperature-sensitive and salt-sensitive phenotypes), and 7 mutations with no discernible
impact on actin function (Fig. 3.10). Notably, Wertman and colleagues suggested that the two
mutations that could not be recovered in yeast might harbor dominant defective phenotypes,
highlighting the importance of their future investigation. This will be discussed in detail in
Section 3.6, including the mutants used in this study.

1.5.1 Peroxisome inheritance

Proper inheritance of peroxisomes is achieved through a delicate balance between Myosin-
dependent transport to the developing bud and cortical anchoring in the parent cell. This
balance is crucial for the correct distribution and positioning of peroxisomes during cell
growth and division.

The proteins Inpl and Inp2 play direct functions in the inheritance of peroxisomes (Fig 1.8).
The Pex3—Inpl interaction is of particular importance in retaining a specific population of
peroxisomes during the process of asymmetric cell division. It also contributes to the accurate
positioning of peroxisomes within the parental cell (Munck et al., 2009; Fagarasanu et al.,
2005; Knoblach et al., 2013).

The Inheritance of peroxisomes 1 (Inp1) is a peroxisomal peripheral membrane protein. The
initial indication that it was involved in peroxisome retention came from the fact that cells
lacking Inp1 exhibit an abnormal peroxisome distribution, with practically all of them located
in the bud cell. On the other hand, when Inp1 is overexpressed, almost all peroxisomes are
confined to the parent cell (Fagarasanuet al., 2005). Inp1 is recruited to peroxisomes through
a direct interaction with Pex3. This interaction has been observed to occur independently of
peroxisome biogenesis, as mutants of Pex3 retaining functionality in peroxisome biogenesis
still show defects in peroxisome inheritance (Munck et al., 2009). However, recent studies
from the Rachubinski research group have raised questions about the clarity of this concept.
It is now proposed that the tethering between the endoplasmic reticulum and peroxisomes
likely involves additional factors at the cortical level. The group is suggested that Inp1l may
serve as a tether not only among peroxisomes but also between peroxisomes and other
organelles. Furthermore, it is speculated that interactions between peroxisomes and the ER
might work without assistance of Inp1 (Knoblach and Rachubinski, 2019).

A recent study by the Hettema lab has identified Inp1 to be the first recognized tether that
links the plasma membrane with peroxisomes. As a contact site tether protein, Inp1 satisfies
the predetermined requirements. A plasma membrane peroxisome tether (PM-PER) can be
formed by Inp1 because it is structurally and functionally capable of interacting with both the
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peroxisomal membrane and the plasma membrane and can be found in the appropriate
subcellular site. Additionally, it has been demonstrated that Inp1 contributes to the retention
of peroxisomes through its N-terminal region, which interacts with phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2), and its C-terminal domain, which facilitates binding to Pex3. This
establishes a physical linkage between the plasma and peroxisomal membranes (Fig. 1.8)
(Hulmes et al., 2020).

The transportation of peroxisomes from the mother cell to the growing bud is promoted by
the presence of Inp2. Inp2 is a key component of the peroxisomal membrane, being an
integral protein that opposes Inp1l in function (Fagarasanu et al., 2006). It acts as a dedicated
receptor on peroxisomes for the Myo2 (a classV myosin). Myo2 is an actin motor protein that
interacts with Inp2 through its C-terminus, facilitating the specific transport of peroxisomes
to the developing bud through actin cables (Fig. 1.8) (Sellers and Veigel, 2006; Hoepfner et
al., 2001; Knoblach and Rachubinski, 2015; Fagarasanu et al., 2006). The loss of inp2 results
in a delayed peroxisome inheritance, leading to buds that lack peroxisomes resulting in
peroxisome-free buds. However, when Inp2 is overexpressed, it leads to a lacking of
peroxisomes in parent cells, where all peroxisomes are transferred into the bud (Fagarasanu
et al., 2006). The peroxisome population remains in the parent cell through tethering to the
cortex of the parent cell. Furthermore, once peroxisomes are transported to the growing bud
cortex, they are anchored to it in a process dependent on Pex3 and Inp1 proteins, preventing
them from returning to the parent cell (Fagarasanuet al., 2005). In addition, it has been
reported that Pex19 promotes the peroxisome transport from the mother cell to the
developing bud by interacting with Inp2. Moreover, in H. polymorpha, the interaction
between Inp2 and Myo2 requires the presence of Pex19, which is indeed essential (Saraya et
al., 2010; Otzen et al., 2012).

It has been possible to discriminate between the locations of the peroxisomal proteins Inp2
and Inp1 throughout cell growth and fission in the double mutant strain AvpsiAdnm1. The
scission of peroxisome in these cells is absent, resulting in tubular or 'sausage shaped'
peroxisome. Inp1 is located at the elongated end of the maternal peroxisome, while Inp2 is
located at the peroxisome tip within the budding region (Knoblach et al., 2013). Further
deletion of either INP1 or INP2 alters the peroxisomes' position and shape (Motley and
Hettema, 2007). It has been suggested that the peroxisome inheritance and fission are
connected according to the previously mentioned model (Knoblach et al., 2013) (Fig. 1.10).

During asymmetric cell division, the efficient movement of peroxisomes towards the
developing bud and their cortical tethering are crucial for ensuring proper maintenance of
the peroxisomal population. Inp1 and Inp2 play crucial roles in the positioning and timing of
peroxisome distribution, as they are involved in maintaining appropriate peroxisome
segregation across the mother-daughter axis. They perform antagonistic functions that
contribute to the precise localization of peroxisomes throughout the process of cell division
(Fagarasanu et al., 2006; Fagarasanu et al., 2005).
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1.5.2 Mitochondrial inheritance

During every cell division, multiple pathways are used to ensure mitochondria partition.
Similar to other organelles, mitochondria are actively transported to the growing bud
throughout asymmetric cell growth in S. cerevisiae along the actin cables (Simon et al., 1997).
Directed mitochondrial movement also requires the association of Arp2 with mitochondria.
The actin related protein Arp2 is an essential part of the Arp2/3 complex, known to act as a
nucleation site for the actin filament formation (Fehrenbacher et al., 2004; Boldogh et al.,
2001). Both Mmr1 and Ypt11 interact with Myo2 and are redundant in the transport function.
Mmrl is a protein that is located on the peripheral membrane, and Yptl1 is a Ras-related
GTPase. In AmmrlAypt11 cells, mitochondrial inheritance is fully eliminated which results in
cell death (Itoh et al., 2004; Chernyakov et al., 2013; Itoh et al., 2002). For mitochondrial
retention through anchoring in the mother cell, there are three known mechanisms these are
Num1 protein, Mfb1 protein and the ERMES complex which are all crucial components of the
anchors. The PH domain (pleckstrin homology) of Num1 is critically involved in anchoring
mitochondria at the cell cortex. This tethering process is facilitated by the Num1-Mdm36
interaction (Knoblach and Rachubinski, 2015; Ping et al., 2016). The ERMES complex is formed
of four core mitochondrial components (Mmm1l, Mdm10, Mdm12, and Mdm34).
Mitochondria is connected to the cortical ER through the ERMES (Knoblach and Rachubinski,
2015). Moreover, Mfbl is essential for preserving optimal mitochondrial functionality
specifically at the tip of the mother cell (Pernice et al., 2016).

1.5.3 Inheritance of the vacuole and other cellular organelles

Vacuoles of yeast correspond to lysosomes in higher eukaryotes and have diverse functions,
including playing a role in the cell cycle, degradation, and nutrient storage (Jin and Weisman,
2015). During the G1 phase, vacuoles undergo a process of segregation, forming distinct
structures that are subsequently transported from the tip to the developing bud through the
action of Myo2 motors. The movement of vacuoles relies on the interaction between Myo2
and Vacl7, the receptor protein that binds Myo2 to the vacuole (Peng and Weisman, 2008;
Legesse-Miller et al., 2006). When the vacuole reaches the bud tip, the protein Vacl7
undergoes degradation, leading to the release of vacuoles into the bud cell by the Myo2
protein (Tang et al., 2003; Yau et al., 2017). Additionally, Vac8 is vital for the maintenance and
proper functioning of vacuoles. It forms an interaction complex with both Vacl7 and Myo2,
known as the vacuole carrier complex (Tang et al., 2003; Yau et al., 2017). The loss of VAC8
leads to the blocking of vacuole inheritance (Wang et al., 1998). The cell cycle stops in the G1
phase in cells with an inherited deficiency until a vacuole forms de novo in the bud. De novo
vacuole formation requires Pep12 and Vps45 proteins (Jin and Weisman, 2015).

Myo?2 is also involved in the transportation of secretory vesicles to the site where the bud is
growing (Johnston et al., 1991). Interactions with proteins such as Ypt31, Ypt32, Sec4, and
Sec15 regulate the polarized movement of these vesicles (Lipatova et al., 2008; Jin et al.,
2011).

Ypt11 contributes to mitochondrial and late Golgi element inheritance (Arai et al., 2008; Itoh
et al., 2002; Chernyakov et al., 2013). The binding of Yptll and the Golgi protein Ret2 is
essential for the accurate division of the Golgi apparatus (Arai et al., 2008).
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The transportation of lipid droplets to the developing bud, similar to other organelles, relies
heavily on Myo2 (Knoblach and Rachubinski, 2015). Nonetheless, the specific Myo2 receptors
present on these lipid droplets remain unidentified.

Myo4 is essential for delivering the cortical ER and mRNAs to the developing bud (Estrada et
al., 2003; Bobola et al., 1996). She3 functions as an adapter for Myo4 in both cases, making
She3 critical to the transport of cortical ER and mRNA. In addition to She3 role, She2 is also
needed for the transfer of mMRNAs. She2 interacts with certain mRNAs, which makes the She3-
Myo4 complex more likely to recognise them (Estrada et al., 2003; Bohl et al., 2000; Long et
al., 2000; Takizawa and Vale, 2000).

The process of mitosis in budding yeast involves the equal division of duplicate nuclear
chromosomes between the mother cell and its daughter. The Spindle Pole Body (SPB), which
is replicated before the onset of nuclear inheritance, serves as a centre for organising
microtubules (Adams and Kilmartin, 2000; Yamamoto et al., 1990). The duplicating SPBs play
a crucial role in aligning the mitotic spindle across the axis of cell polarity. Moreover, the
proper alignment of the spindle and subsequent nuclear inheritance require both Dynl, a
microtubule-based motor protein, and Kar9, a Myo2 receptor (Hwang et al., 2003; Eshel et
al., 1993; Miller and Rose, 1998; Li et al., 1993). In contrast to other organelles, actin and the
microtubule cytoskeleton are needed for nuclear inheritance. Kar9 connects astral
microtubules and actin filaments, whereas Dyn1 requires association with microtubules to
work. The interaction between Myo2 and Kar9 guides the microtubules from the cell center
to the cell cortex, across the actin filaments. Kar9 localization along microtubules requires the
microtubule-binding protein Bim1 (Miller et al., 2000; Beach et al., 2000; Miller and Rose,
1998).

The spindle position (SPOC) and the spindle assembly (SAC) checkpoints monitor the
chromosomal segregation process to ensure accuracy (Caydasi and Pereira, 2012). The SAC is
activated when the microtubules are unable to establish a bipolar attachment to the
kinetochores during metaphase stage before cells enter the anaphase stage (Musacchio and
Salmon, 2007). Conversely, during the anaphase stage, the SPOC prevents cells from
undergoing mitotic exit if the alignment of the spindle deviates from being parallel to the
cellular polarity axis (Caydasi et al., 2010).
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Figure 1. 9: The current model of the retention and inheritance of peroxisomes. A) In wild-
type cells, the peroxisome transportation to the growing bud relies on Inp2, the Myo2
receptor. The C-terminal domain of Myo2 interacts with Inp2, facilitating the transport of
peroxisomes to the bud via actin cables, while the retention of peroxisomes occurs via
Inplwhich acts as a linkage between the plasma and peroxisomal membranes. Inp1 binds
to the plasma membrane via its N-terminal region and Pex3 via its C-terminal region. B) In
Adnm1Avps1 cells, fission is inhibited leading to both transport and retention machineries
competing for the same peroxisome. As a result, the peroxisome becomes anchored at the
bud neck and undergoes division during cytokinesis.
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1.6 Organelle contact sites

Eukaryotic cells are distinguished by their compartmentalization into distinct organelles
bound by membrane, which results in a diverse array of micro—environments and enhances
the effectiveness of subcellular processes. However, this organizational framework also
indicates the presence of actual physical barriers that can hinder the movement of molecules
within the cell. Studies using electron microscopy in the middle of the 20th century discovered
that organelles were commonly located in close proximity to one another with distinct
specific points of contact (Copeland and Dalton, 1959; Bernhard and Rouiller, 1956; Gray,
1963). These studies provided initial evidence suggesting that organelles can establish direct
communication with each other. Nevertheless, the prevailing belief at that time was that the
main mechanisms for inter-organellar exchange of cellular components were active
transport, diffusion, and trafficking of vesicles in the cytosol. Yet, it is now more evident that
organelles do not exist in isolation. Instead, frequent physical interactions among organelles
occur, facilitated through membrane contact sites (MCS), which promote cross-membrane
communication and enhance organelle functionality. Contact sites between membranes can
be described as localized regions where the lipid bilayers of two distinct intracellular
compartments are bound together through lipid or protein interactions, consequently
impacting the functionality of either or both organelles (Prinz, 2014 and 2020; Shai et al.,
2018). As per current knowledge, each organelle maintains a minimum of one operational
MCS with another organelle, and most of them even possess multiple (Shai et al., 2018; Valm
etal., 2017).

Membrane contact sites exhibit a diverse array of characteristics. The distance separating the
organelles can either remain constant or fluctuate, and in instances of variability, the span
between two organelles can be notably vast. For example, the gap between the endoplasmic
reticulum and the plasma membrane at membrane contact sites in S. cerevisiae can extend
anywhere from 16 to 60 nanometers (West et al., 2011). In their study, West et al. (2011)
investigated membrane contact sites between the ER and the PM in Saccharomyces
cerevisiae using advanced imaging techniques. They observed a unique domain of the ER,
called pmakR, closely apposed to the PM. Distance measurements showed variations
between 16 to 60 nanometers, confirming the variability in these contact sites. The stability
of these contact sites also differs greatly; some persist throughout the cell's entire lifespan,
while others are markedly ephemeral, enduring less than a second (Lewis et al., 2016). Certain
organelles simultaneously share several physically and functionally different membrane
contact sites. For example, it has been observed that distinct interaction sites between the
PM and the ER coexist, enabling functionally diverse processes like store-operated calcium
entry (SOCE) and cholesterol exchange (Besprozvannaya et al., 2018).

There are some instances of multi-way organelle contact sites, demonstrating that membrane
contact sites can involve interactions among more than two distinct organelles. As an
illustration, the ER is found at the points of contact between mitochondria and PM as an
element of the multisubunit complex known as mitochondrial ER cortical anchor (MECA)
(Lackner et al., 2013). Moreover, it has been suggested that in S. cerevisiae, the ER protein
Mdm1 binds to both the vacuole and lipid droplets to form a three way junction among these
organelles (Hariri et al., 2019). Intraorganellar membrane contact sites are an additional kind
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of MCS. Atlastin, a membrane-anchored GTPase, has been discovered to function as a tether
protein in the ER, forming connections within the ER (Wang et al., 2016).

The functions of membrane contact sites are known to be diverse, encompassing a range of
processes such as metabolic non-vesicular movement, including the exchange of lipids, as
well as cell communication and signaling pathways. Intracellular lipid movement is promoted
by lipid transfer proteins (LTPs), which promote non-vesicular lipid exchange. LTPs are
typically found in high abundance within membrane contact sites and interact with MCS
associated proteins. Lipid exchange at membrane contact sites helps shift the lipid
composition of certain organelles or membranes. It also has a role in the regulation of lipid-
centric signalling pathways, which includes phosphoinositide (PI) signaling at the interface
between the endoplasmic reticulum and plasma membrane (Murley et al., 2015; Osman et
al., 2011). These contact sites can function as communication centers in the presence of any
environmental triggers like nutrition or stress. The ER is responsible for the production of
phosphatidylinositol. However, the kinases responsible for converting it into
phosphoinositide (such as PI4P or PI(4,5)P2) are also found in other organelles, including the
Golgi and the plasma membrane (Walch-Solimena and Novick, 1999; Agranoff et al., 1958;
Audhya and Emr, 2002). As a result, the establishment of membrane contact sites between
other organelles and the ER allows for the production or depletion of different amounts of P,
depending on the needs of the cell (Kim et al., 2011). Ultimately, these phosphoinositides play
diverse roles in cellular processes, including endocytosis, cell signaling, vesicular transport
and modulation of ion channel activity (Dickson and Hille, 2019; Balla et al., 2009).

MCS play a vital role in facilitating the active exchange of metabolites, including calcium ions,
between various organelles (Hirve et al., 2018). This process amplifies reaction speeds and
minimizes metabolite leakage into the extracellular space surrounding the cell. A prominent
model is store-operated calcium entry (SOCE), wherein extracellular calcium ions are directed
straight into the endoplasmic reticulum (ER) lumen via the plasma membrane at ER-PM
contact sites in response to diminished calcium levels within the ER (Hirve et al., 2018).
Additionally, the accumulation of ER calcium channels at ER and mitochondria contact sites
leads to elevated calcium concentrations at these points, boosting the effectiveness of
metabolite interchange between these two organelles (Csordas et al., 2010; Rizzuto et al.,
1993).

1.7 Positioning and tethering of organelles

1.7.1 Mitochondrial tethering

In S. cerevisiae, MCSs have emerged as crucial regulators for the retention and inheritance of
organelles, including mitochondria, peroxisomes, and lipid droplets. At least three known
MCSs play a role in the proper positioning of mitochondria at the cell periphery during
asymmetric cell division. The mitochondrial endoplasmic reticulum cortex anchor (MECA),
multisubunit tethering complexes, is responsible for cortical mitochondrial anchoring
(Lackner et al., 2013). The main constituent of the MECA complex is Num1, a protein linked
to the cell cortex, which interacts with both the mitochondrial outer membrane and the
plasma membrane through unique lipid binding regions (Ping et al., 2016; Lackner et al.,
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2013). Despite reports that MECA serves as a tether connecting more than two membranes,
the specific molecular processes governing its connection with the ER are not yet fully
understood. Further evidence implicating the plasma membrane to mitochondrial tethering
comes from Mfbl-mediated site-specific mitochondrial anchoring at the mother cell tip
(Pernice et al., 2016). Within the growing bud, the mitochondrial outer membrane protein
Mmrl, which acts as a Myo2 receptor, facilitates endoplasmic reticulum mitochondria
membrane contact sites to anchor the mitochondria at the tip of the budding cell (Swayne et
al., 2011). The diverse contact sites among mitochondria, ER, and PM guarantee that active
organelles can be preserved within the parent cells and passed down to the buds.

1.7.2 Peroxisome contact sites
Peroxisome — ER MCS

In mammals, the endoplasmic reticulum is known to harbour the highest number of
peroxisome contact sites, facilitating contact with nearly all peroxisomes (Valmet al., 2017).
As mentioned previously, the tethers that link peroxisomes and the ER in mammals are VAMP,
comprising two distinct subtypes of VAPA and VAPB which engage with the FFAT motif
present in ACBD4/5 (Costello et al., 2017a; Loewen and Levine, 2003; Costello et al., 2017b;
Hua et al.,, 2017). The disturbance of the ER tethers significantly impacts cholesterol
maintenance, plasmalogen synthesis, and beta-oxidation. This indicates the important role of
peroxisome-ER contact in lipid transportation (Yagita et al., 2017; Hua et al., 2017).

Numerous instances of contact sites between peroxisome and ER membranes have been
recognised in yeast. One of these MCSs is responsible for peroxisome retention and is
dependent on the presence of Inpl-Pex3 interaction, as discussed in Section 1.5.1. In S.
cerevisiae, the connection between peroxisomes and the ER is facilitated by the family of
Pex23 proteins, including Pex29 and Pex30. These proteins establish a complex with Yop1 and
Rtn1, members of the reticulon family that play a role in ER structure, resulting in the
formation of contact sites between peroxisome and the ER, commonly referred to as EPCON
(Joshi et al., 2018). During growth on glucose, the specific domains on the ER that host Pex30
and Pex29 proteins actively link to peroxisomes, and this association becomes stable when
growing on oleate. It has been proposed that the EPCON, ER-Peroxisome Contact site, is
involved in the peroxisome de novo formation (Mast et al., 2016; David et al., 2013; Wang
et al., 2018; Joshi et al., 2016; Joshi et al., 2018). Analogous findings have been reported in H.
polymorpha, where the family of Pex23 proteins Pex24 and Pex32 were shown to act as
tethers facilitating ER-peroxisome contact sites. The deletion of PEX24 and PEX32 has been
found to interrupt the peroxisome-ER interactions, thereby disrupting peroxisome biogenesis
and the standard typical peroxisomes distribution between parent and daughter cells (Wu et
al., 2020).

Table 1. 2 - Comparison of Pex23 family proteins in S. cerevisiae and H. polymorph (Kiel et al.,
2006; Wu et al., 2020).

S. cerevisiae Known functions References H. polymorph Known functions | References
Pex28 A complex comprising | (Vizeacoumar | Pex23 Proteins localize | (Wu et al,,
Pex29 proteins containing etal.,, 2004) Pex24 to the ER and 2020)
Pex31 the reticulon Pex32 establish
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homology domain peroxisome—ER
establishes contact sites

Pex32 peroxisomes-RE
contact sites -
Pex30 Regulates peroxisome | (David et al.,
de novo pathway 2013) -

Peroxisome - Mitochondria MCS

Peroxisomes and mitochondria collaborate closely together in the process of Fatty acid B-
oxidation. They also participate in proteins that are necessary for their respective division
machinery. Thus, this interaction emphasises the requirement for a close physical connection
between the two organelles (Schrader et al., 2012). Locations in close contact between
mitochondria and peroxisomes have been discovered in mammalian cells and S. cerevisiae,
with the presence of multiple tethering complexes hypothesized in S. cerevisiae (Fan et al.,
2016; Shai et al., 2018).

Distinct tether complexes are proposed to exist for Pex34, a peroxisomal membrane protein,
and Fzol, a mitochondrial outer membrane protein. These complexes are more prevalent in
mitochondria—peroxisome MCS, and an increase in their expression leads to an augmented
number of contact points between these two organelles. The identities of the specific
proteins that interact with them, however, are yet unknown. Associations between
mitochondria and peroxisomes enable effective transfer of metabolites to improve metabolic
processes. Pex34 is believed to facilitate the transfer of fatty acid beta-oxidation
intermediates between mitochondria and peroxisomes (Shai et al., 2018). Furthermore, it has
been proposed that the membrane contact sites (MCS) between mitochondria and
peroxisomes in mammalian cells enable the interorganellar exchange of metabolites involved
in steroid metabolic pathway (Fan et al., 2016). Pex11 binds directly to Mdm34 indicating a
possible tether between mitochondria and peroxisomes. Mdm34 is a member of the ERMES
complex, endoplasmic reticulum -mitochondrial encounter structure (Usajet al., 2015).
Moreover, Pex11 is known to interact with Fisl, an essential protein for the fission of both
mitochondrial and peroxisomal. This suggests that the complex of MCS, Pex11, and Mdm34
may have a function in the scission of peroxisome (Joshi et al., 2012; Koch et al., 2010).

Peroxisome — Vacuole and Lipid droplets MCS

Through the use of split-GFP technology in S. cerevisiae, researchers have discovered the
presence of MCSs between peroxisomes and vacuoles (Kakimoto et al., 2018; Shai et al.,
2018). In the yeast Hansenula polymorpha, these MCS are further defined, and Pex3 is
suggested to act as a significant protein in the creation of contact sites between vacuoles and
peroxisomes (Wu et al., 2019).

For lipid droplets, it has been demonstrated that yeast growth on oleate increases
peroxisome proliferation and raises the quantity and stability of contact sites between
peroxisomes and lipid droplets (Binns et al., 2006). It is believed that the major purpose of
communication between these two organelles is to transfer lipids. Lipid droplets form close
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contacts with peroxisomes not only in fungi but also in plants and mammals (Chen et al., 2020;
Esnay et al., 2020).

1.8 Aims

The Hettema lab originally revealed the molecular binding between Pex3 and Inp1 (Munck et
al., 2009), and the existing model of peroxisome retention mediated by the Pex3—Inpl
complex was established in 2013 (Knoblach et al., 2013). A recent study by Rachubinski
(2019) has cast doubt on the widely accepted model of ER-peroxisome tethering. The study's
results suggest the existence of regulatory cues influencing ER-peroxisome tethers, and they
propose the presence of membrane contact sites between peroxisomes and other organelles
besides the ER. Interaction analysis with Inplp mutants revealed that Pex3p and Inplp are
not the sole components of the ER-peroxisome tether. Deletion of these Inplp interactors,
whose steady-state localization lies outside of ER-peroxisome tethers, had an impact on
peroxisome dynamics. These findings imply the involvement of additional factors beyond
Pex3p and Inplp in this process, challenging the current understanding and necessitating
further research to uncover the intricate interactions governing peroxisome dynamics.
Rachubinski's proposal suggests that Inp1 might serve as a key linker between peroxisomes
and other organelles within the cell. In 2020, the Hettema lab introduced a novel model for
the retention of peroxisomes during asymmetric cell division. They delivered evidence
demonstrating that Inpl functions as a tethering protein at MCS between the plasma
membrane and peroxisomes (Hulmes et al., 2020), instead of the ER-peroxisome contacts
proposed by Rachubinski group.

Similar results to Inpl function in S. cerevisiae have been shown in H. polymorpha. In this
study, it has been found that the N-terminal region of the Inp1 protein is vital for its binding
with the plasma membrane, and the C-terminus is crucial for its binding to peroxisomes.
Interestingly, they suggested that cortical Inpl localization requires an intact actin
cytoskeleton, as cells treated with latrunculin A (Lat-A), a depolymerizing agent for actin
filaments, lose cortical Inpl patches, particularly around the bud neck. Additionally, they
showed that the middle region of Inp1 is necessary for its tethering function of peroxisomes
to the plasma membrane (Krikken et al., 2020).

The initial aim of this study was to molecularly characterise the Inpl protein. However, the
data published about the Inp1 function in S. cerevisiae and H. polymorpha led to a more
focused investigation to explore the Inp1 function as an actin-binding protein (Chapter 3). A
second aim was to examine the precise role of Inpl's middle domain in its functionality, as
the role of this part of the protein was still relatively unclear. Data obtained then led to further
inquiry into the role of Srv2, which was found to interact with Inpl on peroxisomes and to
function as a factor controlling the peroxisome fission (Chapter 4).

A distinct avenue of research was undertaken prior to and during the COVID-19 pandemic.
This aimed to establish an efficient genome modification approach to work with D. hansenii.
This final chapter will discuss the use of the CRISPR system and a novel gene deletion method
using PCR-mediated homologous recombination with short 50bp flanking regions.
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Chapter 2 — Material and Methods

2.1 Chemicals and enzymes

The majority of chemicals, materials and primers used in this study were provided by MERCK.
Buffers and restriction enzymes were provided by NEB (New England Biolabs). DNA
polymerases, dNTPs and PCR buffers, were provided by Bioline UK. Gel extraction kits and
miniprep kits were delivered by Qiagen.
D-Glucose was supplied by Fisher Scientific UK. Growth media components were provided by
ForMedium and Difco Laboratories.
Protein work buffers were supplied by Geneflow. Equipment used for protein and DNA work
was provided by BioRad.

2.2 Strains and plasmids

2.2.1 Strains

Table 2. 1 —The yeast strains used in this study. Gene modifications or deletions were
performed following the protocol described in (Longtine et al., 1998).

Strain Genotype Source

BY4741 WT MATa his3-1 leu2-0 met15-0 ura3-0 Euroscarf

BY4742 WT MATa his3-1 leu2-0 lys2-0 ura3-0 Euroscarf

inplA BY4741 his3-1 leu2-0 met15-0 ura3-0 | Euroscarf
inpl::KanMX4

srv2A BY4741 his3-1 leu2-0 metl15-0 wura3-0 | Euroscarf
inpl::KanMX4

srv2A BY4741 srv2::HIS3MX6 This study

pex27A BY4742 pex27::kanMX4 Euroscarf

dnm1A BY4742 dnm1A::kanMX4 Euroscarf

pex27Adnmi1A BY4742 dnm1A::kanMX4 pex27A::hygro Lab stock

pex27Asrv2A BY4742 pex27::kanMX4 srv2::HIS3MX6 This study

Adnm1Apex27Asrv2 | BY4A742 dnmlA::kanMX4 pex27A::hygro | This study
srv2::HIS3MX6

srv2Adnm1A BY4742 dnm1A::kanMX4 srv2::HIS3MX6 This study
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Pex25A BY4742 pex25::kanMX4 Euroscarf
Srv2/pex25A BY4742 pex25::kanMX4 srv2::HIS3MX6 This study
Srv2-GFP BY4741 Srv2::5rv2-TAP-HIS3MX6 (Ghaemmaghami et al., 2003)
Mvp1-GFP SEY6210 Mvpl::Mvpl-GFP-HISMX6 (Robinson et al., 1999)
Pncl-GFP BY4741 Pncl::Pnc1-GFP-HIS3MX6 (Ghaemmaghami et al., 2003)
Srv2-TAP BY4741 Srv2::Srv2-TAP-HIS3MX6 (Ghaemmaghami et al., 2003)
pl69-4A MATa trp1-901, leu2-3,112, ura3-52, | (James et al., 1996)

his3A200, gal4A, gal80A, LYS2::GAL1UAS-

GAL1TATA-HIS3, GAL2UAS -GAL2 TATA -

ADE2, met2::GAL7-LacZ)
pl69-4a MAT  trp1-901, leu2-3,112, ura3-52, | (James et al., 1996)

his3A200, gal4A, gal80A, LYS2::GAL1UAS-
GALITATA-HIS3, GAL2UAS -GAL2 TATA -
ADE2, met2::GAL7-LacZ

Table 2. 2 — The E. coli strains used in this study. The strain, genotype, usage and source of
each E. coli strain are displayed.

Strain Genotype

Usage

Source

DH5a supE44 AlacU169 (P80 lacz
AM15)
endAlgyrA96 thi-1 relAl

Plasmids amplification and plasmid DNA | (Hanahan,

hsdR17 recAl | recovery from S. cerevisiae following in | 1983)

vivo homologous recombination

BL21 DE3 | hsdS gal (Aclts857 ind1 Sam7
nin5 lacUV5-T7 genel)

Expression of MBP fusion proteins

(Studier and
Moffatt,
1986)

2.2.2 Plasmids

The table below (Table 2.3) shows the plasmids employed in this study, which were generated
either through classical cloning and subsequent transformation into E. coli or through
homologous recombination in S. cerevisiae. The plasmids Ycplacl11 and Ycplac33 (Gietz and
Sugino, 1988) were employed for expressing the plasmids in yeast cells, and the original
vectors pET30a and pET42a (Rosenberg et al., 1987) were used for E. coli expression.
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Table 2. 3 — Plasmids used in this study.

Plasmid Insert Vector Source

name

pAUL3 mNG-PTS1 YCplac33 | Lab stock

pAUL4 mNG-PTS1 YCplaclll | Lab stock

pAUL28 mRuby2-PTS1 YCplac111 | Lab stock

pAUL52 MDH1-mRuby YCplac33 | Lab stock

pTAO09 N terminus of Srv2 YCplac111 | This study

pTA10 C terminus of Srv2 YCplac111 | This study

pTA17 Srv2-GFP-Pex15 pJLOO1 This study

pTA18 Srv2-GFP pEH126 This study

pAS5 GFP-Inp1 YCplac33 | Lab stock

pEH12 GFP-PTS1 YCplac33 | Lab stock

pGAD-C1 empty activation domain plasmid, LEU, | pGAD (James et al., 1996)

CEN
pGBD-C1 empty binding domain plasmid, TRP, | pGBD (James et al., 1996)
CEN

pTA19 Inpl 1-280 pGAD This study

pTA20 Inpl FL pGAD This study

pDA67 pGBD-ACT1 TRP1, CEN pGBD (Amberg et al.,
1995)

pDA67 pGBD-ACT1-104 TRP1, CEN pGBD (Amberg et al,
1995)

pDA67 pGBD-ACT1-116 TRP1, CEN pGBD (Amberg et al,
1995)

pDAG67 pGBD-ACT1-119 TRP1, CEN pGBD (Amberg et al,
1995)

pDA67 pGBD-ACT1-120 TRP1, CEN pGBD (Amberg et al,,
1995)

pDA67 pGBD-ACT1-123 TRP1, CEN pGBD (Amberg et al,
1995)
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pMAL-c5x MBP pPMAL-c5x | Lab stock
pGHO081 MBP-Inp1 1-100 PMAL-c5x | Lab stock
pGH129 MBP-Inp1 1-280 pPMAL-c5x | Lab stock
pGH75 plnpl-Inpl FL-ProtA pLE106 Lab stock
pTAOla gRNA targeting ADE2 gene pCT-tRNA | This study
pTAO1lb gRNA targeting GUT2 gene pCT-tRNA | This study
pTAO1c Candida famata CfARS16 pCT-tRNA | This study

2.3 Growth media

The cell growth media were prepared by dissolving all the ingredients in Millipore water and
autoclaved at 121°C. Amino acid stocks or antibiotics were included in the media at their final
concentrations when these were required. The growth media reagents are listed in Table

below.

Table 2. 4 — Growth media.

Culture Media

Description

2TY 1% yeast extract, 1.6% Bacto-tryptone, 0.5% NaCl. Ampicillin was added to
autoclaved media at final concentrations of 75g/ml when required. (2% (w/v)
agar was added to liquid growth media for solid media).

YPD 2% D-Glucose, 2% Bacto-peptone, 1% yeast extract. (2% (w/v) agar was added

to liquid growth media for solid media).

Yeast minimal
medium 1 (YM1)

0.5% ammonium sulphate, 0.17% yeast nitrogen base (without amino acids and
ammonium sulphate), 2% D-Glucose, raffinose or galactose. Adjusted to pH 6.5.
(2% (w/v) agar was added to liquid growth media for solid media).

Yeast minimal
medium 2 (YM2)

0.5% ammonium sulphate, 0.17% yeast nitrogen base (without amino acids and
ammonium sulphate), 2% D-Glucose, raffinose or galactose, 1% casamino acids.
Adjusted to pH 6.5. (2% (w/v) agar was added to liquid growth media for solid
media).

Amino acid stocks

The following amino acids were added to YM1 and YM2 medium as needed;
100x stocks (0.2% histidine, 0.3% leucine, 0.3% lysine, 0.2% methionine, 0.2%
tryptophan, 0.2% uracil)
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2.4 S. cerevisiae protocols

2.4.1 Yeast growth and maintenance

YPD, YM1 or YM2 media were used to grow all yeast strains at 30°C. For liquid media, samples
were placed on an oscillating shaker at 200 rpm. For auxotrophic strains, amino acids and
uracil were supplemented as needed. To induce gene expression from the GAL1/10 promoter,
cells were cultured in a selective medium containing 2% raffinose overnight. Subsequently,
cells were shifted to a medium containing 2% YM2 galactose. To ensure long-term storage,
cells were cultured overnight, and glycerol stocks with a concentration of 15% v/v were
prepared. These stocks were then stored at -80°C in cryogenic vials (Nunc). The yeast two
hybrid screens: strains that carry activation domain constructs and binding domain constructs
were crossed by mating and diploid strains were then selected on selective media.

2.4.2 One step transformation

Plasmids were transformed in yeast strains using the ‘One Step’ protocol discussed in (Chen
et al., 1992). Yeast cells were introduced into 3 ml of YPD liquid media and incubated at 30°C
overnight with agitation at 200 rpm. On the following day, 200 ul of the culture was subjected
to centrifugation at 12,000 rpm for 1 minute in an Eppendorf tube. The supernatant was
removed the cell pellet was mixed with 5 ul (5 pg) of single-stranded DNA (ssDNA) from
Salmon sperm, approximately 100 ng of plasmid DNA (-400 ng), and 50 pl of one-step buffer
by vortexing. Subsequently, the sample was incubated for 2-3 hours at room temperature
with intermittent vortexing. Afterward, the sample was heat shocked at 42°C in a water bath
for 30 minutes, and the resulting suspension was plated onto selective solid media. The plates
were then incubated at 30°C for 2-3 days.

One Step buffer: 0.2M LiAc pH 5.0, 40% (w/v) PEG 4000 (polyethylene glycol), 0.1M DTT.

2.4.3 High-efficiency transformation

Yeast high efficiency transformations were carried out following the Lithium Acetate protocol
(Gietz and Woods, 2006) to create gene deletion and plasmids using the reagents listed
below.

The yeast strains were grown overnight in 5 ml YPD liquid media at 30°C with shaking at 200
rom. The next day morning, cells from overnight culture was added to 5 ml media to start
with an OD of 0.1 after measuring the optical density (0.D.600) in a Jenway
spectrophotometer at 600 nm wavelength, and cells were grown at 30°C with shaking at 200
rpm until they reached log phase (~0.5-0.60D). The cells (5 ml per transformation) were then
centrifuged at room temperature for 5 minutes at 3000 rpm and the supernatant was
removed. The pellet was washed with 1 ml of freshly prepared 1X TE/LiAc solution,
centrifuged as before then washed again in 1 ml 1xTE/LiAc solution. The supernatant was
totally removed, and the cells was resuspended in 50 pl 1xTE/LiAc in an Eppendorf tube.

5 pl (50 pg) ssDNA, 5 ul digested vector (0.3-0.6 pg), 5 ul PCR product, and 300 ul 40% PEG
4000 were added to the suspension pellet. The sample was left for 30 minutes at room
temperature, then incubated for another 30 minutes at 30°C then heat shocked for 15
minutes in a 42°C water bath. Then, the cells were centrifuged at 8000 rpm for 30 seconds,
the supernatant was removed, and the pellet was resuspended in 50ul of 1xTE buffer.
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Subsequently, the suspension was plated on selective solid media and incubated at 30°C for
2-3 days.

1X TE/LiAc: 1ml 10x TE (0.1M Tris-HCI and 0.01M EDTA) (pH 7.4), 1ml 1M Lithium Acetate
solution (pH 7.5) and 8ml dH20

40% Polyethylene Glycol solution PEG w/v: 3.2ml 50% (w/v) PEG 4000 dissolved in Millipore
water, 0.4 ml 10x TE (0.1M Tris-HCl and 0.01M EDTA) (pH 7.4) and 0.4 ml 1M Lithium Acetate
(pH 7.5).

1X TE: 1 ml 10xTE (0.1 M Tris-HCl and 0.01M EDTA) (pH 7.4) and 9 ml dH20.

2.4.4 D. hansenii transformation

D. hansenii cells were inoculated into a 50ml YM medium and incubated at 25°C overnight
with shaking at 200 rpm. Next morning, a 50 YM medium at ODegpo=0.0125 was re-inoculated
and grown until the ODepo reached 2.6. Then, 10ml (per transformation) of the culture was
harvested by centrifugation for 5 min at 3,300 rpmThe cells were suspended in 1ml of 50mM
sodium phosphate buffer pH 7.5 with 25mM dithiothreitol (DTT) and incubated at 30°C for 15
minutes. Subsequently, the mixture was centrifuged. The cells were resuspended in 8ml of
sterile cold water and centrifuged as mentioned earlier. The supernatant was removed, and
the cell pellets were then resuspended in 200ul of sterile ice-cold 1M sorbitol and centrifuged.
The supernatant was once again discarded, and the cells were resuspended in the remaining
liquid to achieve a dense suspension. Finally, 1ul of plasmid was added to the suspension. The
mixture was transferred into an electroporation cuvette and electroporated at 2.3 kV and
placed back on ice. The mixture was then resuspended with 1ml YM medium containing 0.1M
sorbitol and transferred into 2ml Eppendorf tube. Samples were then incubated at 30°C with
shaking at 120 rpm for 4 hours. After the incubation, the cells were centrifuged again, and
the supernatant was discarded. The cells were then resuspended in the remaining liquid,
approximately 100ul. A total of 50ul of the cell suspension was spread onto YM plates
supplemented with either 1.5ug/mL or 5ug/mL nourseothricin or YM-Adenine. The plates
were incubated at 25°C for 3-4 days. Following that, a single colony from the ade2A plate was
streaked onto YM plates containing 5ug/mL nourseothricin, while colonies from the gut2A
plates were streaked on YM2-glycerol agar medium.

2.4.5 lIsolation of genomic DNA

Overnight cultures of yeast strains were grown in 5 ml of liquid media, and 3 ml of the culture
was collected in a 2 ml screw cap tube. The cells were spun by centrifugation for 1 minute at
12,000 rpm, and the supernatant was discarded. 200ul of TENTS solution, 200ul of glass
beads, and 200l of phenol/chloroform were added to the pellet. The cells were lysed using
a bead beater at full speed for 45 seconds, followed by centrifugation for 30 seconds at 12,000
rpm. 200l of TENTS solution was added to the mixture and vortexed. After centrifugation at
12,000 rpm for 5 minutes, 350ul from the supernatant was taken to a new Eppendorf tube,
followed by the addition of 200ul of phenol/chloroform. The sample was vortexed and
centrifuged as previously described. Next, 300ul of the supernatant was transferred to
another Eppendorf tube. To precipitate the nucleic acids, 750ul of 100% ethanol and 30ul of
3M Sodium acetate were added. After vortexing, the sample was kept on ice for 15 minutes
and then centrifuged at 12,000 rpm for 15 minutes. The supernatant was discarded, and the
pellet was washed with 400ul of 70% ethanol, followed by centrifugation at 12,000 rpm for 5
minutes. The supernatant was removed, and the pellet was resuspended in 200ul of 1X TE +
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2ul of RNase (100ul RNase/TE (10ug/ml)) and incubated at room temperature for 10 minutes.
Subsequently, 20ul of 3M Sodium acetate and 500ul of 100% ethanol were added, and the
sample was vortexed and left on ice for an additional 15 minutes. The sample was centrifuged
again, and the pellet was washed with 70% ethanol and dried at 56°C. Finally, the pellet was
resuspended in a final volume of 50ul of 1xTE.

TENTS: 20mM Tris-HCl pH 8.0, 1ImM EDTA, 100mM NaCl, 2%(v/v) Triton X-100, 1%(w/v) SDS.
1X TE: 10mM Tris-Cl pH8.0, 1mM EDTA.

\’orward primer Reverse primer

Cassette

PCR product

Homologous
recombination

Promoter

Promoter

I I><l

In yeast genome

Figure 2. 1: Gene deletion strategies in yeast. The PCR products were introduced into yeast
strains using a high-efficiency transformation protocol, resulting in the generation of the
desired modified strains.

2.4.6 Gene deletion

Deletion cassettes carrying selection markers were amplified using PCR. The forward primers
were designed to include 50 nucleotides identical to the upstream region of the open reading
frame (ORF) for gene deletion, while the reverse primers contained 50 nucleotides
corresponding to the downstream region of the stop codon (Fig 2.1). The PCR products were
subsequently introduced into yeast strains using a high-efficiency transformation method
(Section 2.4.3) and plated on appropriate selective media. The correctness of the clones was
confirmed by PCR analysis.
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2.4.7 Fluorescence microscopy

Yeast cells were studied using an Axiovert 200M microscope (manufactured by Carl Zeiss, Inc.)
fitted with an Exfo Xcite 120 excitation light source and band-pass filters (supplied by Carl
Zeiss, Inc., and Chroma). The microscope used a Plan-Fluar 100x/1.45 NA or Plan-Apochromat
63x 1.4 NA objective lens (also from Carl Zeiss, Inc.) and was coupled with a digital camera
(Orca ER; provided by Hamamatsu Phototonics). Image capture was facilitated by Volocity
software (developed by PerkinElmer).

Typically, fluorescence images were collected as 0.5um z-stacks, which were then
amalgamated into a single plane using Openlab (PerkinElmer), and further processed in
Adobe Photoshop. Where noted, single focal planes are displayed. Brightfield images were
manipulated to depict the cell perimeter in blue.

2.4.8 Phalloidin Staining of Filamentous actin

For visualizing filamentous actin, a solution of 0.134 ml of 37% formaldehyde was added to 1
ml of actively growing yeast culture (OD600nm 0.3) and incubated for 1 hour at room
temperature. The samples were then subjected to centrifugation and washed twice with 1 ml
of PBS containing 1 mg/ml BSA and 0.1% Tx-100. Subsequently, the cells were suspended in
50 pl of the same buffer, and 5 pl of Rhodamine phalloidin was added. The mixture was
incubated at room temperature in the dark for 30 minutes. Following incubation, the cells
were washed twice with PBS containing 1 mg/ml BSA and resuspended in 200 ul of the same
buffer. Finally, the cells were allowed to settle before visualization using fluorescence
microscopy.

2.5 E. coliprotocols

2.5.1 Growth and maintenance

3 ml of 2TY liquid medium containing 75 pug/ml ampicillin was inoculated with E. coli and
incubated at 37°C overnight on an oscillating shaker at 200 rpm. Alternatively, E. coli was
spread onto 2TY solid agar plates contains 75 pug/ml ampicillin and incubated overnight at
37°C.

2.5.2 Production of chemically competent E. coli DH5a cells

A single colony of E. coli DH5a was inoculated into 5 ml of 2TY medium and incubated
overnight at 37°C on an oscillating shaker at 200 rpom. Next day, a secondary culture was
prepared by diluting the overnight culture to achieve an initial OD600 of 0.1 in 200 ml of 2TY
medium in a 1-liter flask. The culture was then incubated at 37°C on an oscillating shaker at
200 rpm until reaching an OD600 of 0.5. The culture was transferred to ice and kept for 15
minutes.

Next, the culture was centrifuged for 10 minutes at 4°C and 3000 rpm (Sigma4-16K). The
supernatant was removed, and the cell pellets were resuspended in 75 ml of ice-cold RF1
solution and kept for 20 minutes on ice. The suspension was centrifuged as before, and the
supernatant was removed. The cell pellets were then resuspended in 16 ml of ice-cold RF2
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solution. The cell suspension was aliquoted into pre-cooled Eppendorf tubes (100 ul each),
flash-frozen in liquid nitrogen, and stored at -80°C.

RF1 solution: 100mM rubidium chloride, 50mM manganese chloride, 10mM calcium chloride,
30mM potassium acetate, 15% w/v glycerol, pH 5.8.

RF2 solution: 10mM MOPS, 10mM rubidium chloride, 75mM calcium chloride, 15% w/v
glycerol, pH 6.8.

2.5.3 Production of electrocompetent cells

A starting culture of E. coli DH5a was prepared by inoculating a single colony into 5 ml of 2TY
medium. The culture was grown overnight on an oscillating shaker at 200 rpm and 37°C. The
following day, a secondary culture was prepared by inoculating 100 ml of 2TY medium with
cells from an overnight culture to achieve an initial OD600 of 0.1. The culture was then
incubated on ice for 15 minutes. The culture was centrifuged at 3,000 rpm for 15min at 4°C.
After discarding the supernatant, the pellets were resuspended in 50 ml of ice-cold 10% (v/v)
glycerol. The cells were centrifuged again as described earlier and then resuspended in 25 ml
of ice-cold 10% (v/v) glycerol. Finally, the cells were centrifuged for the third time. The cells
were then resuspended in 5ml ice-cold 10%(v/v) glycerol and centrifuged as above. The
supernatant was removed, and the pellet was resuspended in 0.75ml 10%(v/v) ice-cold
glycerol. 40ul of the cell suspension was aliquoted in pre-cooled Eppendorf tubes then flash-
frozen in liquid nitrogen and stored at -80°C.

2.5.4 Transformation of chemically competent cells

Per transformation, 30 ul of chemically competent E. coli DH5a or BL21 DE3 cells were thawed
on ice. To the cells in an Eppendorf tube, either 10 pl of ligation mixture or 1 pl of plasmid
DNA was added, followed by a 20-minute incubation on ice. The cells were then subjected to
heat shock in a 42°C water bath for 2 minutes (or 10 seconds for BL21 DE3) and subsequently
placed on ice for 5 minutes. Next, 900 pl of 2TY medium was added to the sample, which was
then incubated for 45 minutes at 37°C. The sample was centrifuged at 8000 rpm for 1 minute,
and approximately 850 ul of supernatant was discarded. The remaining volume was gently
resuspended and plated onto 2TY agar media containing 75 pg/ml ampicillin, followed by
overnight incubation at 37°C.

2.5.5 Transformation of electrocompetent cells

Per transformation, 40 upl of electrocompetent cells were thawed on ice. To the
electrocompetent cells, 10 pl of 10x diluted gDNA (1 pl genomic DNA + 9 pl water) was added,
and the mixture was transferred to a chilled 2 mm electroporation cuvette (Fisher). The
cuvette was then loaded into the Bio-Rad MicroPulser, and a single pulse was applied using
the EC2 setting (V= 2.5 kV). Immediately after electroporation, 800 pul of 2TY medium was
added to the cells, and the mixture was transferred to a clean Eppendorf tube. The sample
was incubated for 45 minutes at 37°C. Following the incubation, the sample was centrifuged
at 5000 rpm for 1 minute, and the supernatant was carefully removed. The cell pellet was
then plated onto 2TY + 75ug/ml ampicillin agar media and incubated overnight at 37°C.
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2.6 DNA procedures

2.6.1 PCR

PCR was utilized to amplify a DNA specific region using VELOCITY™ or MyTaq™ DNA
polymerases. A total volume of 25ul was made up in each tube. The reaction mixtures are
shown in Table 2.5.

Table 2. 5 — PCR reaction mixture compositions.

MyTaq™ DNA polymerase VELOCITY™ DNA polymerase

5ul 5x MyTag™ reaction buffer 5ul 5x Hi-Fi buffer

2.5ul forward and reverse primer (5uM) 2.5ul forward and reverse primer (5uM)

- 2.5ul 2.5mM dNTP’s (0.15mM)

1ul 1/50 diluted plasmid DNA (5- 10ng) or 1pl | 1ul 1/50 diluted plasmid DNA (5- 10ng) or 1ul
gDNA gDNA

0.5ul MYTAQ™ DNA polymerase (1.25 unit) 0.25ul VELOCITY™ polymerase (1.25 unit)

13.5pl dH20 13.75pl dH20

Table 2. 6 — PCR conditions. Depending on the AT/GC content of the individual primers used
the annealing temperature was calculated [4(G + C) + 2(A + T) - 5°C]. Steps 2-4 were repeated
for 30 cycles in each PCR reaction.

MyTagq™ DNA VELOCITY™ DNA
polymerase polymerase
1- Initial denaturing 95°C 1-3 min 98°C 1 min
2- Denaturing 95°C 30 Sec 98°C 30 Sec
3- Annealing 50-65°C 30 Sec 50-65°C 30 Sec
4- Elongation 72°C 1 min/kb 72°C 15 Sec/kb
5- Final extension 72°C 10 min 72°C 10 min

Table 2. 7 — Primers used in this study. Sequences are 5’ to 3’. F = Forward and R = Reverse.

Name code | Sequence 5'-3' Description

VIP 4185 F | CCAGACCGCCAATAATGCGGCGT Target ADE2 gene
VIP 4186 R AACACGCCGCATTATTGGCGGTC Target ADE2 gene
VIP 4187 F CCACCTTGCGTACTACCGGAACC Target GUT2 gene
VIP 4188 R AACGGTTCCGGTAGTACGCAAGG Target GUT2 gene
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Primer 25bp

VIP 4294 F GCCATCGACAACAAGTGG upstream to ADE2
Ca9 cut
Primer 25bp
VIP 4295 R GGTAGCGACTGGAATACC downstream to
ADE2 Ca9 cut
Primer 150bp
VIP 4284 F CAAGGCTGAAGTCTCTC upstream to ADE2
Ca9 cut
Primer 150bp
VIP 4283 R CAAGTGAGCAGCACCAC downstream to
ADE2 Ca9 cut
Primer 500bp
VIP 4264 F GAGGGACTCGAGAAAGCAGC upstream to ADE2
Ca9 cut
Primer 500bp
VIP 4265 R GACTGAGGCATTTGGAG downstream to
ADE2 Ca9 cut
Primer 1500bp
VIP 4281 F GACGAGAGTTGGCATTGGAG upstream to ADE2
Ca9 cut
Primer 1500bp
VIP 4286 R GTGGTGGCCAATTAGGTCG downstream to
ADE2 Ca9 cut
Primer 500bp
VIP 4266 F CTGGAGTTCTGGCGTATTCG upstream to GUT2
Ca9 cut
Primer 500bp
VIP 4267 R GATTACCGGTGTCCTCGCTG downstream to
GUT2 Ca9 cut
Uipa3ap p | CTTCATTACACGAAATCGAAATGCACGAT ;\g rize ':EZ?:;:iIgR
TTATTCATATATAGAGAGACGGAATGATCCAGAGGC .
with 50bp flank
Uipasazp | TCTATCTAATACTAGAAATAAGTATAAAGC ;\rDi rize ':Ezic:gng
AAACTCTATAACAACCGAATCCCAATCTATCTTCTGAGG .
with 50bp flank
VIP 4520 AAACTTTTCGTAATTGAGTAGGCCAAGTTGCAACCGTGT SRV2 knockout
GAAATCGAATCCGTACGCTGCAGGTCGAC primer
VIP 4521 R AAATGTGATTTATTTCTTTTAACTAAATACATTAATGCTCCT | SRV2 knockout
CGCAATAGCATAGGCCACTAGTGGATCTG primer
VIP 4887 F GCCAGTGAATTCGAGCTCGGTACCGCTAA Amplifying SRV2
TACAAACAGGC ORF
VIP 4883 R GCCAAGCTTGCATGCCTGCAGTCGTCGTG Amplifying SRV2
TATTGTTGC ORF
VIP 4884 R GCCAAGCTTGCATGCCTGCAGATTCTTCG Amplifying N-
TTGATTGTGCCATCG terminus of SRV2
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Amplifying C-

VIP 4886 F CCGTGTGAAATCGAATCATGGCACAATCAACGAAG .
terminus of SRV2

Primer 500bp

VIP 4530 F GGACGTTGAAGCCACATCC upstream to SRV2
ORF
VIP 5025 E GTAAAACGACGGCCAGTGAATTCGCTAATACTCAAAAC Amplifying Srv2-
AGGC GFP-Pex15 fusion
VIP 5040 R GTTCTTCTCCTTTACTCATTGCACCCGCCC Amplifying Srv2-
CTGCTCCGAGCTCACCAGCATGTTCGAAAAC GFP-Pex15 fusion

Amplifying Srv2p-

VIP 4885 R ATTCTTCGTTGATTGTGCCATGATTCGATTTCACACGG .
GFP-Pex15 fusion

VIP 5100 F ACTGGGATCCATGGTTTTATCAAGGGGAG Amplifying Inp1

Amplifying Inp1 1-

VIP 5102 R | CAGTGTCGACGCAGTTTGAATTTATCGCTC 280

VIP 5103 R | CAGTGTCGACTCAAAGGTCGCCAAGAC Amplifying Inp1 FL

Primer 50bp from

VIP 727 R CCCATTAACATCACCATC star codon of GEP

Check Knockout of

VIP 142 CTGCAGCGAGGAGCCGTAAT SRV2

2.6.2 Restriction digest

Each restriction digest mixture was performed in a 25 pl reaction volume for each sample,
comprising 2.5 pl of 10x NEB CutSmart™ Buffer, 1 ul of each required restriction enzyme, 1
pg of plasmid DNA, and the volume was adjusted to 25 pul with dH20. The mixtures were
prepared on ice and then incubated at 37°C overnight.

2.6.3 Agarose gel electrophoresis

The DNA samples were subjected to agarose gel electrophoresis for analysis. To prepare the
gel, 0.7% (w/v) agarose powder was dissolved in 1x TAE buffer solution (40 mM Tris, 20 mM
acetic acid, 1 mM EDTA, pH 8), and Ethidium bromide was added to achieve a final
concentration of 0.5 ug/ml. The DNA samples were mixed with 6x loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 30% (v/v) glycerol) to obtain a 1x final
concentration. In order to estimate the size of DNA fragments, a Bioline Hyper ladder was
included in the analysis alongside the DNA samples. The agarose gel was run at a constant
voltage of 96V in 1x TBE buffer solution for a duration of 36 minutes. Finally, the samples
were analyzed by observing them with an ultraviolet (UV) transilluminator imaging system
known as GeneSys.

2.6.4 Gel extraction

Following the agarose gel electrophoresis procedure outlined in Section 2.6.3 and visualizing
the DNA samples on a UV transilluminator, the desired DNA bands were carefully removed
from the gel. Subsequently, the extraction of the gel bands was conducted utilizing the
QlAquick gel extraction kit (Qiagen), following the instructions provided by the manufacturer.

53



2.6.5 Ligation

Typically, a molar ratio of 3:1 between the insert and vector was employed for each ligation
reaction, with a final volume of 20 ul. 50ng digested vector, a relevant amount of the insert
fragment, 2 ul 10x ligase buffer and 0.5 ul T4 DNA ligase (NEB) were added to the mixture and
made up to 20 ul with dH20. The reaction was then incubated for overnight and transformed
into chemically competent E. coli cells next day.

2.6.6 Miniprep

Overnight cultures of E. coli cells were cultivated in 3 ml of 2TY ampicillin medium. The
following day, plasmids were extracted from the overnight cultures using the QlAprep
miniprep kit, following the instructions provided by the manufacturer. Subsequently, the
concentration of the plasmids was determined using a Nanodrop device.

2.6.7 Homologous Recombination

In S. cerevisiae, homologous recombination was employed for gene cloning to incorporate
tags or open reading frames into a vector (refer to Fig. 2.2). Fragments of interest, such as
promoters, ORFs, and tags, were initially amplified through PCR. The design of the primers
ensured that the resulting product had flanking regions of at least 20 nucleotides, which were
identical to the insertion sites within the vector. The vector was then digested using specific
restriction enzymes. Subsequently, the linearized vector and PCR products were introduced
into yeast cells through high-efficiency transformation (Section 2.4.3). Through the process
of homologous recombination, gap repair took place, leading to the circularization of the
vector, incorporating the PCR product. To identify cells containing the recombinant plasmids,
selective yeast medium was used for their growth.

2.6.8 Sequencing

Source Bioscience was used to sequenced plasmids using the Sanger sequencing service. The
data received from Source Bioscience was analysed using SnapGene program and the online
multiple sequence alignment tool ClustalW.
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Figure 2. 2: Homologous recombination method for plasmid construction usedin S. cerevisiae.
A) Primers (indicated by blue and orange arrows) were designed to generate a PCR product
containing the desired DNA insert (in blue) with approximately 18 nucleotides of homologous
flanking sequences to regions within the vector (in orange). B) The digested vector and the
PCR product were introduced into S. cerevisiae through transformation. As a result of
homologous recombination, a recombinant vector was formed, incorporating the desired
insert.
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2.7 Protein procedures

2.7.1 SDS-PAGE

SDS PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) was run following
the protocol described by (Sambrook and Russell, 2006). 10% gels were used as shown in
Table 2.7. The samples were supplemented with a 1X final concentration of protein loading
dye (4X) and subsequently loaded onto the gel. The gels were then subjected to
electrophoresis at a voltage of 100-130V until the dye migrated to the bottom of the gel.
Protein running buffer (1X): 3.3g Tris Base, 14.13g Glycine, 1% (w/v) SDS, dH20 up to 1L.
Protein loading dye (4X): 250mM Tris pH 6.8, 9.2% (w/v) SDS, 40% (w/v) Glycerol, 0.2% (w/v)
Bromophenol brilliant blue, 100mM DTT.

Table 2. 8 — SDS-PAGE gel reagents.

Reagents Resolving gel (10%) | Stacking gel
(4%)

Protogel (Acrylamide, Bisacrylamide mix) 30% stock | 3.3 ml 650 ul

Resolving buffer 4X stock 2.6 ml -

Stacking buffer 4X stock - 1.25 ml

APS 10% (w/v) stock 100 pl 50 pl

TEMED 1000X stock 10 ul 5ul

dH20 4.1 ml 3.02 ml

Total volume 10 ml 5ml

2.7.2 Protein induction

E. coli cultures were inoculated in 4ml 2TY/Ampicillin and then incubated overnight at 37°C.
Next day, 2TY/Ampicillin cultures were reinoculated from 0.1 OD, to reach 0.8. Then 1ImM of
IPTG was added to cells for 3 hours at 37°C with shaking. This was followed by centrifugation
at 800 rpm for 15 min at 4°C. The supernatant was discarded, and pellets were stored at —
80°C till required.

2.7.3 Protein purification from E. coli

Bacterial cells were resuspended in 1ml ice cold 1xPBS + 1mM PMSF, then cells were
sonicated 1x 30sec, 2x 15sec at 40% amplitude and samples were kept on ice. 1mM PMSF
was then added to suspension followed by centrifugation at max speed for 10 min at 4°C.
Supernatants were added to prewashed Amylose (NEB) beads (washed twice with 1xPBS) and
then incubated at 4°C with end over end mixing for 1 hour. Beads were then washed twice
with 1xPBS. For in vitro binding, beads were directly used.

For actin assays, MBP-tagged proteins were eluted using maltose elution buffer. Standard
curves were then performed to determine the protein concentration. A dilution series of
actin, of known concentration (Section 2.8.1), and the same volume of MBP-Inp1 were run in
SDS-PAGE. After running and destaining the gel, Image Lab (from Bio-Rad) was used to
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calculate the concentration for each band based on the specified protein standard. Nanodrop
Spectrophotometer-Protein A280 was used in addition to stander curves.
Elution buffer: 20 mM Tris-HCI, 400 mM NaCl, 2 mM EDTA, 20 mM maltose, pH 7.4

2.7.4 TCA protein extraction

The yeast cultures were incubated overnight to allow for growth, after which 25 OD600 units
of cells were harvested for 1 minute at 12,000 rpm. The resulting pellets were then
resuspended in 500ul TCA buffer after the supernatant was discarded. Samples were
incubated on ice for 10 min followed by the addition of 71l of 40% (w/v) TCA (Trichloroacetic
acid in Milli-Q water) after which it was left again on ice for 10 min. The samples were then
centrifuged at 13,000 rpm for 5 minutes at 4°C and the precipitated protein pellets were kept.
To neutralize the proteins, 10ul of 1M Tris- HCI pH 9.4 was then added followed by 90ul of 1X
the sample buffer. After boiling at 95°C for 10 minutes, samples were loaded onto SDS-PAGE
gels (1-2 OD600 equivalent).

TCA buffer: 0.2M NaOH, 0.2% B-Mercaptoethanol.

2.7.5 Protein extraction

The yeast cultures were incubated overnight to allow for growth at 30°C and 200rpm shaking
in selective media. The following day, another culture was started with ODggo 0.1 into fresh
media and incubated for 6h at 30°C and 200rpm shaking. Arround 500 ODggo units of cells
were harvested by centrifugation at 3000rpm for 5min. The cell pellets were then
resuspended in the 400ul of cold F-buffer (G-buffer + 10% 10x KME) or lysis buffer plus 1mM
protease inhibitor cocktail and PMSF. 200ul of glass beads were then added to the
suspension. The mixture was lysed in a bead beater for 1min and placed on ice immediately.
This was followed by centrifugation at 13000 rpm at 4°C for 1min. The supernatants were
transferred to clean Eppendorf tubes then centrifuged at 13000 rpm at 4°C for 10min and the
supernatant was kept on ice.

G-buffer: 2mM Tris pH8, 0.2mM CaCl;, 1ImM NaNs3, 0.2mM ATP, 0.5mM DTT.

Lysis buffer: 20mM Tris/HCI, 110 mM KCI, 5mM MgCl and 1mM DTT.

2.7.6 Protein binding assays

In vitro binding assay

Proteins that were extracted (as described above) were added to MBP-Inp1 coated beads that
were prewashed with F-buffer or lysis buffer. The mixture was incubated at 4°C with end over
end mixing for 2 hours. Beads were washed 3x with the same buffer used with centrifugation
at 200 rpm between each wash. SDS-PAGE was carried out and binding was analysed by
Coomassie staining and western blot.

In vivo binding assay (GFP protein pull down)

For co-immunoprecipitation experiments, 50-60 ODsoo units of logarithmically growing cells
were spun down and resuspended in 400ul lysis buffer. Next, 200ul of clean glass beads were
added to the mixture. The samples were subjected to lysis using a glass bead beater,
performing multiple rounds of 45 seconds at maximum speed. Following lysis, the samples
were centrifuged at 4°C for 10 minutes at maximum rpm. 250l of clear lysate was added to
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25ul per-washed GFP-Trap beads (washed twice with 10 volume lysis buffer), and some of
clear lysate was kept as control. The mixture was then incubated at 4°C for 2h on rotating
wheel, and then washed three times with lysis buffer (no protease inhibitors). Bound proteins
were eluted with protein loading dye and boiled at 90°C for 10min, and then analysed by
western blot.

Lysis buffer: 150mM KCI, 20mM Tris-HCI pH 8.0, 5mM MgCl,, protease inhibitor.

2.7.7 Western blot

The samples were separated through SDS-PAGE and were subsequently transferred onto a
nitrocellulose membrane using a Biorad Mini Trans-Blot Electrophoretic transfer cell. This
transfer took place at 200mA for 2 hours in a transfer buffer composed of 25mM Tris pH 8.3,
150mM Glycine, and 40% (v/v) methanol. The successful transfer of the protein was
confirmed using Ponceau S solution (0.1% (w/v) Ponceau S in 9ml TBS-Tween 20 (containing
50 mM Tris-HCl with a pH of 7.5, 150 mM NaCl, and 0.1% (v/v) Tween 20)).

The blots were then blocked overnight in a buffer containing 5% fat-free milk in TBS-Tween.
The membranes were exposed to primary and secondary antibodies for an hour at room
temperature in a milk buffer, with the process being followed by three rounds of washing
between the incubations using TBS-T (minus the milk).

The antibodies were used at the following dilutions: anti-actin (1:500) from Invitrogen, anti-
PAP (1:5000) from Sigma-Aldrich, and anti-GFP (1:3000) from Roche. Anti-mouse polyclonal
(1:20000) from Invitrogen, and anti-Pgk1 (1:7000) from Invitrogen were utilized as secondary
antibodies.

The proteins were identified using Enhanced Chemi-Luminescence (ECL) substrates and the
images were captured using a Syngene GBox imaging system along with the Genesys
software.

2.8 Actin assays

2.8.1 Making actin

Rabbit skeletal muscle acetone powder was made by the Ayscough lab according to (Perry,
1955) protocol, and kept as 5g aliquot stocks at -80°C till required. The 5g rabbit skeletal
muscle acetone powder was placed in 25ml beaker (inside a larger beaker filled with ice) and
100ml fresh cold G-buffer was added. The mixture was stirred slowly and consistently for 30
mins. The mixture was then poured out into 50ml falcon tube and spun at 20000g for 35 mins
at 4°C. The supernatant was filtered through 2 pinches of glass wool packed into a funnel and
filtered twice through 0.45um filter then a 0.2um filter. Then KCI (to final concentration of
0.8M) and MgCl; (to final concentration of 0.2 mM) were added to the liquid and left stirred
for 30 min at room temperature then stirred for another 30 min at 4°C. The sample was
ultracentifuged for 2h at 35000 rpm at 4°C. Supernatant was discard and the F-actin pellets
were extracted and put into 15ml glass Teflon homogeniser contain 5ml G-buffer. The actin
solution was resuspended 10 times and another 5ml G-buffer was added and resuspended
again. The solution was filled into dialysis tubing (washed with a litre of dH,0 and G-buffer)
and tied its both ends with clamps and floats. The tubing was left to dialyse in 1L fresh g-
buffer for at least 2h and the buffer was changed and left for overnight. For the next 2 days,
the actin dialysis buffer was changed three times (every 4h). Next day, the buffer was changed
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again 3 times before collecting the sample by cutting tubing and pouring actin into 50ml tube
on ice. Sample then centrifuged at 3500 rpm for 2h at 4°C. About % of the fraction was
transferred to a clean 50ml tube. The sample was loaded onto the fraction collector column
and left flowing for overnight. Finally, the peak fractions were collected concentration using
Bradford reagent and then the actin concentration was calculated using the following: A290nm
X dilution/0.0264= uM actin. Monomeric actins were stored at 4°C for up to a month.
G-buffer: 2mM Tris pH8, 0.2mM CaCl;, 1ImM NaNs, 0.2mM ATP, 0.5mM DTT

2.8.2 Making pyrene actin

After collecting pre-peak actin fractions from section 2.8.1 actin is diluted to 1 mg/ml with G-
buffer then dialysed against G-buffer with no DTT for 3hh with 4 changes of buffer. The actin
then polymerized by adding 100mM KCI and 2mM MgCl; with slowly stirring at room
temperature for 2 mins. Then pyrene (10mg/ml) is added to actin at 10:1 molar ratio pyrene:
actin (10 mg pyrene/ 100 mg actin) and stirring for overnight at 4°C in the dark. Next day,
pyrene actin is dialyzed with G-buffer containing 0.5 mM DTT in small diameter tubing with
several buffer changes till actin is in solution. Pyrene actin is centrifuged at low speed 500
rpm for 5 min to remove any excess pyrene precipitation. Pyrene actin was then polymerized
again as above followed by centrifugation at 40000 rpm for 1h at 4°C. The pellet was
resuspended in G-buffer with DTT to approximately 5 mg/ml and homogenized with loose
fitting dounce plunger. This followed by dialysed at 4°C with same buffer with several changes
(over several days). Then the solution is centrifuged at 25000 rpm for 2h at 4°C. The top 2/3
of supernatant was transferred to a new tube and loaded into fraction collector column (G-
150) on foil wrapped with G-buffer containing DTT. Finally, 4ml fractions were collected and
actin concentration was determined and stored at 4°C till required.

2.8.3 Alexa488 fluor G and F actin binding assays

Alexa488 fluor actin was obtained at a stock concentration of 18.3 mg/ml (Molecular Probes).
A working stock was created by adding 1ul of stock to 99ul G-Buffer (2mM Tris-HCI pH8,
0.2mM CaCl2, 0.2mM ATP and 0.5mM DTT) to give a 10uM working stock. This was
centrifuged at 90,000 rpm (Beckman Coulter TLA 100 rotor) for 15 minutes to remove any
pre-existing F-actin or aggregates. This was kept at 4°C till required.

The actin reaction mix (4.5ul of 22uM actin, 1pl Alexa 488, 21.5 ul G-buffer and 3ul of 9uM
BSA for G-actin binding OR 4.5ul of 22uM actin, 1ul Alexa 488, 21.5 ul G-buffer +10% of 10x
KME and 3ul of 9uM BSA for F-actin binding) was added to MBP-Inp1 beads as described
above (section 2.7.3) that were washed with G-buffer or F-buffer (G-buffer + 10% 10x KME).
The mixture was incubated for 2 hours at room temperature. Beads were then spun down at
200 rpm for 1 min, followed by washing twice in G-buffer or F-buffer (for f-actin). Beads were
analysed by fluorescence microscopy under GFP setting, followed by immunoblot analysis
with an anti-actin antibody.

10x KME: 0.1M Tris pH 8.0, 0.5mM KCI, 10mM MgCl2, 10mM EGTA.

2.8.4 Fluorimetry assay

Actin made in Section 2.8.2 and pyrene actin made in Section 2.8.2 were used for the actin
mix as following (5uM G-actin, 0.5uM pyrene actin, G-Buffer) in total volume of 300ul then
the mixture was vortexed briefly to ensure thorough mixing and added to one well of the 96
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well plate. The fluorimeter was run for 3 mins to check that the trace is steady. Then protein
of interest was added to the next well of the 96 well plate plus G-buffer to check the actin
polymerisation or plus F-actin to check the actin depolymerisation as shown in Table 2.9. Then
the protein of interest mixture was added to actin mixture before the assay was started for
up to 5h.

G-buffer: 2mM Tris pH8, 0.2mM CaCl;, ImM NaNs, 0.2mM ATP, 0.5mM DTT.

10x KME: 0.1M Tris pH 8.0, 0.5mM KCI, 10mM MgCl2, 10mM EGTA.

F-buffer: 40ul 10xKME + 30ul G-buffer.

Table 2. 9 — Fluorimetry assay mixture.

Actin mix Inp1 protein MBP G or F buffers
Actin only 300ul - - 70 ul
Actin and Inp1 300ul 46yl - 24 ul
Actin and MBP 300ul - 27.7 ul 42.2 ul

2.8.5 Actin co-sedimentation assays

Protein of interest (Inp1) was pre-spun 15 min at 90k rpm to remove any pelletable material.
Then 5uM of actin that made in Section 2.8.1 was mixed with an equimolar amount of protein
of interest in the presence of G-buffer plus 1x KME as shown in Table 2.8. The mixture was
left at room temperature for 2h for actin to be polymerised. After incubation, the samples
were spun at 90k rpm for 15 min at 4°C in TLA-100 Rotor. Then supernatant and pellet were
separated, and the original volume of G-buffer was added to the pellet and resuspended.
Then protein loading dye was added to the samples before separating them on gel using SDS-
PAGE.

Table 2. 10 — Co-sedimentation reaction mixture.

:l',p.M final protein of 5uM final actin | G- 10x KME
interest buffer
Protein of interest | 10ul - 80ul 10ul
only
Protein of interestand | 10yl 10 70 ul 10 pl
actin
Actin only - 10 pl 80 ul 10 ul

2.8.6 Lat-A treatment of cells in culture

Cells at logarithmic growth phase were subjected to the addition of Lat-A, which was prepared
from a 10 uM DMSO stock solution, resulting in a final concentration ranging from 25 uM to
200 pM. In experiments involving cell recovery from Lat-A treatment, cells were washed three
times after a specified duration of Lat-A treatment before being transferred to fresh media.

2.8.7 Yeast two hybrid

Strains carrying ACT1 and some actin mutants as binding-domain constructs, and a strain
carrying PFY1 protein as an activation-domain construct were obtained from Prof. Kathryn
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Ayscough’s lab. Inpl full-length and Inpl 1-280 were constructed as activation-domain
constructs. The PJ69-4A strain was transformed with activation-domain plasmids, while the
PJ69-4a was transformed with binding-domain plasmids. Strains carrying binding-domain
constructs and activation-domain constructs were mated and grown on YPD media. Diploids
were selected on LEU- TRP- selective media plates. Cells were then streaked on LEU-TRP-ADE-
HIS plates and on the same plates plus 3mM and 4mM of 3AT (3-aminotriazole).

2.9 Statistical Analysis

The data obtained in all experiments were from three independent experiments and analysed
using GraphPad (Prism) in two stages. For peroxisome phenotypes and mitochondria
phenotypes, statistical analysis was performed with a two-way ANOVA test and Tukey’s
multiple comparison post-test. For peroxisome numbers, the data were analysed by using
one sample t and Wilcoxon test. Statistical significance was determined by unpaired student
t test and significance level was set to 0.05. ** indicates P < 0.01, ***p < 0.001, ****p <
0.0001. Error bars represent SEM.
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Chapter 3 — Investigating interactions of Inp1

3.1 Introduction

Recently, it has become clearer that cell organelles establish physical interaction with one
another at membrane contact sites (MCS). MCS can be described as cellular regions where
opposing organelle membranes are closely linked in proximity by the interaction of proteins
or lipids, affecting the activity of either one or both organelles (Shai et al., 2018; Prinz, 2014,
Prinz et al., 2020). Research into membrane contact sites is advancing quickly, and it has now
been demonstrated that each organelle establishes a minimum of one functional membrane
contact site with another organelle. In fact, it is now recognised that the majority of organelles
have multiple MCSs, and these perform a wide array of functions including organelle
inheritance and fission, organisation of the cell and exchange of cellular materials (Valm et
al., 2017; Shai et al., 2018). In addition, proteins that bind and control contact sites have been
discovered as a result of the characterization of MCSs. Despite the identification of various
contact sites, there are still a number of tethering factors for MCS that are still not fully
understood, including the contact site between the plasma membrane and peroxisomes (Shai
et al., 2016).

Similar to what has been hypothesised for other organelles, it has been found that
peroxisomes in yeast engage in interactions with various cellular structures, such as
mitochondria, the vacuole, lipid bodies, the plasma membrane, and the endoplasmic
reticulum (ER) (Knoblach & Rachubinski, 2019, Eisenberg-Bord et al., 2016; Wu et al., 2019).
Although certain peroxisomal interaction sites with other organelles have been found, others
remain uncharacterized (Shai et al., 2018). In S. cerevisiae, a precise equilibrium between the
conflicting processes of myosin-dependent transport towards the bud and cortical anchoring
in the mother cell is necessary for faithful peroxisome segregation between the parent cell
and the developing bud. These strategies depend on the inheritance proteins Inp1 and Inp2
that have antagonistic functions and maintain an appropriate division of peroxisomes
between the mother cell and developing daughter (Fagarasanu et al., 2005; Hoepfner et al.,
2001; Fagarasanu et al., 2010). Pex3 interacts directly with the peripheral peroxisomal
membrane protein Inpl to play a crucial function in peroxisome retention (Munck et al.,
2009). The tethering complex formed by Inp1 and Pex3 is crucial for maintaining peroxisomes
and positioning them along the cortex of the parent cell during cell division (Fagarasanu et
al., 2005; Knoblach et al., 2013; Munck et al., 2009).

Inpl plays a critical role in retention of peroxisomes, as it interacts with the peroxisomal
membrane protein Pex3 through a highly conserved leucine-rich motif in its C-terminus
(Munck et al., 2009; Hutchinson, 2016). Initially, it was proposed that Inp1 acts as a hinge-like
protein, facilitating the interaction of Pex3, which is concurrently attached to both
peroxisomes and the cortical ER (Knoblach et al., 2013). However, more recent research has
guestioned this model, suggesting that additional components may be involved in tethering
peroxisomes to the cell cortex, and it appears that Inpl may also play a role in tethering
peroxisomes to other organelles (Knoblach and Rachubinski, 2019).
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The Hettema lab identified Inp1 as the first recognised plasma membrane peroxisome (PM-
PER) tether by confirming that Inp1 complies with the requirements set out for a contact site
tether protein. As a PM-PER tether, it has been shown that Inp1is structurally and functionally
capable of interacting with both the peroxisomal membrane and the plasma membrane when
it is present at the appropriate subcellular location. The conducted experiments reveal Inp1's
role as a crucial component of the plasma membrane (PM)-peroxisome (PER) tether.
Specifically, the first 100 amino acids of Inp1 were found to localize to the plasma membrane
and interact with PI(4,5)P2 liposomes, establishing a minimal tether. This minimal tether is
essential for peroxisome retention at the cell periphery, and when connected to the
peroxisomal membrane, it alone is sufficient to achieve this function.

Furthermore, the researchers constructed an artificial tether using the plasma membrane-
binding PH domain of Num1, which, when linked to peroxisomes, effectively restored
peroxisome retention in inp1A cells. Additionally, when both Inp1 and the Inp1 minimal tether
were expressed in cER mutants, they exhibited localization at the cell periphery, spatially
distinct from the endoplasmic reticulum (ER), and were positioned near peroxisomal foci
close to the plasma membrane.

Based on these findings, the proposed model suggests that the PM-PER tether serves a critical
function in ensuring peroxisome retention at the cell cortex (Hulmes et al., 2020). However,
the specific function of Inp1's middle domain has yet to be determined (Fig. 3.1).

Interestingly, extremely similar results to the Inp1 function in S. cerevisiae have been shown
in H. polymorpha (Krikken et al., 2020). It was demonstrated that Inp1 is divided into 3
functional domains, an N-terminal domain, a middle homology domain (MHD) and a C-
terminal domain. The N-terminal domain has been demonstrated to be critical for the
connection with the plasma membrane, while the C-terminal region is essential for binding
to peroxisomes. In the case of overexpression of N-Inp1-GFP in Apex3 H. polymorpha cells, a
cytosolic fluorescence pattern was observed due to the absence of Pex3. However, the
truncated domain showed a slight accumulation at the cell cortex, with larger quantities of
signal being initially detected at the tips of the buds and subsequently at the necks of the
buds (Krikken et al., 2020). These findings can be attributed to the non-uniform distribution
of PI(4,5)P2 along the plasma membrane in budding yeast, where it tends to be concentrated
in regions of polarized growth and the neck of the bud (Garrenton et al., 2010). It was also
demonstrated that the middle domain of Inp1 is needed for the N-terminal tethering function
of Inp1 (Krikken et al., 2020). Although the central domains of Hplnp1 and Scinpl1 do exhibit
regions of homology, the specific function of the Scinpl middle homology domain has not
been reported.
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Figure 3. 1: Comparative Schematic Illustrations of Inp1l Domain Structures in H. polymorpha and S.
cerevisiae. The schematic diagrams depict the putative structures of Inpl in two distinct species, H.
polymorpha (Hplnpl) and S. cerevisiae (Scinpl). For Hplnp1, the illustration highlights three domains:
the N-terminus, featuring conserved positively charged residues; the MHD/predicted PH-like domain;
and the C-terminus, which is essential for Inp1's interaction with peroxisomes. In contrast, the Scinpl
schematic presents three domains: the N-terminus (1-100) responsible for plasma membrane binding;
the middle domain (100-280) with an unclear function; and the C-terminus (281-420), Pex3 binding
domain. Residues highlighted in red emphasize the bioinformatic analysis of negatively charged
residues located before the Pex3 binding domain

An interesting finding by Krikken and colleagues was that the cortical localization of Inp1 is
influenced by the condition of the actin cytoskeleton. This was observed when the actin
cytoskeleton was disrupted by subjecting the cells to the actin inhibitor latrunculin-A,
resulting in the depletion of cortical Inpl patches, particularly in proximity to the bud neck.
In this study, the formation and localization of Inpl patches were checked using Inp1-GFP.
Upon latrunculin-A treatment of the cells, the Inp1-GFP signal became cytosolic, leading to
the disappearance of cortical Inp1-GFP patches close to the bud's neck. The untreated cells
or the ethanol-treated controls still showed cortical patches of Inp1 (Krikken et al., 2020). This
result indicated that actin cytoskeleton disassembly is linked to the dissociation of Inp1 from
the plasma membrane.

Thus separate studies in two distinct yeast species have reached the consistent finding that
the N-terminal region of Inp1 serves as a domain for association with the plasma membrane,
while the C-terminal region of Inp1 is responsible for establishing a connection or association
with peroxisomes.

It is known that the actin cytoskeleton is crucial for the movement and inheritance of

peroxisomes in yeast and so it would generally be assumed that the link between peroxisomes
and actin would be via the Inp2-myo2-actin linkage that has been characterised. It was
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therefore surprising when Krikken and colleagues reported that Inp1 loses its localization
when the actin cytoskeleton is disrupted (Krikken et al., 2020). The presence of a PI(4,5)P2
binding motif in Inpl suggests the possibility of an indirect interaction between Inpl and
actin, as several actin-binding proteins are known to bind this lipid (Saarikangas et al., 2010).
Furthermore, additional evidence supporting an indirect association between Inp1 and actin
comes from data obtained from the Saccharomyces Genome Database. A large-scale study
reports that the actin assembly factor Las17 genetically interacts with Inp1 (Constanzo et al.,
2016). These observations raise an interesting possibility that Inp1 could potentially interact
with actin.

Considering these findings, it is conceivable that the observed loss of Inp1 localization upon
the addition of Latrunculin-A, which disrupts actin dynamics, might be a secondary impact of
actin disassociation. The disruption of the actin cytoskeleton could affect the interactions
between Inpl and actin-binding proteins, leading to the altered localization of Inp1.

The potential interaction between Inpl and actin warrants further investigation, and the
observed changes in Inp1 localization upon actin disruption provide valuable insights into the
intricate connections between peroxisomes and the actin cytoskeleton.

The data presented in this chapter reports an investigation of whether Inp1 can interact with
actin and therefore whether Inp1 can be characterised as actin-binding protein.

In addition, this study aims to investigate proteins that interact with Inp1's middle domain to
gain deeper insights into the functional relevance of this specific region. The middle domain
of Inpl in H. polymorpha was found to be required for the N terminal as PM-PER tether
(Krikken et al., 2020). However, in S. cerevisiae, it has been found that the N-terminal of Inp1
is sufficient for the interaction with the PM. Consequently, can the middle domain of Inp1in
S. cerevisiae act as a linker between the N and C domains, or does it possess unique properties
or binding partners that play a crucial role in regulating its overall function?

Understanding the functional significance of the middle domain could shed light on novel
interactions or regulatory mechanisms that impact Inpl's involvement in peroxisome
dynamics and tethering processes. By exploring potential interactions with other proteins, we
hope to unravel the intricate network of molecular interactions that contribute to the
multifaceted functions of Inp1 in peroxisome biology.

Through this investigation, we aspire to expand our comprehension of Inpl's complex
structure-function relationships and uncover the underlying mechanisms that govern
peroxisome dynamics and organization in the cell.

3.2 Inpl binds F-actin not G-actin

Actin, a protein found abundantly across eukaryotes, exhibits high conservation and is
involved in vital cellular functions. It plays a fundamental role in multiple processes such as
cell organization, shaping, movement, and membrane transport. Actin monomers, known as
G-actin, polymerize into polarized filaments called F-actin, which are dynamically regulated
by various actin-binding proteins (Winder and Ayscough, 2005). These proteins enable the
assembly and disassembly of actin at specific cellular locations in response to internal and
external signals, ensuring precise control over actin dynamics. Although the actin
cytoskeleton, which is a network of actin filaments, consists of a stiff structure, it is also a
dynamic structure that is permanently remodelling (Srivastava & Barber, 2008; Dominguez &
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Holmes, 2011). A number of proteins have the ability to bind to the actin cytoskeleton.
Studying the binding of proteins to F-actin is essential for gaining insights into the dynamic
processes involving actin cytoskeleton remodeling and understanding the functional roles of
actin-binding proteins in cellular processes (Dominguez & Holmes, 2011).

The investigation of whether Inp1 can interact with actin begins by identifying the type of
actin to which it binds — either G-actin or F-actin.

To test this, G-actin or F-actin was added (as described in section 2.8.3) to amylose beads
coated either with Inp1 fragments (1-100 and 1-280) or with Las17, an actin assembly factor
and activator of the Arp2/3 protein complex that nucleates branched actin filaments and is
known to bind under both conditions. The beads were incubated for 2 hr before being
analyzed by fluorescence microscopy (as described in section 2.4.7).

AS shown in Figure 3.1, the control protein Las17 is able to recruit fluorescent actin to the
surface of the bead so that beads can be clearly visualized against the dark background.
However, in negative controls with the fusion protein MBP alone, there is no recruitment on
the beads, and the beads could not be distinguished above the background. Inpl fragments
(1) Inp1 1-100 and (2) Inp1 1-280, that were in F buffer were able to recruit the fluorescent
actin and thus beads were visible. In contrast when the same fragments of Inpl were
incubated in G buffer there was no recruitment on the beads and consequently the beads
could not be seen (Fig. 3.2). From these results, we can conclude that both fragments of Inp1
can bind to F-actin and not G-actin.

Following visualization of beads, the samples were subjected to centrifugation to separate
proteins bound or unbound to beads and used in immunoblotting to detect actin on these
samples. The immunoblotting results (Fig. 3.3) show actin bound only when Inp1 fragments
were in F buffer, with no actin present in samples that were in G buffer. These results were
compared to the positive control Lasl7. The results confirm the previous findings from
fluorescent microscopy indicating that Inp1 can bind directly to F-actin.
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Figure 3. 2: Inp1 interactions with F-actin. MBP, MBP-Inp1 1-100, MBP-Inp1 1-280, and GST-Las17,
were expressed and immobilized on amylose beads. These beads were then incubated with F-actin
and G-actin in F buffer and G buffer, respectively. Alexa 488 actin was added to all samples for actin
visualization. A total of 30 beads were analyzed for each sample.
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Figure 3. 3: Inp1 binds F-actin. Beads from each sample were run in western blot after the binding
assay. MBP, Inp1 1-100 and Inp1 1-280 were either in G buffer (G) or in F buffer (F). Las17 protein

was used as a positive control.

67



3.3 Invitro, Inp1 fragments bind F-actin

The MBP-Inpl truncated fragments, (shown above, section 3.2) that were in F buffer can
recruit the fluorescent actin on beads, which indicates that Inp1 can bind F-actin. Another
assay was performed to further demonstrate whether purified Inp1 interacts with purified
filamentous actin (F-actin).

The actin co-sedimentation, or pelleting, assay is an in vitro assay usually used to analyse the
binding of protein domains or specific proteins with F-actin, and measure the affinity of the
interaction (like the dissociation equilibrium constant). The assay consists of a preliminary
incubation of the protein of interest (or domain) with F-actin, followed by ultracentrifugation
to harvest F-actin together with any other protein co-sedimented with it. The pellet can then
be analysed to determine the extent of protein binding to F-actin. These assays can be
designed accordingly to determine actin-binding affinities and in competition assays
(Srivastava and Barber, 2008).

The actin co-sedimentation assay is described in detail in Section 2.8.5. In brief, an equimolar
amount of each fragments of Inp1 (as indicated in table 2.9) were mixed with 5 uM of actin
(as described in section 2.8.1). The mixtures were incubated at room temperature for 2h to
allow actin to be polymerised and for binding to take place before ultracentrifugation 90k
rpm for 15 min at 4°C. Subsequently, supernatants and pellets were separately analysed via
SDS-PAGE and proteins in the gels were subsequently stained using Coomassie blue.

In this assay, controls were used which were the maltose binding protein (MBP), Inp1 1-100
and Inp11-280, incubated in the absence of actin to determine whether there was any protein
pelleting without binding. In the absence of actin, these proteins were detected in the
supernatant while no proteins were present in the pellets. Furthermore, MBP in the presence
of actin was used as a negative control to determine whether the fusion partner of the
fragments could confer actin binding itself. In this case MBP was present in the supernatant
while actin alone was found in pellets. A sample containing actin without any additional
protein was used as a positive control to determine the polymerizability of the actin
preparation used. As expected in this case, most of the actin was in the pellet. In the presence
of actin and the MBP-Inp1 fragments (1-100 and 1-280) both fragments were found to be
present in the pellet and not the supernatant. It is notable that a higher percentage of the
Inpl-fused protein 1-100 than of the MBP-Inp1 1-280 bound to the actin (black arrows shown
in Fig. 3.4). These results demonstrate a direct interaction between Inpl and actin, and
increase the validity of our hypothesis, which states that the protein may be an actin binding
protein (Fig. 3.4A).

These samples were then tested by immunoblotting using anti-actin to detect the actin in all
supernatants and pellets. It is important to note that MBP and actin have similar molecular
mass. Hence, it is important to perform an immunoblotting analysis to establish whether the
bands in pellet fraction are actin or MBP. The western blot results show the presence of actin
in all samples (Fig. 3.4B). This result emphasizes the co-sedimentation result by
demonstrating that Inp1 interacts with F-actin in vitro.
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Figure 3. 4: Inp1 short and long fragments co-sedimenting with F-actin. A) Co-sedimentation assay
was run at 90k rpm 4°C after incubating Inpl fragments with actin for 2h at room temperature.
Supernatants and pellets were separated before being analysed by SDS-PAGE followed by Coomassie
blue staining. Arrows indicate co-sedimented Inpl fragments. B) Samples were analysed by
immunoblotting by anti-actin antibodies at a ratio of 1:500 (S: supernatant and P: pellet). The graph
shows supernatant and pellet values for actin, MBP-Inp1 1-100 and MBP-Inp1 1-280 samples. Bands
were normalised against their inputs. Normalised inputs were set to 1 A. U. where A. U. is arbitrary
units.
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3.4 Does Inp1l affect the actin dynamics and polymerisation?

Since Inp1 interacts with F-actin, it was intriguing to investigate whether this binding affects
actin dynamics. Actin polymerization is a reversible process in which monomers associate
with and disassociate from actin filament ends though addition primarily occurs at one end
“the barbed end” and disassembles from the other end “pointed end”. This gives rise to
characteristic polymerization stages with a nucleation, an elongation and a steady state phase
(Dominguez & Holmes, 2011).

Actin fluorimetry assays were used to test the effect of Inp1 on actin. The assays can be used
to determine the polymerization and depolymerization of actin. This happens by measuring
the fluorescence of pyrene conjugated with actin (Doolittle et al., 2013). Pyrene is a
fluorophore, and when bound to G-actin it emits only a very low level of fluorescent light.
When this pyrene G-actin is incorporated into an actin filament, the fluorescence light
emitted increases approximately 10-fold because of changes in the environment around the
fluorophore. Using this approach, it is possible to assess the impact of factors that affect the
nucleation, polymerization, steady state or depolymerization of filaments.

The assay was used to test whether addition of Inpl protein leads to changes in stages of
actin polymerization.

In the assay, 5 UM G-actin and 0.5 pM pyrene actin produced as described in section 2.8.2
were mixed in F-Buffer before adding ~4.9 uM MBP-Inpl or MBP contained in F buffer as
described in section 2.8.4. A sample was also set up containing no additional protein but with
just an equivalent volume of maltose buffer to that in the Inp1 protein fragment samples.

The fluorometer results (Fig. 3.5) show that the control actin plus F buffer showed a low level
of increase over the time period indicating some polymerization was taking place. This is
driven by the increased level of salt (50 mM KCIl) which is known to induce actin
polymerization. All other samples showed an increased rate and level of polymerization.
However, the addition of maltose buffer alone gave a similar level of increase to those
samples that contained the Inp1 fragments indicating that the Inpl fragments do not affect
the rate of actin polymerization and that the increased polymerization was due to the high
level of salt in maltose buffer (400mM NacCl).

As mentioned above, Inp1l short and long fragments bind actin in vitro, but they do not affect

actin polymerisation dynamics. However, it remains unclear whether such binding can occur
also in vivo.
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Figure 3. 5: Actin polymerisations. MBP protein, MBP-Inp1l fragments (1-100 and 1-280),
maltose buffer and actin samples were mixed with 5uM G-actin and 0.5uM pyrene actin and F
buffer in total volume of 300 ul before running them on fluorometer for 5h. B) Samples were
in maltose elution buffer, except for the control which was actin plus F buffer (F buffer contains
50 mM KClI).

3.5 Disruption of actin affects peroxisome distribution

Inplis known to play a crucial role in retention of peroxisomes. In two different yeast species,
S. cerevisiae and H. polymorpha, Inpl functions as plasma membrane tether through its N-
terminal, and its C-terminal acts as peroxisomal binding domain (Hulmes et al., 2020; Krikken
et al., 2020). In H. polymorpha, an intact actin cytoskeleton is required for Inp1's cortical
localization. Cortical Inp1 patches are lost as a result of actin disruption by latrunculin-A (latA)
(Krikken et al., 2020).

Given the localization of Inp1 depends on actin cytoskeleton, it was intriguing to check the
peroxisome distribution in the presence of latrunculin-A in S. cerevisiae.

In this experiment, WT cells expressing the peroxisomal marker mRuby-PTS1 and Inp1-GFP,
and Ainp1 cells expressing the peroxisomal marker mRuby-PTS1 and Inp1-GFP were treated
with latrunculin-A (LatA). LatA was used in a final concentration of 200 um before cells being
imaged. Ainp1 cells expressing the peroxisomal marker mRuby-PTS1 and Abp1-GFP were used
as control. Abplp is a protein that binds actin directly and associates with cortical actin
patches (Drubin et al., 1988).
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In the presence of LatA, the fluorescence of Abpl-GFP patches disappeared confirming the
effect of LatA on filaments of actin (Fig. 3.6). Peroxisomes in Ainp1 cells were in the bud as
result of INP1 deletion.

In WT and Ainp1 cells expressing GFP-Inpl and mRuby-PTS1, following addition of LatA,
peroxisomes were seen to change their localization and started to cluster at the bud neck
(Fig. 3.6). Quantitative analysis showed that in the presence of LatA, more than 80% of cells
have clustering peroxisomes (Fig. 3.7). From the results, we can conclude that the distribution
of Inp1 and peroxisomes is affected by the disruption of actin.

Interestingly, the same phenotype has been reported in an inp1 mutant. The Rachubinski
group performed random mutagenesis experiments on Inpl to study the ER-peroxisome
tether. One of these mutants was inp1 T26M which affects the peroxisome distribution. The
phenotype of this mutation consists of peroxisome clustering at the bud neck and affects the
peroxisome transfer to the bud (Knoblach & Rachubinski, 2018). In the Hettema lab, the inp1
T26M mutation was generated and tagged with GFP by a lab member. The mutation was then
tested in this study, and the phenotype mentioned above was verified. Ainp1 cells were
transformed with Inp1-GFP full length and inp1-GFP T26M separately. Control cells expressing
the full length of Inp1 have a normal peroxisome distribution (Fig. 3.8A). As shown in Fig.3.8B,
unlike the wild type, the majority of cells expressing inp1 T26M mutation have clustering
peroxisomes at the bud neck.

The peroxisome clustering phenotype when actin is disrupted is strikingly similar to the one
in the mutant of inp1 T26M, which raises the question of whether there might be a link
between the residue T26 and actin. Consequently, the T26 mutant was generated in the MBP
fusion Inp1 1-100 and a co-sedimentation assay was performed to investigate whether the
mutant T26M affects the interaction between Inpl and actin. The experiment was run as
described above (section 3.3) using yeast strains expressing inpl T26M. In this assay, actin-
free samples MBP, MBP-Inpl 1-100 and MBP-inp1 1-100 T26M were used as negative
controls. In the absence of actin, these proteins were shown in the supernatant while no
proteins were in the pellets. In addition, MBP plus actin was used as a negative control where
MBP was present in the supernatant while actin was found in pellets. A sample containing
actin with no additional protein was used as a positive control. Most of the actin was in the
pellet. However, in the presence of actin and after actin polymerization, both MBP-Inp1
fragments (1-100 and 1-100 T26M) were found to be present in the pellet but not in the
supernatant (Fig. 3.9). This result demonstrates that the clustering peroxisomes caused by
mutant T26M did not occur because of a direct impact on actin binding, and that Inp1 still
binds actin.
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Figure 3. 6: Peroxisomes clustered in the presence of LatA. inp1A strain expressing Inp1 FL and
WT strain were treated with LatA from 10mM DMSO stock in a final concentration of 200 uM
for 15 min before being imaged. The same volume of DMSO was used as control. inp1A strain
expressing Abp1-GFP was used to confirm if actin filaments are affected when LatA is added.
Bars, S5um.
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Figure 3. 7: Quantification of the peroxisome bud neck clustering phenotype. Ainpl cells
expressing the full length of Inpl and WT cells were treated with LatA. A total of 100 cells
from each strain were analyzed in three separate experiments. The error bars describe the

mean with SEM.
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Figure 3. 8: inp1 T26M mutation showed clustering peroxisome at the bud neck. A) inp1
T26M-GFP and Inpl FL-GFP plasmids and the peroxisomal marker mRuby2-PTS1 were
transformed into inp1A strain. Cells grown to log phase before imaging. Bars, 5 um. B)
Quantification of the peroxisome bud neck clustering phenotype marked upon inp1 T26M-
GFP expression or Inpl FL-GFP in inp1A. A total of 100 cells from each strain were analyzed
in three separate experiments. The error bars describe the mean with SEM. Statistical
significance was determined by unpaired student t test: **P < 0.01,****P < 0.0001.
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Figure 3. 9: The mutant inp1 T26M does not affect the interaction between Inpl and actin.
Co-sedimentation assay was run at 90k rpm 4°C after incubating Inp1 fragments (1-100 and
1-100 T26M) with actin for 2h at room temperature. After separating supernatants and
pellets, proteins were analysed by SDS-PAGE followed by Coomassie blue staining. Arrows
mark the presence of co-sedimented Inp1 fragments. The graph represents supernatant and
pellet values for actin, MBP-Inp1 1-100 and MBP-inp1 1-100 T26M samples. Bands were
normalised against their inputs. Normalised inputs were set to 1 A. U. where A. U. is arbitrary
units.
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3.6 Mutations of ACT1 affect the distribution of peroxisomes

Previous studies have mutated the actin gene extensively and this facilitated our
understanding of the structure-function relationship of actin. The yeast actin gene ACT1 was
subjected to the first alanine scanning mutagenesis (Wertman et al, 1992). Clusters of 2 or
more charged residues in ACT1 were replaced with alanine (Fig. 3.10) (Wertman et al., (1992).
This group of mutants has been shown to be a very effective set of reagents for investigating
the structure-function relationships in the actin cytoskeleton. The effect of these mutations
varied between lethal, temperature sensitive and wild-type (Wertman et al., 1992).

Learning more about the critical parts on actin that might be involved in peroxisome
interaction and function was our next goal. Because the disruption of actin by LatA affects the
distribution of peroxisomes, we were curious to analyse peroxisomes in ACT1 mutant cells
and investigate whether some of these mutants have an effect on peroxisomes.
Consequently, some of these mutations were collected from the Ayscough lab (listed in table
3.1). Yeast strains expressing mutated actin proteins as the sole form of actin in the cell were
grown to log phase before being analysed by fluorescence microscopy. Some of these cells
were sick and could not be imaged due to slow growth. Most of the mutations that have been
imaged show a normal peroxisome distribution when compared with the wild type. However,
two of these mutations, actl-104 and actl-116, displayed an interesting peroxisomal
phenotype. Although these mutations had no observable phenotype on yeast growth at
different temperatures or on salt containing media (Wertman et al., 1992), they affected the
distribution of peroxisomes. Analysis of fluorescent images showed that expression of the
act-104 and act1-116 mutants cause the clustering of peroxisomes at the bud neck (Fig. 3.11).

Table 3. 1- Yeast actin mutations

Allele Amino acid replacement Phenotype

Actl None Wild type

actl-101 D363A, E364A Heat sensitive
act1-102 K359A, E361A Wild type

actl-104 K315A, E316A Wild type

actl-105 E311A, R312A Cold and heat sensitive
actl-113 R210A, D211A Heat sensitive
actl-116 D187A, K191A Wild type

actl-119 R116A, E117A, K118A Heat sensitive
actl-120 E99A, E100A Heat sensitive
act1-123 R68A, E72A Wild type

actl-124 D56A, E57A Heat sensitive
actl-125 K50A, D5 1 Cold and heat sensitive
actl-129 R177A, D179A Heat sensitive
act1-133 D24A, D25A Cold and heat sensitive
actl-136 D2A Cold and heat sensitive
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Figure 3. 10: Ribbon diagram of the actin monomer (Wertman et al., 1992). The diagram
shows the sites of the backbone residues for the charged group replacements. Residues are
color-coded according to the haploid mutant phenotype: green, no phenotype observed;
yellow, temperature sensitive; red, lethal; blue, putative dominant lethal. Allele designations
are represented by numbers. The adenine nucleotide is depicted as a basic stick model in the
noticeable cleft, and the divalent metal ion is represented as a large tilled circle. (Wertman et
al., 1992).
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Figure 3. 11: act1-104 and act1-116 strains showed clustering of peroxisome in the bud-neck
region. Cells expressing mutant actins were grown to the log phase and imaged in the
presence of the peroxisomal marker mNG-PTS1. Figures show the peroxisomal phenotype in
act1-104 and actl-116 compared to wild type, and mutant actin that shows a normal
distribution of peroxisomes. Bars, 5uM. The graph represents the quantification of yeast
strains expressing actin mutants and the peroxisomal marker mNG-PTS1 and their effect on
peroxisomes. More than 200 cells were analysed for each strain.
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3.6.1 Actin filamentsin act1-104 and act1-116 mutants

Although it was apparent that these mutants affected peroxisomes in yeast, their effect on
actin dynamics was not clear, yet important to understand. It was shown above (Section 3.5)
that the distribution of peroxisomes is affected when actin is completely disrupted. It was
therefore beneficial to examine actin filaments in the presence of actin mutants. In order to
demonstrate the effect of these actin mutants, actin filaments were checked in strains
expressing act1-104 or actl-116 mutant genes and the peroxisomal marker mNG-PTS1 by
using rhodamine phalloidin staining. Rhodamine phalloidin was used as described (Section
2.8.6) to stain actin filaments. Cells were then analysed by a fluorescence microscope.

The control which is cells expressing the wild type ACT1 shows normal actin cables as well as
normal peroxisome distribution. In the presence of mutant actins act1-104 and act1-116,
actin cables presented as normal as wild type, while peroxisomes clustered at the bud neck
(Fig. 3.12). Although these mutants affect the normal location of peroxisomes, these results
demonstrate that they have no effect on actin organisation.

3.6.2 Vacuolesin act1-104 and actl1-116 mutants

The actin mutants act1-104 and actl-116 have been shown to influence peroxisome
distribution (Section 3.5), but staining the actin filaments in cells expressing these mutant
actins demonstrates that these two mutants have no impact on the organisation of actin (see
3.6.1). This led to investigating whether these mutations have an effect on other organelles
in addition to peroxisomes. Vacuole is a suitable organelle to test because any effects will be
clearly observed because it is known that vacuoles are dramatically impacted by the
perturbation of actin. The effect can result in abnormal structure, an increase in number, and
shape changes such as fragmented vacuoles (Eitzen et al., 2002).

We then checked whether actin mutants can impinge on vacuole size, shape or inheritance.
In this experiment, cells expressing the act1-104 and actl-116 mutants in addition to the
peroxisomal marker mNG-PTS1 were stained by lipophilic dye FM4-64 (Invitrogen). To stain
the vacuolar membrane, cells were grown to log phase before harvesting. The pellets were
then resuspended in 200ul YPD containing lipophilic dye FM4-64 (Invitrogen) (Vida and Emr,
1995) in a final concentration of 1 ng/ul. Cells were incubated at 30°C for 1h and then washed
three times with YM1 media. Cells were then added to 4ml fresh YM1 media and incubated
at 30°C for 4h before being imaged.

In the control sample, which is cells expressing the wild type ACT1, vacuoles look normal in
shape and number, and they were inherited into the bud. In the presence of actin mutants,
the inheritance, shape and number of vacuoles were normal, and no phenotypes were
observed compared to the wild type (Fig. 3.13). The results indicate that the effect of these
mutations might be specific to peroxisomes.
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Figure 3. 12: Actin mutants act1-104 and act11-116 have no impact on actin dynamics. act1-
104, act1-116 and wild type copy cells were grown and stained with rhodamine phalloidin
stain and imaged. Bars, 5um.
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Figure 3. 13: Vacuoles are not influenced in the presence of actin mutants act1-104 and act11-
116. Cells carrying the actin mutants 104 and 116 were grown to log phase and stained with the
vacuole dye FM4-64 followed by imaging by a fluorescent microscope. Bars, 5um.
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3.7 Inplinteracts with actin in yeast two-hybrid approach

In previous studies, the yeast two-hybrid approach has proven effective in identifying new
proteins that interact with actin (Amberg et al., 1995) and to map actin binding interactions
(Ayscough et al, 1997). Using the same actin construct as those above-mentioned studies, we
tested whether a full-length Inp1 construct or a construct comprising its first 280 amino acids
was able to interact with actin or a number of actin mutants (described in section 2.8.8). In
this assay, a profilin (Pfy) fusion was used as a control, as it is known to bind Actin (Drees et
al.,, 2001). Empty pGAD and pGBD plasmids were used as negative controls. Four fusions
proteins — wild type Actl and 3 mutant actins 104,119, 120 were constructed in the pGBD-C1
vector to contain the Gal4 DNA-binding domain. pGAD-C1 vector was constructed separately
to contain Pfy, the full-length Inp1 and its first 280 amino acids, which were fused to the
transcriptional activation domain.

Negative controls did not interact with any of the samples. Profilin (Pfy) showed interactions
with Actl and mutant actin act1-120. However, there were no interactions shown with 104
and 119 actin mutants.

Interestingly, no interaction was detected between the full-length Inpl and actin or actin
mutant samples. However, the first 280 amino acids of Inp1 did show an interaction with the
wild type copy of Actl and a weak interaction with mutant actin act1-120. Similar to Pfy, there
were no interactions between the mutant actins 104 and 119 and Inp1 1-280 (Fig. 3.14).

These results indicate several things. First, the data supports other data that shows Inp1 1-
280 interacts with actin. This experiment gives the first data that this interaction can occur in
cells. However, the full-length Inp1 does not interact with actin suggesting parts of Inp1 have
the capacity to block or inhibit binding. For example, the negatively charged cluster preceding
the Pex3 binding domain could prevent the interaction.

The interaction with act1-120 suggests that this mutant actin still has the capacity to bind
Inp1-280 but that ability is lost in the act1-104 and act1-119 mutants. It is notable that cells
expressing act1-119 are very sick and so no-binding might be due to the actin being generally
not very well folded. Act1-104 mutants on the other hand are able to grow well in the absence
of wild type actin and their actin is well organised. This allows a tentative suggestion that the
mutations in act1-104 might highlight a binding site for Inp1.

In conclusion, the Y2H approach demonstrates the interaction between actin and the first 280

amino acids of Inp1, and the non-interaction of the full-length Inp1. The Y2H approach leads
to possible indication of a binding site in the Actl protein.
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Figure 3. 14: Inpl interacts with actin in yeast two-hybrid approach. Strains expressing 4 different
actin alleles were examined for their ability to interact with A) Inp1 1-280 and B) Inp1 full length. All
samples were mated on YPD plates then diploids were selected on Leu-Trp- plates before being
restreaked on Leu-Trp-Ade-His- plates with/without 3mM and 4mM 3AT. Pfy protein was used as a
positive control, while empty pGAD and pGBD plasmids were used as negative controls with all

samples.
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3.8 The middle domain of Inp1 interacts with Srv2

Since functions of the N and C terminus of Inpl have been characterised and its middle
domain function is not characterised yet, our goal was to characterise the role of the middle
domain of Inpl in S. cerevisiae in the hope of gaining insight into its contributions to its
function. We first attempted to gain insights into the function of Inp1's middle domain using
various bioinformatic approaches. We first analysed the protein structure predictions from
AlphaFold to identify any structural features that might provide clues to the domain's
function. We also searched for conserved domains and motifs in InterPro and Pfam
databases, which could suggest potential roles or interactions for the middle domain.

To investigate the evolutionary conservation of the middle domain, we performed multiple
sequence alignments using tools like Clustal Omega and T-Coffee, comparing Inp1 homologs
from various species. This analysis aimed to identify conserved residues or regions that might
be functionally important. We also utilized protein-protein interaction prediction tools, such
as STRING and IntAct, to explore potential interactors or protein complexes involving Inp1l's
middle domain.

Additionally, we analysed the domain's physicochemical properties, such as hydrophobicity,
isoelectric point, and disorder prediction, using tools like ProtParam and IUPred. These
analyses could help determine if the middle domain has any particular structural or functional
characteristics that set it apart from the rest of the protein.

Despite these extensive bioinformatic efforts, our analyses did not provide any significant
information that could help determine the function of the middle domain. It has been thought
that identifying proteins that can interact with Inp1's middle domain may deliver an initial
understanding of the function of the middle domain. For this purpose, large-scale Y2H screens
were performed (by Hybrigenics Services SAS) to identify more proteins that are able to
interact with the middle domain of Inp1.

In this yeast two-hybrid approach, the middle domain of Inp1 (aa 73-280) was constructed as
a Gal4-binding domain fusion in the pB66 vector. Almost 58 million interactions were tested.
The results obtained gave 20 positive clones that were processed (listed in Figure 3.15).
Proteins were divided into categories depending on the confidence of interaction. The
category of moderate confidence in the interaction included several proteins: Zip1l, Ugal,
Myo3, Myo5, Msn3 and Jsnl. Only one protein was in the category of highest confidence,
Srv2.

The Srv2 (cyclase associated protein CAP in mammals) is a highly conserved actin binding
protein in eukaryotes. It contains several domains promoting actin turnover. Its C-terminus
contains two actin binding regions, a WH2 and a ‘B-sheet’, which enable C-Srv2 to strongly
interact with ADP-G-actin. It has also the ability to displace cofilin from ADP-actin monomers
and catalyze nucleotide exchange by facilitating the exchange of ATP for ADP. Through these
effects, actin monomers can be recycled by the C-terminal, and this is crucial in the quick
turnover of the actin network in vivo. The N-terminal domain binds adenylate cyclase and
promotes its activation by RAS (Mattila et al., 2004, Chaudhry et al., 2014, Chen et al., 2019).
The Y2H results revealed that the middle domain of Inp1 (73-280) interacts with several
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fragments of Srv2. These interacting fragments include amino acids 267-498, 270-492, 349-
495, and 358-488. Notably, all these fragments encompass the WH2 domain (270-370),
indicating its potential involvement in the interaction with Inp1's middle domain. The smallest
fragment identified in our study is the C-terminal fragment spanning amino acids 358-488,
which partially overlaps the WH2 domain and predominantly contains the beta-sheet region
(370-526). This finding suggests that the C-terminal of Srv2 play a role in the interaction with
Inpl's middle domain (Fig. 3.15).

A 1 253 369 526
CC HFD P1 WH2 P2 B-sheet
1 268 526
267- 498
270- 492
349- 495
358- 488
Gl N e e P
pB66_A-17 5p.~‘3p YDFl285W le'l YDR285W (zip1) 474.1104
pBB6_A-21 5p/3p  YDR285W (zip1) 4‘ W YDR285W (zip1) 474.1104 IF
pB66_A-18 5p/3p  YGLO35C (migi) 7.C YGLO35C (mig1) 108..741 IF
pBBG_A-1  5p/3p YGRO19W (ugal) 7. W  YGRO19W (ugat) 282..825 IF
pB66_A-6  5p/3p YGRO19W (ugal) 7.W  YGRO19W (ugal) 282..825 IF
pB66_A-16 5p/3p  YJRO91C (jsnt) 10,C  YJRO91C (jsn1) 1008..1423 IF
pBB6_A-13  5p/3p  YKLOB2W (msnd) 11, W  YKLOG2W (msnd) 1533..1861 IF
pB66_A-5  5p/3p  YKL129C (myo3) 11,G  YKL129C (myo3) 33.412 IF
pB66_A-8  5p/3p  YKL129C (myo3) 11,C  YKL129C (myo3) 33.412 IF
pB66_A-9  5p/3p  YKL129C (myo3) 11,C  YKL129C (myo3) 33.412 IF
pBB6_A-7  5p/3p  YLRO95C 12, W  YLR095C 967..460 77 N N/A
pB66_A-10  5p/3p  YMR108W (ilv2) 13,C  YMR108W (ilv2) 2471.1789 ?? N N/A
pB66_A-11  5p/3p  YMR109W (myo5) 13, W YMR109W (myoS5) 222,402 IF
pBB6_A-20 5p/3p  YNL138W (srv2) 14, W YNL138W (srv2) 801..1492 IF a
pBB6_A-14 5p/3p  YNL138W (srv2) 14, W YNL138W (srv2) 809..1475 OOF2 B |
pBE6_A-2  5p/3p  YNL138W (srv2) 14, W  YNL138W (srv2) 1044..1485 IF a
pB66_A-4  5p/3p  YNL138W (srv2) 14, W YNL138W (srv2) 1044..1485 IF B |
pBB6_A-19 5p/3p  YNL138W (srv2) 14, W  YNL138W (srv2) 1044..1485 IF a
pB66_A-3  5p/3p  YNL138W (srv2) 14, W YNL138W (srv2) 1071..1465 IF B |
pB66_A-15 3p YPL248C (gald) 16,C  YPL248C (gald) 2643 77 N/A

Figure 3. 15: The yeast two-hybrid outcome. A) A line diagram displaying the truncations of Srv2,
which were identified through a genome-wide Y2H screen with the peripheral membrane
protein of Inp1 (73-280) as bait. B) List of proteins that interacted with the middle domain of
Inpl in different categories: High confidence in the interaction, B; Moderate confidence in the
interaction, D; Interactions involving highly connected prey domains, warning of non-specific
interaction, E; non-available, N/A. Srv2 fragments results are boxed in black.
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To complement the Y2H outcome, the initial aim was to demonstrate Inp1l — Srv2 binding
using an alternative approach.

MBP-Inp1 protein fragments 1-100 and 1-280 were expressed in E. coli BL21 DE3 and purified
using Amylose beads (as described in Section 2.7.3). Srv2-ProtA protein was extracted from
yeast as described in Section 2.7.5. Total lysates containing the Srv2-ProtA fusion were then
incubated with Inp1 1-100 or Inpl 1-280 coated beads for 2h before being washing three
times with F buffer. The samples were run on two gels using SDS-PAGE. One was analysed by
western blot using anti-ProtA, and another gel was analysed by Coomassie blue staining.

The results show that Srv2 bound to MBP-Inpl 1-280 when it was present in Inpl 1-280
sample that was detected by anti-PAP. There was non-specific binding in both MBP which was
used as negative control, and MBP-Inpl 1-100 samples. Quantification of protein bands
reveals that there was a higher level of Srv2 in the sample incubated with MBP-Inp1 1-280
than in both the MBP and MBP-Inp1 1-100 samples. (Fig. 3.16).

To investigate the interaction between Srv2 and Inpl in vivo, we performed a co-
immunoprecipitation assay as detailed in Section 2.7.6. For this assay, we utilized three
distinct yeast strains: (i) a strain co-expressing Srv2-GFP and Inpl-ProtA, to assess the
potential interaction between these two proteins; (ii) a strain co-expressing Pnc1-GFP and
Inp1-ProtA, which served as a control, as Pncl is known not to interact with Inp1; and (iii) a
strain expressing Inp1-ProtA alone, which acted as a negative control to rule out non-specific
binding. Samples were grown to log phase before being harvested followed by protein
extraction. GFP proteins were pulled down using GFP-Trap beads (Chromo Tek) for 2h. Beads
were washed three times before being analysed by SDS-PAGE and immunoblotting using anti-
GFP and anti-ProtA antibodies.

The results demonstrated that Srv2 is able to bind Inpl. In total lysates (TL), Srv2-GFP and
Pnc1-GFP were shown and Inp1 was not present in the anti-GFP blot. Inp1-ProtA appeared in
all samples in the anti-ProtA blot. This confirms the inputs were correct. In the bound (B),
Srv2-GFP and Pnc1-GFP were detected in the anti-GFP blot. Inp1-ProtA was shown in the Srv2-
GFP sample anti-ProtA, and there was no Inp1 in the Pnc1-GFP sample. This demonstrates the
interaction between Srv2 and Inp1 whilst Pncl showed no binding with Inp1 (Fig. 3.17).
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Figure 3. 16: In vitro, Srv2 binds the middle domain of Inp1 (1-280). MBP, MBP-Inp1 1-100
and MBP-Inp1 1-280 proteins were expressed in E. coli BL21 DE3 and purified using Amylose
beads which were then added to Srv2-PrtoA total lysate. Samples were incubated for 2hr
before being washed three times, followed by a separation using SDS-PAGE in two gels: one
was followed by immunoblotting using anti-PAP, and another one was stained with
Coomassie blue staining. TL: total lysate was used to show the input, while MBP and MBP-
Inpl 1-100 were used as negative controls. The graph shows values of Srv2-ProtA in all
samples. Bands were normalised against the input. Normalised the input was set to 1 A. U.
where A. U. is arbitrary units.
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Figure 3. 17: In vivo, Srv2 interacts with Inp1. Co-immunoprecipitation (Co-IP) of Inp1 and Srv2
was performed. GFP-binding beads were utilised for pull-down GFP proteins. Pnc1-GFP and
Inp1-ProtA were utilised as negative controls.
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3.9 Discussion

An earlier study established Inpl as the initial identified tether between the plasma
membrane and peroxisome (PM-PER), showing that it fulfills the criteria for a contact site
tether protein. Inpl, as a plasma membrane and peroxisome (PM-PER) tether, has been
demonstrated to possess the structural and functional ability to interact with both plasma
and peroxisomal membranes when situated in the proper subcellular location. Moreover, the
introduction of synthetic PM-PER tethers can effectively restore retention in cells lacking
Inpl. Additionally, Inp1 facilitates peroxisome retention through its C-terminal Pex3-binding
domain and the N-terminal domain that connects to PI(4,5)P2, effectively forming a bridge
between the peroxisome and plasma membranes (Hulmes et al., 2020). Similar findings to
Inpl function in S. cerevisiae have also been reported in H. polymorpha. The N-terminal
domain of Inp1 was found to be crucial for plasma membrane association, while its C-terminal
domain was necessary for peroxisome binding. The N-terminal domain of Hplnp1 localises to
the cell cortex, with a greater concentration of signal initially at the bud tip and later in the
bud neck. It also has been shown that an intact actin cytoskeleton is required for Inp1 cortical
localisation. When the actin cytoskeleton was disturbed by treating the cells with latrunculin-
A, this resulted in the loss of cortical Inp1 patches, particularly around the bud’ neck (Krikken
et al., 2020).

In this chapter, we demonstrate a direct interaction between Inpl and actin, in protein
binding assays and using the yeast two hybrid approach. Further mapping of the interaction
site reveals that, Inpl 1-100 is sufficient for the binding. The findings reveal a novel
connection between actin and peroxisomes that is crucial for peroxisome organization. This
relationship is distinct from the one mediated by Inp2 and Myo2, indicating that there are
multiple mechanisms involved in the organization of peroxisomes and linking peroxisomes to
the actin cytoskeleton. Understanding these various interactions will offer valuable insights
into the overall process of peroxisome organization.

Other results generated revealed that the middle domain of Inp1 (aa 73-280) interacts with
the highly conserved actin binding protein Srv2 through its C-terminus. The C-terminal region
of Srv2 is also known to have a strong affinity for interacting with ADP-G-actin and recycling
actin monomers, a crucial step in the rapid turnover of the actin network. Given the
importance of Inp1 for peroxisome retention and the potential involvement of actin in this
process, it is possible that Srv2 may also play a role in peroxisome dynamics, possibly through
its effects on actin cytoskeleton organization (Fig. 3.18).
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Figure 3. 18: Structural prediction and protein interactions of Inp1 with actin and Srv2: Identification of
relevant binding regions. The schematic illustrates the interactions between Inp1, actin, and Srv2 proteins
and the relevant binding regions identified in this chapter. Inp1 has three distinct domains: the N-terminus
(1-100) is responsible for binding to actin and localizing to the plasma membrane; the middle domain
exhibits interaction with Srv2 via its C-terminal; and the C-terminus (281-420) is essential for associating
with peroxisomes through direct binding to the peroxisomal protein Pex3. Srv2 promotes actin turnover
through two activities: C-Srv2, which contains two actin binding domains that interact with ADP-G-actin,
displaces cofilin from ADP-actin monomers, and catalyses nucleotide exchange. This part of Srv2 has been
shown to interact with the middle domain of Inp1. In contrast, N-Srv2 enhances cofilin-mediated severing
and consists of an oligomerization domain and a helical folded domain.
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In section 3.5, it was shown that disruption of the actin cytoskeleton caused abnormal
peroxisome clustering at the bud neck. These findings underscore the importance of the actin
cytoskeleton in regulating peroxisome distribution. Interestingly, peroxisome clustering in
yeast have also been to shown to be induced by specific mutations in Inp1. The Rachubinski
group studied the ER-peroxisome tether using a random mutagenesis approach on Inp1. One
of these mutants was inpl T26M, which changes the distribution of peroxisomes. This
mutation was found to cause peroxisome clustering at the bud neck and to impair peroxisome
transport to the bud (Knoblach & Rachubinski, 2018). Although the mutant inp1 T26M results
in clustering peroxisomes, our results show that T26 is not involved in actin binding. One
possibility is that T26 may have an effect on the lipid binding properties of the N-terminal
domain, causing Inp1 to no longer be stably localised to the membrane. This could lead to an
indirect loss of the interaction with actin. Interestingly, the N-terminal domain (1-99) of
Hplnpl has been shown to accumulate at the cell cortex, with larger signal concentrations
initially found at the bud tip and subsequently in the neck (Krikken et al., 2020). One possible
explanation for these observations is that PI(4,5)P2 in budding yeast is not distributed
uniformly around the entire plasma membrane but rather it is concentrated in certain regions
where the cell is growing or dividing. Specifically, PI(4,5)P2 is enriched at the areas of
polarized growth and the neck of the bud (Garrenton et al., 2010).

The observed phenotype of increased localization at the neck of buds has also been
documented when expressing the PI(4,5)P2 binding PH domain "pleckstrin homology" of
Num1 (Tang et al., 2009). The PH-domain of Num1 is a protein domain that specifically binds
to PI(4,5)P2. The observation of the localization of this domain at the bud's neck further
supports the proposition that the binding of PI(4,5)P2 by Inpl plays a significant role in
peroxisome clustering at the bud’s neck.

Specific mutations in actin were also found to cause a phenotype in peroxisome organisation.
The actin alleles mutants act1-104 and act1-116 affect the distribution of peroxisomes and
they were found to be more clustered at the bud neck. This suggests a connection between
peroxisome retention and actin. Act1-104 [K315A, E316A] residues are likely located on the
filament surface, and act1-116 [D187A, K191A] residues are predicted to be on the protein
face closest to the filament axis (Fig. 3.19).

Y2H results indicate that Inp1 (1-280) does not interact with mutant act1-104, indicating a
potential Inp1-peroxisome binding site. It is possible that act1-104 could indicate a residue
that binds to Inpl, while actl-116 may indirectly affect Inpl binding through structural
changes in the protein. For instance, the actl-116 mutation could cause conformational
changes in the actin filament that alter the accessibility of the Inp1 binding site or the overall
stability of the actin-Inp1 complex.

The exact role of the act1-116 mutant in peroxisome retention and its potential interaction
with Inp1 is still unclear. However, further studies could explore the exact role of act1-116 in
peroxisome retention and its potential interaction with Inp1, examining the effects on Inp1l
binding and understanding whether act1-116 mutations influence Inp1 binding indirectly
through structural changes, allosteric regulation, or another mechanism.

Previous studies have examined the sensitivity of mutated charged residue groups of ACT1 to
LatA and found them to be affected, suggesting that LatA binds to the ATP-binding pocket
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where some of these residues are located. Additionally, it has been reported that when act1-
120 is mutagenized, it loses its ability to interact with fimbrin, possibly being part of the
binding site (Holtzmanet al., 1994). These findings could be relevant to our hypothesis that
act1-104 might also be part of the binding site for Inp1 and Pfy. Specifically, the observations
from the alanine scan collection of mutants indicate that mutations in certain actin residues
can disrupt protein-protein interactions, possibly by altering binding sites. In our study, we
found that Inp1 (1-280) did not interact with the mutant act1-104, which suggests that act1-
104 could represent a binding site for Inpl. Furthermore, it has been shown that act1-104
does not interact with Las17, implying that this region may be involved in Las17 interaction
(Urbanek et al., 2013). By considering these findings in the context of our results, we can
better understand the potential role of act1-104 in Inp1 binding.

Our hypothetical model presents a possible mechanism for Inpl-mediated peroxisome
retention at the plasma membrane, incorporating our findings with act1-104 and the
potential influence of Lat-A.

In this model, Inpl stabilizes its binding at the plasma membrane through multiple
interactions. Its N-terminus binds to both F-actin and PIP2, which may provide sufficient
tethering to retain peroxisomes in the mother cell. Under normal conditions, this dual
interaction could prevent peroxisomes from being transported towards the mother-bud neck.
However, when Lat-A is added or when actin binding is weakened, as observed in the actl-
104-expressing mutant, peroxisomes can no longer be effectively retained in the mother cell
and are instead transported closer to the mother-bud neck. Peroxisome transfer typically
follows a directional path from the mother cell to the bud, with movement within the bud
occurring from the tip to the neck. When actin cytoskeleton is disrupted, the peroxisomes
exhibit a shift towards the bud neck. This altered movement aligns with the default direction
of peroxisome transport, both in the mother cell and within the bud. The disruption of actin
thus prompts a redirection of peroxisomes to the sites consistent with their natural
movement. This change in distribution might be facilitated by the enrichment of PIP2 in the
bud neck region, which could provide an additional anchoring site for Inpl, even in the
absence of strong actin binding.

This chapter discussed the molecular mechanisms of Inp1 interactions, including the binding
of its N-terminal domain with actin and the interaction of its middle domain with Srv2. The
next chapter serves to investigate how Srv2 and its C-terminal contribute to peroxisome
fission.
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Figure 3. 19: The filament model of actin illustrates the mutated residues in blue for act1-
104 and in red for act1-116.
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Chapter 4 — Srv2 regulates peroxisome fission

4.1 Introduction

Peroxisomes are required when cells are cultured using oleate (fatty acid) as the main carbon
source, but they are not required when grown on glucose media (Kunau et al., 1995).
Peroxisomes multiply through fission, also known as replicative multiplication, during glucose
growth. However, on oleate media, they multiply by proliferation, and the membrane protein
Pex11 is crucial to this process (Marshall et al., 1995; Erdmann & Blobel, 1995). In mammals,
the fission of peroxisomes involves the coordinated action of Pex11 and the dynamin-related
protein Drp/Dlpl. DIp1lis also necessary for mitochondria fission (Pitts et al., 1999; Li & Gould,
2003). Furthermore, in H. polymorpha, peroxisome and mitochondrial fission are both
mediated by a single Drp/Dnm1, and peroxisome fission is likewise reliant on Pex11 (Williams
et al., 2015; Nagotu et al., 2008). However, the fission of peroxisomes in S. cerevisiae involves
the participation of two Drp proteins, namely Dnm1 and Vpsl (Motley & Hettema, 2007).
Dnm1 and Pex11 contribute to peroxisome proliferation in the presence of oleate (Marshall
et al., 1995; Erdmann & Blobel, 1995; Kuravi et al., 2006). On the other hand, Vps1 plays a
significant role in the replicative multiplication of peroxisome in the presence of glucose and
proliferation is not stimulated (Hoepfner et al., 2001). While the overexpression of Dnm1 has
been found to compensate the deficiency of Vpsl (Motley et al., 2008), Vps1 itself plays a
crucial role in membrane transport between the late Golgi and endosomes, as well as being
essential for endocytosis (Vater et al., 1992; Wilsbach & Payne, 1993; Smaczynska-de Rooij et
al., 2010). Uncertainty exists about the recruitment of Vpsl to the various sites where it
functions. However, Vpsl is known to localise to the endocytic site at a specific stage and is
associated with the membrane invagination step during endocytosis (Smaczynska-de Rooij et
al.,2015).

The group of peroxisomal membrane-associated proteins in S. cerevisiae, namely Pex11,
Pex25, and Pex27, is collectively referred to as the Pex11 family. They have been connected
to the regulation of peroxisome abundance through peroxisome fission. A deficiency of any
of the Pex11 family proteins can lead to a reduction in the number of peroxisomes.
Furthermore, the growth deficiency on oleate media is observed in cells lacking pex11 or
pex25, but not Pex27. (Tam et al., 2003; Rottensteiner et al., 2003). In cells, the maintenance
of peroxisome quantity is achieved through a process of growth, followed by subsequent
fission. There are four sequential processes involved in peroxisome multiplication: growth,
elongation, constriction, and fission (Figure 4.1) (Schrader et al., 2012; Huber et al., 2012).
Fisl and Dlpl are recruited through Pex11 to the site of peroxisomal membrane fission
(Kobayashi et 43 al., 2007). Pex11 has been demonstrated to interact with DIp1 in humans
and Dnm1 in H. polymorpha both in vitro and in vivo (Kobayashi et al., 2007; Iltoyama et al.,
2013; Williams et al., 2015). However, there is no conclusive evidence that Pex11 and Dnm1
interact in S. cerevisiae.

The loss of pex27 causes a significant reduction in the number of peroxisomes and an increase
in peroxisome sizes. Peroxisomes in these cells have elongated shapes. Moreover, the loss of
pex25 results in one giant peroxisome or none. However, cells lacking pex11 have a very small
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reduction in peroxisome number. The elongated peroxisomes are not observed in Apex11 and
Apex25 (Tower et al., 2011; Smith et al., 2002).

In the Hettema lab, it has been shown that peroxisome quantity and shape in Apex27 cells
are very similar to Avps1 cells. Moreover, peroxisome quantity and shape in Adnm1Apex27
cells resemble that of Adnm1Avps1 cells, which usually have one elongated peroxisome. The
same study demonstrated that Pex27 is crucial and required for Vps1 function in peroxisome
fission. Moreover, there is an interaction between Pex27 and Vps1 (Ekal et al., 2023).

A recent study has identified an interaction between Srv2 and Dnm1 in mitochondria, leading
to effortless mitochondrial function and a reduction in mitochondrial hyperfusion. This
hyperfusion increases when their interaction is disrupted. In addition to its peroxisome
function, Dnm1 is involved in the organization of mitochondria and is required for
mitochondrial inheritance and fission (Chen et al., 2019).

Exploring the intricate mechanisms governing peroxisome fission is essential for
comprehending cellular dynamics. Notably, Dnm1 and Vps1 have emerged as pivotal players
in this process, contributing to the intricate orchestration of peroxisome division. Given that
Srv2 has demonstrated interaction with Dnm1, a key regulator of both mitochondrial and
peroxisomal fission, a pertinent question arises: Could Srv2 extend its influence to other
factors influencing peroxisome fission, such as Vps1?

Our study aims to address this intriguing question by investigating whether Srv2 also engages
in an interaction with Vpsl. This exploration into potential novel interactions between Srv2
and Vps1 holds the promise of uncovering hitherto unknown links in the peroxisome fission
pathway. Furthermore, the outcomes of this study could have broader implications, shedding
light on the intricate network of protein-protein interactions that underlie peroxisome
dynamics and division.

In addition to interpreting potential new interaction partners for Srv2, our study also seeks to
delve into the broader role of Srv2 in peroxisome fission. By comprehensively understanding
the contribution of Srv2, a multifunctional protein, to peroxisome dynamics, we hope to
contribute to a more holistic understanding of the complex processes governing peroxisome
biology. Ultimately, our investigation holds the potential to reveal novel insights into
peroxisome fission, thereby advancing our understanding of cellular compartmentalization
and organization.

This chapter further establishes the Srv2-Vps1 interaction through experimental validation. It

also delves into the pivotal role of Srv2 in peroxisome fission, contributing valuable insights
into the intricate mechanisms governing this essential cellular process.
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Figure 4. 1: Proposed peroxisome fission model in S. cerevisiae. The schematic diagram
illustrates the proteins associated with Dnml and Vpsl-dependent fission. Dnml
recruitment necessitates the involvement of Fisl and Mdv1 or Caf4. The precise role of
Pex11 remains uncertain; however, it is speculated that it might aid in membrane
remodeling and regulate the activity of Dnm1 GTPase. Pex25 may contribute to the early
stage of fission and Pex27 contributes to Vps1 dependent fission. Diagram is not to scale.
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4.2 Srv2 interacts with Vps1l in vivo

It has been indicated that Vpsl is responsible for regulating the number and size of
peroxisomes, and that Dnm1 plays a role in the fission of peroxisomes and mitochondria.
Additionally, a study by Chen et al. (2019) revealed an interaction between Dnm1 and Srv2,
which affects the structure of the mitochondria network. The interaction between Srv2 and
Dnml has been deemed critical for mitochondrial function. When this interaction is
disrupted, it results in a hypoperfused mitochondrial network. Additionally, the deletion of
Srv2 has been demonstrated to significantly impact mitochondrial shaping, resulting in an
increased network of mitochondria (Chen et al., 2019).

To investigate the possibility of Srv2's involvement in peroxisome fission, we conducted in
vivo co-immunoprecipitation assays to determine whether Srv2 interacts with Vps1.

In this assay, three different strains were used: WT cells expressing Vps1-GFP, WT cells
expressing GFP-PTS1, the peroxisomal targeting signal 1 that is known not to binds Srv2, and
WT cells without any tagged protein. GFP proteins were then pulled down using GFP-TRAP
beads (Chromo Tek) before being separated on SDS-PAGE followed by western blot. Samples
were detected using anti-GFP and anti-Srv2.

In figure 4.2 A, an anti-GFP blot was used to analyse the presence of Vpsl and PTS1 proteins
in total lysate (TL) and bound lanes. The results show that Vpsl and PTS1 were detected in
the TL lanes but not in the WT sample. However, in the bound lanes, Vpsl and PTS1 were
more enriched, and the WT sample did not show any bands. In the anti-Srv2 blot, the results
show that Srv2 was present in all samples in the TL lanes. However, in the bound lanes, Srv2
was only detected in the Vps1-GFP sample, indicating an interaction between Srv2 and Vps1.
No additional bands were observed in the PTS1 and WT control samples in the anti-Srv2 blot.

Another Co-IP assay was performed in order to gain further evidence for Srv2-Vpsl
interaction. Vps1-GFP was expressed in a C-terminally TAP-tagged Srv2 strain, and two
controls were used: Vps1-GFP expressed in a WT strain and a TAP-tagged Srv2 strain. GFP
proteins were pulled down using GFP-TRAP beads. Samples were then separated by SDS-
PAGE followed by western blot. Proteins were detected using anti-GFP, anti-ProtA and anti-
Vpsl.

In the anti-GFP blot (Fig. 4.2 B), Vps1 appeared in the sample that co-expressed Srv2-TAP and
Vps1-GFP, and in the sample expressing Vps1-GFP, no band was in the sample expressing
Srv2-TAP in total lysate lanes (TL). In the bound lanes, Vps1-GFP was more enriched in the
sample co-expressing Srv2-TAP and Vps1-GFP and the sample that expressed Vps1-GFP
samples, and no band in the Srv2-TAP sample.

In the anti-PAP blot, Srv2 was detected in the sample that co-expressed Srv2-TAP and Vps1-
GFP and in the sample expressing Srv2-TAP. No band in the Vps1-GFP sample in total lysate
lanes (TL). In the bound lanes, only one band was detected which was in the sample that co-
expressed Srv2-TAP and Vps1-GFP, and no more bands in both samples expressing Vps1-GFP
or Srv2-TAP.
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In the anti-Vps1 blot, the untagged Vps1 was detected in the sample co-expressing Srv2-TAP
and Vps1-GFP, in the sample expressing Vps1-GFP and in the sample expressing Srv2-TAP
(blue arrows). However, the tagged Vps1 was hardly seen in the sample expressing Vps1-GFP
and in the sample co-expressing Srv2-TAP Vps1-GFP (red arrows), due to Vpsl antibodies
having the ability to bind TAP tag protein. So, in total lysate lanes of the anti-Vps1 blot, anti-
Vps1 detected the tagged and untagged Vps1, as well as Srv2-TAP-tagged in both samples of
Srv2-TAP.

In the bound lanes, endogenous Vpsl also co-precipitated with Vps1-GFP, the tagged and
untagged Vps1 (blue and red arrows) were clearly seen in the sample co-expressing Srv2-TAP
Vps1-GFP and sample expressing Vps1-GFP. There was no interaction in the negative sample
making these results more reliable. It is notable that Srv2-TAP (the middle bands) were
detected by anti-Vps1. Taken together, these results strongly suggest that Srv2 interacts with
Vpsl.

Inpl plays a crucial role in peroxisome inheritance and the data obtained in chapter 3 has
shown that Srv2 interacts with Inp1. Vps1 regulates the size and number of peroxisomes, and
the results in this section showed that Srv2 interacts with Vps1. Dnm1is involved in the fission
of mitochondria and peroxisome, and it has been shown that Srv2 interacts with Dnm1 (Chen
et al., 2019). Taking all these together, it was intriguing to learn that Srv2 has a direct effect
on peroxisomes.
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Figure 4. 2: Co-immunoprecipitation for the interaction between Srv2 and Vpsl. Vpsl-GFP was
immunoprecipitated using GFP-TRAP beads and the IP samples were analysed by western blot using
antibodies against GFP, TAP and Vps1. (A) Cells expressing Vps1-GFP, and the control GFP-PTS1 and WT
with no tagged protein were used. GFP proteins were detected using anti-GFP (Upper box) and Srv2 was
detected using anti-Srv2 (lower box). B) Cells expressing Srv2-TAP plus Vps1-GFP, Vps1-GFP and Srv2-TAP
were used. GFP proteins were detected using anti-GFP (Upper box), Srv2-TAP was detected using anti-PAP
(middle box) and endogenous Vps1 (blue arrows) and Vps1-GFP (red arrows) were detected using anti-
Vpsl (lower box). The band shown between the blue and red arrows is Srv2-TAP, which was detected by
anti-Vps1 (TL: total lysate:1, B: bound: 12.5).

4.3 Deletion of SRV2 affects peroxisome number but not inheritance

The deletion of the SRV2 gene results in many effects in yeast including an abnormal actin
cytoskeleton, the reduced localization of proteins to the bud tip, abnormal lipid particle
morphology, large cells sizes with elongated buds, a random budding pattern and slow cell
growth (Gerst et al., 1991; Votjek et al., 1991; Jorgensen et al., 2002; Wu X & Jiang 2005;
Bertling et al., 2007). The deletion of SRV2 or CAP in Drosophila, Dictyostelium, and
mammalian cells also leads to an accumulation of irregular structures of actin filament and
abnormalities in actin-dependent cellular processes such as endocytosis and motility (Baum
et al., 2000; Noegel et al., 2003; Bertling et al., 2004). In addition, Srv2/CAP overexpression in
plants leads to defects in actin filament structures and issues in cell growth and division
(Barrero et al., 2002). A recent study has shown that the deletion of SRV2 in the budding yeast
S. cerevisiae strongly affects the mitochondrial network where Asrv2 cells have elongated and
hyperfused mitochondria. Moreover, Srv2 modulates both mitochondrial activity and
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dynamics (Chen et al., 2019). In order to test the effect of Srv2 on peroxisomes, SRV2 was
deleted in WT cells (as described in Section 2.4.5).

It is known that the deletion of SRV2 affects actin cables. Therefore, WT and Asrv2 cells were
stained with the actin filaments dye rhodamine phalloidin (as described in section 2.8.6) in
order to visualise actin and check the effect of srv2 deletion.

As expected, the analysis results showed that the loss of srv2 leads to the absence of extended
F-actin cables, while cortical F-actin patches remain. In wild-type cells, actin cables are
observed along the mother bud axis, as well as cortical actin patches (Fig. 4.3).

WT and A4srv2 cells expressing the peroxisomal marker mNG-PTS1 were grown to log phase
before being imaged by fluorescent microscopy.

Analysis of these cells found that the number of peroxisomes in WT cells was as expected,
about 7 peroxisomes per cell. However, the number of peroxisomes increased dramatically
in Asrv2 cells, nearly double the number in WT cells.

Looking at peroxisome inheritance, it is observed that peroxisomes appear in almost all buds
indicating that the inheritance of peroxisome is not affected by srv2, but indicating it might
be part of peroxisome fission machinery (Fig. 4.4).

This exciting finding supported the hypothesis that Srv2 plays an important role in peroxisome
fission.
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Figure 4. 3: Effect of srv2 on actin filaments. WT (upper panel) and Asrv2 (lower panel) cells
were stained with the rhodamine phalloidin stain in order to visualise actin cables. Bars,
S5um.
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Figure 4. 4: Deletion of SRV2 increases the number of peroxisomes. Asrv2 (upper panel)
and WT (lower panel) cells were grown to log phase before being imaged in the presence
of the peroxisomal marker mNG-PTS1. Bars, 5um. The graph shows the quantitative
analysis of peroxisome numbers per cell in both strains Asrv2 and WT. Peroxisomes were
counted in 100 yeast cells from three independent experiments. Black bars represent
means. Statistical significance was determined by unpaired student t test: ****P < 0.0001.
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4.4 Srv2 regulates peroxisome fission

To investigate the effect of Srv2 on peroxisome fission thoroughly, there are some mutant
strains whose peroxisome number and size are known (Fig. 4.5). The mutant strains are
Apex27, Adnm1, Adnm1Apex27, and Apex25.

As discussed above, Apex27 and Avps1 have similar peroxisome phenotypes. The peroxisome
number is small with elongated shapes (Ekal et al., 2023). Since the loss of srv2 causes an
increase in the number of peroxisomes, it was worth investigating its effect in Apex27 or
Avps1. The loss of vps1 affects cells resulting in slow growth and then cells are more likely to
be sick. Thus, we decided to start with Apex27 whose effect appears only on peroxisomes.

In order to investigate the srv2 effect on Apex27, SRV2 was deleted in Apex27 strain. Apex27
and Asrv2Apex27 cells were then grown to log phase before the cells were analysed by
fluorescence microscopy.

In Apex27 cells, elongated peroxisomes were shown in small numbers, about 2-3 peroxisomes
per cell. Interestingly, the results of the analysis of Asrv2Apex27 cells show an increase in the
number of peroxisomes while the elongated shape still appeared. Quantification analysis
demonstrates that the average number of peroxisomes in Asrv2Apex27 was nearly 7
peroxisomes per cell (Fig. 4.6).

The peroxisome fission occurs in two pathways which require two dynamin-related proteins,
Dnm1 and Vps1 (Fig. 4.1). Fis1 and Mdv1/Caf4 are required for Dnm1 recruitment, while Vps1
and Pex27 function together and they require each other. Deleting PEX27 means that one
pathway is inhibited while another pathway still occurs by the Dnm1 group (Fig. 4.7). From
these results, we can conclude that when one of the peroxisome fission pathways is blocked
in the case of deleting PEX27, srv2 still affects the number of peroxisomes which showed
increasing in the number of peroxisomes in Asrv2Apex27. Thus, it was interesting to check the
effect of deleting SRV2 in Adnm1 strain and how similar it is to its effect in Asrv2Apex27 cells.

There is no substantial effect on peroxisomes in Adnm1 cells where the number of
peroxisomes is very similar to wild-type cells.

Continuing the investigation of the srv2 effect, SRV2 was deleted in Adnm1 strain. Adnm1 and
Asrv2Adnm1 cells were then grown to log phase and then were imaged using fluorescence
microscopy.

In Adnm1 cells, normal peroxisome phenotype was shown in normal numbers, about 6-7
peroxisomes per cell. In Asrv2Adnm1 cells, an increase in the number of peroxisomes was
observed. Quantification analysis shows that the average number of peroxisomes in
Asrv2Adnm1 was nearly 9 peroxisomes per cell (Fig. 4.8).

By deleting DNM1, one fission pathway is blocked while fission can happen through the Vps1
group pathway (Fig. 4.7). These results indicate that deleting SRV2 while one of the fission
pathways is blocked, by deleting PEX27 or DNM1, increases the number of peroxisomes,
which leads to the idea that another pathway facilitates fission without any requirement for
Srv2.
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Therefore, we asked what would happen to peroxisomes if both pathways were blocked, in
the double mutants Apex27Adnm1, in the case of deleting SRV2.

srv2A dnmiA pex274 pex27/dnm1A  pex25A

PP TP

Figure 4. 5: Diagram illustrating the known peroxisome number and size in specific mutant
backgrounds. WT: normal number of peroxisomes; Asrv2: showed an increase in peroxisomes
numbers; Adnm1: normal number of peroxisomes; Apex27: showed a decrease in peroxisomes
numbers 2-3 elongated peroxisomes per cell; Apex27Adnm1: one elongated peroxisome per cell;
Apex25: one giant peroxisome per cell. Diagram is not to scale.
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Figure 4. 6: The number of peroxisomes increases in Asrv2/pex27. Asrv2Aex27 (upper panel) and
Apex27 (lower panel) cells expressing the peroxisomal marker mNG-PTS1 were grown to log phase
before being imaged. Bars, 5um. The graph shows the quantitative analysis of peroxisome numbers
per cell in both strains Apex27 and Asrv2Apex27. Peroxisomes were counted in 100 yeast cells from

three independent experiments. Black bars represent means. Statistical significance was determined
by unpaired student t test: ****P < 0.0001.
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Figure 4. 7: Proposed model illustrating two pathways of peroxisome fission in S. cerevisiae.
Fission occurs through two groups; Dnm1, which requires Fis1 and Mdv1/Caf4, and Vpsl
group, which requires Pex27. Blocking one of these pathways will not completely block
fission, as it can still be facilitated by another pathway.

In Apex27Adnm1 cells, peroxisomes do not divide, and one frequently elongated peroxisome
is observed in most cells. Upon cell division, these peroxisomes are maintained through
division during cytokinesis. Hence, the next step was deleting SRV2 in Apex27Adnm1 strain
that expressed the peroxisomal marker mNG-PTS1 and analysing peroxisomes in those cells.
Apex27Adnm1, as a control, and Asrv2Apex27Adnm1 cells were grown to log phase and were
imaged.

The results show that in Apex27Adnm1 almost one elongated peroxisome per cell was found.
Interestingly, peroxisome numbers in Asrv2Apex27Adnm1 cells remain the same as in
Apex27Adnm1 cells. In most cells, there was only one elongated peroxisome, as shown in the
guantitative analysis (Fig. 4.9). We can conclude that in the case of blocking both peroxisome
fission pathways by deleting PEX27 and DNM 1, the effect of losing srv2 is not observed.

To confirm this finding, we then tested the effect of srv2 deletion in Apex25 strain. Pex25 is
necessary for peroxisome biogenesis and regulates peroxisome size and number. It has been
proposed that Pex25 contributes to the early stages of peroxisome fission (Rottensteiner et
al., 2003). In Apex25 cells, only one giant peroxisome can be found due to the inhibition of
peroxisome fission.

We next asked whether the increase in peroxisome numbers is still present in Asrv2Apex25.

Consequently, SRV2 was deleted in Apex25 cells, and log phase cells were imaged.

As expected, Apex25 cells showed only one giant peroxisome per cell supporting the idea that
Pex25 play a crucial role in the early stages of peroxisome fission. However, the results also
demonstrate that in Asrv2Apex25 cells there was only one large peroxisome per cell (Fig.
4.10). These results lead us to hypothesize that the effect of deleting SRV2 on peroxisomes is
not significant when peroxisome fission pathways are inhibited, in Apex27Adnm1 or in
Apex25 cells.
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In summary, In WT cells, peroxisome fission happens regularly and gives a normal number of
peroxisomes, around 7 peroxisomes per cell. When cells lose srv2, peroxisome fission
increases, resulting in a higher number of peroxisomes. In the case of blocking one of the
fission pathways, by deleting PEX27 or DNM1, srv2 affects peroxisomes fission resulting in a
larger number of peroxisomes. However, when peroxisome fission is blocked, by deleting
PEX27 and DNM1 or PEX25, the effect of srv2 deletion is not observed. All these data indicate
that Srv2 works as a regulator of peroxisome fission.
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Figure 4. 8: The effect of SRV2 on peroxisomes in Asrv2Adnm1. Adnm1 (upper panel) and
Asrv2Adnm1 (lower panel) cells expressing the peroxisomal marker mNG-PTS1 were grown
to log phase before being imaged. Bars, 5um. The graph illustrates the quantitative analysis
of peroxisome numbers per cell in both strains Adnm1 and Asrv2Adnm1. Peroxisomes were
counted in 100 yeast cells from three independent experiments. Black bars represent
means. Statistical significance was determined by unpaired student t test: ****P < 0.0001.
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Figure 4. 9: SRV2 has no effect on peroxisomes in Asrv2Apex27Adnm1. Apex27Adnm1 (left
panel) and Asrv2Apex27Adnm1 (right panel) cells expressing the peroxisomal marker mNG-
PTS1 were grown to log phase and peroxisomes were analysed. Bars, 5um. The graph
illustrates the quantitative analysis of peroxisome numbers per cell in both strains
Apex27Adnm1 and Asrv2Apex27Adnm1. Peroxisomes were counted in 100 yeast cells from
three independent experiments. Black bars represent means. Statistical significance was
determined by unpaired student t test: ns: not significant.
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Figure 4. 10: The effect of SRV2 on peroxisomes in Asrv2Apex25. Apex25 (left panel) and
Asrv2Apex25 (right panel) cells expressing the peroxisomal marker mNG-PTS1 were grown
to log phase and peroxisomes were analysed. Bars, 5um. The graph shows the quantitative
analysis of peroxisome numbers per cell in both strains Apex25 and Asrv2Apex25.
Peroxisomes were counted in 100 yeast cells from three independent experiments. Black

bars represent means. Statistical significance was determined by unpaired student t test:
ns: not significant.
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4.5 The actin binding function of Srv2 is critical for peroxisome regulation

Srv2 protein contains a variety of motifs and domains. This include an N-terminal
oligomerization domain, a dimeric helical folded domain (HFD), a Wasp homology 2 (WH2)
domain, which is placed between two poly-proline (P1 and P2) motifs, and a dimeric folded
domain known as the CARP domain, which is entirely composed of B-sheets, at the C-terminus
(Fig. 4.11) (Ono, 2013). Srv2 plays a role in actin turnover by catalyzing nucleotide exchange
and recycling actin monomers. The C-terminal domain of Srv2 binds to ADP-G-actin and
competitively dispenses cofilin from ADP-actin monomers. Point mutations in this region can
disrupt actin organization (Mattila et al., 2004; Balcer et al., 2003; Chaudhry et al., 2010). The
N-terminal half of Srv2, however, promotes cofilin-mediated severing and consists of an
oligomerization domain and a six-helix fold domain. The HFD alone produces anti-parallel
dimers, while in the case of whole N-terminal hexamers, the HFDs are arranged in a star-like
configuration composed of six symmetrical blades (Chaudhry et al., 2013; Quintero et al.,
2009).

The two halves of Srv2/CAP have mostly been considered to play independent roles, although
their linkage is proposed to enhance coordination of the two domains activities in particular
contexts. This may help to explain why the linkage is conserved across distant animal, plant,
and fungal species (Chaudhry et al., 2014). We next asked whether the N-terminal or the C-
terminal domain is responsible for the effect of Srv2 on peroxisomes. In order to address this,
we split SRV2 into two halves, N-Srv2 and C-Srv2 domains (Fig. 4.11), and they were
constructed into two separate plasmids.

We aimed first to check actin cables in the presence of these two halves of SRV2. Thus, Asrv2
cells were transformed with N-Srv2 or C-Srv2 constructs. WT, Asrv2, Asrv2 expressing N-Srv2
and Asrv2 expressing C-Srv2 cells were then grown and stained by rhodamine phalloidin stain
to visualize filamentous actin as described in Section 2.8.6.

As expected, WT cells showed polarized actin cables in almost all cells, while cortical actin
patches were predominant in Asrv2 cells. Actin cables were also clearly observed in cells
expressing the C-terminal domain. Cells expressing the N-Srv2 showed cortical actin patches
and appeared to contain fewer actin cables than cables in cells expressing C-Srv2 (Fig. 4.11).

From the results presented, it can be concluded that the C-terminal fragment, but not the N-
terminal fragment, of Srv2 contains the protein domain required for recycling actin
monomers. Therefore, investigating the effect of C-Srv2 and N-Srv2 on peroxisomes will be
the next goal.

111



A 1 [ee HFD P1 WH2 |P2 CELCTON 526 FL-Srv2

1 e HFD 259 N-Srv2

253 B-sheet 526 C-Srv2
B
WT Asrv2
EEm cables
120 = =3 patches
Asrv2 = == -
2
8 80—
o
=
S
>
-
2
‘S 40—
R
0=
& J @
> % v
L2
2 )
A N ¢

Figure 4. 11: Filaments actin in Asrv2 cells expressing Srv2 domains N-Srv2 and C-Srv2. A) Diagram
illustrating the different domains within Srv2 and the constructs employed in these experiments. CC,
Coiled-coils; HFD, helical folded domain; P, polyproline region; WH2, WASP-homology 2 domain. B)
Asrv2 cells were transformed with N-Srv2 and C-Srv2 separately and grown to log phase. This was
followed by staining with rhodamine phalloidin to visualize the actin. WT and Asrv2 cells were used as
controls. Bar, 5um. The graph shows a quantitative analysis of actin cables and batches in all cells. A
minimum of 200 cells were counted from three separate experiments. Error bars represent SEM.

112



To explore the impact of N-Srv2 and C-Srv2 functions on peroxisomes, two strains were used,
namely the Asrv2Apex27 and Asrv2Apex27Adnm1 strains. The reason for choosing these
particular strains is that the effect of srv2 on peroxisomes is clear, and peroxisome number
can be counted efficiently. In this experiment, Asrv2Apex27 and Asrv2Apex27Adnm1
expressing the peroxisomal marker mNG-PTS1 were transformed with N-Srv2 and C-Srv2
constructs separately. Apex27 and Apex27Adnm1 were used as controls. Log phase cells were
then imaged.

Peroxisomes in Apex27 cells are elongated and their number is small. Peroxisomes were
increased in Asrv2Apex27 cells. Apex27 cells expressing N-Srv2 showed an increase in the
number of peroxisomes and the elongated shape still appeared. In contrast, expression of C-
terminal Srv2 showed the ability to restore the peroxisome number to that of Apex27 cells.
The quantitative analysis showed a significant difference between peroxisome numbers in
both strains compared with the controls, Apex27 and Asrv2Apex27 strains (Fig. 4.12 A).

As shown in the section above, Apex27Adnm1 and Asrv2Apex27Adnm1 cells showed only one
elongated peroxisome per cell and that is due to the inhibition of fission pathways. In the case
of expressing N-Srv2 or C-Srv2 in Asrv2Apex27Adnm1 cells, there were no significant
differences between N-Srv2 and C-Srv2 in that the number remained the same as in
Apex27Adnm1. Analysis of cells showed that cells had one peroxisome per cell in all strains
including controls (Fig 4.12 B).

These results identified the effect of both domains of Srv2 on peroxisomes. The Srv2 C-
terminal restores the peroxisome phenotype while the N-terminal does not, which lead us to
conclude that the actin binding function of Srv2 is critical for peroxisome regulation.

Moreover, since neither domains of Srv2 shows any effect on peroxisome in

Asrv2Apex27Adnm1 cells, this is another indication that Srv2 or its domains have no effect on
peroxisomes when peroxisome fission pathways are inhibited.
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Figure 4. 12: The Srv2 C-terminus is required for controlling peroxisome fission. A) N-Srv2 or
C-Srv2 domains were expressed in Asrv2Apex27 cells in the presence of the mNG-PTS1
marker. Apex27 and Asrv2Apex27 were used as controls. Log phase cells were imaged. The
graph illustrates the quantification of peroxisome number in each strain. B)
Asrv2Apex27Adnm1 cells expressing the peroxisomal marker mNG-PTS1 were transformed
with N-Srv2 and C-Srv2 separately. Log phase cells were imaged in the presence of control
cells Apex27Adnm1 and Asrv2Apex27Adnm1. The graph represents the quantification of
peroxisome number in each strain. Bars, 5um. Three independent experiments were done,
and peroxisomes were counted in 100 cells from each experiment. Black bars represent
means. Statistical significance was determined by unpaired student t test: ****p < 0.0001,
ns: not significant.

Because the SRV2 deletion also caused slower growth and an increase in cell size it was
important to determine whether the increase in peroxisome is indirect due to these effects
or whether it was specific and due to the importance of the actin binding function of Srv2.
The results from the section above demonstrate that although cells expressing N-Srv2 have
an effect on peroxisomes, cells expressing either N-Srv2 or C-Srv2 have a similar cell size to
one another. So, we can conclude that the increase in cell size is not responsible for
the increase in peroxisome number. In addition, a yeast growth assay was performed in order
to determine if the peroxisome phenotype is due to the slow growth of cells.

This assay compared five strains: WT, Asrv2 and Asrv2 carrying Srv2 full length, N-Srv2 and C-
Srv2 separately.

The result showed that cells expressing N-Srv2 and C-Srv2 have very similar growth. The
growth was near to that of WT and Srv2 full length, whereas the growth of Asrv2 cells was
very slow (Fig. 4.13). This result leads us to conclude that the phenotype of SRV2 deletion on
peroxisomes is not due to the slow growth. Although N-Srv2 and C-srv2 cells have no
difference in terms of growth, N-Srv2 still increases the number of peroxisomes while the C-
terminus restores peroxisome numbers. We conclude that the increase in peroxisome is due
to the importance of the actin binding function of Srv2.
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Figure 4. 13: Yeast growth assay of Asrv2 expressing N and C-terminus of Srv2. The
indicated strains were subjected to serial dilutions and cultivated on a solid glucose
medium without Leucine for a duration of 2 days at 30°C.
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4.6 Srv2 works as a negative regulator of peroxisome fission

The studies above indicate that the absence of srv2 leads to an increase in peroxisome
number suggesting that Srv2 might negatively regulate peroxisome fission. We could then
hypothesize that increased localization of Srv2 to peroxisomes might in turn lead to a
reduction in peroxisome number. In order to examine the involvement of Srv2 in peroxisome
fission, Srv2 was fused to Pex15, a peroxisomal membrane protein anchor with a cytosolic
facing globular domain (Elgersma et al., 1997). This produced a fusion protein that exposed
Srv2 to the cytosol and anchored it to the peroxisomal membrane by Pex15. The two proteins
were separated by GFP (Fig. 4.13a). This fusion protein was under the control of the Srv2
promoter. A GFP-Pex15 under the control of the Srv2 promoter was used as a control. These
fusion proteins were then co-expressed in strains with HcRed-SKL, the peroxisomal marker
fused with Heteractis crispa red fluorescent protein.

Starting with WT cells, the results showed that the fusion protein Srv2-GFP-Pex15 causes a
strong inhibition of peroxisome fission by stopping it from happening. Interestingly, cells
expressing the Srv2-GFP-Pex15 fusion protein have one giant peroxisome compared with cells
carrying GFP-Pex15 which have the normal number of peroxisomes.

For quantification purposes, cells were divided into 4 categories: normal peroxisomes, one
giant peroxisome in the mother, one peroxisome in the bud and only GFP signals without any
peroxisome signal. Cells expressing GFP-Pex15 have the usual peroxisome number and
distribution, and almost all GFP signals were colocalized with peroxisomes. However, cells
expressing Srv2-GFP-Pex15 fusion showed one big peroxisome per cell in most of the cells.
Some cells showed peroxisome appearing in buds and some cells showed GFP signals without
any labelled peroxisome. The nature of these GFP-labelled structures is still unclear but could
be Srv2-GFP puncta cleaved from Pex15 or the Srv2-GFP-Pex15 released from peroxisomes
and forming an aggregated structure (Fig. 4.14).

Similar results were found in the case of Asrv2 cells. In the control, in the form of Asrv2 cells
expressing GFP-Pex15 under the control of an Srv2 promoter, the number of peroxisomes
was high and similar to the Asrv2 peroxisome phenotype shown in Section 4.3. However, one
peroxisome was found per cell in most the cells expressing the fusion protein Srv2-GFP-Pex15.
Quantification analysis illustrates that most of cells expressing Srv2-GFP-Pex15 showed one
peroxisome, and some showed peroxisome in buds. A small minority of cells showed GFP
signals only with an absence of peroxisomes (Fig. 4.15).

This finding prompted us to analyse the actin filaments in the cells, to see whether or not they
were affected.

WT and Asrv2 cells expressing GFP-Pex15 and Srv2-GFP-Pex15 fusion were stained using
rhodamine phalloidin stain as described in Section 2.8.6. The results showed that actin
filaments appeared normal in both WT cells that express GFP-Pex15 or Srv2-GFP-Pex15
fusion. In the case of Asrv2 cells, both cells expressing GFP-Pex15 or Srv2-GFP-Pex15 fusion
showed actin patches more than cables compared with WT cells. However, it seems that cells
expressing Srv2-GFP-Pex15 showed an increase in the number of actin cables when compared
with cells lacking any srv2 suggesting that the Srv2 on the peroxisome surface is able to
partially rescue the defective phenotype of the SRV2 deletion strain (Fig. 4.16). Due to this
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finding, we can conclude that the fusion protein does not affect actin where actin cables and
patches are similar to WT and Asrv2 cells respectively.

These interesting results lead us to hypothesise that Srv2 may work as a negative regulator in
the process of peroxisome fission. This idea was investigated further by testing the fusion
protein in mutant strains with clearly defined peroxisome phenotypes.
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Figure 4. 14: Fusion protein Srv2-GFP-Pex15 expressing in WT cells. WT cells expressing
Srv2-GFP-Pex15 or GFP-Pex15 in the presence of the peroxisomal marker HcRed-SKL were
grown, and log phase cells were imaged. Bar, 5um. The graph illustrates the quantitative
analysis of peroxisome numbers per cell in both strains. Three independent experiments
were done, and peroxisomes were counted in a minimum of 100 cells per strain from each
experiment. Error bars represent SEM.
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Figure 4. 16: Srv2-GFP-Pex15 fusion protein reduced the number of peroxisomes in Asrv2 cells.
Log phase cells expressing either GFP-Pex15 or Srv2-GFP-Pex15 were imaged. Bar, 5um. For
guantification, peroxisomes were counted per cell, a minimum of 200 cells per strain, from three
experiments. Error bars represent SEM.
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Figure 4. 15: Actin filaments in WT and Asrv2 cells expressing Srv2-GFP-Pex15 fusion protein. WT
and Asrv2 cells expressing the fusion protein Srv2-GFP-Pex15 and GFP-Pex15 were stained using
rhodamine phalloidin and analysed by fluorescent microscope. Bar, S5um.
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In order to do this, we transformed GFP-Pex15 or Srv2-GFP-Pex15 fusion into Apex27 cells
expressing the peroxisomal marker HcRed-SKL. Cells were grown to log phase before being
imaged. Apex27 cells usually have few, elongated peroxisomes. Similar results were found in
the case of Apex27 cells expressing GFP-Pex15 where cells did not alter this phenotype and
continued to have a small number of elongated peroxisomes. However, Apex27 cells that
carry Srv2-GFP-Pex15 fusion showed one big peroxisome in the mother cells, while around
20% of the cells showed one peroxisome in the bud (Fig. 4.17).

The next strain tested was Asrv2Apex27. Fusion Srv2-GFP-Pex15 and GFP-Pex15 were
transformed separately into Asrv2Apex27 cells that expressed the HcRed-SKL marker.
Peroxisomes were then counted in log phase cells. It has been shown previously in this
chapter (Section 4.4) that Asrv2Apex27 cells have a large number of peroxisomes. Here, cells
expressing GFP-Pex15 showed a similar number of peroxisomes. On the other hand, there
was a marked reduction in peroxisome numbers in cells expressing the fusion protein Srv2-
GFP-Pex15. Most cells showed only one giant peroxisome per cell, and the elongated shape
disappeared (Fig. 4.18).

The effect of Srv2-GFP-Pex15 fusion was tested in the Asrv2Adnm1 strain. Cells expressing the
HcRed-SKL marker were transformed with GFPpPex15 and Srv2-GFP-Pex15 separately and
were grown to log phase and then imaged.

The fusion protein Srv2-GFP-Pex15 also showed an effect on peroxisomes in Asrv2Adnm1
cells. The results demonstrate that the fusion protein leads to a reduction in peroxisome
numbers. Cells carrying Srv2-GFP-Pex15 showed only one or two big peroxisomes per cell,
while the number of peroxisomes was increased in the presence of GFP-Pex15 (Fig. 4.19).

Therefore, from all the above results it seems that Srv2 plays a vital role in regulation of

peroxisome fission. Thus, we conclude that Srv2 works as a negative regulator of peroxisome
fission.
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Figure 4. 17: The effect of the fusion protein Srv2-GFP-Pex15 on Apex27 cells. Apex27 cells
expressing the HcRed-SKL marker were transformed with GFP-Pex15 or Srv2-GFP-Pex15 and
then grown to log phase followed by imaging. Bar, 5um. The graph shows the peroxisome
number and shape in both strains. 3 different experiments were done, and peroxisomes
were counted in more than 200 cells from each of these experiments. Error bars represent
SEM.
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experiments. Error bars represent SEM.
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Figure 4. 19: Asrv2Adnm1 cells expressing Srv2-GFP-Pex15 showed a reduction in peroxisome
numbers. Cells expressing GFP-Pex15 or Srv2-GFP-Pex15 were imaged after growing to log
phase. Bar, 5um. The graph showed the peroxisome number in both strains. More than 200 cells
were counted from 3 independent experiments. Error bars represent SEM.
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4.7 Deletion of SRV2 affects the mitochondrial morphology

Mitochondria are crucial organelles. The most important of their known functions is to
provide cells with energy. Primarily, cells employ mitochondria for ATP production through
the process of oxidative phosphorylation, where oxygen acts as the final receiver of electrons.
Mitochondria are set apart from other organelles by their unique characteristics, which
include a dual-layered membrane, a wavy cristae structure, and dynamic network
interactions. The formation of the mitochondrial network is a continual process involving
repeated anchoring, trafficking, fusion and fission. These operations not only shape the
appearance of the mitochondrial network but also play a significant role in maintaining the
balance and integrity of the mitochondria (Gomes et al., 2011; Blackstone and Chang, 2011;
Chen et al., 2019).

In eukaryotes, substantial dynamin related GTPases are necessary in facilitating both the
fusion and fission of membranes (Fig. 4.20). In yeast, Fzol, Ugol, and Mgm1 work together
to promote the fusion of the outer and inner membranes of mitochondria (Wong et al., 2000;
Hermann et al., 1998; Sesaki and Jensen, 2001). Cytosolic Dnm1 regulates fission of
mitochondria by creating protein assemblies together with Fis1, Caf4, and/or Mdv1 (Legesse-
Miller et al., 2003; Griffin et al., 2005; Chang and Blackstone, 2007). The endoplasmic
reticulum mitochondria encounter structure (ERMES) also participates in the tightening
process of mitochondria. It accomplishes this by encircling the mitochondria at active
locations to aid in their division (Friedman et al., 2011).

Mitochondrial-actin cytoskeleton interactions are required for maintaining the typical form,
movement, and distribution of mitochondria (Boldogh et al., 2006), and actin filaments also
play a critical role in mitochondrial transport (Hermann et al., 1998; Fehrenbacher et al., 2004;
Huckaba et al., 2004).

A recent study has demonstrated that Dnm1 interacts with Srv2. In addition, the loss of srv2
has a strong effect on mitochondria which become irregular with a branched tubular shape
(Chen et al., 2019).

Since SRV2 deletion causes the peroxisomal number to increase, as shown previously in this
chapter (Section 4.3), we sought to investigate the effect of srv2 on mitochondria in all
mutated strains that showed peroxisome phenotypes.

Mutated strains Asrv2, Apex27, Asrv2Apex27, Adnm1, Asrv2Adnml, Apex27Adnm1 and
Asrv2Apex27Adnm1 were transformed with the mitochondrial marker MDH1-mRuby and
analysed by fluorescence microscopy.

It is known that the normal shape of mitochondria in WT cells is tubular. The analysis of these
mutants found that the disruption of the SRV2 gene affects the morphology of mitochondria.
In Asrv2 cells, the wild type tubular mitochondrial morphology became fragmented. This
indicates that the deletion of SRV2 increased mitochondrial fission. This was compared with
WT cells. This observation aligns with the findings of Chen et al. (2019), who also reported
that deleting Srv2 leads to altered mitochondrial shape through increased fission.

The PEX27 gene is known to not affect mitochondria, where its morphology appears to be
tubular like WT. In my results, the majority of PEX27 cells exhibit tubular mitochondria, while
a very small portion show an irregular or fragmented mitochondrial shape. However, deleting
SRV2 in Apex27 cells caused the network to become tubular and to be branched which is
similar to mitochondrial phenotype in Asrv2 cells.

The deletion of the DNM1 gene affects the mitochondrial morphology. Adnm1 cells usually
have collapsed mitochondria to one side of the cell (Otsuga et al., 1998). Interestingly, in
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Asrv2Adnm1 the mitochondria network appeared to collapse near to the bud neck of cells
appearing like a single giant mitochondrion. In addition, the mitochondrial network in
Adnm1Apex27 cells is collapsed on one side in the cell giving the same phenotype to Adnm1.
The deletion of SRV2 in Apex27Adnm1 cells affects the morphology where it appeared as giant
mitochondria at the bud neck, similar to Asrv2Adnm1 phenotype. Figure 4.21 illustrates all
mitochondrial phenotypes found in all these strains.

For quantification, cells were divided into five mitochondrial morphology categories which
were tubular (normal ones), fragmented, network like (collapsed at one side of the cell), giant
mitochondria, and branched (large network) (Fig. 4.22). The more detailed analysis allows us
to conclude that srv2 influences the morphology of mitochondria, particularly by increasing
mitochondrial fission. This is supported by the observed fragmented and branched tubular
mitochondrial morphology in Asrv2 cells and Apex27Adnm1 cells, respectively.

4.8 The actin binding function of Srv2 is critical for mitochondrial regulation

Deletion of SRV2 has an effect on peroxisomes by increasing their numbers in cells lacking
any srv2, and the C-terminus of Srv2 has the ability to rescue the peroxisome numbers
(Section 4.5). In this section, we showed that the deletion of SRV2 also affects mitochondrial
morphology. Next, we aimed to investigate the effect of both N and C-terminus of Srv2 on
the morphology of mitochondria.

Consequently, the Srv2 domain that is responsible for the effect on mitochondria was then
the focus of our investigation.

Mutated strains expressing either the N-Srv2 or the C-Srv2 domains (Fig. 4.10) were analysed
to check the morphology of mitochondria in the presence of the mitochondrial marker MDH1-
mRuby.

The findings showed that C-terminal Srv2 can restore the mitochondrial phenotype in all cells
lacking srv2. WT cells have tubular mitochondria and Asrv2 cells have fragmented
mitochondria. Asrv2 cells expressing the C-Srv2 domain showed tubular mitochondria while
cells expressing the N-Srv2 domain showed fragmented mitochondria. Asrv2Apex27 cells
showed large tubular and branched mitochondria. However, Asrv2Apex27 carrying C-Srv2
showed normal tubular mitochondria and cells carrying N-Srv2 still showed branched
mitochondria. Adnm1 cells have unique mitochondrial morphology which usually collapsed
at one side of the cell. In the case of Asrv2Adnm1, most of the cells showed collapsed
mitochondria close to the bud neck. C-Srv2 expressed in Asrv2Adnm1 cells showed Adnm1
phenotype, and N-Srv2 cells showed Asrv2Adnm1 phenotype. The same phenotypes were
found in Asrv2Apex27Adnm1 cells expressing N-Srv2 or C-Srv2 (Fig. 4.23).

These data further demonstrate that the role of Srv2 in actin assembly is vitally important for
the dynamic procedures of mitochondria.

The data obtained and described in the above sections demonstrate that srv2 influences both
peroxisomes and mitochondria, and it is important for peroxisome fission and in facilitating
mitochondrial morphology. Additionally, the data demonstrate the importance of the actin
binding function of Srv2 for peroxisome and mitochondria regulation.
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Figure 4. 20: Machinery for mitochondrial fusion and fission in mammals and yeasts. A) Proteins
involved in the fusion process of mitochondria in yeast and mammals. In yeast, Fzol complexes
are critical to facilitate mitochondrial outer membrane fusion. Mgm1p is required to promote
inner membrane fusion. Ugolp is thought to be involved in the coordination of outer and inner
membrane fusion processes. In mammals, Mfn1 and Mfn2 collaborate to regulate the anchoring
and fusing of the outer membranes of mitochondria. OPA1 is required for fusion of the inner
membrane. MIEF1 is believed to facilitate mitochondrial fusion without the need for Mfn2. B) A
model for the fission of mitochondria in mammals and yeasts. In yeast, Dnmlp mediates
mitochondrial fission. Fislp is situated on the outer mitochondrial membrane (OMM), with Mdv1
functioning as a connector for the assembly of the multi-part fission machinery. In mammalian
organisms, Drpl takes on the task of membrane fission. When a non-degradable guanosine-5'-
triphosphate (GTP) substitute (-Methyleneguanosine-5'-triphosphate, or GMPPCP) is added, Drp1
naturally generates oligomers, which mimic the contractile heart of the fission apparatus.
Numerous receptor proteins such as Mff , Fis1, MiD51, and MiD49 have been discovered. Diagram
is not to scale.
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Figure 4. 21: Mitochondrial morphology in wild-type and some mutant strains. The effect of SRV2
deletion on mitochondrial morphology. Strains were visualized using the fluorescent
mitochondrial marker MDH1-mRuby. Bar, 5um.
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Figure 4. 22: Quantification of the mitochondrial morphology observed upon deletion of SRV2
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Figure 4. 23: The effect of N and C terminals of Srv2 on mitochondrial morphology. The graph
represents the quantitative analysis of the morphology of mitochondria in cells lacking any SRV2,
expressing C-Srv2 or N-Srv2 domains. Three independent experiments were performed, and
mitochondria were analysed in 300 cells from each strain. Error bars represent SEM.
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4.9 Discussion

In S. cerevisiae, two dynamin-related proteins (Drps), Vpsl and Dnmi, participate in
peroxisome fission (Motley and Hettema, 2007). Besides its role in peroxisomes, Dnm1 also
plays a part in organizing mitochondria, being essential for mitochondrial inheritance and
fission. A recent study identified a link between Srv2 and Dnm1 in relation to mitochondrial
fission (Chen et al., 2019). This study demonstrated that Srv2 functions as a pro fission factor,
influencing the shape and respiration of yeast mitochondria by controlling the assembly of
actin.

Given that both Vps1 and Dnm1 are implicated in peroxisome fission and that Srv2 has been
demonstrated to interact with Dnm1, it was of interest to explore the possibility of Srv2
interacting with Vps1 and whether Srv2 has any functional role in the Vps1-mediated pathway
in the case of peroxisome fission. In this chapter, we have demonstrated the Srv2—-Vpsl
interaction in vivo. The binding has been shown by co-immunoprecipitation using anti-Srv2
and anti-PAP making these results reliable. This result suggested to us the likelihood of a role
of Srv2 in peroxisome fission since deletion of SRV2 has been shown to affect mitochondrial
morphology by increasing its network (Chen et al., 2019). Given the known roles of Srv2 and
Vpsl in the regulation of actin and peroxisome biogenesis (Balcer et al., 2003; Motley and
Hettema, 2007), their interaction could potentially facilitate the coordination of these
processes. For instance, Srv2 may help regulate Vpsl function in peroxisome fission by
modulating the actin cytoskeleton at the site of the peroxisome, or vice versa. The interaction
between these proteins may also affect other cellular processes involving both actin dynamics
and peroxisome transport.

Our results shown here confirm that deletion of SRV2 dramatically affects peroxisomes. As
shown in section 4.3, Asrv2 cells had a high number of peroxisomes compared with wild-type
cells suggesting a possible role in the peroxisome fission machinery. However, it is remarkable
that peroxisomes appear in almost all buds indicating that the inheritance of peroxisome is
not affected by srv2 deletion. In section 4.4, Srv2 was shown to be a regulator of peroxisome
fission and this was confirmed by deleting srv2 in some mutant strains (Apex27, Adnm1,
Adnm1Apex27, and Apex25) whose peroxisome number and size are known (Fig. 4.5).

A recent study showed that Apex27 and Avps1 cells have similar peroxisome phenotypes
where the peroxisome number is small with elongated shapes. This study also revealed that
Pex27 is essential for the function of Vpsl in peroxisome fission and that there is an
interaction between Pex27 and Vpsl. Similarly, the peroxisome number and morphology in
Adnm1Apex27 cells are comparable to those in Adnm1Avps1 cells, which typically have one
elongated peroxisome (Ekal et al., 2023). The loss of vps1 affects cells resulting in slow growth
and then cells are more likely to be sick. Thus in the study here, we decided to work with
pex27A0 rather than vps1A.

The results showed that deleting SRV2 affects peroxisomes in Asrv2Apex27 and Asrv2Adnm1
cells. However, there was no effect observed on peroxisomes in Asrv2Apex27Adnm1 and
Asrv2Apex25 cells. It is known that peroxisome fission is mediated by two pathways: Dnm1
which requires Fis1 and Caf4 or Mdv1, and another pathway involves Vps1 and Pex27. In the
case of peroxisome fission in both AdnmlApex27 or AdnmlAvpsl strains, only one
peroxisome is present. In addition, Pex25 play an important role in early stages of peroxisome
fission, and deletion of PEX25 results in one giant peroxisome. The results obtained indicate
that deleting SRV2 while one of the fission pathways is blocked, by deleting PEX27 or DNM1,
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leads to an increase in the number of peroxisomes, which suggests that another pathway
facilitates fission without any regulation by Srv2. However, the effect of SRV2 deletion is not
evident when fission pathways are inhibited, Apex27Adnm1 and Apex25. The data obtained
strongly suggest that Srv2 plays a crucial role in regulating the process of peroxisome fission
(Fig 4. 24).

Since srv2 affects peroxisomes, we aimed to test the Srv2 domains and investigate which
domain is responsible for the function. The C-terminal region of Srv2 binds strongly to ADP-
G-actin and also facilitates nucleotide exchange and the displacement of cofilin from ADP-
actin monomers, promoting ATP for ADP exchange. As a result, C-Srv2 plays a vital role in
actin monomers recycling, which is a crucial step for quick actin network turnover in vivo.
(Mattila et al., 2004; Balcer et al., 2003). The N-terminal domain of Srv2 promotes cofilin-
mediated severing (Chaudhry et al., 2013). It has been shown that the C-terminal of Srv2
which functions in actin dynamics is critical for mitochondrial morphology (Chen et al., 2019).
We showed similar results in section 4.5 where the data indicate that the actin binding
function of Srv2 is critical for peroxisome regulation. The C-terminal of Srv2 restores the
peroxisome phenotype in Asrv2 and Asrv2Apex27 cells, while peroxisomes are still affected
in the presence of the N-terminal of Srv2. Additionally, actin cables were more prominent in
Asrv2 cells expressing C-Srv2, while they were less clear in the presence of the N-terminal.

SRV2 deletion is known to cause slower growth and an increase in cell size. To determine
whether the increase in peroxisome is a result of the effects of slower growth and larger cell
size caused by SRV2 deletion, or due to the role of Srv2's actin binding function, experiments
were conducted. The findings in section 4.5 indicate that while cells expressing N-Srv2 have
an impact on peroxisomes, cells expressing either N-Srv2 or C-Srv2 exhibit similar cell sizes.
Therefore, the increase in cell size cannot be attributed to an increase in peroxisomes. In
addition, a yeast growth assay was conducted to rule out slow cell growth as a contributing
factor to the peroxisome phenotype. The results show that cells expressing N-Srv2 and C-Srv2
have similar growth rates to that of the wild type and full-length Srv2, while the growth of
Asrv2 cells is considerably slower (Fig. 4.13). This finding suggests that the slow growth of cells
does not contribute to the peroxisome phenotype. Although there is no difference in growth
between N-Srv2 and C-Srv2 cells, the former still increases the number of peroxisomes, while
the latter restores peroxisome numbers. Therefore, we can conclude that the increase in
peroxisomes is attributable to the actin binding function of Srv2.

An interesting finding showed that Srv2 functions as a negative regulator of peroxisome
fission. Srv2 was fused to the tail-anchored peroxisomal membrane protein Pex15. This
produced a fusion protein where Srv2 is present in the cytosol and is fastened to the
peroxisomal membrane via Pex15. This fusion protein was under the control of the Srv2
promoter. Cells expressing Srv2-GFP-Pex15 fusion showed one giant peroxisome per cell
suggesting that peroxisome fission is blocked. This fusion protein was tested in WT, Asrv2,
Apex27, Asrv2Apex27 and Asrv2Adnm1 strains and all of them showed the same results.
Taken together the data reveal that Srv2 is a negative regulator of peroxisome fission (Fig 4.
25). It may bind to peroxisomes through its interaction with actin filaments, and it has been
shown to be important for the recruitment of the fission machinery to the organelle which
we could occur through Inp1.
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Figure 4. 24: Srv2 regulates the process of peroxisome fission. A) In WT cells, peroxisome fission
occurs through two distinct pathways: Vpsl1, which requires Pex27, and Dnm1, which requires
Fisl, both resulting in a normal number of peroxisomes. B) In Asrv2 cells, the number of

peroxisomes increases,

indicating that fission pathways are not properly regulated. C) In

Asrv2Apex27 cells, peroxisomes are still affected, suggesting that the Dnm1 pathway is causing
fission without regulation. D) In Asrv2Adnm1 cells, peroxisome numbers increase, suggesting that
fission occurs through the Pex27 pathway in the absence of the regulator Srv2. E) When both
fission pathways are blocked (Apex27Adnm1), there is no effect on peroxisomes, even in the
absence of Srv2. F) and G) Deleting PEX25 blocks fission, resulting in one peroxisome per cell, and
the same effect is observed in Asrv2Apex25 cells.
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Figure 4. 25: Srv2 is a negative regulator of peroxisome fission. Srv2 is instrumental in
regulating peroxisome fission, specifically in pathways involving Dnm1 and Pex27. This
protein plays a crucial role in recruiting the fission machinery to peroxisomes, ensuring
proper organelle function
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Chapter 5 — Discussion

The primary goal of this study was to investigate the molecular details of Inpl and its
contribution to peroxisome dynamics. Our findings have revealed new insights into links
between Inpl and the actin cytoskeleton (chapter 3) and between Srv2 and peroxisomal
fission (chapter 4). This chapter aims to bring these findings together and to explore how Srv2
functions as a central component in a mechanism linking peroxisomal organisation with
peroxisome fission.

Our findings have led to a new proposed model for peroxisome fission during asymmetric cell
division, in which Srv2 plays a key role. Chapters 3 and 4 discuss the specific experimental
data that supports these findings. Finally, in this chapter, we discuss the broader implications
of our discovery that Srv2 acts to link Inpl, the actin cytoskeleton and peroxisome fission
through Srv2 regulation.

In this study, we found that the processes of peroxisome tethering and fission are closely
linked, primarily because both involve elements of the actin cytoskeleton. The actin
cytoskeleton plays a crucial role in maintaining cellular architecture and mediating various
cellular processes, including organelle positioning and division. The interdependence
between tethering and fission processes in peroxisomes, as evidenced by the involvement of
actin cytoskeleton proteins, provides a significant contribution to our understanding of
peroxisome dynamics. Our study has revealed that Inp1 interacts with the actin cytoskeleton,
effectively facilitating peroxisome positioning within the cell and playing a pivotal role in
tethering. Concurrently, we have identified Srv2, an actin-associated protein, as a crucial
participant in peroxisomal fission. The Srv2-peroxisome interaction is indispensable for
regulating peroxisome fission during asymmetric cell division. By uncovering the role of the
actin cytoskeleton in both tethering and fission processes, our findings illuminate the complex
interplay of these events, offering a valuable advancement in our comprehension of
peroxisome dynamics within cells (Fig. 5.1).

The identification of these molecular links between tethering, fission, and the actin
cytoskeleton not only provides a deeper understanding of the underlying mechanisms
governing peroxisome dynamics but also highlights the intricate coordination between
cellular structures and organelle behavior. This discovery contributes to our growing
knowledge of cellular processes and may pave the way for future research into the regulation
and manipulation of organelle dynamics in various biological contexts.

When comparing the inheritance, tethering, and fission mechanisms of peroxisomes in yeast
with those of other organelles, we can observe some interesting analogies and differences.
For instance, in yeast cells, both mitochondria and vacuoles rely on the cytoskeleton for
proper positioning and division. In the case of yeast mitochondria, the actin cytoskeleton
plays a crucial role in their positioning, movement, and fission. Proteins such as Numl,
Mdm36, and the dynamin-related protein Dnml are involved in these processes
(Hammermeister et al., 2010). A recent paper demonstrated that Srv2, a protein we found to
be involved in peroxisome fission, also acts as a pro-fission factor that adjusts the shape and
respiration of yeast mitochondria by overseeing the assembly of actin (Chen et al., 2019). This
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finding suggests the possibility of a shared mechanism involving the actin cytoskeleton and
Srv2 in the regulation of both peroxisome and mitochondrial dynamics.
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Figure 5. 1: Proposed roles of Inpl, actin, and Srv2 in peroxisome tethering and fission. Inp1 plays a
pivotal role in peroxisome tethering by directly binding to Pex3 and the plasma membrane (PM). It
further engages with actin, potentially contributing to peroxisome-PM tethering. Srv2 regulates
peroxisome fission by interacting with actin filaments. When associated with the peroxisomal
membrane, Srv2 could inhibit fission by impeding the recruitment or activity of fission machinery
proteins. Srv2's interactions with Dnm1, responsible for peroxisome and mitochondrial fission, and
Vpsl, which modulates peroxisome fission by regulating their size and quantity, underscore its central
role in fission regulation. The significance of Srv2's interactions with Dnm1 and Vpsl suggests its
involvement in modulating protein activities, oligomerization, or membrane recruitment, thereby finely
controlling the fission process. Additionally, Srv2 might act as a scaffold, orchestrating the assembly and
disassembly of multiple fission machinery components, thus ensuring precise coordination.
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In mammalian cells, mitochondrial division also relies on the cytoskeleton, particularly actin
and myosin. The process involves the recruitment of endoplasmic reticulum (ER), formation
of actin cables between the mitochondria and ER, and constriction of the inner mitochondrial
membrane (IMM) before dynamin-related protein-1 (Drpl) recruitment. Notably,
phosphatidylinositol 4-Phosphate (PI4P) binding proteins, such as GOLPH3 and Rab11, are
integral to this process. GOLPH3 (Vps74 in yeast), induces membrane curvature to promote
vesicle scission from the trans Golgi network (TGN). It alternates between Golgi and
mitochondrial membranes and has an impact on mitochondrial mass by controlling lipid
production. Furthermore, GOLPH3 may interact with non-muscular Myosin I, which is
implicated in mitochondrial division, hinting at a complex regulatory network (Nakashima-
Kamimura et al., 2005; Taft et al., 2013; Burke et al., 2014; Landry et al., 2014; Wood et al.,
2009; Rahajeng et al., 2019; Yang and Svitkina 2019). Rab11, another PI4P-binding protein, is
involved in the last stage of membrane scission through the vesicle release process, and has
been discovered at mitochondrial fission locations, where it rearranges the actin cytoskeleton
and controls the trafficking of Drpl. The involvement of PI4P binding proteins in
mitochondrial membrane remodeling and scission further highlights the complexity of
mitochondrial dynamics in mammalian cells (Tabara et al., 2021). Additionally, a study in 2020
has shown that the mammalian homolog of Srv2 (CAP) acts as a pro-fission protein in
mitochondrial dynamics, specifically in the context of septic cardiomyopathy. The research
demonstrates that CAP promotes mitochondrial fission via the Mst1-Drpl axis, thereby
contributing to cardiomyocyte death and myocardial depression (Shang et al., 2020).

Our findings on peroxisomes in yeast, specifically the roles of Inp1 and Srv2 in tethering and
fission, can be contextualized within the broader landscape of organelle dynamics across both
yeast and mammalian cells. The reliance on the actin cytoskeleton and the involvement of
Srv2 in the fission processes of both peroxisomes and mitochondria in yeast, where they share
mechanisms such as the involvement of Dnm1, highlights the crucial role of Srv2. Additionally,
the similarities in actin-dependent mitochondrial division in mammals, which also share
fission mechanisms such as the involvement of Drp1 and Mff with peroxisome fission, further
indicate the potential role of CAP (Srv2 in yeast) in fission process of peroxisomes. Our
findings in yeast could potentially inform studies on the regulation of peroxisome dynamics
in mammalian cells.

An important aspect of understanding the molecular mechanisms underlying peroxisome
tethering and fission is to examine the binding regions of the proteins involved, such as Inp1,
Srv2, and Vps1. By analysing these regions, we can gain insights into whether the interactions
between these proteins and the actin cytoskeleton occur simultaneously or if there is
competition for binding sites. For example, in addition to its interaction with Pex3 via its C-
terminal, Inp1 contains the N-terminal region that interacts with the plasma membrane and
the actin cytoskeleton, while the middle domain is responsible for its interaction with Srv2.
This suggests that Inp1 can simultaneously engage with both Srv2 and the actin cytoskeleton,
facilitating tethering and proper organelle positioning. Interestingly, a previous study
suggested a potential interaction between Inp1 and Vps1, which could imply that Inp1 might
also be involved in peroxisome fission (Fagarasanu et al., 2005). Further investigation is
needed to validate this proposed interaction and its functional implications.

Likewise, Srv2 may possess distinct binding regions for interacting with the actin cytoskeleton,
Inpl, and Vpsl. These interactions allow Srv2 to play a central role in coordinating peroxisome
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fission. However, it is also possible that certain binding regions overlap or are in close
proximity, which could lead to competition between different binding partners. This
competition might serve as a regulatory mechanism to fine-tune the balance between
peroxisome tethering and fission, ensuring proper organelle dynamics.

As Inpl, Srv2, and Vps1 all have numerous interacting partners (Fig. 5.1), understanding their
roles in peroxisome dynamics necessitates further investigation into the structural details of
these proteins and their interactions. Determining whether these interactions occur
simultaneously or through competitive binding is crucial for elucidating the complexity of
peroxisome behavior regulation within cells. Future studies focusing on these aspects will
significantly contribute to our understanding of the intricate orchestration of peroxisome
dynamics and the interplay of various proteins involved in these processes.
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Figure 5. 2: Complex interactions among Inp1, Srv2, and Vps1 proteins in S. cerevisiae. This
diagram illustrates the elaborate network of genetic and physical interactions among Inp1,
Srv2, and Vps1 proteins in S. cerevisiae, emphasizing their potential roles in peroxisome
fission. Inp1 binds to both Actl and Srv2, while Srv2 interacts with Actl, Vps1, and Dnm1.
Dnm1 is suggested to interact with Vpsl, which in turn is reported to bind Inpl. This
comprehensive representation highlights the intricate relationships between these
proteins, suggesting a coordinated function in the regulation of peroxisome retention and
fission processes (from Saccharomyces Genome Database).

The potential for post-translational modifications (PTMs) to regulate interactions among
proteins involved in peroxisomal dynamics can also be considered. PTMs, including
phosphorylation, ubiquitination, acetylation, and farnesylation, are capable of modulating
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protein activity, localization, and interactions with other proteins, playing crucial roles in a
variety of cellular processes. Recent phosphoproteomic studies in S. cerevisiae have identified
several phosphorylation sites, such as §77, S112, S115, and S273, within the middle domain
of Inp1 (Holt et al., 2009; MacGilvray et al., 2020; Lanz et al., 2021). These phosphorylation
events could potentially modulate Inp1-Srv2 interactions and their involvement in
peroxisome tethering and fission processes. For example, phosphorylation at specific sites in
Inpl's middle domain may alter its affinity for Srv2, thereby affecting the tethering and fission
processes. Similarly, numerous phosphorylated residues (5292, T295, S342, S343, S346, S347,
S350, S352, S362, T388, S454, S463, S471, and S519) and a monoacetylated residue (K516)
have been identified in Srv2. These residues are located in the region of Srv2 that was found
to interact with Inpl in the Hybrigenics screen (Albuquerque et al., 2008; Henriksen et al.,
2012;Lanz et al., 2021; Lao et al., 2018; MacGilvray et al., 2020; Swaney et al., 2013; Zhou et
al., 2021). Further investigation is required to determine the roles of these post-translational
modifications (PTMs) in modulating the interaction between Srv2's C-terminal and Inp1, as
well as their impact on peroxisome dynamics and the interaction with Vps1.

A study on the yeast Ras protein and adenylyl cyclase interaction revealed that farnesylation
of Ras led to a 5- to 10-fold increase in Ras-dependent activation of adenylyl cyclase activity,
with the stimulatory effect attributed to the association of adenylyl cyclase with CAP. This
association is suggested to be responsible for the observed impact of Ras posttranslational
modification on its activity (Shima et al., 1997). This example demonstrates how PTMs can
modulate protein-protein interactions in yeast and raises the question of whether similar
mechanisms might be at play in the regulation of peroxisome fission processes involving Inp1
and Srv2.

Regarding peroxisome and mitochondrial fission mechanismes, it is known that the dynamin-
related protein Drpl in mammals and its yeast homolog Dnml are regulated by
phosphorylation. In particular, phosphorylation of Drp1 at Ser616 and dephosphorylation at
Ser637 promote its activation and translocation to the mitochondria, thus enhancing
mitochondrial fission (Chang and Blackstone, 2010). Although the specific phosphorylation
sites and their regulatory roles in Dnm1 remain less characterized than those of Drpl,
phosphorylation of Dnm1 is also known to modulate its activity and ability to oligomerize,
ultimately affecting the fission process of these organelles (Jahani-Asl and Slack 2007).

Further experimental studies and investigations into potential PTMs, such as phosphorylation
events, and their effects on proteins involved in peroxisomal and mitochondrial fission,
including Inp1-Srv2 and Srv2-Vps1 interactions, are needed to provide valuable insights into
the regulatory mechanisms governing these processes. Identifying these PTMs and their
functional consequences would enhance our understanding of how cells fine-tune organelle
dynamics in response to various cellular cues and environmental conditions. Some potential
experimental approaches include performing site-directed mutagenesis to mimic or prevent
phosphorylation at the identified sites in Inp1 and Srv2, conducting in vitro binding assays to
test direct interactions between wild-type or mutated Inp1 and Srv2, investigating the effects
of kinase inhibition or overexpression on Inp1-Srv2 and Srv2-Vpsl interactions and
peroxisome dynamics, and employing live-cell imaging techniques to visualize peroxisome
distribution, motility, and morphology in yeast cells expressing wild-type or mutated genes.
Consequently, integrating this knowledge with our current findings may contribute to a more
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comprehensive understanding of the roles and regulations of Inp1, Srv2, and other proteins
involved in peroxisome dynamics.

Based on our results and the current understanding of peroxisomal inheritance in yeast, we
can compare and contrast these findings with what is known about peroxisomal inheritance
in mammalian cells. The roles of Inp1 and Srv2 (CAP in mammals) in peroxisomal tethering
and fission, as well as the involvement of the actin cytoskeleton in yeast, can be used as a
starting point for this comparison.

In mammalian cells, peroxisomal inheritance is less well understood, but there are some
similarities and differences worth mentioning. For example, the involvement of the
cytoskeleton in peroxisomal dynamics is conserved in mammalian cells, although
microtubules primarily facilitate peroxisome movement and inheritance, rather than actin
filaments as in yeast. Additionally, the mammalian peroxisome biogenesis factor PEX11 plays
a role in peroxisome fission, similar to the role of Vps1 in yeast.

The roles of Inpl in yeast may not have direct homologs in mammalian cells, and other
proteins or molecular mechanisms might be involved in regulating peroxisomal inheritance in
these organisms. Nevertheless, given its known function in actin dynamics, the role of Srv2
(CAP in mammals) in peroxisomal tethering and fission could be conserved between yeast
and mammalian cells. While the specific proteins and molecular mechanisms involved in
peroxisomal inheritance might differ across species, certain elements hint at conserved
aspects. Examining peroxisomal tethering during asymmetric cell divisions, such as in the
context of stem cells, could provide valuable insights into potential conserved processes.
Specifically, it might elucidate whether there are more shared mechanisms between yeast
and mammalian cells than currently understood.

Research conducted on mouse skin stem cells revealed that peroxisomes are typically
inherited symmetrically during cell division, with both daughter cells receiving a similar
number of these organelles (Asare et al., 2017). This symmetrical inheritance of peroxisomes
was identified as a critical factor in regulating the differentiation of stem cells into different
cell types. disturbances in peroxisome inheritance symmetry, achieved through the
knockdown of the PEX11b gene (which is vital for peroxisome biogenesis), led to an increased
tendency for stem cells to differentiate into non-stem cell types. This highlighted the
importance of balanced peroxisome inheritance in maintaining the stem cell population.
Moreover, peroxisomes were found to be essential for proper spindle alignment, with
improper peroxisome inheritance leading to potential cell division defects (Asare et al., 2017).
These findings underscore the importance of peroxisomes in stem cell division, and hint at
potential similarities in peroxisomal inheritance mechanisms across different cell types.
Further studies, particularly those that explore peroxisomal inheritance during asymmetric
stem cell division, may lead to a deeper understanding of peroxisomal inheritance in
mammalian cells and discern how it parallels and diverges from yeast models.
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5.1 Future directions to investigate the roles of Srv2 and Inp1 in peroxisome
fission regulation

In Chapter 3, we found that the C-terminal of Srv2 interacts with the middle domain of Inp1,
which plays a critical role in peroxisome retention. In Chapter 4, we demonstrated that C-
terminal of Srv2 is essential for restoring normal peroxisome numbers. Taken together, these
findings indicate a potential role for Inp1 in the function of Srv2 as a negative regulator of
peroxisome fission. In addition to the Inp1-Srv2 interaction, we also found an interaction
between Srv2 and Vpsl, a key protein in peroxisome fission. These findings suggest a
potential network of interactions among these proteins, implicating them in the process of
peroxisome fission. Given these interactions, it is possible that Inpl also plays a role in
peroxisome fission.

The intriguing finding that Srv2 acts as a negative regulator of peroxisome fission, as
demonstrated by the Srv2-GFP-Pex15 fusion p[rotein experiment, highlights the importance
of Srv2 in the regulation of peroxisome fission through its interaction with actin filaments.
When anchored to the peroxisomal membrane, Srv2 may inhibit peroxisome fission by
preventing the recruitment or activity of fission machinery proteins. As previously mentioned,
Srv2 interacts with Dnm1, which is involved in regulating both peroxisome and mitochondrial
fission, and with Vps1, which plays a role in peroxisome fission by regulating the size and
number of peroxisomes. The crucial role of Srv2 in peroxisome fission regulation suggests that
its interactions with Dnm1 and Vpsl have functional significance. Srv2 may modulate the
activities, oligomerization, or recruitment of these proteins to the peroxisomal membrane by
binding to them, ultimately controlling the fission process. Srv2 could also serve as a scaffold
that brings together multiple components of the fission machinery, coordinating their
assembly and disassembly. As a result, several hypotheses have yet to be fully explored and
warrant further investigation.

5.1.1 Could the regulation of peroxisome fission by Srv2 be mediated by Inp1?

The interaction between the C-terminal of Srv2 and the middle domain of Inp1, along with
the essential role of the C-terminal of Srv2 in restoring peroxisome phenotype, suggests a
potential role for Inpl in the function of Srv2 as a negative regulator of peroxisome fission.
To further investigate this possibility, future research could utilize computational tools to
predict the interaction between the middle domain of Inpl and the C-terminal of Srv2.
Following this, mutagenesis could be performed in the middle domain of Inp1 to disrupt the
Srv2-Inpl interaction, and then the impact on peroxisome fission can be investigated.
Additionally, the effects of specific point mutations in the C-terminal domain of Srv2, known
to disrupt its function, such as srv2-98 in the WH2 domain and srv2-108 and srv2-109 in the
B-sheet domain can be tested. Assessing the effects of these mutations on the Inp1-Srv2
interaction and peroxisome fission regulation will contribute to a better understanding of
Inpl's role in peroxisome fission regulation.

5.1.2 Could Inp1 have a role in peroxisome fission?

Given that Srv2 is known to interact with the fission proteins Dnm1 and Vps1, as well as Inp1,
and considering previous findings from the Rachubinski group which showed that Inpl
interacts with Pex30, Pex25, and Vpsl — key regulators of peroxisome biogenesis
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(Fagarasanu et al., 2005) — we hypothesize that Inpl might play a role in peroxisome fission,
potentially through interactions with Vps1 or Pex25.

To investigate this hypothesis, future experiments could employ protein-protein interaction
studies both in vitro and in vivo. In vitro studies could include pull-down assays, while in vivo
investigations could utilize techniques such as co-immunoprecipitation or yeast two-hybrid
assays, to explore potential interactions between Inp1 and peroxisome fission proteins like
Vps1 and Pex25.

Should these assays demonstrate an interaction between Inpl and Vpsl, we could further
investigate the functional implications of this interaction.

5.1.3 Could Srv2 interact with other peroxisome fission proteins such as Pex11, Pex25,
or Pex277?

Considering the known roles of Pex11, Pex25, and Pex27 in peroxisome dynamics, and the
evidence suggesting interactions of Srv2 with Dnml and Vpsl — proteins involved in
peroxisome fission, it is plausible that Srv2 might also interact with other peroxisome fission
proteins to modulate peroxisome fission and proliferation.

The Rachubinski group's report demonstrating that Inp1 interacts with Pex30, Pex25, and
Vpsl (Fagarasanu et al., 2005), in conjunction with findings showing Srv2's interaction with
Dnm1 (Chen et al., 2019) and Vps1 (this study), strengthens the hypothesis that Srv2 might
interact with other proteins involved in peroxisome fission such as Pex11, Pex25, or Pex27.
We propose that Srv2 may modulate the activities or recruitment of these proteins to the
peroxisomal membrane through direct interaction, thereby controlling the fission process. It
could also function as a scaffold, coordinating the assembly and disassembly of multiple
components of the fission machinery.

The mechanisms underlying these potential interactions, such as whether they involve direct
binding or are mediated through other proteins like Inp1, and the specific domains involved,
are all subjects for future investigation. Ultimately, understanding the functional
consequences of Srv2's interactions with peroxisome fission proteins may further elucidate
Srv2's roles in peroxisome fission and its potential as a negative regulator.

Future studies could employ yeast two-hybrid assays or co-immunoprecipitation experiments
to identify direct interactions between Srv2 and these proteins. Such interactions could be
tested both in the presence and absence of Inp1 to investigate whether Inp1 mediates these
interactions.

In conclusion, the work described in this thesis offers valuable contributions to the field by
revealing new insights into the molecular mechanisms underlying peroxisome tethering and
fission in yeast, with a focus on the roles of Inp1 and Srv2. The results suggest evolutionary
conservation between peroxisome dynamics in yeast and mitochondrial fission mechanisms
in both yeast and mammals and possibly indicates a universal strategy for regulating organelle
behavior across species. This knowledge is particularly relevant for understanding
fundamental cell biology principles and has potential implications for human health, as
defects in peroxisome function are linked to several diseases.
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Chapter 6 — Gene editing and tool
development in D. hansenii

6.1 Introduction

Microorganisms are used in biotechnology to create new materials. One reason for the
growing interest in exploiting microbial metabolic processes in biotechnological chemical
synthesis is the limited supply of mineral oils (Mattanovich et al., 2014) and their
environmental impact. Bacteria are one group of microorganisms while yeasts and other fungi
are another type of microbes employed in biotechnology. For certain biotechnological
processes, yeasts are preferable over bacteria because they have lower dietary needs and the
capacity to acquire the post-translational modifications required for creating physiologically
active proteins (Vieira Gomes et al., 2018), including the generation of metabolites and
recombinant proteins (Mattanovich et al., 2014). They are also particularly appropriate to
produce certain compounds, including ethanol, due to their metabolic capabilities and the
ease with which they can be grown and manipulated in the laboratory (Sdnchez et al., 2006;
Mabee et al., 2010). The yeast S. cerevisiae has received the greatest attention in the food
and beverage industries. Because of S. cerevisiae's exceptional molecular genetic and
physiological characterisation, the yeast may be utilised to manufacture heterologous
proteins such as the hepatitis B surface antigen and insulin over many years (Mattanovich et
al., 2014). Additionally, S. cerevisiae has been employed for hundreds of years to produce
alcohol and, subsequently, to leaven bread (Zhang et al., 2015). Because S. cerevisiae is not
always the chosen host to utilise in biotechnology, corporations have begun to explore other
yeasts that are more stress tolerant and are highly promising for biotechnology. Various
yeasts have been discovered to be more effective in the manufacture of various recombinant
proteins whereas other are thought to be more suitable to produce lipid derived metabolites
(Mattanovich et al., 2014) including the stress-resistant, halotolerant yeast Debaryomyces
hansenii.

Debaryomyces hansenii is a non-pathogenic yeast that is osmotolerant and an extremophile.
This particular yeast, a member of the ascomycetes family, undergoes vegetative
reproduction through the formation of multilateral budding (Mishra and Baranwal, 2009). It
can be encountered in saline environments such as oceans and in food products that have
been salted (Prista et al., 2005). D. hansenii possesses the capability to flourish in
environments with high salt concentrations, such as 4 M sodium chloride (NaCl), whereas S.
cerevisiae is unable to thrive in environments with NaCl concentrations exceeding 1.7 M
(Aggarwal and Mondal, 2009). It can be found in a variety of foods, including cheese,
sausages, soy sauce, and brines where it contributes to development of flavours. D. hansenii
is subjected to stress conditions other than high salt concentration, such as high and low
temperatures, low pH, and the presence of preservatives, highlighting its ability to withstand
diverse challenging circumstances (Almagro et al., 2000). D. hansenii's osmo-tolerance is an
important feature for its application in biotechnology because microbials contamination can
be kept at bay using high osmotic media through addition of salt or other osmotics (Johnson,
2011).
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According to Gientka et al. (2017), D. hansenii, being an oleaginous yeast, has the remarkable
capacity to accumulate neutral lipids, accounting for more than 20% of its biomass. The
capacity to accumulate huge volumes of lipids opens up the economic possibility of biodiesel
generation and the synthesis of lipids or lipid derivatives.

D. hansenii produces compounds that inhibit other yeasts, which holds potential for managing
yeast infections (Johnson, 2011). It tolerates high nitrite levels, utilizing it as a nitrogen source
(Vigliotta et al., 2007), and withstands the potent biocide chlorine dioxide (CIO2) (Ramirez-
Orozco et al., 2001). This versatile yeast has a variety of biotechnological applications, such
as xylitol, ethanol, and bioflavour production, protein synthesis, and involvement in meat and
dairy fermentation processes. Its capacity to generate valuable compounds and enhance the
flavor and quality of various food products makes it significant in both food and industrial
biotechnology (Girio et al.2000; Glineser et al., 2015; Durd et al., 2004; Padilla et al, 2014).

In some circumstances, D. hansenii is a preferred host for biotechnology, and unlike S.
cerevisiae, it generally interprets CTGs codons, which are commonly associated with leucine,
as serine (Jeffries and Cregg 2010). Moreover, due to limited research conducted on D.
hansenii, there is a scarcity of molecular tools available for studying this yeast. The
Genolevures consortium has sequenced and annotated the whole genome of D. hansenii,
which is currently available at https://www.ncbi.nIm.nih.gov/genome/ (Dujon et al., 2004;
Aggarwal and Mondal, 2009).

Despite the fact that most D. hansenii isolates are assumed to be haploid, further research
has revealed variations in genome size and genome duplication. The genomic analysis
revealed that diploid heterozygous strains exhibited a considerable decrease in
heterozygozity (Petersen and Jespersen, 2004; Jacques et al., 2015). Following translocation,
a multitude of alleles with different sizes can be generated, and certain strains of D. hansenii
can be diploid or even aneuploid (Petersen and Jespersen, 2004). Many additional yeast
species have documented chromosome number variations (Petersen and Jespersen 2004;
Jacques et al., 2009; Jacques et al., 2010).

Previously, an economic and rapid gene disruption strategy was developed for genome
alterations in S. cerevisiae and S. pombe. This method uses a selectable marker flanked by
short regions of identity to the site of genome modification that would induce integration of
the selectable cassette into that precise site in the genome through homologous
recombination (HR). These constructs can easily be synthesised by PCR amplification of the
marker cassette with primers containing 50 bp extensions identical to the sequence around
the target site (see fig. 2.1) (Baudin et al., 1993; Kaur et al., 1996). Although recently, D. hansenii
is more intensely being studied for its biotechnological potential, there have been few studies
on genetically manipulating this yeast and the tools available are restricted. A small number
of studies discuss the use of HR in D. hansenii genome modification (Minhas et al., 2009;
Yaguchial., 2017; Navarrete et al., 2022). In homologous recombination, two DNA sequences
are exchanged at a region of aligned DNA sequence homology (Kuzminov, 2011). The method
used for HR is based on a plasmid by designing a marker with two flanked regions of the
targeted gene. Because of the poor HR effectiveness in D. hansenii, it is challenging to disrupt
genes (Prista et al., 2016); for this reason, 1 kb flanks upstream and downstream of the open
reading frame (ORF) are still being used for gene disruption in D. hansenii.
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Working with non-conventional yeasts can present numerous challenges. Besides the
difficulty in gene disruption or modification requiring 1 kb flanking regions, approximately
half of the D. hansenii genes tested in our lab possess multiple copies in the standard strains
used (unpublished data). Consequently, deleting these genes necessitates additional efforts
to create a second knockout construct.

This work initiated the task of developing alternative tools that allow fast mutant generation.
The revolution caused by the introduction of the CRISPR-Cas9 technique in biological research
in the lab made me excited about trying it on D. hansenii. Unfortunately, at that time no such
system was available for D. hansenii, but it has been developed for related yeasts that belong
to the CTG clade (Lombardi et al., 2019). The principle of the CRISPR-Cas system - an immune
response system found in prokaryotes- is that it utilises non-coding RNAs to guide the enzyme
Cas9 to cause DNA cleavage in a specific site. Subsequently, this system has been harnessed
to build a simple editing tool for the eukaryotic genome incorporating such aspects as
knockout or knockin. To perform gene disruption, a single-guide RNA (sgRNA) is generated to
guide the Cas9 to a specific location of the genome in order to cut it (Figure 6.1).

The main aim of the research described in this chapter is to generate new tools to efficiently
modify the D. hansenii genome. Initially it describes the attempts to develop a CRISPR-Cas9
system but in parallel we tested a homologous recombination (HR) gene disruption strategy
using short HR flanks, and these results are also described.
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Figure 6. 1: Creating gene disruption by CRISPR/Cas9. 1) the sgRNA consists of two parts: a
20 bp sequence specific to the DNA target, fused to the tracrRNA. 2) the sgRNA interacts
and binds with the Cas9 protein, which has DNA endonuclease activity. 3) when Cas9 finds
the PAM (Protospacer Adjacent Motif) sequence, it unwinds the bases upstream of the
PAM and pairs them with the complementary region on the gRNA. 4) the CRISPR-Cas9

complex induces a double-stranded cleavage of the targeted DNA. (Adapted from Doudna
and Charpentier 2014).
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6.2 Results

6.2.1 CRISPR-Cas9 system

As gene editing techniques were limited in D. hansenii, we explored the potential of adapting
CRISPR-based tools from related yeasts. Through extensive literature review, we identified a
CTG-adapted plasmid that had been effectively used for gene editing in multiple yeast species
(Lombardi et al., 2019). It was decided to introduce this system and adapt it to use in D.
hansenii.

To examine the CRISPR-Cas9 system in D. hansenii, it is useful to start targeting some genes
whose disruptions are easily detected. Therefore, the ADE2 and GUT2 genes have been
chosen for the knockout experiments. The disruption of the ADE2 gene can be easily detected
by observing the accumulation of a red pigment in the colonies, which results from the
accumulation of a precursor in the adenine biosynthesis pathway (Rébora et al., 2001). This
visible phenotype allows for a straightforward screening of successful ADE2 gene knockouts
(Fig. 6.2). On the other hand, the disruption of the GUT2 gene, which is involved in glycerol
metabolism, can be detected by monitoring the inability of the mutant strains to grow on
glycerol-containing media. Strains with a disrupted GUT2 gene will be unable to utilize
glycerol as a carbon source, providing a clear and simple readout for successful gene knockout
experiments (Sprague and Cronan 1977) (Fig. 6.3).

The pCT-tRNA plasmid expresses CAS9 under the M. guilliermondii TEF1 promoter and carries
the SAT1 selectable marker gene (nourseothricin resistance) regulated by the C. dubliniensis
TEF1 promoter and MgPGK1 terminator. The sgRNA expression cassette is controlled by the
A. gossypii TEF1 promoter and ScCYCIt terminator. The mature sgRNA is released by
endogenous yeast RNase Z cleavage after the tRNA”? and self-splicing before the hepatitis
delta virus (HDV) ribozyme. The function of the HDV ribozyme in this system is to cleave the
RNA transcript precisely at the 3' end of the gRNA sequence, ensuring the proper formation
and functionality of the gRNA. This cleavage is essential for the gRNA to guide the Cas9
nuclease to the target DNA sequence effectively. This design aimed to improve sgRNA
maturation using endogenous RNase P and Z for posttranscriptional cleavage and create a
more versatile platform for swapping gRNA sequences without the constraints of the HH
ribozyme's unique 5' sequence. The plasmids enable ligation of 23-bp annealed
oligonucleotides into a cloning cassette with two nonpalindromic Sapl sites at the tRNA-gRNA
junction. This allows easy gRNA introduction by designing two 20-base oligonucleotides with
overhangs compatible with Sapl sites for cloning and expression. Sap1 has unique properties.
It recognizes the specific palindromic sequence 5'-GCTCTTC-3' and cleaves the DNA to
generate 5' overhangs (sticky ends). The uniqueness of this recognition site can minimize the
chances of unwanted cleavage in the gRNA sequence or vector. The oligonucleotides have
CAA overhangs, creating sticky ends for ligation into the Sapl-digested vector (Fig. 6.4 A).
The design of the guide RNAs (gRNAs) was done with the help of the CRISPRdirect website
(http://crispr.dbcls.jp/) — D. hansenii ASM644v2 (Feb 2015) genome. This website gives an
appropriate selection of target sites for CRISPR-Cas9 and a diminished potential number of
off-target sites and more features. (Fig. 6.4 A). Then guide targets (20 bp) were generated
with overhanging ends that were compatible with two Sapl sites that can be fitted with the
pCT-tRNA plasmid (Fig. 6.4 B & C).
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P-ribosyl-PP ~————> P-ribosylamine ~———> P-ribosylglycinamide
ADE4 ADES

ADE8

P-ribosylamino P- ribosylformyl c P- ribosylformyl
imidazole (AIR) ADE7 glycinamidine ADE6 glycinamide

P-ribosylamino P-ribosylsuccino > adenine
imidazolecarboxylate Carboxamide
(CAIR) aminoimidazole

(SAICAIR)

Figure 6. 2: The adenine biosynthesis pathway. ADE1 and ADE2 mutations, which usually block
an earlier step in adenine biosynthesis, cause the intermediate AIR to accumulate. This is
converted to form the red pigment. Adapted from (Rébora et al., 2001).
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Figure 6. 3: The pathway of the utilization of glycerol as a carbon source. The pathway starts
with the import of glycerol into the cell, which is mediated by the symporter STL1. Once
inside the cell, glycerol is converted into glycerol-3-phosphate by the cytoplasmic enzyme
glycerol kinase (GUT1). Glycerol-3-phosphate then enters the mitochondria, where it is
further metabolized by the mitochondrial glycerol-3-phosphate dehydrogenase (GUT2),
which is a flavin adenine dinucleotide (FAD)-dependent enzyme. GUT2 converts glycerol-3-
phosphate to dihydroxyacetone phosphate (DHAP), which can then leave the mitochondria
and enter the cytoplasm, where it can join the glycolytic or gluconeogenic pathways as a
source of energy and carbon for the cell (Adapted from Turcotte et al., 2009).
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Figure 6. 4: Designing gRNAs for Targeted Disruption of ADE2 and GUT2 Genes. A) The pCP-tRNA
plasmid system enables gene editing in D. hansenii. This plasmid includes the SAT1 gene (conferring
nourseothricin resistance), the autonomously replicating sequence 7 (ARS7) from C. parapsilosis,
and the CAS9 gene under the control of the M. guilliermondii TEF1 promoter. The plasmid map
highlights the cassette responsible for sgRNA expression in purple, and a more detailed
representation is provided in the accompanying scheme. The cassette consists of the Ashbya
gossypii TEF1 promoter, followed by the tRNAA"? sequence, two Sapl restriction sites, the scaffold
RNA, the HDV ribozyme, and finally the ScCYC1t terminator. B) The gRNAs, highlighted in yellow,
targeting genes ADE2 and GUT2, as suggested by the CRISPRdirect website, and followed by the
PAM sequence (highlighted in red). Scissors in blue represent the Cas9 cut. C) The DNA oligos and
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their complementary sequences were designed (blue: ADE2; black: GUT2) with Sap1 overhanging
ends (in green) that matched the plasmid.

This follows what Lombardi and her group (2019) have proven about the experimental
success of this plasmid and its CRISPR system for gene editing on C. tropicalis, which is very
similar to D. hansenii. In addition, Lombardi et al. (2017) proved that this system works in
other Candida species such as C. parapsilosis, C. metapsilosis, C. orthopsilosis and C.
metapsilosis.

After successfully transforming the pCT-tRNA plasmids carrying gRNAs targeting ADE2 and
GUT2 genes, along with control plasmids without any gRNAs, in D. hansenii NCYC102 cells,
the cells were assessed for gene disruption. However, it is worth noting that the efficiency of
the CRISPR system was observed to be low, with very few colonies growing compared to wild-
type cells expressing a plasmid without any gRNA. In the control transformations with no
gRNA, there were more than 40 colonies per transformation, suggesting that the presence of
gRNA had a negative impact on yeast viability. The transformation was attempted multiple
times using different amounts of DNA plasmid (0.3, 0.6, 1, 1.5 and 2 ug), targeting both ADE2
and GUT2 genes in the D. hansenii NCYC102 strain. Despite these efforts, the number of
colonies consistently remained low (3-5 colonies per transformation) when gRNA was
present, suggesting that the reduced colony count may be indicative of a negative impact on
yeast viability due to the CRISPR system (Fig. 6.5).

YM + 1.5 pg/ml nourseothricin

Figure 6. 5: Low efficiency of the CRISPR/Cas9 system in D. hansenii. A) CRISPR/Cas9 plasmid
containing a gRNA targeting ADE2 results in a low number of colonies compared to the
control B) which shows high transformation efficiency when using an empty CRISPR plasmid
without any gRNA. Both plates contain YM-nourseothricin (1.5 pg/ml).
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However, cells transformed with the ADE2-targeting plasmid were effectively edited, with
approximately 80% exhibiting a pink hue on YM media and demonstrating an inability to grow
in YM media without adenine. This is because ADE2 encodes an enzyme involved in the
biosynthesis of adenine, and disruption of this gene blocks an earlier step in the pathway. As
a result, adenine auxotrophs accumulate a reddish intermediate in the adenine biosynthetic
pathway, leading to a build-up of these intermediate metabolites that give the cells a
distinctive pink/red colour on YM media (Rébora et al., 2001). In the absence of exogenous
adenine, which cannot be synthesized due to the gene disruption, the cells are unable to
grow, highlighting the essential role of ADE2 in adenine biosynthesis (Fig. 6.6 A).

On the other hand, cells expressing GUT2-targeting plasmid could not grow on YM2-glycerol
media in contrast to WT strains that have grown. Yeast cells can utilize glycerol as a sole
carbon source, with glycerol being imported by the symporter sugar transporter-like protein
(STL1). Once inside the cell, the cytoplasmic enzyme glycerol kinase (encoded by GUTI)
phosphorylates glycerol to form glycerol-3 phosphate, which then enters the mitochondria.
Within the mitochondria, the mitochondrial glycerol-3-phosphate dehydrogenase (encoded
by GUT2) oxidizes glycerol-3-phosphate to dihydroxyacetone phosphate (DHAP), which can
then be metabolized further by the cell (Fig. 6.4). Defects in GUT2 can prevent yeast cells from
utilizing glycerol and impair their ability capable of thriving in growth media that solely rely
on glycerol as the carbon source (Sprague and Cronan 1977) (Fig. 6.6 B).

In addition to the low efficiency of the CRISPR system in the NCYC102 strain, it is notable that
targeting the ADE2 gene by CRISPR/Cas9 resulted in the region around the Cas9 cut being
unable to be amplified using primers 500bp upstream and downstream of the cut site. This
amplification was performed to check and sequence the CRISPR/Cas9-induced mutations in
the target gene. However, this region was easily amplified in WT cells. Although the upstream
and downstream regions were able to be amplified separately, the difficulty in amplifying the
region around the Cas9 cut suggests that chromosomal translocation occurred as a result of
Cas9 cleavage (Fig. 6.7). This chromosomal translocation could potentially explain the low
number of transformants observed. From these results, we can conclude that while the
CRISPR/Cas9 system can work in D. hansenii, it may not be the most appropriate tool due to
these issues. However, two years later, two papers reported successful use of the
CRISPR/Cas9 system in this yeast (Spasskaya et al., 2021; Strucko et al., 2021).

As a result of these findings, we aimed to find an alternative, efficient, and economical way
to edit the D. hansenii genome.
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YMD + 1.5 pg/ml nourseothricin YMD-glycerol

Figure 6. 6: Editing of ADE2 and GUT2 genes using CRISPR/Cas9 in D. hansenii. A) Cells
transformed with plasmids targeting ADE2 exhibit a pink hue (white arrow as an example)
due to adenine auxotroph, in contrast to the white colour of WT cells (yellow arrow). Pink
colonies were streaked for better visualization, as the colour was light and difficult to
distinguish. Transformant cells were unable to grow in the minimal adenine-deficient (ade-
) medium, unlike the control (WT) cells. B) Transformed cells with plasmids targeting GUT2
were grown on YM-nourseothricin (1.5 pg/ml). Then, cells were streaked onto YM2-
Glycerol plates. GUT2 transformed cells were unable to grow in YM2-Glycerol compared to
WT which was able to grow in the same media (arrowed in yellow).
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Figure 6. 7: Issues of the CRISPR/Cas9 system in D. hansenii targeting ADE2 gene. A)
Diagram illustrates the Cas9 cut and upstream and downstream primers used to
sequence region around the cut. Numbers represent distance from cut site. B) The
region around the Cas9 cut could not be amplified in the mutant strains, as opposed
to the successful amplification observed in the wild-type control (same primers used
in sample 2). C) Upstream and downstream regions of the Cas9 cut were amplified
separately (blue brackets in the diagram shown in B).
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6.2.2 Gene disruption by HR with short flanks

Targeted gene replacement, employed to create knock-out or knock-in mutants, is an
effective strategy for studying gene function and regulation. This technique is also
fundamental for generating genetically engineered strains for biotechnological applications.
To date, only a limited number of studies have reported the development of research tools
for D. hansenii, including gene disruption via homologous recombination using extensive
flanking regions, random integration plasmids, and CRISPR-Cas9 mediated gene targeting
(Minhas et al., 2009, 2012; Biswas et al., 2013; Chawla et al., 2017; Defosse et al., 2018;
Strucko et al., 2021; Spasskaya et al., 2021). Homologous recombination in D. hansenii has
been reported to be inefficient (Minhas et al., 2009; 2012; Strucko et al., 2021; Spasskaya et
al., 2021), and targeted gene replacement typically requires 1 kb long-length homologous
flanking fragments (Minhas et al., 2009; Yaguchi al., 2017; Navarrete et al., 2022). This
method relies on multiple plasmid construction steps to generate gene targeting constructs
and utilizes auxotrophic markers. Furthermore, some recent CRISPR-Cas9 approaches still
require auxotrophic markers for transformant selection (e.g., Spasskaya et al., 2021), limiting
these techniques to a single strain.

The PCR-mediated gene disruption method, developed for gene targeting in S. cerevisiae, is
one of the simplest methods of genomic modification (Baudin et al., 1993). This technique
involves amplifying a selectable marker using PCR, extending the cassette with 35-50 bp
flanking regions identical to the target site in the genome on either side. Upon
transformation, these short flanking regions guide the selectable marker to the precise
genomic site through homologous recombination. This methodology has facilitated the
systematic analysis of each gene and protein in S. cerevisiae and led to the development of
gene targeting techniques in Schizosaccharomyces pombe and Kluyveromyces lactis (Kaur et
al., 1997; Kooistra et al., 2004).

In the initial studies conducted in S. cerevisiae, auxotrophic markers were used for the
purpose of gene targeting. However, this approach had a limitation, as these markers share
sequences with the host genome, which could guide to gene conversions that restore the
auxotrophic phenotype, making the selection process less reliable. To overcome this issue
and improve the targeting efficiency, researchers began to use heterologous selectable
markers, which are derived from other organisms and do not share sequences with the host
genome. This new approach significantly enhanced the reliability and efficiency of gene
targeting in S. cerevisiae, as evidenced by studies conducted by Wach et al. (1994) and Bahler
et al. (1998).

Our lab aimed to enhance the efficiency of homologous recombination (HR) mediated
genome editing in wild-type isolates of D. hansenii by developing a fully heterologous marker,
which reduces the background of gene conversions caused by auxotrophic mutations. Our
group created novel selectable marker cassettes composed exclusively of heterologous DNA
sequences that confer Hygromycin B or G418 resistance to D. hansenii transformants.
Following the development of the heterologous marker conferring Hygromycin B or G418
resistance to D. hansenii transformants, we then aimed to optimize the process by reducing
the length of the HR flanks. Our motivation for reducing the homology arm length was to
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explore the possibility of achieving efficient HR-mediated gene disruption in D. hansenii using
shorter homology arms, as has been demonstrated in other yeast species such as S. cerevisiae
and S. pombe. Previous studies have shown that short homology arms of 30-50 bp and 80-
100 bp, respectively, were sufficient for efficient gene disruption in these yeast species
(Hegemann et al., 2014; Baudin et al., 1993; Kaur, Ingavale and Bachhawat, 1996). We tested
different homology arm lengths, ranging from 750 bp down to 100 bp, including very short
homology arms of 75 bp, 65 bp, and 50 bp, to determine the optimal homology arm length
for efficient HR-mediated gene disruption in D. hansenii. To contribute to this work, | focused
on targeting the ADE2 gene using short-length flanks (75 bp, 65 bp, and 50 bp) and assessed
their efficiency.

The knockout cassette with Hygromycin marker was accomplished through PCR using specific
forward and reverse primers that contain 50 bp, 65 bp and 75 bp identical to the upstream
and downstream of ADE2 gene. PCR fragments were then transformed into yeast as described
in section 2.4.4.

The protocol suggested that the appropriate concentration of DNA needed in each
transformation is 2 pug. However, this did not result in many transformants. Thus, several
transformations were done with various DNA concentrations to calculate the best
concentration for use in the transformation process. The results indicate that 0.5 pug DNA (in
a maximum volume of 2 pl) provides the highest number of colonies. Consequently, this
concentration was used in most of the experiments (Fig 6. 8).

0.5 pg of PCR fragments flanked with 50bp were transformed into 3 different strains of D.
hansenii — NCYC 102, NCYC 3363 and NCYC 3981, and grown for 3 days on YM Deb plates
containing hygromycin. Transformed colonies were streaked onto the minimal adenine-
deficient (ade-) plates to assess gene disruption efficiency. The results show that 28 out of 31
NCYC 3363 colonies and 19 out of 20 NCYC 3981 colonies were knocked out, as evidenced by
their inability to grow on ade- plates (Fig. 6.9 A). However, all colonies from the D. hansenii
NCYC 102 strain were able to grow on ade- plates.

0.6 ug of PCR fragments with 65bp were transferred into all three strains as explained above,
resulting in 10 of the 11 colonies of the NCYC 3363 strain being knocked out, 11 of the 11
colonies from the NCYC 3981 strain were knocked out, and all colonies from NCYC 102 strain
continued to grow on the ade- plate.

0.6 pg of PCR fragments with 75bp were transferred into the three strains and the results
show that 16 of the 17 NCYC 3363 colonies were knocked out, 9 out of 9 NCYC 3981 colonies
were knocked out, and all colonies from NCYC 102 strain continued to grow on the ade- plate.
All these results are listed in Table 6.1.

Through PCR analysis, we were able to confirm the accurate integration of the hygromycin
resistance (HygR) cassette into the ADE2 locus. This validation was performed on a selection
of adenine auxotrophs derived from each strain background investigated in our study (Fig. 6.9
C). The successful integration of the HygR cassette within the ADE2 gene is crucial for
generating adenine auxotrophs, and our results demonstrate the effectiveness of our gene
knockout approach across different strain backgrounds.
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These results demonstrate that gene deletion by HR with short flanks is highly efficient in D.
hansenii, achieving efficiency rates of up to 95%. We conclude that gene disruption by HR
serves as a valuable tool for enabling rapid and efficient DNA integration. Cassettes with
flanking sequences of 50 bp can be readily generated through one-step PCR amplification
using adapted primers. With these PCR-based methods and reagents, genetic modification of
D. hansenii isolates has become more economical and accessible. This will facilitate in-depth
study of this yeast and its development for biotechnological applications.

Table 6. 1 — The results of ADE2 gene knockout.

ft'rgi‘:";se"” 75 bp KO 65 bp KO 50 bp KO
NCYC 102 100-150 0 100-120 0 100-150 0
NCYC 3363 17 16 11 10 31 28
NCYC 3981 9 9 11 11 20 19

YM + 50 pg/ml Hygro

Figure 6. 8: Comparison of the effectiveness of transformation in D. hansenii with various DNA
concentrations. A) 2 ug of DNA shows low efficiency, while B) 0.5 pg of DNA improves
transformation efficiency.
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Figure 6. 9: Deletion of the ADE2 gene by homologous recombination using short flanking
regions. A) Cells expressing the hygromycin resistance marker were able to grow on YM
media containing 80 pg/ml hygromycin, and the accumulation of red pigment confirms the
disruption of the ADE2 gene. White cells on hygromycin medium are adenine prototrophs
(white arrows). These cells were unable to grow on the minimal adenine-deficient (ade-)
medium, unlike the WT (red arrow), which could not grow on hygromycin plates. B)
Schematic representation of the open reading frame and hygromycin marker cassette used
for ADE2 deletion. Red and blue lines represent the 50 bp flanking sequences located
immediately upstream and downstream of the ADE2 ORF. C) Agarose gel electrophoresis
analysis of PCR products from wild type cells (WT) and ADE2 knockout cells (A) in the strains
NCYC3363 and NCYC3891. Successful ADE2 knockout was identified by amplifying the
hygromycin B cassette in the resistant transformants from the respective strains (M: marker;
U: upstream; D: downstream).
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6.3 Discussion

Industrial biotechnology is a rapidly growing industry, entailing developing of production of
compounds by micro-organisms. Examples include bioethanol, biochemicals based on fatty
acids such as biosurfactants and biofuels. There is a need to move from petrochemically-
generated production using restricted sources, to the production of such molecules using
genetically engineered microorganisms that can grow on sustainable feedstocks. This is a very
significant change, as it offers unlimited and environmentally-sustainable production (Lynd et
al., 2005; Runguphan and Keasling, 2014). Therefore, the production of such high-yield
chemicals involves searching for suitable hosts that can withstand the stresses of the
biotechnological cycle.

Although D. hansenii is a haploid yeast, the existing literature and experiments in the lab
indicate that this yeast might be partially diploid, suggesting that certain genes have two or
more copies. For example, in D. hansenii NCYC102 strain has more than one copy of the ARG1
gene while in other strains which are D. hansenii NCYC3363 and D. hansenii NCYC3981 there
is only one copy of this gene (unpublished data). The reason for this is unclear, but it has been
suggested that either the return to haploidy after self-mating may be relatively slow, or that
regions of the genome are readily duplicated. Additionally, this diploidy might be unstable
and be a remnant of a previous sexual event as it is reported by Jacques et al. (2009) that D.
hansenii might contain two different alleles for a gene or genomic region coming from
different parents. There are three distinct populations of D. hansenii, including one which is
also referred to as C. famata var. famata, as well as the presence of haploid and heterozygous
diploid strains arising from crosses of D. hansenii strains. The existence of such claims makes
the use of the CRISPR-Cas9 system, which is a powerful tool for editing genomes, an efficient
option for studying D. hansenii.

At the time, D. hansenii did not have a developed CRISPR system, although such systems had
been established for related yeasts in the CTG clade (Lombardi et al., 2019). We aimed to
assess the efficiency of this system in D. hansenii by targeting the ADE2 and GUT2 genes. Our
data demonstrated that these genes (ADE2 and GUT2) were disrupted by the CRISPR/Cas9
system. However, the efficiency was quite low, as evidenced by the limited number of
colonies obtained. Our findings, which revealed chromosomal translocation when the region
surrounding the Cas9 cut could not be amplified, in contrast to WT cells that were easily
amplified, strongly suggest the reason for the low efficiency of the CRISPR system. This result
implies that the system might be detrimental to the cells, potentially due to the promoters
used for Cas9 expression, which may lead to high expression levels. Moreover, the stability
and replication of plasmids in D. hansenii remain uncertain due to the use of the ARS
sequence, and it is unclear whether they integrate or are merely diluted out over time.
Subsequently, two studies (Spasskaya et al., 2021; Strucko et al.,, 2021) successfully
implemented the CRISPR/Cas9 system in D. hansenii, employing distinct strategies.

Spasskaya et al. (2021) utilized a Cas9 gene optimized for expression in C. elegans, where the

non-optimal CTG codon is replaced by alternative leucine codons. Cas9 expression was driven
by the GDP1 promoter from D. hansenii. Recognizing that the sgRNA expression level is critical
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for CRISPR/Cas system activity in yeasts, the researchers tested several predicted D. hansenii
RNA polymerase Ill promoters and found that pSCR1 provided the highest sgRNA expression
level.

In the second study, Strucko et al. (2021) developed CRISPR systems containing ARS
sequences that played a crucial role in enhancing system efficiency. Notably, they also
developed a CRISPR/Cas9 system based on a dominant marker (NAT®VS), which facilitates
gene editing in prototrophic strains of D. hansenii without the limitations associated with
auxotrophic markers. One system featured a fusion of two ARS sequences—CfARS16 from
Candida famata and panARS from Kluyveromyces lactis—while the second, m-ARS, contained
a centromere and three ARS sequences: a fusion of CEN6/ARSH4 from S. cerevisiae, CfARS16
from Candida famata and panARS from Kluyveromyces lactis. Both systems employed sgRNA
flanked by native tRNASY sequences, which demonstrated improved targeting efficiency
compared to the system | used, where sgRNA was flanked by tRNAA®R,

These studies highlight the importance of optimizing various aspects of the CRISPR/Cas9
system, such as Cas9 expression, sgRNA expression, and ARS sequences, to enhance its
efficiency and applicability in D. hansenii.

Since the CRISPR/Cas9 system was not the appropriate tool at the time, we sought to find an
efficient tool which easily allows gene disruption. After the successful development of the
heterologous marker conferring Hygromycin B or G418 resistance to D. hansenii
transformants by our lab, our aim was to improve the frequency of HR by reducing the HR
flanks, which were 1 kb flanks. To investigate the relationship between HR frequency and
flanking fragment length, disruption cassettes were constructed with 750, 500, 250,100, 75,
65, and 50 bp homologous flanking DNA of multiple genes. My contribution to this large-scale
investigation was on the ADE2 gene using very short flanks of 75, 65, and 50 bp. Hygromycin
cassettes were amplified by PCR and transformed into three D. hansenii strains: NCYC102,
NCYC3363 and NCYC3981. A significant finding is that targeting the ADE2 gene in NCYC102
and attempting to insert the hygroB cassette resulted in all transformants being able to grow
on ade- plates. This suggests that this strain may possess multiple copies of the gene in
guestion, similar to the ARG1 gene, which our lab has found to have more than one copy in
this strain (unpublished data). However, it is important to note that we did not test the
integration of the hygroB cassette in these cells. The observed growth on ade- plates could
be due to the lack of hygroB integration or the presence of multiple ADE2 gene copies in the
strain. Further investigations, such as integration testing using PCR, are necessary to confirm
the integration of the hygroB cassette, better understand the underlying mechanisms behind
the observed growth on ade- plates, and determine whether this strain indeed has multiple
copies of the ADE2 gene.

Disruption of the ADE2 gene in NCYC3363 and NCYC3981 is highly efficient with HR short
flanks. Around 95% of cells showed a gene disruption by accumulating red pigment and not
growing on YM media lacking any adenine.

The unique advantage of S. cerevisiae has long been its ability to achieve a remarkably high
percentage (up to 100% in certain cases) of homologous recombination (HR) when
transforming DNA with 50 bp flanking regions. This same outcome was subsequently
observed in S. pombe (Kaur et al., 1996) and K. lactis strain (Kooistra et al. 2004). Here, we
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show that successful gene replacement can be accomplished with a success rate of 95% using
flanking regions as short as 50 base pairs. Despite previous studies indicating that gene
targeting through homologous recombination necessitates long regions of homology to
target sites and generally occurs at a low efficiency, our experiments demonstrated
otherwise. In our attempts to delete the ADE2 gene in NCYC3363 and NCYC3981, only 4 out
of 51 transformants were mistargeted. Similarly, in the case of the ARG1 gene in the same
strains, our lab member Sondon found that only 1 out of 22 transformants was mistargeted.
These findings suggest that homologous recombination can be more efficient than previously
thought. One possible explanation for the discrepancy between our findings and previous
studies could be the use of auxotrophic markers in earlier research. Given that these markers
share identical DNA sequences with the host genome, gene conversions might restore
auxotrophy, leading to reduced targeting efficiency, as has been previously observed in S.
cerevisiae (Wach et al., 1994).

Short homology arms can definitely induce gene targeting, as demonstrated by the
exceptional efficacy of targeted gene disruption in our study, which prompted us to look into
this possibility. However, we observed a decrease in the number of transformants. By
optimizing the electroporation protocol, we have discovered that using 500 ng PCR product
consistently yields between 15-50 transformants per electroporation. Our findings are
consistent with Spasskaya et al. (2021) study, where they found that double-strand breaks
(DSBs) induced by the CRISPR-Cas9 system can be repaired by homologous recombination
using 90 bp oligonucleotides in D. hansenii. This further highlights that short homologous
flanks are adequate for gene repair by homologous recombination in this yeast.

This efficient tool enables rapid and precise DNA replacement at specific loci. By generating
cassettes with short flanking sequences through one-step PCR amplification using
appropriate primers, we have demonstrated for the first time that a 50 bp flank approach
works effectively in D. hansenii, providing a fast and successful strategy for HR cloning. This
breakthrough is likely to inspire more researchers to work with D. hansenii, saving time and
resources while expanding the molecular tools available for yeast modification. The
innovative PCR-mediated technique can now be applied for gene tagging, overexpression,
and other applications, laying a solid foundation for future biotechnological work with D.
hansenii. Moreover, the utilization of PCR-based genome modifications with heterologous
selectable markers allows for the systematic analysis of not only the laboratory strain DH9
but also wild isolates of D. hansenii. This further broadens the scope of research and potential
applications in this yeast species.
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