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RESUMO

Lipidos sdo moléculas com funcdes biologicas extremamente diversas, desde fontes de energia
armazenada, a cofatores de enzimas e mensageiros intracelulares. Os glicerofosfolipidos, ou
simplesmente fosfolipidos, sdo uma categoria de lipidos tipicamente conhecida como sendo
componentes maioritarios das membranas celulares. Quando fosfolipidos s&o hidrolisados por
fosfolipases, os compostos resultantes podem atuar como mensageiros secundarios ou mediadores,
apresentando um papel importante no metabolismo e estrutura celular e em vias de transducao de
sinal. A fosfolipase D (PLD), uma das principais classes de fosfolipases, hidrolisa a ligacdo fosfodiéster
na fosfatidilcolina, produzindo &cido fosfatidico e colina. A sua acdo estd descrita em diversos
organismos, incluido leveduras, mamiferos, bactérias e plantas. Em mamiferos, duas isoformas de PLD
foram identificadas: a PLD1 e a PLD2, e a sua atividade tem sido associada a um grande numero de
condicdes patofisiologicas, nomeadamente doencas cardiacas, cancro e doencas neurodegenerativas.
Especificamente, a PLD1 e a PLD2 tém sido identificadas como tendo um papel extremamente
importante na doenca de Alzheimer (AD). SPO14 é o ortologo da PLD em levedura, codificando para a
atividade PLD em S. cerevisiae, onde este gene é essencial para a meiose e a formacdo dos esporos.
Apesar da sua semelhanca no que toca a atividade catalitica e estrutura global, a PLD1 e PLD2 estéo
diferencialmente implicadas em diversas condicdes bioldgicas e varios aspetos da sua funcdo distinta
nas células estdo ainda por desvendar. Com um conjunto robusto de vantagens manipulativas e sendo
SP014, provavelmente, a Unica fonte canonica de atividade PLD em S. cerevisiae, esta espécie
apresenta-se como um modelo relevante e ideal para o estudo dos papéis diferenciais da PLD1 e PLD2
mamiferas.

O objetivo desta tese foi, entdo, estudar as enzimas mamiferas PLD1 e PLD2 usando o modelo de
levedura, desenvolvendo mutantes para o SPO14, onde foram heterologamente expressas versoes
otimizadas do PLD1 e PLD2 de mamiferos.

Foi desenvolvido um conjunto de ferramentas moleculares valiosas, que permitirdo a exploracédo de
varios aspetos relevantes da relacao gendtipo-para-fendtipo da PLD1 e PLD2 no contexto da AD.
Globalmente, estas ferramentas possibilitam investigacao adicional sobre potenciais diferencas

bioldgicas entre estas isoenzimas mamiferas, usando S. cerevisiae como modelo



ABSTRACT

Lipids are ubiquitous molecules with extremely diverse biological functions, from being stored energy
sources, to acting as enzyme cofactors and intercellular messengers. Glycerophospholipids, also
commonly called phospholipids, are a category of lipids mainly known for being major constituents of
cell membranes and, when hydrolyzed by phospholipases, the resulting compounds can act as second
messengers or mediators, playing important metabolic and structural roles as well as being involved in
an array of signal transduction pathways. Phospholipase D (PLD), one of the major phospholipase
classes, hydrolyzes the phosphodiester bond on phosphatidylcholine, producing phosphatidic acid and
choline. Its action has been reported in several organisms including yeast, mammals, bacteria and
plants. In mammals, two isoforms of PLD have been identified: PLD1 and PLD2, and their activity has
been strongly associated with a number of pathophysiological conditions, namely heart disease, cancer
and neurodegenerative diseases. Specifically, the PLD1 and PLD2 have been strongly implicated in
Azlheimer's disease (AD). SPO14 is the yeast ortholog of PLD, encoding the major phospholipase D
activity in S. cerevisiae, where this gene is essential for meiosis and spore formation. Despite their
similarity in catalytic function and overall structure, PLD1 and PLD2 are differentially implicated in
various biological conditions and several aspects of PLD1's and PLD2’s distinct function in cells are yet
to be unveiled. With a robust set of manipulative advantages and with SPO74 likely being the only
source of canonical PLD activity in this species, S. cerevisiae presents itself as an ideal and relevant
model to study the differential roles of mammalian PLD1 and PLD2 in the cell.

The aim of this thesis was to study mammalian PLD1 and PLD2 using the yeast model, by
developing SPO14 yeast mutants which were used to heterologously expressing codon optimized
versions of mammalian PLDI and PLDZ.

A set of valuable molecular tools was generated, which will allow for the exploration of several
relevant aspects of the genotype-to-phenotype relationship of PLD1 and PLD2 in the context of AD.
Overall, these tools permit further investigation of the potential biological differences between these

mammalian isoenzymes using the S. cerevisiae model.
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Chapter I - Introduction



Introduction

I.1. Lipids

Lipids are a heterogeneous and ubiquitous group of compounds that share the feature of being

poorly soluble in water and are classically defined as being soluble in organic solvents [1]. These

amphipathic molecules include fats and oils (triglycerides), phospholipids, waxes, and sterols, amongst

others and their biological functions can be extremely diverse, however, four main functions can be

highlighted [2]:

Energy storage: for instance, glycerol esters (monoacylglycerol, diacylglycerol, and triacylglycerol) or
sterols in lipid droplets can be used for membrane biogenesis and as reserves of caloric energy.
Structural: amphiphilic lipids, such as phospholipids are responsible for the spontaneous formation
of membranes due to their physical-chemical properties. These properties also allow for the
compartmentalization of structures within cells, and therefore the formation of organelles. The main
membrane lipids in eukaryotic cells are glycerophospholipids such as phosphatidylcholine (PC),
phosphatidylinositol (Pl), and phosphatidylserine (PS).

First and second messengers: given their structural function in cell membranes, lipids are situated
at the frontier between the intracellular and extracellular portions and can therefore participate in
signal transduction pathways. The metabolization of membrane lipids can result in a signalling
event that can be transmitted within the membrane to the cytoplasm through the hydrophobic and
hydrophilic portions of these molecules, respectively. Lipid-derived signalling molecules include
phosphatidic acid (PA) and diacylglycerol (DAG). Additionally, membrane lipids can be used as
domain identifiers within membranes, and work as recruiters for proteins that organize subsequent
effector complexes or secondary signalling cascades.

Chemical tags: the compartmentalization achieved by lipid membranes allows for the segregation
and isolation of specific biochemical reactions that result in higher efficiency and controlled spread
of reaction products. For example, phosphoinositides can be interconverted by phosphatases and
kinases to mark cellular membranes and recruit cytosolic proteins. Additionally, lipids can regulate

the aggregation or dispersion of certain proteins.

In eukaryotic cells, variations in aliphatic chains and headgroups enable the existence of thousands of

different lipid species [3]. As far as nomenclature, lipids can be classified into eight categories: fatty

acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and



polyketides [4]. Inside each category, lipids can be further subdivided in classes. Organisms can vary in
the biological importance and presence of different lipid classes. In mammals, glycerolipids, sterols,

sphingolipids, and glycerophospholipids are the lipid classes of most importance [5] — Figure 1.
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Figure 1. Four major lipid categories in mammals and examples of important members of each category.

In mammals, the four major lipid categories are glycerolipids, sterols, sphingolipids, and glycerophospholipids. Glycerolipids
contain a glycerol molecule and can be divided into three main categories acylglycerols, glyceroglycolipids, and
glycerophospholipids. Acylglycerols, or glycerides, are glycerol molecules that can be mono-, di-, or tri-esterified with fatty
acids to form mono-, di-, and triglycerides, respectively. Sterols are non-polar lipids composed of an alkyl group on a
hydroxylated sterane ring, a molecule composed of three rings with six atoms and one ring with five atoms, that can be
esterified to a fatty acid. Sphingolipids are a class of membrane lipids composed of a sphingoid base linked to an N-acyl chain
and a head group through a phosphate group. Phospholipids are composed of a glycerol backbone, linked to a polar head

group by a phosphate residue and to one or two fatty acids, that can be saturated or unsaturated. 4



[.1.1. Glycerolipids

Glycerolipids comprise all lipids that contain a glycerol molecule. These can be divided into
three classes: acylglycerols, glyceroglycolipids, and glycerophospholipids. Acylglycerols, or
glycerides, are glycerol molecules that can be mono-, di-, or tri-esterified with fatty acids to form
mono-, di, and triglycerides, respectively [6]. Glyceroglycolipids are composed of an srl1,2-
diacylglycerol and a carbohydrate moiety linked by a glycosidic bond at the s7+3 position and are
found in some bacteria and plants, in the membrane of thylakoids [7]. Glycerophospholipids have a

glycerol backbone linked to a polar head group and one or two fatty acids [1].

[.1.2. Sterols

Sterols are one of the major components of cell membranes, with cholesterol being the
predominant membrane sterol in mammals and ergosterol in yeast [2]. These are non-polar lipids
composed of an alkyl group on a hydroxylated sterane ring — a molecule composed of three rings
with six atoms and one ring with five atoms - that can be esterified to a fatty acid. In mammals,
cholesterol is the major sterol playing a key role in membrane structure given its conic geometry,

while in yeast and fungi ergosterol is the main sterol [8].

[.1.3. Sphingolipids

Sphingolipids are a class of membrane lipids composed of a sphingoid base - usually
sphingosine, a long chain amino-alcohol - linked to an AMacyl chain and a head group through a
phosphate group. This phosphate group places sphingolipids inside the phospholipid category of
lipids [9]. Several sphingolipids can be produced by the substitution of the amino and alcohol
moieties of sphingosine, with ceramide being the simpler one [10]. Sphingolipids have a distinctive
characteristic when it comes to their location on cellular membranes, they can be found almost
exclusively in the outer leaflet of most membrane bilayers [11]. Chemical diversity in sphingolipids
is attributed to the length and type of sphingoid base present, the head group substituent, and the
type and hydroxylation of the Aacyl chain [9]. The major representative of this class of lipids is
sphingomyelin, a major component of cells membranes. Produced by transfer of the

phosphorylcholine group from phosphatidylcholine to ceramide, sphingomyelin is found in large



amounts in the central nervous system, specifically in the myelin sheaths that surround the axons

of some neurons [12,13].

[.1.4. Glycerophospholipids

Glycerophospholipids, commonly referred to as phospholipids, are often considered as a lipid
class of their own, given their abundance and importance in membrane structure, metabolism, and
molecular signalling. Phospholipids are amphiphilic species, composed of a glycerol backbone,
linked to a polar head group by a phosphate residue and to one or two fatty acids, that can be
saturated or unsaturated. The fatty acids are esterified to carbons sn-7 and sn-2 of the glycerol
molecule whilst the phosphate group is esterified to carbon sn-3. Different combinations of fatty
acids at sn-1, which tend to be saturated or monounsaturated, and at sn-2, which tend to be mono-
or polyunsaturated, can confer chemical diversity to phospholipids [9]. Given their biophysical
properties, these molecules can aggregate to spontaneously form lipid bilayers in water, with their
hydrophobic carbon chains facing inwards and their hydrophilic head groups facing outwards. This
phenomenon explains phospholipid’s vital role in membrane structural integrity. Different head

groups will result in different glycerophospholipids — Table 1.

Table 1. Most common head group substitutions and the resulting phospholipids.

Head group (X)

Name of glycerophospholipid

Choline
Ethanolamine
Glycerol

Hydroxyl

Inositol
Inositol-phosphate
Inositol-biphosphate
Inositol-triphosphate
Phosphatidylglycerol

Serine

Phosphatidylcholine (PC)

Phosphatidylethanolamine (PE)

Phosphatidylglycerol (PG)

Phosphatidic Acid (PA)

Phosphatidylinositol (Pl)

Phosphatidylinositol phosphate - PI(3)P, PI(4)P or PI(5)P
Phosphatidylinositol biphosphate - PI(4,5)P,
Phosphatidylinositol triphosphate - PI(3,4,5)P5
Cardiolipin (CL)

Phosphatidylserine (PS)




These include phosphatidylcholine (PC), phosphatidylinositol (Pl), and phosphatidylserine (PS) and are
very abundant in cells, being present as membrane components and acting as signalling molecules
[1,5]. The asymmetrical distribution of different species of phospholipids across the membrane leaflets,
vertically and laterally, plays a pivotal role in cell dynamics, namely in cell division [14], oncogenesis
[15], and apoptosis [16]. Phosphoinositides are generated by phosphorylation of the inositol hydroxyls
of Pl at positions 3, 4 or 5, resulting in monophosphorylated [PI(3)P, PI(4)P and PI(5)P],
bisphosphorylated [PI(3,4)P,, PI(3,5)P, and PI(4,5)P,] and trisphosphorylated [PI(3,4,5)P,] species,
respectively. These seven derivatives are differentially enriched in the membrane of various organelles,
and thus play a role in the specification of organelle and membrane identity [17]. Despite their relative
low abundance, these membrane phospholipids have emerged as key regulators of several essential
cellular processes in eukaryotic cells such as cytoskeletal function, membrane transport, and plasma
membrane signaling [18,19]. PA is the simplest of phospholipids, having only a phosphomonoester as

the head group.

[.1.4.1. Phosphatidic acid

Despite being the simplest phospholipid, PA is a key intermediate in various processes, from
lipid storage to membrane lipid synthesis, and has been implicated as a regulator and mediator of
multiple essential cellular pathways including signal transduction, cytoskeletal rearrangement,
membrane trafficking, and secretion [20]. Structurally, this amphipathic lipid consists of a glycerol
backbone esterified to two fatty acid chains and a phosphate, at positions sn-1, sn-2, and sn-3,
respectively. Structural diversity is conferred by variations in fatty acid chain length and saturation.
An alternative species, lysophosphatidic acid (LPA) can also be described, differing from PA by
having only one fatty acid chain at the sn-7 position. PA synthesis can be carried out by multiple
enzymes and pathways, resulting in differences in the location and timing of the resulting species.
Four important pathways for PA biosynthesis can be described, which are carried out in different
organelles and under different stimuli [21]:

I.  De novo synthesis, where PA is generated via sequential acylation of glycerol-3-
phosphate by acyltransferases. In mammals, this process exists in most tissues, with
different acyltransferase isoforms being located in the membranes of different
organelles and expressed at various levels in different organs yielding distinct

contributions to various cellular processes;



Il.  Phospholipase D (PLD) mediated hydrolysis of PC, where, in the presence of water, it
results in the formation of PA and free choline;

lll.  DAG kinase (DGK) catalyzed phosphorylation of DAG, where PA is generated by the
action of DAGKs on 1,2-diacyl-sr+glycerol. This reaction only happens under certain
conditions, for example, those resulting from the action of phospholipase C (PLC) on
other phospholipids;

IV.  Acylation of lysophosphatidic acid, where LPA can be acylated by an LPA
acyltransferase (LPAAT), resulting in the formation of PA. This pathway has important
significance in membranes, where endophilin, an endocytic protein, has LPAAT activity
and is thought to use the production of PA from LPA to alter the curvature of the

plasma membrane bilayer [22];
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Figure 2. Phosphatidic acid biosynthesis by four different pathways.

PA formation can be achieved by four pathways in cells: from DAG by a reaction catalyzed by DGK; from LPA as a result of
LPAAT activity; from PC by the action of PLD and synthesized de novo from glycerol-3-phosphate PA — phosphatidic acid, PC
- phosphatidylcholine, DAG - diacylglycerol, LPA - lysophosphatidic acid, PLD — phospholipase D, DGK — DAG kinase, LPAAT

- lysophosphatidic acid acyltransferase.



It is clear that lipids and lipid metabolism play very important roles in biological processes in all
types of cells, with their functions being as diverse as their chemical structure. In the brain, particularly,
lipids are key players in signalling and structure, with proven influence in a number of neuronal
physiology and pathology processes [23]. This is of no surprise, given that both the nervous system and
the brain are highly enriched in a wide variety of lipid species, with about half of the brain’s dry weight
being represented by lipids [24]. Alterations in the lipid homeostasis of the brain have been shown to
be of great importance for central nervous system disorders [23]. These include neurodegenerative
diseases such as Alzheimer’s disease (AD) [25], Parkinson’s disease [26], amyotrophic lateral sclerosis

and multiple sclerosis [27,28].

.2. Phospholipases

Phospholipases are a group of ubiquitously expressed enzymes that hydrolyze phospholipids [29].
These lipolytic enzymes can be divided into four main classes: phospholipases A (PLA), phospholipases
B (PLB), PLC, and PLD [29] and although they all share a common substrate, they are very distinct
when it comes to their function, mode of action, regulation and action site on the phospholipid molecule
[30] (Figure 3). The PLA enzyme family comprises enzymes that have limited selectivity for the sn-7 or
sn-2 acyl positions on the phospholipid molecule: PLA, and PLA,, respectively. PLA, cleaves the
phospholipid molecule at the sn-7 position resulting in the formation of a fatty acid and a
lysophospholipid, whilst phospholipase A, cleaves at the sn-2 position resulting in the formation of
arachidonic acid and LPA. Members of the PLA, family have been associated with blood clotting,
digestion of dietary fat, and smooth muscle contraction [31,32]. Members of the PLA, family can be
divided into six main groups in mammals, with most being expressed in different tissues and with no
similarity when it comes to structure or regulatory and catalytic mechanisms [33]. PLB catalyzes the
hydrolysis of ester bonds at the sr-7 and sn-2 positions of the phospholipid molecule. This enzyme has,
therefore, a combination of the activity described for PLA, and PLA,. These enzymes possess,
additionally, acyltransferase activity which allows them to transfer a fatty acid to a lysophospholipid,
resulting in a phospholipid [34]. The most well-characterized role of PLA, enzymes, and perhaps one of
the most important, pertains to one of the products of the action of the enzyme on the phospholipid
molecule - arachidonic acid. This long-chain fatty acid is a precursor for the synthesis of eicosanoids,
which are an important mediator of inflammation [33]. PLCs catalyze the hydrolysis of the proximal
phosphodiester bond between the glycerol backbone and the phosphate group on phospholipids. In

mammals, thirteen members of the PLC family can be divided into six groups, depending on sequence

9



and structure. These enzymes are Pl-specific, meaning they only hydrolyze phosphoinositides. More
specifically, they hydrolyze the proximal phosphodiester bond on phosphatidylinositol biphosphate
(P1(4,5)P,) releasing DAG and inositol triphosphate (IP,) [35]. Both these products are important second
messengers that control various cellular processes. Whilst DAG remains anchored to the membrane
after hydrolysis available as a substrate for the synthesis of other molecules such as PA, IP, diffuses
into the cytosol becoming available for binding by its receptors such as the calcium channels of the
endoplasmic reticulum. The resulting increase in cytosolic calcium induces a signalling cascade that
can result in changes in intracellular activity. Additionally, both this increase in calcium and the newly
synthesized DAG result in the activation of protein kinase C enzymes (PKCs). These will go on to
phosphorylate their targets, activating several cell signalling pathways [36]. Given the previously
described importance of phospholipids in cell mechanisms, the impact of dysregulation in
phospholipase action has been extensively studied and implicates these enzymes in a number of
human diseases and pathophysiological conditions including cancer, obesity, neurological diseases,
cardiac ailments, metabolic diseases, platelet dysfunctions, amongst others [29]. Hence, it is of the
utmost importance to fully investigate phospholipids’ and phospholipases’ mode of action and
regulation in such mechanisms. These studies will advance the understanding of different
pathophysiological conditions and will contribute to evaluating the use of phospholipids and

phospholipases as potential therapeutic targets.

Figure 3. Action site of the four main phospholipases on the phospholipid molecule.

Phospholipases are a group of enzymes that hydrolyze phospholipids and can be divided into four main classes:
phospholipases A (PLA), phospholipases B (PLB), phospholipases C (PLC), and phospholipases D (PLD). Dispite sharing the
same susbtrate, their action site on the phospholipid molecule differs. PLA, cleaves at the sn-7 position of the acyl chain; PLA,
cleaves at the s17-2 position of the acyl chain; PLC cleaves just before the phosphate group; PLD cleaves after the phosphate

group. PLA, - Phospholipase Al; PLA, - Phospholipase A2; PLC — Phospholipase C; PLD - Phospholipase D.
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[.2.1. Phospholipase D

PLD hydrolyzes the phosphodiester bond on the phospholipid molecule resulting in an exchange of
the headgroup on PA at the terminal phosphodiester bond. PLDs’ main substrate is PC, producing PA
and choline [37] - Figure 4. This reaction is typically carried out using water as the nucleophile
however, in the presence of primary alcohols, PLD prefers these compounds, by about 1000-fold, as
substrate instead of water, resulting in the production of phosphatidylalcohols [38,39]. This alternative
reaction is of particular importance given that one of its possible products, phosphatidylethanol, is used
as a biomarker for chronic alcoholism. This characteristic has allowed for a lot of important studies on
PLD activity and its quantification by measuring the produced phosphotidylalcohols. In fact, this
promiscuity has allowed for the development of an innovative method for imaging PLD activity through
the tagging of the alcohol derivatives with a fluorescent probe [40]. The enzyme was first identified in
1947 in the carrot by Hanahan et a/, who found that a raw fraction of the vegetable contained a lower
concentration of PC when compared to a cooked fraction and postulated that the raw fraction contained
an enzyme that was able to hydrolyze PC [41]. PLD enzymes have since been reported in an array of
organisms, including bacteria [42,43], yeast [44,45], and viruses [46]. However, mammalian PLDs
have been the target of the biggest interest since the 1970s, when the first mammalian phospholipase
D activity was described in rats [47] and the first human PLD was cloned [48]. Hammond et a/., the
first to clone a mammalian PLD, were also the first to position the HKD domains within the sequence of
these enzymes. This same team later described the four highly conserved domains found in PLDs [49].
Around the same time, Ponting and Kerr defined, for the first time, the notion of a phospholipase D
superfamily by showing that all the PLDs described so far shared the same primary structural

characteristics [50]

b | PLD
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Figure 4. Reaction catalyzed by phospholipase D.
PLD uses water as the nucleophile to hydrolise the phosphodiester bond in phosphatidylcholine resulting in the formation of

phosphatidic acid and free choline
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[.2.2. Structure and cellular functions of mammalian PLD enzymes

1.2.2.1. PLDI and PLD2

In the 1990s, two mammalian PLD isoforms with 50 % sequence homology - PLDI and
PLDZ - were cloned and characterized [48,51]. Structurally, mammalian PLD1 and PLD2 are
comprised of four highly conserved domains (I-IV), two HKD motifs (HxKxxxxD sequence
signature), a PX (Phox) and a PH (Pleckstrin Homology) domains in the N-terminal region [39],
and a PI(4,5)P, binding site [52] (Figure 5). The C-terminal portion of PLD1 has been shown to
be essential for catalytic activity since deletion of this region resulted in an inactivation of the
enzyme. This is likely due to the fact that, unlike most enzymes, the C-terminus of PLD1 is
directed towards the interior of the protein, with the terminal carboxylic acid forming a bond
adjacent to the active site and the last four residues of the C-terminus forming a single-turn
helix that leads to the active site [53]. This folding back into the structure works to stabilize the
active site. A loop region can be found in PLD1 but not in PLD2 [54]. The HKD motif is crucial
for PLD enzymatic activity [55]: the first His residue of the HKD motif attacks the
phosphosubstrate followed by the activation of a water molecule by the second His residue; the
water molecule then performs a nucleophilic attack on the phosphoinositide, releasing the
product [53]. The PX and PH domains interact with lipids and proteins and are essential for
PLD’s subcellular localization [56,57]. The PI(4,5)P, binding motif mediates activation of PLD1
and PLD2 and is required for their catalytic activity [52]. Until recently, the loop domain on
PLD1 was thought to be a regulatory region, mediating PLD1 inhibition resulting in PLD1’s
characteristic low basal activity [54]. In fact, insertion of this domain into PLD2 showed
decreased enzymatic activity, which appeared to consolidate the loop as a regulatory domain
[57]. However, recent work has shown that deletion of the loop region on recombinant human
PLD1 does not result in a significant difference in the enzyme activity when compared to the
ful-length enzyme [53]. Since the loop is not essential for enzymatic activity and also appears
to not have a regulatory role, as previously believed, a purpose for this PLD1 specific region is
still to be found. Although a lot is known about the structure of PLD1 and PLD2, many aspects
are still to be unveiled. Solving the crystal structure of human PLDs would greatly aid in this
process. Whilst the catalytic domains of both PLD1 and PLD2 have recently been solved,
solving of the entire crystal structure of these enzymes has proven difficult given the disordered

regions that can be found in both enzymes (i.e., the loop in PLD1) [53,58]. 3D structure
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predictions are available and can help enlighten some of these processes. AlphaFold, a recently
developed artificial intelligence tool, predicts, with great speed and precision, protein 3D

structures. Predictions for human PLD1 and PLD2 can be found in Figures 5c) and 5d),

respectively.
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Figure 5. Structure of mammalian PLD1 and PLD2

A) and B) Characteristic domains of PLD1 and PLD2, respectively. Both isozymes contain PX and PH domains,
essential for their subcellular localization. Similarly, both contain four (I-IV) highly conserved domains and two HKD maotifs,
critical for the enzyme’s catalytic activity. A PI(4,5)P, binding region can also be found in both isozymes. A loop region can be
found only in PLD1.

C) and D) Predicted 3D protein structure of human PLD1 and PLD2, respectively (AlphaFold Protein Structure
Database). Alphafold produces a color coded, per residue confidence score between O and 100. Regions in dark blue and
light blue present model confidence scores of “very high” and “confident”, respectively, whilst regions in yellow and orange
present confidence scores of “low” and “very low”, respectively. For both PLD1 and PLD2, most of the residues in the
predictions show a very high model confidence score

E) and F) Resolved crystal structures of the catalytic domains of human PLD1 [55] and PLD2 [89],
respectively (Retrieved from RCSB PDB using Mol* [58]. PLD1 ID: 6U8Z PLD2 ID: 60HQ.) The resolved catalytic domain of
human PLD1 shows 18 [-strands, 18 a-helices and a series of loops that combine, forming an asymmetric globular
structure. For PLD2, a core containing 7 B-strands is found between 3 o-helices, running parallel to the strands on one side,

and 1 long a-helices that runs perpendicular to the B-strands on the opposite side.



Despite both enzymes being ubiquitously expressed in almost all tissues and cell types [60], their
subcellular localization differs, with PLD1 localizing, in steady-state normal conditions, predominantly at
intracellular compartments such as the Golgi complex, the endosome, the lysosome, the endoplasmic
reticulum, the plasma membrane, and in exocytotic vesicles, and PLD2 localizing mainly in the vicinity
of the plasma membrane [61] with some reports of its presence at the Golgi complex [62,63], as well
as associated with endosomal structures [64]. Interestingly, PLD1 and PLD2 cellular localization appear
to be dynamic, changing throughout the cell cycle [65]. As an example, PLD1 can be recruited to the
plasma membrane through the endosomal route upon stimulation [66,67]. Accordingly, PLD1 is
involved in vesicle budding associated with the trans-Golgi network [68], Epidermal Growth Factor
Receptor (EGFR) endocytosis [69], transport from the Golgi to the plasma membrane [63], exocytosis
[70-74], regulation of the cytoskeleton [29,37] and phagocytosis [75], while PLD2 seems to function in
phagocytotic traffic events associated with the Golgi [75,76] and G-protein coupled receptor endocytosis
at the plasma membrane [64,77]. Even though PLD1 and PLD2 catalyze the same reaction, given the
differences in intracellular localization, structure and activity in basal conditions, a difference in

biological roles for PLD1 and PLD2 can be hypothesized.

1.2.2.2. PLD3, PLD4, PLD5, and PLD6

Additionally, PLD3, PLD4, PLD5, and mitochondrial PLD (MitoPLD/PLD6) have also been described
and are known to share the same HxKxxxxD sequence signature [78-81]. Due to differences in
structure and the presence or absence of certain domains, this enzyme superfamily can be divided into
two groups that can be described as “classical” PLDs and “non-classical” PLDs. “Classical” PLDs
comprise all PLD enzymes with a PX and PH domain, with two HKD motifs (or phosphodiesterase
catalytic centres) and with canonical lipase activity, whilst “non-classical” PLDs comprise all PLD
enzymes that lack one or both PX and PH domains, have one or two HKD motifs and do not have
canonical lipase activity [82]. With no known phospholipase activity the “non-classical” PLD3 and PLD4
have recently been identified as 5’-ssDNA exonucleases that are needed to regulate endosomal nucleic-
acid sensing [83]. PLD3 is a type Il transmembrane protein and has been shown to localize to the ER,
the golgi complex and lysosomes [84-86] This enzyme appears to be associated AD through the
processing of amyloid precursor protein (APP) — PLD3 gene expression was found to be lower in
neurons of AD patients when compared to cognitively healthy individuals and this lower expression
correlated with higher levels of APP and amyloid-beta. This same study also found a rare variant of the

PLD3 gene that increases the risk for AD [87]. Even though PLD4 contains two catalytic HKD domains
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at the C-terminal end it does not have any known lipase activity. This PLD family member has, however,
been associated with important processes such as the phagocytosis of microglia in the central nervous
system [88] and shown to be involved in the activation of M1 macrophages promoting and inhibitory
effect in colon cancer cells, /n vitro [89]. Similarly to PLD3 and PLD4, PLD5 does not display any lipase
activity. A recent study has associated PLD5 deregulation with thyroid cancer: survival analysis of mRNA
expression profiles from thyroid cancer patients showed that up-regulation of PLD5 accelerated
patients’ death [90]. As the name suggests, MitoPLD or PLD6 is a mitochondrial protein responsible for
hydrolyzing cardiolipin, a lipid molecule specific to the mitochondrion, forming PA in the mitochondrial
surface and aiding in mitochondrial fusion [80]. This member exhibits only one HKD motif in its
sequence, interestingly however it appears that PLD6 can dimerize to form an active enzyme by
combining two HKD motifs in one catalytic pocket [91]. Recent studies have also highlighted the role of

MitoPLD in the piRNA biogenesis pathway in the mouse germline [92].

[.2.3. Regulation of PLD1 and PLD2 activity

The first evidence of modulation of PLD activity was described in 1956 when the enzyme was
partially purified for the first time. Authors reported that phospholipase D from cottonseed and cabbage
were both susceptible to activity stimulation by NaCl [93]. The recent crystal structure solving of the
catalytic domains of human PLD1 and PLD2 has highlighted some of the molecular mechanisms
underlying substrate recognition and activation or inhibition of PLD1 and PLD2 [53,58]. In mammals,
PLD activity can be regulated by a number of small GTPases such as ADP Ribosylation Factor (ARF)
[94] and Rho GTPases [95], protein kinase C (PKC), and phosphoinositides. Furthermore, PLD has
been shown to respond to receptor tyrosine kinases (RTK) such as EGF (Epidermal Growth Factor)
signals in a number of cell types [96-98] with one particular study reporting that overexpression of
PLDI and PLD2 resulted in increased internalization and degradation of EGFRs. ARF, or ADP-
Ribosylation Factors, were initially identified as positive regulators of PLD activity in human (HL60) [99]
and porcine cells [100]. There are six known ARF proteins (ARF1 — ARF6) and all of them have been
reported as activators of PLD1 activity /7 vifro [101], with ARF1 and ARF6 as the major activators [102].
However, PLD2 does not display a strong response to ARF activation [51,57]. PLD activation by PKC
can be achieved through phosphorylation-dependent or phosphorylation-independent mechanisms. /n
vifro, PKCa regulates PLD1 activity but not PLD2 [51,103]. Furthermore, only PKCa and PKCP have

been reported as PLD1 activators /n wiro, and this interaction is achieved through a non-
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phosphorylation mechanism and in the absence of ATP [103,104]. Several studies have reported that
PLD possesses PKC binding sites in both the N- and C- terminus [54,104,105]. Interestingly, there
seems to be a synergistic interaction between PKCa and some of the other PLD activators, namely Rho
and ARF [103]. When compared to activation by ARF and PKC, Rho GTPases appear as a less potent
activator of PLD activity [103]. In PLD1, this regulation is achieved through the binding of the small
GTPase RhoA to the C-terminal of the enzyme [106]. When RhoA binds to PLD1 the Michaelis constant,
K, of PC is reduced [53]. With this result in mind, it has been hypothesized that PLD1 activation by
RhoA is a result of conformational changes carried out when RhoA binds to one of the a-helices of
PLD1’s catalytic domain, increasing the enzyme’s affinity for its substrate, PC. Other small GTPases of
the Rho family, such as Cdc42 and Racl, have been reported as regulators of PLD1 but not PLD2
[95,107,108]. As previously mentioned, the binding of the phosphoinositide PI(4,5)P, regulates
activation of PLD1 and PLD2 and it is essential for their catalytic activity [52]. In fact, PLD1 requires
PI(4,5)P, as a co-factor for basal activity and for activation by RhoA, Arf, and PKC [53]. PI(3,4,5)P, has
also been reported as an activator of PLD, although less efficient than PI(4,5)P,[103,109]. A recent
study has shown that binding of PI(4,5)P, strongly activates the PLD1 catalytic domain by 73-fold whilst
PI(3,4,5)P, binding only resulted in an activation of 5-fold [53].

[.2.4. Phospholipase D1 and D2 in health and disease

Atypical expression and regulation of PLD activity have been strongly associated with a number of
pathophysiological conditions, namely heart disease, cancer, and neurodegenerative diseases. PLD
activity was shown to be increased in breast cancer and gastric carcinomas [110], while PLD1/2
expression appears elevated in breast cancer [111,112], colorectal carcinomas [113], and renal
cancers [114]. Additionally, PLDI expression was reported to play an important role in angiogenesis
and metastasis, such as shown in studies using PLDI KO mice that were partially resistant to cancer
growth [115]. Pertaining to heart disease, studies involving PLDI ablation in mice were associated with
a protective effect in thrombosis and ischemic brain infarction [116] while PLD2 appeared to be
involved in high blood pressure associated pathologies [117] and has been identified as a risk factor for

hypertensive disease [118].
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[.2.5. PLD1 and PLD2 in the brain and neurodegeneration

The part that lipid-mediated signalling takes in neurodegenerative diseases, such as AD, has
become more relevant in recent years [25]. Expression of PLDI and PLDZ in the brain begins during
the developmental phase and prolongs itself throughout postnatal life and in fact, appears to be
regulated accordingly with the different developmental stages of the brain [119,120]. Several studies
have associated PLDs with AD. A study from 2006 reported that PLD1 regulates APP trafficking, and it
also corrects impaired neurite outgrowth/ branching capacity in familial Alzheimer’s disease (FAD)
mutant neurons, likely due to promotion of APP axonal transport [121]. APP is a precursor of amyloid-
beta, the primary component of the amyloid plaques found in the brains of patients with AD. One of the
clearest links between PLD activity and AD was established in a 2010 study, where ablation of PLD2
resulted in a decrease in the synaptotoxic effect of AB42 oligomers (a highly cytotoxic amyloid-beta
species). Moreover, PLD2 KO mice were protected from memory deficits when crossed with a
transgenic mouse model of AD [122]. Similarly, in an AD C. elegans model that overexpresses Af3, the
ablation of the only nematode PLD gene was shown to also have a positive impact in several A(3-
deleterious phenotypes [123]. PLD has also been implicated as a potential neuroprotective target, with
reports that PLD activity plays a role in buffering the cytotoxic effects of C16:PAF, a platelet-activating
factor reported being elevated in the brain of patients with AD [124]. PLD1 was recently associated with
longitudinal hippocampal axis functioning and organization and the ablation of PLDI in mice resulted in
disruption of the dorsal hippocampus (DH) — ventral hippocampus (VH) structural differentiation with a
predominant effect on DH [125]. Given the role that the hippocampus plays in memory and learning,

these results seem to, once again, implicate the PLD pathway in neurological disorders.

1.3.A yeast ortholog: Spol4

In Saccharomyces cerevisiae, PLD activity was first described in the mitochondrial membrane
where it was shown to play a role in the hydrolysis of mitochondrial enzymes during glucose repression
under anaerobic conditions [126,127]. The SPO14 gene codes for a 1638 amino acid and 195 kDa PC-
specific PLD whose activity is critical for the regulation of prospore membrane formation during meiosis
in starvation conditions [128] (Figure 4) highlighting the role of this gene in meiosis and spore
formation [129]. Structurally, Spol4 is very similar to PLD1 and PLD2, containing PX [50] and PH

[130] domains involved in protein and lipid interaction, four highly conserved domains (I-IV) two of
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which contain HKD motifs as the catalytic centres’ [55,131], and a PI(4,5)P, binding site [52]. In yeast,
asexual reproduction or gemulation is the reproductive strategy carried out in favourable environmental
conditions. However, oxygen deprivation or exposure to an unfermentable carbon source induces a
switch in the reproduction system, resulting in the mating of yeast cells and sporulation. Sporulation
allows for the formation of haploid nuclei after meiosis. These nuclei are surrounded by a prospore
membrane whose formation and subsequent envelopment of the nuclei is dependent on Spol4. The
defects in meiosis observed when SP0OI14 is deleted can be rescued with the expression of a
catalytically active Spo14 however, a catalytically inactive Spol4 mutant is not capable of rescuing the
meiotic phenotype [55]. PLD activity of Spol4 is essential but not sufficient for meiosis, as a
catalytically active Spol4 with a truncated N-terminal does not rescue the sporulation defect [128].
Therefore, this N-terminal region seems to play an important role in Spol4 subcellular localization.
Localization wise, Spo14 is present throughout the cytoplasm in vegetative cells [73], re-localizing to the
prospore membrane as the yeast enters meiosis Il [128,132], the interaction of the PH domain with
PI(4,5)P, induces this translocation of Spol4. Spol4 has also been reported to be required for vesicle
fusion during sporulation in S. cerevisiae [133]. Together, these results reveal a possibility for a
conserved role of PLD in membrane fusion. Spol4 is also involved in the metabolic pathways of
crossbreeding between yeasts. The Ste20p kinase is responsible for the formation of the shmoo, a
protuberance before the crossing between the yeasts. It triggers the formation of the protein complex
called the polarisome which facilitates the polarization of cells and the rearrangement of the actin
cytoskeleton. The production of PA by Spol4 results in the activation of Ste20p [134]. SEC14 encodes
a PI/PC transport protein essential for vesicle transport from the Golgi to the membrane. This
requirement can be bypassed through a number of mutations in genes involved in the PC biosynthesis
pathway. This is known as the SECI4 bypass mechanism [135]. Spol4 activity is essential for the
bypass phenotype as deletion of SPO74 results in the elimination of the PI/PC excretion phenotypes
[136]. These studies highlight a link between Sec14 and Spol4. Similar to what has been reported for
mammalian PLD, Spol4 PLD activity /7 wvitro is strongly activated by PI(4,5)P2 binding [52,109]
however, it is unresponsive to ARF [128]. In yeast, PIP levels can be regulated by Vps13, a sorting
protein involved in prospore membrane morphogenesis [137]. Another regulator of Spol4 activity is

Spol4 Regulatory Factor 1, or SRF1, regulating Spo14 catalytic activity in mitotic cells [124].
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Figure 6. Structure of S. cerevisiae Spol4.

A) Domains of Spol4. Similarly to mammalian PLD1 and PLD2, Spo14 also contains PX and PH domains, the four highly
conserved regions, |-V, of which two share the conserved HKD motif involved in catalysis, and a PI(4,5)P2 binding site.

B) Predicted 3D protein structure of S.cerevisiae Spol4 (AlphaFold Protein Structure Database). Alphafold produces
a color coded, per residue confidence score between O and 100. Regions in dark blue and light blue present model
confidence scores of “very high” and “confident”, respectively, whilst regions in yellow and orange present confidence scores
of “low” and “very low”, respectively. Given the high number of disordered regions in this enzyme, model confidence scores

are mixed.

l.4.Yeast as a model organism: Using S. cerevisiae to study PLD1 and
PLD2

Comprising a robust set of manipulative advantages, S. cerevisiae has been extensively used in
scientific research and it is a well-established model organism. Importantly, it has been successfully
used to study a variety of human diseases linked to the brain, specifically neurodegenerative diseases
such as AD [138-141]. In fact, this species combines a set of characteristics that set it as one of the
top models for eukaryotic cell biology research [142-145]:

Along with having a short generation time (around 90 minutes), its small size and straightforward

growth conditions make it so that it can be easily cultured and very cost-effective. Additionally, it is a

nonpathogenic species making manipulation in a laboratory more effortless.

As a unicellular eukaryote, S. cerevisiae shares a common cell architecture with higher multicellular

eukaryotes.

A wide variety of yeast resources are readily available: a completely sequenced genome, specific

and detailed databases, several sets of strains including deletion mutants and GFP-tagged strains.
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VI.

Availability of well-established transformation protocols, allowing for easy genetic manipulation

using different genetic techniques (over and under expression, gene knockout or knockdown

experiments, study gain- or loss-of-function phenotypes).

It can be grown as a haploid or a diploid organism, allowing for easier manipulation and

identification of mutations and associated phenotypic traits.

SP014 disruption does not compromise viability, nor does it exhibit growth defects under vegetative

growth in S. cerevisiae [146].
As such, the yeast model provides a powerful heterologous expression system for the study and
characterization of mammalian proteins. In fact, several studies have described the use of S. cerevisiae
as a heterologous expression host for multiple important proteins of mammalian origin, including the
GLUT glucose transporters [147], Na/H antiporters [148], Caspase-3 [149], and membrane proteins
[150]. As for the use of S. cerevisiae in the study of PLD, some advantageous criteria can be
highlighted: (1) approximately 17 % of yeast genes are orthologous for gene families associated with
human diseases [151], and for the majority of these genes, the mammalian homolog functions in yeast
and complements the deletion mutant [143]; (2) a single PLD ortholog has been identified and
sequenced in S. cerevisiae - SPO14 [73,129]. (3) yeast presents reduced complexity compared to the
typically used mammalian models, which in certain biological conditions, can be useful for the study of
essential mammals genes.
Since Spol4 is likely the only source of canonical PLD activity in yeast, the study of SPOZ4 mutants

presents itself as a relevant model to study the differential roles of mammalian PLD1 and PLD2.

I.5. Outline and aims of the thesis

Deregulation of the mechanisms underlying PLD1 and PLD2 activity plays a key role in a number
of pathophysiological conditions, mainly neurodegenerative diseases such as AD. Despite their apparent
similarity when it comes to catalytic function and overall structure, PLD1 and PLD2 are differentially
implicated in various biological conditions. Therefore, understanding the basic cellular mechanisms by
which both enzymes abide and are a part of, is of the utmost importance. Moreover, the eukaryotic
model organism, S. cerevisiae, has proven to be a great model for studying mammalian proteins [147-
149] and neurodegenerative diseases [124,138-141]. Despite being a simple unicellular organism,
yeast shares a high level of complexity and similar cellular mechanisms with higher eukaryotes. Easy
genetic manipulation and fast growth in accessible and easily achievable conditions in combination with

the currently available genetic design and manipulation techniques make this organism a great model
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for studying the differential roles of mammalian enzymes such as PLD1 and PLD2. Taking all of this
into account, the present work aimed at heterologously expressing codon-optimized versions of
mammalian PLDI and PLDZ genes in the yeast S. cerevisiae SPOI14 deletion mutant as a way to
explore potential biological differences between these mammalian isoenzymes. Importantly, a set of
valuable molecular tools was generated in order to further investigate the localization and expression of
PLDI and PLDZ which is relevant for this thesis, but also contributes for other future projects that

intend to study PLD biology using multimodal and multispecies approaches.
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Chapter Il - Materials and
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II. Materials and methods

I.1. Yeast strains and growth conditions

The S. cerevisiae yeast strains used in this work are listed in Table 2. Yeast strains were
maintained in YPD plates (1 % yeast extract (w/v), 1 % peptone (w/v), 2 % glucose (w/v) and 2 % agar
(w/v)). When yeast pre-inoculums or inoculums were needed, strains were grown in YPD liquid media
(1 % yeast extract (w/v), 1 % peptone (w/v), 2 % glucose (w/v)). For growth in selective media, plates

were prepared according to each strain’s selective requirements.

Table 2. List of S. cerevisiae strains used in this work

Strain Genotype Source

IRO1 23344c¢; MATa ura3 spol4::kanMX This work
IRO4 BY4741; MATa ura3A0; leuZA0; his3A 1; met15A0; YKRO31c.:kanMX Euroscarf

IRO7 23344c; MATa ura3 Laboratory collection
IR10 23344c; MATa wra3 spol4::Hyghx4 This work

IR17 W303; MATa his3, leu2, trpl, ura3 Peter Griac's Lab
IR23 W303; MATa ura3, his3, leuZ, trpl, spol4.:URA3 Peter Griac’s Lab
IR71 23344C; MATo ura3 spol4::kanMX p416-GPD_coPLD1-GFP This work
IR74 23344C; MATa ura3 spol4::kanMX p416-GPD_coPLD2-GFP This work

IR77 23344c; MATa ura3 p416-GPD Laboratory collection
IR78 CEN.PK113-7 D; MATa Nijkamp J., et a/[152]
IR79 23344c; MATa ura3 spol4..PLD1 This work
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11.2. Primer design

The primers used in this work were designed using the “ApE - A Plasmid Editor” software, a

sequence editing tool, and are listed in Table 3.

Table 3. List of oligonucleotides used in this work

Primer

Sequence (5’ 2 3’)

Source

196_pMEC_MX4_fwd

ACTTTTCGGGGAAATGTGC

Laboratory collection

(MEC group)

Laboratory collection

253_kanC3 CCTCGACATCATCTGCCCAGAT
(MEC group)
Laboratory collection
473_MSW_rev GTATAGCGACCAGCATTC
(MEC group)
Laboratory collection
576_pBR322_2 GAAAAATAAACAAATAGGGGTTCCG
(MEC group)
gRNA_HygMX4-FW TCTCTACAGGGGCGCGGCGTGTTTTAGAGCTAGAAATAGCAAGTTAAAAT This work
gRNA_HygMX4-RV ACGCCGCGCCCCTGTAGAGAGATCATTTATCTTTCACTGCGGAG This work
GAATGCATAATGAAAACTGTTTATGTATCAGCGTCGAATGCTTATAACAGATAA .
Longdown-SPO14-hPLD1-RV | AAGGAAAATACAGGTAATGGTGTGTTCCTGGTCGTTTTTATATTCCCTTATGTC This work
CAAACTTCCATT
GAATGCATAATGAAAACTGTTTATGTATCAGCGTCGAATGCTTATAACAGATAA .
Long-down-SPO14-mPLD2-RV | AAGGAAAATACAGGTAATGGTGTGTTCCTGGTCGTTTTTATATTICCCTTATGTC This work
CAAACTTCCAAT
GCAGGACATTATAGGCACGACCGGTCACTGATAATTCACACGACGCATTGAG .
Long-up-SPO14-hPLD1-FW | AGGCACGTACGCAAGAAGAAAAGGTAGGATAGATAAACAAGGGTGATGTCATT This work
GAAGAACGAACCAAG
GCAGGACATTATAGGCACGACCGGTCACTGATAATTCACACGACGCATTGAG .
Long-up-SPO14-mPLD2-FW | AGGCACGTACGCAAGAAGAAAAGGTAGGATAGATAAACAAGGGTGATGACTGT This work
TACACAAAAGAATTT
pGPD-co-hPLD1-GFP-fw CTAGTGGATCCATGTCATTGAAGAACGAACCAAGA This work
pGPD-co-hPLD1-GFP-rv CATGTCGACAAGCTTGATATCGAATTCTGTCCAAACTTCCATTGGAA This work
pGPD-co-mPLD2-GFP-fw GAACTAGTGGATCCATGACTGTTACACAAAAGAA This work
pGPD-co-mPLD2-GFP-rv CATGTCGACAAGCTTGATATCGAATTCTGTCCAAACTTCCAATGGAA This work
Screening-down-SPO14-rv CTGTTTATGTATCAGCGTCGAATG This work
ScreeninghPLD1-fw GCATGGTACAAATTTCTTGAAGGAT This work
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ScreeninghPLD1-rv CCACTTTGCTAAAGCG CT This work
Screening-mPLD2-fw GGTAGAGATTTCTTGCAATTGCATC This work
Screening-mPLD2-rv GCTCTCAAGATAGCATCTGCAA This work
Screening-up-SPO14-fw GGTGAAGATTGCTACAGCCCTT This work
Laboratory collection
1114_GFP-R CCATCTAATTCAACAAGAATTGGGACAAC
(MEC group)
Laboratory collection
1356_sgDNA_seq_pRCC-K_v2 CACACCCTACAATGTTCTG
(MEC group)
primerA_spol4_del TAAGCAACACTTGCTGATTACAGTC This work
primerD-spol4-del ATTATTAAGCAATTGAACACGGAAA This work
K3 CCATCCTATGGAACTGCCT Laboratory collection
Laboratory collection
150_MX4fwd AAAATCTTGCTAGGATACAGTTCTC
(MEC group)
Laboratory collection
149_MX4rev ACAAATGACAAGTTCTTGAAAACAA
(MEC group)
Laboratory collection
256_KanB CTGCAGCGAGGAGCCGTAAT

(MEC group)

1.3. Plasmids

The plasmids used in this work are listed in Table 4. The respective nucleotide sequences and

any further relevant features are available in Chapter VI - Appendices.

Table 4. List of plasmids used in this work

Plasmid Source
hPLD1_pUC57 GenScript ®
mPLD2_pCCl-4K GenScript ®

pRCC-K

Generoso, W.C. ef al [153]

pRCC-K_gRNA-HygMX4

This work

p416_GPD-JENI-GFP

Soares-Silva et al. [154]
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p416_GDP-coPLD1-GFP This work

p416_GPD-coPLD2-GFP This work

pAG32 Goldstein et al [155]

11.4. Polymerase Chain Reaction (PCR)

Polymerase chain reaction, or PCR, is a fast and cheap technique used to obtain several copies of a
DNA fragment. PCR uses a series of repetitive and temperature-dependent conditions to amplify DNA.
One PCR cycle consists of three steps — denaturation of the DNA template, binding of the primers to a
specific region of the template, and extension of the primed ends by a polymerase, resulting in the
synthesis of new copies of the template DNA. In this work, three different DNA polymerases were used,
depending on the protocol and the final use of the amplified product: Tag DNA polymerase was used in
colony PCR verifications, Phusion™ High—Fidelity DNA Polymerase (Thermo Scientific) was used to
amplify the deletion cassettes, the genes PLDI, and PLDZ for cloning into p416-GPD-GFP and to
amplify the pRCC-K plasmid. Platinum™ Il Hot-Start DNA Polymerase (Thermo Scientific) was used to
amplify PLDI and PLDZ for genomic integration. The annealing temperature of each primer pair in a
PCR reaction was obtained using the WebPCR online software. Distinct annealing temperature gradients
were selected to optimize and identify the ideal annealing temperature for each reaction (annealing
temperatures for each primer pair can be found in Chapter VI — Appendices. The manufacturer's
recommendations were followed when using the Phusion™ High-Fidelity DNA Polymerase and

Platinum™ Il Hot-Start DNA Polymerase.

11.5. Colony PCR

Colony PCR refers to the technique where single colonies are screened through PCR for the
presence of a specific DNA sequence. A 2x PCR master mix was prepared containing 200 uL of 10x
Taqg buffer, 80 uL of 50 mM MgCl,, 40 uL of 10 mM dNTPs, 50 uL of 7ag polymerase (0.05 U/uL) and
630 L of ultrapure water. The mix was vortexed and 10 uL were added into as many tubes as needed.
Any remaining mix was stored at -20 °C. Afterwards, 1 uL of each primer was added into the correct
tubes and 8 pL of ultrapure water was added to reach the final volume of 20 uL per tube. For each
plate resulting from a yeast transformation protocol, an average of 10 colonies were chosen, numbered,
and streaked onto a new plate using a sterile pipette tip. After streaking, the pipette tip was submerged

in the PCR mix and swirled around to release any remaining cells into the PCR tube. With the exception
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of the annealing temperature, which was adapted to each primer pair in a reaction and can be found in
Chapter VI — Appendices, every colony PCR performed throughout this study followed the same cycling
conditions: 10 minutes at 94 °C followed by 30 cycles of 10 seconds at 94 °C, 30 seconds at
annealing temperature and 1 minute at 72 °C, and a final extension run of 10 minutes at 72 °C at the

end of the 30 cycles.

11.6. Yeast genomic DNA extraction

Genomic DNA extraction was performed using phenol-chloroform-isoamyl alcohol (PCA). This
method is based on the different solubility of biomolecules in the three components present in the PCA
mixture. Phenol will digest protein structures and not DNA given its insolubility in phenol. Chloroform
increases the efficiency of phenol denaturation of proteins, protects DNA by allowing for the separation
between the organic phase and the aqueous phase, and will denature lipids. Isoamyl alcohol will
precipitate and increase the purity of DNA. Briefly, yeast cell biomass was collected from a plate and
added into an Eppendorf tube along with glass beads, 150 pL of 10x Tris-EDTA, and 150 uL of PCA.
Cells were disrupted in the cell disrupter for 5 minutes at top speed followed by 10-minute
centrifugation at 14000 rpm. After centrifugation, the top aqueous layer containing the DNA was

removed and stored at -20 °C.

1.7. Construction of SPO14 deletion strains

S.cerevisiae SPO14 deletion strains (Aspol4) were constructed for the subsequent heterologous
expression of mammalian PLDI and PLD2 genes. The SPO14 gene was deleted via replacement with a
drug resistance cassette through homologous recombination. For this genomic DNA was obtained from
strain IR04 (Table 2) and the KanMX cassette was amplified via PCR using primers primerA-spol4-del
and primerD-spol4-del (Table 3). The amplified cassette was transformed into strain IRO7 (Table 2)
using the LiAc/SS-DNA/PEG protocol described below. Transformants were grown in selective media
plates containing geneticin (1 % yeast extract (w/v), 1 % peptone (w/v), 2 % glucose (w/v), 2 % agar
(w/v), and 200 pg/ml of geneticin) and allowed to grow at 30 °C for 2-4 days. Transformants were
further tested for correct insertion of the KanMX cassette through colony PCR. The new SP014 deletion
strain (IRO1 - Table 2) was then subject to resistance cassette switching. The HygMX cassette was
amplified via PCR from plasmid pAG32 with primers 150_MX4fwd and 149_MX4rev (Table 3) and

transformed into the newly constructed deletion strain IRO1 (Table 2) in the same manner.
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Transformants were grown in selective media plates containing geneticin (1 % yeast extract (w/v), 1 %
peptone (w/v), 2 % glucose (w/v), 2 % agar (w/v), and 300 ug/ml of hygromycin) and allowed to grow
at 30 °C for 2-4 days. Transformants were further tested for correct insertion of the HygMX cassette

through colony PCR.

11.8. Codon usage optimization

The degenerate nature of the genetic code allows for single amino acids to be coded by more
than one codon, which can result in the same protein being encoded by different nucleic acid
sequences. Different organisms can have different codon usage frequencies, leading to difficulties in
expressing proteins in heterologous hosts. Therefore, the codon usage of human PLDI and mouse
PLD2 was optimized to better fit the codon usage of the S. cerevisiae host strain. The optimized
mammalian PLDI and PLD2 genes were synthesized by Genscript and cloned into the pUC57 and
pCCI-4K vectors, respectively. The mammalian PLDI and PLDZ chosen for optimization in this work,
from human and mouse origin respectively, were chosen based on the availability in our lab of the
corresponding non-optimized versions. This ensures transversality throughout any experiments done in
different host organisms. The PLDI and PLDZ genes used for experiments throughout this work and

mentioned henceforth are always the codon-optimized versions.

11.9. DNA precipitation

In order to achieve higher efficiency when integrating PLDI and PLDZ in the yeast genome, the
amplified genes were precipitated, resulting in a more concentrated product. Firstly, one volume of 5 M
ammonium acetate was added into the samples and vortexed. Samples were centrifuged at 12000 rpm
for 15 minutes at 4 °C. After centrifugation, one volume of 100 % isopropanol was added and samples
were incubated at — 20 °C for 30 minutes. Followed another centrifugation at 12000 rpm for 15
minutes at 4 °C. The supernatant was gently aspirated and 200 pl of ice-cold 70 % ethanol was added
to the pellet. Samples were vortexed and centrifuged at 12000 rpm for 3 minutes at 4 °C. The
supernatant was aspirated gently and the pellet was allowed to air dry for 5 minutes. After drying, the

pellet was resuspended in nuclease-free water.
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11.L10. Agarose gel electrophoresis

Agarose gel electrophoresis was performed for visualization of different DNA fragments
throughout this work. All agarose gel electrophoresis experiences were performed using a 1 % agarose
gel (1 % (w/v) agarose and 1X TAE (Tris-Acetate-EDTA) buffer). Agarose gels were pre-stained with
Midori Green Advance nucleic acid stain (Nippon Genetics Europe) and all DNA samples were prepared
with loading buffer (5 % (w/v) glycerol, 0.1 mM EDTA, 0.4 % (w/v) bromophenol blue) before being
loaded into the gel. Gels were run at 200 V for 20 minutes and visualized in a UV transilluminator

(VMR, Genosmart)

II.L11. Cloning strategy

Two cloning strategies were performed in this work, to achieve different results. For subcellular
localization studies, the codon-optimized mammalian PLDI and PLD2 genes were cloned into a
plasmid carrying the GFP reporter gene using traditional cloning. For studies involving sporulation
and evaluation of PLD activity, the optimized genes were integrated into the genome of S. cerevisiae

using the CRISPR-Cas9 editing tool.

1.11.1. Construction of GFP tagged PLDI and PLDZ by restriction enzyme-
based cloning

In traditional cloning, restriction endonucleases are used to cleave both the DNA insert
and the vector, generating complementary end sequences that can be joined together by a
DNA ligase before the transformation into the desired species. By using two restriction enzymes
whose resulting cut sites are not compatible, the insert will be cloned directionally and the
occurrence of re-ligation of the vector after digestion will decrease significantly. In order to
clone the codon-optimized versions of human PLDI and mouse PLDZ into the p416-GPD-GFP
plasmid, both genes were amplified by polymerase chain reaction with primers containing
recognition sites for the BamHI (Thermo Scientific) and Sall (Thermo Scientific) restriction
enzymes. PLDI was amplified using primers pGPD-co-hPLD1-GFP-fw and pGPD-co-hPLD1-GFP-
rv (Table 3), while PLD2 was amplified using primers pGPD-co-mPLD2-GFP-fw and pGPD-co-
mPLD2-GFP-rv (Table 3). PCR amplification was followed by digestion at of both genes with
BamHI and Sall using the conditions recommended by Thermo Scientific’s DoubleDigest
Calculator: 0,5 pl of BamHI; 1 pl of Sall; 1 ul BamHI buffer; 2 ul of DNA insert and 3,5 pl of
ultra-pure water. The digestion was carried out at 37 °C for 4 hours. Simultaneously, the
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p416_GPD-JEN1-GFP vector [154] was digested using the same enzymes and reaction
conditions (0,5 ul of BamHI; 1 ul of Sall; 1 ul BamHI buffer; 2 ul of plasmid vector and 3,5 pl
of ultra-pure water). After digestion, the vector was loaded in an agarose gel and the empty
vector (p416_GPD-GFP) was extracted from the gel and purified using the NZYGelpure kit
(NZYTech). Briefly, the desired DNA fragment was excised from the gel with a scalpel and
solubilized at 55 °C with 300 uL of Binding Buffer for each 100 mg of gel weight for 10
minutes, or until the gel slice was completely dissolved. The mixture was then loaded into an
NZYTech spin column inside a collection tube and centrifuged for 1 minute at top speed
(12000 rpm). The flow-through was discarded and the column was washed with 600 pL of
Wash Buffer and centrifuged for 1 minute at top speed. After discarding the flow-through, the
column was dried by centrifugation for 1 minute at top speed. Finally, 50 uL of DNA Elution
Buffer was added and the column was incubated for 1 minute at room temperature. DNA was
eluted by centrifugation for 1 minute at top speed and DNA was quantified using the
NanoDrop® ND-1000 system. vector and DNA insert were ligated /n vifro in a 1:1 molar ratio
using T4 DNA ligase (Thermo Scientific™) (10 ul of digested insert; 5 ul of digested vector; 1 pl
of T4 DNA ligase; 2 ul of 10X T4 DNA ligase buffer; 2 pl of ultra-pure water) and incubated at
22 °C for 1 hour. After ligation, 10 pl of each reaction were transformed, individually, into XL1-
blue chemically competent £. coli cells. After transformation, single colonies were chosen from
selection plates and plasmid DNA was extracted, digested with Xbal (Thermo Scientific) or
EcoRV (Thermo Scientific), single and double-cut enzymes, respectively, to verify the size of the
constructs (0,5 ul of Xbal or EcoRV; 1 pl of buffer Tango or buffer R; 1 ul of plasmid and 7,5
of ultra-pure water, incubated at 37 °C for 1 hour). Several of the constructs showing the
correct size were sent for sequencing (sequencing results and alignments are available in
Chapter VI — Appendices). The constructs whose sequence was correct were transformed into

the IRO1 S. cerevisiae strain (Table 2).

[1.11.2. Genomic integration of mammalian PLDI and PLDZin the yeast
genome using the CRISPR-Cas9 system

The budding yeast S. cerevisiae can reproduce sexually or asexually, depending on
environmental conditions. In favourable conditions, where nutrient sources are readily available,
yeast reproduces asexually by budding, a daughter cell simply buds out from the parent cell.

This generates daughter cells that are genetic clones of the parental cells since these cells are
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only undergoing mitosis. When nutrient sources are scarce or unavailable, yeast switches to
sexual reproduction, mating with other yeast cells of a different mating type and sporulating. In
order to test phenotypes that are associated with sporulation and meiosis and to yield a strain
that expresses PLDI and PLDZ in levels that are similar to physiological conditions, the
optimized phospholipase D genes were integrated into the yeast genome.

The CRISPR-Cas9 genome editing technique was performed following the protocol developed by
Generoso et al,, [153] where a single plasmid is used to carry the Cas9 nuclease and the gRNA
recognition sequences. Firstly, the Cas9 bearing plasmid was amplified by PCR in three
fragments, with primers containing the protospacer sequences (gRNA_HygMX4-FW and
gRNA_HygMX4-RV - Table 3), and with primers for amplification of the remaining two
fragments (196_pMEC_MX4_fwd, 253_kanC3, 473_MSW_rev, 576_pBR322_2 - Table 3)
The protospacer containing primers were chosen according to the CRISPR gRNA Design tool
provided by DNA 2.0. Afterwards, the plasmid was assembled using the Gibson Assembly®
Master Mix (New England Biolabs) following the conditions provided by the manufacturer.
Meanwhile, the PLDI and PLD2 genes were amplified by PCR, in a total of four reactions per
gene. The resulting DNA was then concentrated in order to allow for a higher concentration of
donor DNA to be transformed into the yeast, increasing the efficiency of the transformation. The
assembled plasmid and each donor gene were transformed into the IR10 yeast strain (Table 2)
following the LiAc/ SS carrier DNA/PEG protocol and plated in selection plates containing
geneticin (1 % yeast extract (w/v), 1 % peptone (w/v), 2 % glucose (w/v), 2 % agar (w/v) and
200 pg/ml of geneticin), to allow for the selection of transformants carrying the pRCC-K_gRNA-
HygMX4 plasmid. Cells were grown at 30 °C for 2-4 days. Afterwards, cells were replica plated
into media containing hygromycin (1 % yeast extract (w/v), 1 % peptone (w/v), 2 % glucose
(w/v), 2 % agar (w/v), and 300 pg/ml of hygromycin), which allowed for the growth of colonies
that did not have the PLDI or PLDZ genome integration. Colonies that grew in media containing

geneticin but did not grow in media containing hygromycin were selected for colony PCR.

I.L12. E. colitransformation

E. coli transformation with the desired plasmids was performed following the heat shock
transformation protocol adapted from Inoue et a/, [156]. £. coli XL1-blue competent cells were
defrosted on ice. Once completely defrosted, 50 ul of competent cells were aliquoted for each

transformation, into as many tubes as needed and 1 pl of plasmid DNA was added (approximately 100
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ng), and cells were incubated on ice for 20 minutes. After the incubation on ice, cells were heat-
shocked at 42 °C for 45 seconds and immediately returned to the ice for an additional 10 minutes.
Afterwards, 200 pl of SOC medium was added to the tubes, and cells were allowed to recover in a
shaking incubator at 37 °C for 1 hour. Cells were plated in LB-Amp selection plates (0,5 % yeast extract
(w/v), 1 % peptone (w/v), 1 % sodium chloride (w/v), 2 % agar (w/v) and 100 pg/ml ampicillin) and

allowed to grow overnight at 37 °C.

I1.L13. Plasmid DNA extraction

Plasmid DNA extraction was performed using the NZYMinjprep Kit (NZYTech) by following the
provided protocol. For plasmid extraction from £. cofi cells were grown in 5 ml of LB media with
appropriate antibiotics (Geneticin or ampicillin) overnight at 37 °C with agitation (200 rpm). The
following morning, cells were collected by centrifugation at 13000 rpm for 1 minute. The supernatant
was discarded, and cell lysis was performed by resuspending the pellet in 250 ul of Al buffer and
vigorously vortexed. Once the pellet was completely dissolved, 250 ul of buffer A2 were added and
mixed by gently inverting the tube 6-8 times. Cells were incubated at room temperature for 4 minutes
followed by the addition of 300 ul of A3 buffer. The tube was inverted 6-8 times and the lysate was
clarified by centrifuging the tube for 10 minutes at 13000 rpm. The supernatant was loaded onto the
spin columns provided by the kit and centrifuged for 1 minute at 13000 rpm to allow for the binding of
DNA onto the silica column. The flow-through was discarded and the DNA was washed by adding 500
ul of AY buffer was loaded onto the column followed by another 1-minute centrifugation at 13000 rpm
to dry. The flow-through was discarded and 600 ul of A4 buffer were added followed by 1-minute
centrifugation at 13000 rpm. The silica membrane was dried by re-inserting the column into the tube
and centrifuging for 2 minutes at 13000 rpm. The silica column was placed into a new 1,5 ml tube and
50 ul of AE buffer were carefully added to the center of the column and incubated for 1 minute at room
temperature in order to elute DNA. The tube was centrifuged for 1 minute at 13000 rpm and the
resulting flow-through was quantified using the NanoDrop® ND-1000 system and stored at -20 °C for

later use.

I1.L14. Yeast transformation

The transformation of yeast strains with the desired DNA sequences was performed following

two transformation protocols.
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[1.14.1. Electroporation protocol

For the expression of PLDI-GFP and PLD2-GFP in yeast, the corresponding plasmid
constructs were transformed into the IRO1 yeast strain (Table 2) using an electroporation
transformation protocol. Transformation using electroporation uses an electrical pulse at an
optimized voltage discharged through the cell. The voltage allows for the formation of temporary
pores across the plasma membrane. Additionally, it helps increase the membrane potential
across the cell. These two conditions allow the charged molecules in DNA to travel across the
pores formed throughout the membrane which results in a large number of transfected cells.
Firstly, a pre-culture was prepared by growing the IRO1 strain (Table 2) in 5 ml of YPD medium
overnight at 30 °C with the agitation of 200 rpm. The following morning, cell culture was
prepared by diluting the pre-culture in 50 ml of YPD medium to an optical density at 640 nm
(ODs,) of approximately 0.2 and grown until OD,,, reached 1.5. Once the cell culture reached
the desired optical density, cells were collected by centrifugation at 3500 rpm for 5 minutes at
room temperature and washed two times, first with 50 ml of sterile distilled H,0O followed by a
wash with 25 ml of sterile distilled H,O. The cell pellet was resuspended in 8 ml of sterile
distilled H,0, 1 ml of TE 10X (0.1 M Tris-CL and 0.01 M EDTA), and 1 ml of LiAc 1 M and
incubated at 30 °C for 30 min with the agitation of 200 rpm. After incubation, 250 ul of DTT 1
M was added to the cells and further incubated at 30 °C for 1 hour with the agitation of 200
rpm. Following the incubation, 40 ml of ice-cold sterile distilled H,O was added, and cells were
collected by centrifugation at 3500 rpm for 5 minutes at 4 °C. From this step onwards, cells
were always kept on ice. Cells were then washed twice, first with 25 ml of cold sterile distilled
H,O and then with 5 ml of cold 1 M sorbitol. The pellet was resuspended in 500 pl of cold 1 M
sorbitol. For each transformation, 45 pl of the now competent cells were transferred into as
many tubes as needed and 1 pg of plasmid DNA was added into the corresponding tubes. The
contents of each tube were transferred into the sterile electroporation cuvettes and
electroporated at 1,5 kV, 200 Q, 25 uF. Immediately after electroporation, 1 ml of sterile
distilled water was added to the cuvettes and the contents were transferred back into the tubes.
Afterwards, cells were collected by centrifugation at 3500 rpm for 5 minutes and resuspended
in 400 pl of sterile distilled water, plated into synthetic complete medium without uracil (SC-

ura) plates (2 % glucose (w/v), 2 % agar (w/v), 1850 mg/L of Kaiser SC double dropout -His -
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Ura (FORMEDIUM), 6,7 g/L of yeast nitrogen base w/0 amino acids (BD Difco™) and 76 mg/L
of histidine) and allowed to grow at 30 °C for 2-4 days.

[1.14.2. Lithium acetate/single-stranded carrier DNA/PEG protocol

For the integration of PLDI and PLDZ in the yeast genome transformation was performed
following the LiAc/ SS-DNA/PEG protocol, adapted from Gietz et a/, [157]. This is a high-efficiency
version of the yeast transformation method using the Lithium acetate /single-stranded carrier
DNA/PEG method. Firstly, a pre-culture was prepared by growing the S. cerevisiae IR53 strain
(Table 2) in 5 ml of YPD medium overnight at 30 °C with the agitation of 200 rpm. The following
morning, a cell culture was prepared by diluting the pre-culture in 50 ml of YPD medium to an
optical density at 640 nm (OD,,,) of approximately 0.4 and grown until OD,,,reached 1.5. Once the
cell culture reached the desired optical density, cells were harvested by centrifugation at 3500 rpm
for 3 minutes and washed two times in 25 ml of sterile distilled H,O. After washing, cells were
resuspended in 1 ml of 100 mM LiAc, and the suspension was transferred into a 1,5 ml
microcentrifuge tube. Cells were centrifuged at 13000 rpm for 15 seconds and LiAc was removed.
The cell pellet was resuspended by adding 400 pl of 100 mM LiAc to a final volume of 500 pl and
vortexed until the pellet was fully mixed. Afterwards, 50 ul of cell suspension was added into as
many tubes as needed and centrifuged and the LiAc was removed. Following the thorough removal
of remaining LiAc, the reagents for the transformation mix were added to each tube, in order; 240
ul of PEG 50 % (w/v); 36 ul of LiAc 1 M; 25 pl of previously boiled salmon sperm DNA 2 mg/ml;
40 ul of sterile distilled H,0 and 10 pl of PCR product or 50 pl of sterile distilled H,O for the
negative control. Tubes were vortexed until the cell pellet was completely dissolved and incubated
at 30 °C for 30 minutes followed by incubation at 42 °C for 25 minutes. After incubation at 42 °C,
tubes were centrifuged at 8000 rpm for 30 seconds and the transformation mix was completely
removed. Afterwards, 1 ml of sterile distilled H,0 was added to the cell pellet and vortexed to
uniformly resuspend the pellet. Cells were plated into YPD medium and allowed to grow at 30 °C
for 2-4 days. For transformations that required antibiotic gene selection, cells were transferred into
glass tubes with 1 ml of YPD and incubated for 3 hours at 30 °C to allow for the good expression

of the antibiotic resistance gene.
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11.15. Growth assays

Cells from strains IR23, IR71, IR74, IR78, IR77 (Table 2) were grown overnight in YPD or SC-ura
medium at 30 °C with the agitation of 200 rpm. The following morning, cells were harvested by
centrifugation at 3000 rpm for 5 minutes and washed three times with sterile distilled water. After the
final wash, cells were resuspended in 10 ml of sterile water and diluted to an OD,,,= 1 in 1 ml of water,
and serial dilutions to 10+ were prepared for each strain. In a laminar flow chamber 3 ul drops of each
dilution, for every strain, were plated in SC-URA, SC-ura supplemented with 0.4 % (v/v) of ethanol and
SC-URA + 2.5 ug/ml C16:PAF, SC-ura + 5 ng/ml C16:PAF, and SC-ura + 7.5 pg/ml C16:PAF. Cells

were grown at 30 °C for 2 days.

11.L16. Imaging of phospholipase D activity

For evaluating PLD activity a newly developed method by the Baskin Lab at Cornell was followed.
This method, named IMPACT (Imaging Phospholipase D Activity with Clickable Alcohols via
Transphosphatidylation) allows us to image phospholipase D activity through a click chemistry reaction.
The method is based on the promiscuity of PLD enzymes, which, in addition to using water for
phospholipid hydrolysis, can also accept a variety of primary alcohols in a transphosphatidylation
reaction. By tagging the resultant lipids with fluorescent reporters via click chemistry we end up with
fluorescent lipids that act as reporters of PLD activity. Firstly, two pre-cultures were prepared by growing
IRO1, IR04, IR71 and IR74 S. cerevisiae strains (Table 2) in 5 ml of YPD medium overnight at 30 °C
with the agitation of 200 rpm. The following morning, cell cultures were prepared by diluting the pre-
cultures in 50 ml of YPD medium to an optical density at 640 nm (OD,,,) of approximately 0.2 and
grown until OD,,, reached 3. Once the cell culture reached the desired optical density, cells were
harvested by centrifugation at 3500 rpm for 3 minutes and resuspended in 1 ml of YPD medium
supplemented with 10 mM of 5-hexyn-1-ol (hexynol for short) and incubated for 1 hour at 30 °C with
the agitation of 200 rpm. After incubation with the primary alcohol, cells were collected by
centrifugation at 10,000 x g for 1 minute and washed three times in 0.1 M potassium phosphate buffer
pH 6.5 (0.1 M K,HPO,, 0.1 M KH,PO,). Afterwards, cells were fixed by resuspension of the pellet in 680
ul of potassium phosphate buffer containing 3.7 % paraformaldehyde (v/v) followed by an incubation of
45 minutes at room temperature with gentle shaking. Meanwhile, click master mix was prepared by
combining, in the following order, 100 mM Tris pH 8.0, 1 mM CuSO, (from a freshly prepared 20 mM
stock), 40 uM AZDye 594 Azide (Click Chemistry Tools), and 50 mM of sodium ascorbate (from a
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freshly prepared 500 mM stock). At the end of the incubation period, fixed cells were washed three
times with 0.1 M potassium phosphate buffer and 1 ml of click master mix was added to each tube.
Cells were incubated for 30 minutes at 30 °C for fluorescent tagging. The labelled cells were then
washed three times with 0.1 M potassium phosphate buffer and stored in 100 pl of 0.1 M potassium
phosphate buffer at 4 °C until imaging.

I1.L17. Fluorescent and confocal microscopy of yeast cells

For imaging of yeast cells expressing PLDI-GFP and PLD2-GFP, cells were grown in SC-ura plates
at 30 °C overnight. The following day, biomass was collected from the plates, cells were resuspended
in 1 ml of sterile ultra-pure water and pelleted by centrifugation at 13,000 rpm for 30 seconds.
Afterwards, 5 pl of cells were aspirated from the pellet, mounted onto a coverslip, and imaged
immediately after using the Leica DM5000B epifluorescent microscope. Images were acquired with a
Leica DFC 350FX R2 digital camera using the LAS AF V2.6.0 software.

For imaging yeast cells after IMPACT, the labelled cells were pelleted by centrifugation and
potassium phosphate buffer was removed. Cells were then stained with DAPI nuclear stain by
incubating the cells for 60 seconds at room temperature with 0.5ug/ml of DAPI in PBS (137 mM NaCl,
2.7 mM KCIl, 10 mM Na,HPO,, 1.8 mM KH,PQO,). Cells were washed with PBS and pelleted by
centrifugation. Afterwards, 5 pl of cells were aspirated from the pellet, mounted onto a coverslip, and

imaged immediately after using the Olympus LPS Confocal FV1000 microscope.
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Chapter Il — Results and
discussion
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Results and discussion

l.1. Construction of SPO14 deletion strains

One of the aims of this work was to use the yeast model as a heterologous system to study the
heterologous expression of the mammalian PLDOI and PLDZ genes. For this purpose, S. cerevisiae
strains deleted in SPO14, the yeast ortholog of mammalian PLDI and PLD2, were developed. In order
to study phenotypes associated with the deletion of SPO14 and see if the expression of the mammalian
genes could complement any of the phenotypes, construction of SPOI4 deletion strains was carried
out. Briefly, an antibiotic resistance cassette is amplified by PCR with primers that contain several base
pairs of homology to the upstream and downstream regions of the ORF of the gene of interest. When
transformed into the desired strain, the amplified cassette will be integrated by homologous
recombination into the desired locus, replacing the desired gene. To delete the SPOI4 gene from the
IRO7 yeast strain (Table 2), genomic DNA was extracted from strain IRO4 (Table 2) and the KanMX
antibiotic resistance cassette was amplified via PCR using primers primerA-spol4-del and primerD-

spol4-del (Table 3). The size of the amplified cassette was confirmed by DNA gel electrophoresis using

a 1 % TAE agarose gel, and images were acquired using a UV transilluminator (Genosmart, VWR) -

Figure 7.
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Figure 7. DNA agarose gel of the PCR amplification of KanMX cassette from strain IR04.

M represents the molecular weight marker (Thermo ScientificTM GeneRulerTM 1 kb DNA Ladder), C- represents the negative
control for this PCR reaction and KanMX shows the amplified KanMX cassette (2165 bp) with primers primerA-spo14-del and
primerD-spol4-del.
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After confirmation of the correct size of the PCR product, the cassette was transformed into the IRO7
strain (Table 2) using the LiAc/SS-DNA/PEG protocol and resulting transformants were plated into
selective medium containing geneticin (200 pg/ml) to allow for selective growth of cells containing the
KanMX cassette, which confers antibiotic resistance to geneticin in yeast. As a way to further select
transformants with the correct integration of the KanMX cassette in the SPO74 locus, colony PCR was
performed. For this, seven isolated colonies growing in the selective medium were picked and tested
using primers K3 and primerD-spol4-del (Table 3). This specific set of primers allows for confirmation
of the presence of the KanMX cassette in the genome of the transformed strain, for the confirmation of
the integration in the correct locus and that the cassette has been inserted in the correct orientation.
The resulting samples were loaded onto a 1 % TAE agarose gel and images were acquired using a UV
transilluminator (Genosmart, VWR) — Figure 8. Colonies 1 through 5 tested positive for the correct

integration of the KanMX cassette in the SPO74 locus.

500 bp

Figure 8. DNA agarose gel of the colony PCR for KanMX cassette integration in the $PO14locus.
M represents the molecular weight marker (Thermo Scientific™ GeneRuler™ 1 kb DNA Ladder), C- represents the negative
control for this PCR reaction. Lanes 1-7 show the amplification of a fragment of the KanMX cassette (579 bp) with primers K3

and primerD-spol4-del. Colonies 1-5 show the correct integration of the KanMX cassette in the SPO74 locus.

To allow for later studies when deletion of additional genes could be necessary and for experiments
that required expression of plasmids that contained the KanMX resistance marker as well, the SPO14
deletion strain constructed above (IRO1 - Table 2) was subject to resistance marker switching. To do
S0, a new resistance cassette was selected -HygMX- and amplified from the pAG32 plasmid with

primers 150_MX4fwd and 149_MX4rev (Table 3). The size of the amplified cassette was confirmed by
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DNA gel electrophoresis using a 1 % TAE agarose gel, and images were acquired using a UV

transilluminator (Genosmart, VWR) — Figure 9.

1000 bp

Figure 9. DNA agarose gel of the PCR amplification of HygMX cassette from pAG32.
M represents the molecular weight marker (NZYDNA Ladder Ill, NZYTech), C- represents the negative control for this PCR
reaction. HygMX (lanes 1-3) show the amplified HygMX cassette (1128 bp) with primers 150_MX4fwd and 149_MXd4rev.

After confirmation of the correct size of the PCR product, the cassette was transformed into the IRO1
strain (Table 2) using the LiAc/SS-DNA/PEG protocol and resulting transformants were plated into
selective medium containing hygromycin (300 pg/ml) to allow for selective growth of cells containing
the HygMX cassette, which confers antibiotic resistance to hygromycin in yeast. As a way to further
select transformants with the correct integration of the HygMX cassette in the SPOI4 locus, colony
PCR was performed. For this, seven isolated colonies growing in the selective medium were picked and
tested using primers 256_KanB and primerA-spol4-del (Table 3). This specific set of primers allows
for confirmation of the presence of the HygMX cassette in the genome of the transformed strain, for the
confirmation of the integration in the correct locus and that the cassette has been inserted in the
correct orientation. The resulting samples were loaded onto a 1 % TAE agarose gel and images were
acquired using a UV transilluminator (Genosmart, VWR) - Figure 10. All tested colonies were positive

for the integration of the HygMX cassette in the SPO14 locus.
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500 bp

Figure 10. DNA agarose gel of the colony PCR for HygMX cassette integration in the SPO14locus.

M represents the molecular weight marker (Bioron 100 bp plus DNA Ladder), C- represents the negative control for this PCR
reaction. Lanes 1-6 show the amplification of a fragment of the HygMX cassette (526 bp) with primers 256_KanB and
primerA-spol4-del. Colonies 1-6 show the correct integration of the HygMX cassette in the SPO74locus.

lI.2. Construction of p416_GPD-coPLD1-GFP and p416_GPD-coPLD2-
GFP

The GFP reporter gene is a powerful genetic tool that allows for studying intracellular molecular
mechanisms and events. Mainly, the GFP fluorescent protein is used to image the expression of a gene
of interest inside the cell. In order to study the physical location of PLDI and PLDZ when heterologously
expressed in yeast, the codon-optimized mammalian genes were cloned, through the classical cloning
technique, into a GFP carrying vector. The resulting plasmid yields a fusion of GFP at the C-terminal end
of PLD1 or PLD2. Firstly, codon-optimized PLDI and PLDZ were amplified from plasmids
hPLD1_pUC57 and mPLD2_pCCI-4K with primers pGPD-co-hPLD1-GFP-fw plus pGPD-co-hPLD1-GFP-rv
and pGPD-co-mPLD2-GFP-fw plus pGPD-comPLD2-GFP-rv (Table 3), respectively. The size of the
amplified genes was confirmed by DNA gel electrophoresis using a 1 % TAE agarose gel, and images

were acquired using a UV transilluminator (Genosmart, VWR) - Figure 11.
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PLD1 C-

3000 bp

Figure 11. DNA agarose gel of the PCR amplification of codon-optimized PLD1 and PLD2 from
hPLD1_pUC57 and mPLD2_PCCI-4K, respectively.

M represents the molecular weight marker (1 kb Penn State DNA Ladder), C- represents the negative control for PCR
amplification of PLD1 and PLD2 respectively. PLD1 and PLD2 show the amplified PLD1 (3260 bp) and PLD2 (2873 bp)
genes with primers pGPD-co-hPLD1-GFP-fw plus pGPD-co-hPLD1-GFP-rv and pGPD-co-mPLD2-GFP-fw plus pGPD-co-mPLD2-
GFP-rv, respectively.

Subsequently, both amplified genes were digested with restriction endonucleases BamHI and Sall.
Additionally, the plasmid vector harbouring GFP, p416_GPD-Jen1-GFP was also digested with restriction
endonucleases BamHI and Sall and extracted from the gel, followed by purification of the vector- Figure

12.

p416_GPD-JEN1-GFP

Figure 12. DNA agarose gel of the digestion of p461_GPD-JEN1-GFP with BamHI and Sall.
M represents the molecular weight marker (Thermo Scientific™ GeneRuler™ 1 kb DNA Ladder). The lane identified as

p416_GPD-JEN1-GFP shows the corresponding plasmid digested with BamHI and Sall (6468 bp + 1872 bp).
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The purified vector and the amplified genes were individually ligated using T4 DNA ligase and
the resulting constructs (p416_GPD-coPLD1-GFP and p416_GPD-coPLD2-GFP) were transformed into
chemically competent £.coli cells. Following transformation, cells were plated on selective media
containing ampicillin (100 pg/ml). To further select transformants with the desired genetic constructs,
colony PCR was performed. For this, three isolated colonies growing in the selective medium were
picked and tested for each construct. PCR reaction was carried out using primers pGPD-co-hPLD1-GFP-
fw and screening-hPLD1-rv for p416-coPLD1-GFP and pGPD-co-mPLD2-GFP-fw screening-mPLD2-rv for
p416-coPLD2-GFP (Table 3). The resulting samples were loaded onto a 1 % TAE agarose gel and
images were acquired using a UV transilluminator (Genosmart, VWR) — Figure 13. All tested colonies

were confirmed to correctly harbour the respective construct by colony PCR.

M PLD1-GFP C- PLD2-GFP
- 1 2 3 5 6
-
e

Figure 13. DNA agarose gel of the colony PCR for p416-coPLD1-GFP and p416-coPLD2-GFP.

M represents the molecular weight marker (1 kb Penn State DNA Ladder). PLDI-GFP (lanes 1-3) shows the amplification of a
PLD1-GFP fragment of the p416-coPLD1-GFP vector (1073 bp) from 3 different colonies. PLD2-GFP (lanes 4-6) shows the
amplification of a PLD2-GFP fragment of the p416-coPLD2-GFP vector (1078 bp) from 3 different colonies. C- represents the

negative control for PCR reactions.

Two plasmid constructs were retrieved for each gene from positive colonies by miniprep plasmid
DNA extraction and digested with single or double cut enzymes to check for the correct size of the
plasmids after cloning. Both p416_GPD-coPLD1-GFP and p416_GPD-coPLD2-GFP were digested with
Xbal or EcoRV, single and double-cut enzymes, respectively, and the resulting samples were loaded
onto a 1 % TAE agarose gel and images were acquired using a UV transilluminator (Genosmart, VWR) —

Figure 14.
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To further confirm the correct assembly of the plasmid constructs and the correct sequence of the
insert genes, PLDI and PLD2, one construct for each gene was sent to be sequenced using primers
pGPD-co-hPLD1-GFP-fw and 1114_GFP-R for p416_GPD-coPLD1-GFP and pGPD-co-mPLD2-GFP-fw and
1114_GFP-R for p416_GPD-coPLD2-GFP (Table 3). Alignment results for both constructs can be found
in Chapter VI — Appendices.

p416_GPD-coPLD2-GFP p416_GPD-coPLD1-GFP
Xbal EcoRV Xbal EcoRV Xbal EcoRV Xbal EcoRV M
7750 bp
3000 bp
2000 bp

Figure 14. DNA agarose gel of the DNA fragments obtained by digestion of plasmids p461_GPD-coPLD1-GFP
and p416_GPD-coPLD2-GFP with Xbal and EcoRV restriction enzymes.

M represents the molecular weight marker (1 kb Penn State DNA ladder). Lanes identified with p416_GPD-coPLD1-GFP show
the corresponding extracted plasmid digested with Xbal (9714 bp), single cut enzyme and EcoRV, double cut enzyme (7302
bp + 2412 bp). Lanes identified with p416_GPD-coPLD2-GFP show the corresponding extracted plasmid digested with Xbal
(9324 bp), single cut enzyme and EcoRV, double cut enzyme (6912 bp + 2412 bp).

The resulting constructs are an essential and powerful tool for any further experiments regarding the
study of mammalian PLDI and PLDZ using the yeast model, as they can now be expressed in any

desired strain, yielding a PLDI and/or PLD2 heterologous expression model in S.cerevisiae.

II.3. Analysis of PLD1-GFP and PLD2-GFP expression and localization
by fluorescence microscopy

After the plasmid constructs for both genes were confirmed to be correctly assembled by
sequencing, the previously developed SPOI14 deletion strain, IRO1 (Table 2), was transformed with
p416_GPD-coPLD1-GFP or p416_GPD-coPLD2-GFP. The resulting yeast strains heterologously
expressing the codon-optimized mammalian PLDI and PLDZ genes were evaluated for localization of

PLDI-GFPand PLD2-GFPthrough fluorescence microscopy — Figure 15.
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A Aspol4 + p416_GDP-coPLD1-GFP

B Aspol4 + p416_GDP-coPLD2-GFP

Figure 15. Analysis of PLD1-GFP (A) and PLD2-GFP (B) expression and localization by fluorescence
microscopy.

Yeast Aspol4 cells carrying p416_GPD-coPLD1-GFP or p416_GPD-coPLD2-GFP plasmids were grown on selective SC-ura
plates. Biomass was collected and diluted in water. A volume of 5 pL of cells was instantly visualized using Leica DM5000B

epifluorescent microscope with appropriate filters.
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In mammals, PLDI and PLDZ2 expression can be found in different locations of the intracellular
environment. PLD1 is usually found at intracellular compartments such as the Golgi complex, the
endosome, the lysosome and the endoplasmic reticulum and at the plasma membrane, and exocytotic
vesicles, whilst PLD2 localizes mainly in the vicinity of the plasma membrane [60] and in the Golgi
complex [61,62]. In yeast, Spol4 is usually found throughout the cytoplasm and relocates to the
prospore membrane when yeast cells undergo meiosis [128,132]. In this work, fluorescent microscopy
of the yeast strains overexpressing the mammalian codon-optimized PLDI or PLDZ seems to also
reveal a difference in the intracellular localization of PLDI-GFP (Figure 15-A) and PLD2-GFP (Figure 15-
B). Both PLDI-GFP and PLD2-GFP show expression at the plasma membrane, replicating what has
been reported to be their location in mammalian organisms [64,158]. PLDI-GFP shows strong
fluorescence in the vacuole. Vacuoles, like lysosomes, are the cell primary organ for digestion and
degradation of cell components such as proteins and lipids. Both organelles are similarly involved in
autophagy, an important mechanism that maintains cell homeostasis by inducing clearing of damaged
cell organelles and toxic products, as well as being an energy retrieval mechanism used when cells
experience glucose starvation [159]. Importantly, PLD1 appears to have a regulatory role in autophagy,
specifically in the clearance of protein aggregates [160] and in the promotion of cancer cell death
[161]. Additionally, both PLD-GFP fusions seem to be strongly expressed in what appear to be vesicles
throughout the cell, which could potentially be endosomes. This again appears to be mimicking the
endosomal localization reported for PLD1 and PLD2 in mammals [61-64]. This is of course speculative
and further co-localization studies with organelle-specific stains will be necessary for a clear description

of the intracellular localization of overexpressed PLDI-GFPand PLD2-GFP.

lI.4. Genomic integration of codon-optimized PLDI and PLDZ2 in the
SPO14 locus of a mutant strain

Heterologous expression of a gene of interest via a plasmid construct is a powerful tool for genetic
engineering in yeast. However, despite its easy applicability and quick protocol, plasmid gene
expression lacks stability as a plasmid can easily be lost if the antibiotic or auxotrophic selection is
removed. A chromosomally integrated gene is not subject to this instability. Additionally, genomic
integration allows for stable expression and long-term maintenance of the gene of interest in the
transformed cells and their progeny. In order to integrate codon-optimized mammalian APLDI and PLDZ

in the yeast genome, the CRISPR Cas9 editing tool was used. For this, a technique developed by
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Generoso et al, [153] was used, whereby a single plasmid (pRCC-K) carries the Cas9 DNA
endonuclease and the guide RNA (gRNA) sequence that guides the enzyme to its intended cutting site
in the genome. The pRCC-K plasmid was amplified in three parts in order to insert the gRNA sequence
needed to direct the Cas9 endonuclease to the HygMX cassette used to delete SPOI4: the first
fragment was amplified with primers gRNA_HygMX4-FW and 253_KanC3 (Table 3), the second
fragment was amplified with primers 473_MSW_rev and 576_pBR322_2 (Table 3), and the third
fragment was amplified with primers 196_pMEC_MX4_fwd and gRNA_HygMX4-RV (Table 3) - Figure
16.

Figure 16. DNA agarose gel of the PCR amplification of the pRCC-K plasmid in three fragments.

M represents the molecular weight marker (Thermo Scientific™ GeneRuler™ 1 kb DNA Ladder), C- represents the negative
control for PCR amplification of each fragment. F3 shows the amplification of fragment 3 of the plasmid with primers
196_pMEC_MX4_fwd and gRNA_HygMX4-RV (2068 bp). F2 shows the amplification of fragment 2 of the plasmid with
primers 473_MSW_rev and 576_pBR322_2 (3020 bp). F1 shows the amplification of fragment one of the plasmid with
primers gRNA_HygMX4-FW and 253_KanC3 (5315 bp).

Following amplification, all three fragments of the pRCC-K plasmid were subjected to enzymatic
digestion with Dpnl to get rid of any remaining template plasmid in the resulting PCR products. After
digestion, the Gibson assembly technique was used to ligate all three fragments, generating pRCC-
K_gRNA-HygMX. Chemically competent E.coli cells were transformed with the newly developed
plasmid. Cells were grown overnight at 37 °C on selective media containing ampicillin (100 ug/ml).
Subsequently, plasmid DNA was extracted via Miniprep. Additionally, PLDI and PLD2 were amplified by
PCR from hPLD1_pUC57 and mPLD2_pCCI-4K respectively, with primers Long-up-SPO14-hPLD1-FW
and Long-down-SPO14-hPLD1-RV for PLDI and Long-up-SPO14-mPLD2-FW and Long-down-SP0O14-
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mPLD2-RV (Table 3) for PLD2 - Figure 17. This amplification results in a DNA product containing PLD]
or PLDZ flanked on each side by a 50 base pair sequence homologous to the genomic regions before
and after the SPOI14 locus, allowing for the integration of the genes through homologous recombination

after cleavage by the Cas9 enzyme. These products will henceforth be mentioned as donors.

PLD1 C-

Figure 17. DNA agarose gel of the PCR amplification of codon optimized PLDI and PLD2 from
hPLD1_pUC57 and mPLD2_PCCI-4K, respectively.
M represents the molecular weight marker (Thermo Scientific™ GeneRuler™ 1 kb DNA Ladder), C- represents the negative
control for PCR amplification of PLDI and PLDZ2 respectively. PLD1 and PLD2 show the amplified PLDI (3423 bp) and PLDZ
(3033 bp) genes with primers Long-up-SPO14-hPLD1-FW plus Long-down-SPO14-hPLD1-RV and Long-up-SPO14-mPLD2-FW
plus Long-down-SPO14-mPLD2-RV for PLD2, respectively.

After amplification of PLDI and PLDZ, both pRCC-K_gRNA-HygMX and donor PLDI or PLD2 were
transformed into the $SP014 deletion strain IR10 (Table 2). The resulting transformants were plated on
selective media containing geneticin (200 pg/ml) and allowed to grow at 30 °C until isolated colonies
were visible. Once isolated colonies were visible, cells were replica plated into selective plates
containing hygromycin (300 pg/ml) and geneticin (200 pug/ml). Colonies that did not grow after replica
plating were selected from the original plates containing only geneticin (200 ug/ml) for colony PCR.
The colony PCR reaction was carried out using primers screening-down-SPO14-rv and screening-hPLD1-
fw for PLDI and screening-down-SPO14-rv and screening-mPLD2-fw for PLD2. The resulting samples
were loaded onto a 1 % TAE agarose gel and images were acquired using a UV transilluminator
(Genosmart, VWR) — Figure 13. All tested colonies were confirmed to correctly harbour the respective

construct by colony PCR.
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Two positive colonies were found for the correct integration of PLD1 in the SPO14 locus (Figure 18-
colonies 1 and 2), however, no positive transformants were found for the integration of PLDZ.
Integration of PLDZ in the yeast genome will be attempted again and the sporulation and meiosis

efficiency of these strains stably expression the mammalian genes will be evaluated.

PLD1 PLD2 PLD1

2500 bp—sp
2000 bp

M
=
s
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Figure 18. DNA agarose gel of the colony PCR for genomic integration of PLD1 and PLD2 in the yeast

genome.

M represents the molecular weight marker (Thermo Scientific™ GeneRuler™ 1 kb DNA Ladder). PLD1 (lanes 1-2 and 6-7)
shows the amplification of a part of the PLDI gene from the yeast genome (2324 bp) from four different colonies. PLD2
(lanes 3-5) shows the amplification of a part of the PLD2 gene from the yeast genome from three different colonies. C-

represents the negative controls of the PCR reactions for the amplification of PLDI or PLDZ, respectively.

L,5. Imaging of mammalian PLD1 and PLD2 activity in S.
cerevisiae

The IMPACT (Imaging Phospholipase D Activity with Clickable Alcohols via Transphosphatidylation)
protocol allows for imaging of phospholipase D activity with clickable alcohols via
transphosphatydilation. This method is based on the promiscuity of PLD enzymes, which, in addition to
using water for phospholipid hydrolysis, can also accept a variety of primary alcohols in a
transphosphatidylation reaction. Tagging the resultant lipids with fluorescent reporters via click
chemistry reactions results in fluorescent lipids that act as reporters of PLD activity. In order to image
and compare phospholipase D activity in the different constructed strains, the IMPACT protocol was
applied. Briefly, a wild type strain (IR17), a SPO14 deletion strain (IRO1) and both strains expressing
PLDI-GFP or PLD2-GFP (IR71 and IR74, respectively) (Table 2) were subject to IMPACT labelling and
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stored. Immediately before imaging, labelled cells were treated with DAPI DNA stain and imaged by

confocal microscopy - Figure 18.

A Wild type B Aspol4

DAPI

AZDye 594 Azide AZDye 594 Azide AZDye 594 Azide AZDye 594 Azide

A/

C D
Aspol4 + p416_GPD-coPLD1-GFP A4spol4 + p416_GPD-coPLD2-GFP

DAPI DAPI DAPI
10 ym

AZDye 594 Azide

AZDye 594 Azide AZDye 594 Azide AZDye 594 Azide

Merge
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Figure 19. Analysis of PLD activity by confocal microscopy.
Yeast wild type (A), Aspol4 (B) and Aspold cells carrying p416_GPD-coPLD1-GFP (C) or p416_GPD-coPLD2-GFP (D)
plasmids were labelled by IMPACT protocol. Immediately prior to confocal microscopy, cells were stained with DAPI. A volume

of 5 uL of cells for each strain was instantly visualized using Olympus LPS Confocal FV1000 microscope with appropriate

filters.



The Alexa Fluor derived AZDYE 594 azide, a red fluorescent marker, was used to report on PLD
activity whilst the blue stain DAPI was used to fluorescently tag the nucleus. In the wild type strain
(Figure 19-A), basal levels of PLD activity in red can be observed. PLD activity related fluorescence can
be seen throughout the cell, with some cells showing high IMPACT-derived fluorescence in certain
regions of the intracellular space (Figure 19-A, marked by white arrows). This signal is likely to be ER-
associated given its proximity to the nucleus and the previous results using IMPACT to study active PLD
location inside the cell [162,163]. Overall, for this strain, the level of PLD-activity derived fluorescence is
according to what would be expected for wild type cells. It would be interesting, however, to examine
whether this activity could be altered by exposure to known PLD1 and PLD2 stimulants and inhibitors in
mammal cells. In the SPO14 deletion strain (Figure19-B), little to no PLD-activity derived fluorescence
can be observed. Given that SPO14 is the only reported source of canonical phospholipase D activity in
yeast, this would be expected. Additionally, this result is a positive indicator of the correct construction
of the SPO14 deletion strain used in this assay (IRO1 - Table 2). As for the PLDI (Figure 19-C) and
PLD2 (Figure 19-D) expressing strains, functional expression of the mammalian PLDs through a
plasmid vector results in higher PLD activity in yeast in both strains. This is expected, as increasing the
copy number of a gene, in this case, compared to the wild type strain, yields higher expression and
consequently activity of the said gene. This assay report directly on PLD-derived PA production. The fact
that the IMPACT protocol resulted in such a clear difference in strains harbouring heterologous PLDI
and PLDZ reveals the correct performance of these enzymes when expressed in yeast. This is a good
indicator of the validity of these tools for future projects.

This experiment was performed with the constructed strains harbouring the PLDI or PLDZ carrying
plasmids, which result in overexpression of both genes due to the nature of the expression method
used. Despite resulting in expression levels and consequently activity levels that are not necessarily
similar to what is to be expected for the expression of these genes in basal conditions, the plasmid
constructs harbouring the mammalian PLDI and PLDZ worked well in this assay. Using these
constructs, resulted in a clear difference in PLD activity related fluorescence between the wild type, the
SPO14 deletion strain and the strains harbouring the constructs. This difference between strains, allows
for clear separation of the phenotypes which not only proves the strength of the developed yeast-based
tools, but also confirms the correct optimization and application of this assay. Ideally, this experiment
should also be performed using the strains expressing PLDI or PLD2 via genomic integration, to

elucidate possible differences in expression levels at naturally occurring, basal conditions.
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l1.6. Growth assays: Evaluation of C16:PAF sensitivity

A previous study by Kennedy et a/, [124] reported that the absence of the SPO14 gene renders
yeast cells more sensitive to C16:PAF, a glycerolipid with a function in platelet aggregation during
inflammation response. This lipid has previously been associated with AD in different molecular
contexts, and its metabolism was found to be disrupted in the posterior/entorhinal cortex of the brains
of patients with AD. In mice, a similar disruption was found following a pathogenic increase of the
cortical ratio between AB,, and AB,,. Acute elevation of C16:PAF was also reported to be a signal for tau
hyperphosphorylation [164,165].

Given the previously mentioned importance of C16:PAF for AD and the study that reported a link
between PLD1 and C16:PAF [124], we set to perform a growth assay to determine if the expression of
the mammalian PLDI or PLD2 could complement the growth phenotype of a $P014 deletion mutant.
Evaluation of growth phenotypes by growth assays is a quick, simple and easily scalable tool to study
the sensitivity of desired strains to relevant molecules and compounds or to unravel possible gene
interactions.

A wild type yeast strain (IR78), a wild type yeast strain carrying the empty p416-GDP vector (IR77),
a SPO14 deletion strain (IR23) and the SP014 deletion strains carrying p416_GPD-coPLD1-GFP (IR71)
or p416_GPD-coPLD2-GFP (IR74) (Table 2) were grown, in serial dilutions, on SC-ura media containing
different concentrations of C16:PAF - Figure 19.

C16:PAF

Wild type

Wild type + vector £ B8

Aspol4 | 2

Aspol4 + p416_GPD-coPLD1-GFP} | .'
Aspol4 + p416_GPD-coPLD2-GFP{ ==

5 e [ = Celldensity
+ -+ -+ —+ -

Figure 20. Growth phenotypes of serial dilutions to 10+ of wild type, wild type + vector, Aspol4 and Aspol4
cells carrying p416_GPD-coPLD1-GFP or p416_GPD-coPLD2-GFP.

Cells are plated in SC-ura media containing different dilutions of C16:PAF (2.5 ug/ml, 5 pg/ml or 7.5 pg/ml) and 0.4 %
ethanol as a control for the C16:PAF vehicle. The different concentrations of the lipid were chosen as per the previously

mentioned paper were the C16:PAF sensitivity phenotype was reported [124]. Experiments were performed in triplicate.
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The growth phenotype of a wild type strain, the SPO14 deletion mutant and the SP0OI4 deletion
strains expressing the plasmid constructs harbouring the codon-optimized PLD1 or PLD2 was evaluated
when exposed to increasing concentrations (2.5 pug/ml, 5 pg/ml or 7.5 ug/ml) of C16:PAF -Figure 19.
Kennedy and co-workers [124] described that Aspol4cells were sensitive to CI16:PAF in
concentrations as low as 2.5 pg/ml (in YPD media) and 5 pg/ml (in SD-Leu media). We observed that
cells lacking SPO14 do not display a significant difference in sensitivity to C16:PAF when compared
with the wild type cells and the wild type cells harbouring the empty vector (Figure 19, first three rows
of panels 2 through 4). This is in contrast with what has been described by Kennedy, ef a/, [124].
However, it is important to note that the backgrounds of the SPO14 deletion strain used in the Kennedy
et al., and in this assay are different (SC288c and W303, respectively). This factor may influence the
behaviour of the strains in the growth assay. All other relevant growth conditions were maintained,
including the carbon source (2 % glucose) as well as the incubation time and temperature (2 days at 30
°C). Although we could not replicate this phenotype, a difference between the growth of the deletions
strains harbouring p416_GPD-coPLD1-GFP or p416_GPD-coPLD2-GFP could be observed, with the first
appearing more sensitive to the toxic lipid compound. The apparent higher resistance of cells
overexpressing mammalian PLD2 is an interesting finding, given the relationship between C16:PAF and
amyloid-beta toxicity [155,156], since PLD2 has also been strongly linked to amyloid-beta toxicity in the
context of AD [122]. Ideally, this growth assay should be repeated with any other available SPO14
deletion strains given the discrepancy between these results and what has been published regarding
the sensitivity of SPO14 deletion mutants to C16:PAF. Additionally, further controls should be included,
such as the SPOI14 deletion strain carrying the empty plasmid vector. Given the preferential affinity of
PLD to primary alcohols, the dilution of the lipid molecule in different solvents should also be tested to
exclude the possibility that any of the visible phenotypes could be due to a decrease in PLD-derived PA
availability instead of the C16:PAF itself. Another aspect to consider is the mode of expression of the
mammalian genes. In this case, despite the low copy number nature of the chosen vector (p416-GPD),
overexpression of PLDI-GFP and PLD2-GFP will always occur. In yeast, plasmid burden has been
characterized and shown to result in defects for the growth phenotype in most cases [166]. Therefore,
and ideally, the C16:PAF sensitivity growth assay should be repeated using strains with genomic

integration of PLDI and PLD2.

54



Chapter IV - Final remarks
and future perspectives
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Iv.

Final remarks and future perspectives

The implication of PLD1 and PLD2 in cell homeostasis is clear. Dysregulation of the
mechanisms surrounding the normal function of these enzymes has been implicated in a series of
pathologies, including, but not limited to, neurodegenerative diseases such as AD. Importantly, AD is a
progressive neurodegenerative disorder and is currently the sixth-leading cause of death and accounts
as the cause for 60 to 80% of all cases of dementia [167]. With the World Health Organization (WHO)
estimating a 40 % increase in AD and dementia-related deaths until 2030, the full understanding of the
mechanisms behind this pathology is more needed than ever. Although higher mammalian models
such as rodents and primates are most commonly used to study AD, the study of the underlying
mechanisms and pathways at the molecular level requires extensive genetic manipulation and
screening. This is more easily achieved in simpler research model organisms such as the yeast S.
cerevisiae. Additionally, yeast research is not subject to the same ethical barriers encountered when
higher mammalian model organisms are used. In fact S. cerevisiae has been successfully used a model
to study the role of another mammalian protein that is extremely relevant for AD - Apolipoprotein E4
(ApoE4). Studies in yeast uncovered the impact of ApoE4 expression, the biggest genetic risk factor for
AD, in the dysregulation of specific pathways associated with lipid metabolism [141]. This work
establishes the use of yeast as model organism to study genotype-to-phenotype relationships in the

context of AD.

In this work, a set of yeast-based tools was developed to further research the role of PLD1 and
PLD2 in pathologies such as AD. A good indicator of the possible validity of these tools is the
fluorescent microscopy of the yeast strains expressing the GFP-tagged PLDs, revealing that mammalian
PLD1 and PLD2 appear to maintain their subcellular localization from what has been described in
mammals. Despite the limitations of plasmid based gene overexpression, the plasmid constructs
developed in this work are an excellent and versatile tool that can be used in several ways in multiple
different strains, to provide valuable information PLD1 and PLD2. Additionally, the optimization and
application of an IMPACT protocol to the strains heterologously expressing the codon-optimized
mammalian PLDI and PLDZ sets a precedent for future application of the method in various strains of

interest and different relevant research models such as cell lines and mammals such as rodents.

Although very similar in structure and basic enzymatic function, PLD1 and PLD2 have been

differently implicated in AD pathology. The codon-optimized mammalian PLDI and PLDZ genes, the
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PLDI-GFP and PLD2-GFP carrying plasmids and the strains expressing mammalian PLDI and PLDZ in
the genome will help unravel the molecular pathways surrounding PLD activity by investigating
new genetic interactions and potential regulators of mammalian PLD activity at the cellular level, using
yeast, a powerful eukaryotic system for heterologous expression which is easy to grow and genetically
manipulate. Ideally, in the future, these strains will be used to perform drug screening as they are a
powerful model for screening of drugs that interact with these two mammalian enzymes or modulate
their activity. Any candidate targets that might be found by drug screening in yeast would then be tested
in higher models relevant for the pathology, such as human induced pluripotent stem cells from AD
patients and, additionally, rodent models. Ultimately, the hope is to find new therapeutic strategies for

AD using the yeast model as a starting point.
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VI. Appendices
VI.1. Codon optimization of mammalian PLD1 and PLD2

VI.1.1. Codon Adaptation Index prediction and optimization

To predict the levels of expression of a heterologous protein the Codon Adaptation Index (CAl) can
be calculated. The ideal CAl is 1.0, although CAIl values above 0.8 are considered sufficient for good
expression levels in the host. The CAl for APLDI and mPLDZ2 for expression in S. cerevisiae were
calculated using Genscript’s Rare Codon Analysis Tool. PLDI showed a CAl of 0.66 and PLDZ a CAl of
0.57, both too low to ensure good heterologous expression in yeast. Therefore, to improve the
heterologous expression of mammalian PLDI and PLDZin S. cerevisiae the codon usage frequency of
both genes was optimized. The optimized genes were synthesized by Genscript and cloned into vectors
pUCH7 and pCCI-4K. After optimization, the CAl of both genes showed a significant improvement, with
PLDI showing a CAl of 0.91 and PLD2 showing a CAl of 0.93 - Figure 21.

After OptimumGene™ Optimization
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Figure 21. Distribution of codon usage frequency along the length of PLDI and PLDZ2 to be expressed in S.
cerevisiae

The predicted CAl of human PLDI was 0.66 before optimization and 0.91 after optimization.The predicted CAI of mouse
PLD2 was 0.57 before optimization and 0.93 after optimization. The CAl index predictions were performed using the Rare

Codon Analysis Tool from GenScript.
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VI.1.2. Plasmid maps and nucleotide sequence of optimized mammalian
PLDI and PLD2

VI.1.2.1. Plasmid maps of hPLD1_pUC57 and mPLD2_PCCI-4K

The optimized PLDI and PLDZ mammalian genes were synthesized by Genscript and cloned into

the pUC57 and PCCI-4K vectors, respectively — Figure 22.

hPLD1_pUC57 mPLD2_PCCI-4K

5925 bp s oot Ng.

Figure 22. Plasmid maps for (A) hPLD1_pUC57 (5935 bp) and (B) mPLD2_PCCI-4K (7096 bp) containing
the codon-optimized mammalian PLD1 and PLDZ, respectively.

Important features shown include: bla promoter and bla (confers resistance to ampicillin, carbenicillin, and related
antibiotics); cat promoter and cat (confers resistance to the antibiotic chloramphenicol); ori (high-copy-number
ColE1/pMB1/pBR322/pUC origin of replication); lac promoter (promoter for the E. coli lac operon);

Plasmid maps were constructed using Benchling [Biology Software]. (2021)

VI.1.3. Nucleotide sequence of codon-optimized mammalian PLDI and
PLD2

VI.1.3.1. coPLDI

ATGTCATTGAAGAACGAACCAAGAGTTAACACTTCTGCTTTGCAAAAGATTGCTGCAGATATGTCAAACATCATCGAAAATTTGGATACA
AGAGAATTACATTTCGAAGGTGAAGAAGTTGATTATGATGTTTCTCCATCAGATCCAAAGATCCAAGAAGTTTACATCCCATTCTCAGCA
ATCTACAACACTCAAGGTTTCAAGGAACCAAACATCCAAACATACTTGTCTGGTTGTCCAATCAAGGCTCAAGTTTTAGAAGTTGAAAGA
TTCACTTCAACTACAAGAGTTCCATCTATCAACTTGTACACTATCGAATTAACACATGGTGAATTTAAGTGGCAAGTTAAGAGAAAGTTC

AAGCATTTCCAAGAATTTCATAGAGAATTGTTAAAATATAAAGCATTTATCAGAATACCAATCCCAACTAGAAGACATACATTCAGAAGAC
AAAACGTTAGAGAAGAACCAAGAGAAATGCCATCTTTGCCAAGATCATCTGAAAACATGATCAGAGAAGAACAATTCTTGGGTAGAAGA

AAGCAATTGGAAGATTACTTGACAAAAATTTTGAAAATGCCAATGTACAGAAACTACCATGCAACTACAGAATTTTTGGATATTTCTCAAT
TATCATTTATCCATGATTTGGGTCCAAAGGGTATCGAGGGTATGATCATGAAGAGATCAGGTGGTCATAGAATACCAGGTTTGAATTGTT
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GTGGTCAAGGTAGAGCTTGTTACAGATGGTCTAAGAGATGGTTGATCGTTAAGGATTCATTTTTGTTGTACATGAAACCAGATTCTGGTG
CTATTGCATTTGTTTTGTTAGTTGATAAGGAATTTAAGATCAAAGTTGGTAAAAAAGAAACTGAAACAAAATATGGTATTAGAATTGATAAT
TTATCAAGAACTTTGATTTTAAAATGTAATTCTTACAGACATGCTAGATGGTGGGGTGGTGCAATTGAAGAATTTATCCAAAAGCATGGTA
CAAATTTCTTGAAGGATCATAGATTTGGTTCTTATGCTGCAATCCAAGAAAACGCTTTAGCAAAGTGGTATGTTAACGCAAAGGGTTACT
TCGAAGATGTTGCTAATGCAATGGAAGAAGCTAACGAAGAAATTTTTATCACTGATTGGTGGTTGTCTCCAGAAATTTTCTTGAAAAGAC
CAGTTGTTGAGGGTAACAGATGGAGATTAGATTGTATCTTGAAAAGAAAGGCACAACAAGGTGTTAGAATCTTCATCATGTTGTACAAAG
AAGTTGAATTGGCTTTGGGTATCAACTCTGAATACACTAAGAGAACATTGATGAGATTGCATCCAAACATCAAGGTTATGAGACATCCAG
ATCATGTTTCTTCAACAGTTTATTTGTGGGCTCATCATGAAAAATTGGTTATCATCGATCAATCAGTTGCTTTCGTTGGTGGTATTGATTT
GGCATACGGTAGATGGGATGATAACGAACATAGATTGACTGATGTTGGTTCTGTTAAGAGAGTTACATCTGGTCCATCATTGGGTTCTTT
ACCACCAGCTGCAATGGAATCAATGGAATCTTTGAGATTGAAGGATAAGAACGAACCAGTTCAAAACTTGCCAATCCAAAAGTCAATCG
ATGATGTTGATTCTAAATTGAAGGGTATCGGCAAGCCAAGAAAGTTCTCAAAGTTCTCTTTGTACAAACAATTGCATAGACATCATTTGC
ATGATGCAGATTCAATTTCTTCAATCGATTCTACTTCTTCATACTTCAATCATTACAGATCACATCATAATTTAATTCATGGTTTGAAGCC
ACATTTCAAATTGTTCCATCCATCTTCAGAATCTGAACAAGGTTTAACTAGACCACATGCTGATACAGGTTCAATTAGATCATTGCAAAC
TGGTGTTGGTGAATTACATGGTGAAACAAGATTCTGGCATGGCAAGGATTACTGTAACTTCGTTTTCAAGGATTGGGTTCAATTGGATAA
GCCATTCGCAGATTTCATCGATAGATACTCTACTCCAAGAATGCCTTGGCATGATATTGCTTCAGCAGTTCATGGTAAAGCTGCAAGAG
ATGTTGCTAGACATTTTATTCAAAGATGGAACTTCACAAAGATCATGAAGTCTAAGTACAGATCATTGTCATACCCATTTTTGTTACCAAA
ATCACAAACTACAGCTCATGAATTAAGATACCAAGTTCCAGGTTCTGTTCATGCAAATGTTCAATTGTTAAGATCAGCTGCAGATTGGTC
TGCTGGTATCAAGTACCATGAAGAATCTATCCATGCTGCATACGTTCATGTTATTGAAAATTCAAGACATTACATCTACATCGAAAACCA
ATTTTTCATTTCTTGTGCAGATGATAAGGTTGTTTTCAACAAGATTGGTGATGCTATTGCACAAAGAATTTTGAAAGCTCATAGAGAAAAC
CAAAAGTACAGAGTTTACGTTGTTATTCCATTGTTACCAGGTTTTGAAGGTGATATTTCTACTGGTGGTGGTAACGCTTTGCAAGCAATC
ATGCATTTCAATTACAGAACAATGTGTAGAGGTGAAAATTCAATCTTGGGTCAATTGAAAGCAGAATTGGGTAACCAATGGATCAACTAC
ATTTCTTTTTGTGGTTTAAGAACTCATGCTGAATTAGAAGGCAATTTGGTTACAGAATTAATCTACGTTCATTCAAAATTGTTGATCGCTG
ATGATAACACTGTTATCATCGGTTCAGCAAACATCAACGATAGATCAATGTTGGGTAAAAGAGATTCAGAAATGGCTGTTATTGTTCAAG
ATACTGAAACTGTTCCATCAGTTATGGATGGTAAAGAATATCAAGCTGGTAGATTTGCAAGAGGTTTGAGATTGCAATGTTTCAGAGTTG
TTTTGGGTTACTTAGATGATCCATCTGAAGATATTCAAGATCCAGTTTCTGATAAGTTTTTCAAAGAAGTTTGGGTTTCTACTGCTGCAAG
AAATGCTACAATCTACGATAAGGTTTTCAGATGTTTGCCAAACGATGAAGTTCATAACTTGATCCAATTGAGAGATTTCATCAATAAACCA
GTTTTAGCTAAAGAAGATCCAATCAGAGCAGAAGAAGAATTGAAGAAAATTAGAGGTTTCTTGGTTCAATTCCCATTCTACTTTTTATCAG
AAGAATCTTTGTTGCCATCAGTTGGTACTAAAGAAGCTATTGTTCCAATGGAAGTTTGGACATAA
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VI.1.3.2. coPLDZ?

ATGACTGTTACACAAAAGAATTTGTTTCCATACGGTGATTACTTAAATTCTTCACAATTGCACATGGAACCAGATGAAGTTGATACTTTGA
GAGAAGGTGAAGATCCAGCAGATAGAATGCATCCATACTTGGCTATCTACGATTTGCAACCATTGAAAGCACATCCATTGGTTTTTGCT
CCAGGTGTTCCAGTTATTGCTCAAGTTGTTGGTACTGAAAGATATACATCTGGTTCAAAAGTTGGTACTTGTACATTATACTCTGTTAGAT
TGACTCATGGTGATTTTACATGGACTACTAAGAAAAAATTCAGACATTTCCAAGAATTACATAGAGATTTGCAAAGACATAAGGTTTTGAT
GTCATTGTTACCATTGGCAAGATTTGCTGTTACTCATTCTCCAGCTAGAGAAGCTGCAGCTGAAGATATTCCATCATTACCAAGAGGTG
GTTCTGAAGGTTCAGCAAGACATACAGCTTCTAAGCAAAAGTATTTAGAAAACTACTTGAATAGATTGTTAACTATGTCATTCTACAGAAA
CTACCATGCTATGACAGAATTTTTAGAAGTTTCTCAATTGTCATTTATCCCAGATTTAGGTTCAAAGGGTTTGGAAGGTGTTATTAGAAAA
AGATCAGGTGGTCATAGAGTTCCAGGTTTTACTTTTTGTGGTAGAGATCAAGTTTGTTACAGATGGTCAAAGAGATGGTTAGTTGTTAAG
GATTCATTTTTGTTGTACATGAGACCAGAAACAGGTGCTATTTCTTTTGTTCAATTGTTTGATCCAGGTTTTGAAGTTCAAGTTGGTAAAA
GATCAACTGAAACAAGATACGGTGTTAGAATCGATACTTCTCATAGATCATTAATCTTGAAATGTTCTTCATACAGACAAGCAAGATGGT
GGGGTCAAGAAATTACAGAATTGGCTCAAGGTTCTGGTAGAGATTTCTTGCAATTGCATCAACATGATTCTTATGCTCCACCAAGACCA
GGTACTTTAGCAAGATGGTTTGTTAATGGTGCTGGTTACTTTGCAGCTGTTGCAGATGCTATCTTGAGAGCACAAGAAGAAATTTTTATC
ACAGATTGGTGGTTGTCACCAGAAATTTATTTGAAGAGACCAGCACATTCTGATGATTGGAGATTAGATATTATGTTGAAGAGAAAAGCT
GAAGAAGGTGTTAGAGTTTCTATCTTGTTGTTCAAAGAAGTTGAATTAGCATTGGGTATCAACTCTGGTTACTCAAAGAGAACTTTGATGT
TGTTGCATCCAAACATCAAGGTTATGAGACATCCAGATTTAGTTACATTGTGGGCTCATCATGAAAAATTGTTAGTTGTTGATCAAGTTGT
TGCATTTTTGGGTGGTTTAGATTTGGCTTTTGGTAGATGGGATGATGTTCAATACAGATTGACTGATTTGGGTGATCCATCTGAACCAGT
TCATTTACAAACTCCAACATTGGGTTCAGATCCAGCAGCTACTCCAGATTTATCTCATAACCAATTTTTCTGGTTGGGCAAGGATTACTC
TAACTTGATCACAAAGGATTGGGTTCAATTGGATAGACCATTCGAAGATTTCATCGATAGAGAAACTACACCAAGAATGCCTTGGAGAGA
TGTTGGTGTTGTTGTTCATGGTGTTGCAGCTAGAGATTTAGCAAGACATTTCATCCAAAGATGGAACTTCACTAAGACTACAAAAGCTAG
ATACAAGACACCATTGTACCCATACTTGTTACCAAAATCTACTTCAACAGCAAACAACTTGCCATTCATGATTCCAGGTGGTCAATGTGC
TACTGTTCAAGTCTTAAGATCAGTTGATAGATGGTCAGCAGGTACTTTGGAAAATTCTATCTTGAACGCTTACTTGCATACAATCAGAGA
ATCACAACATTTCTTGTACATCGAAAACCAATTTTTCATCTCTTGTTCAGATGGTAGAACAGTTTTGAACAAGGTTGGTGATGAAATCGTT
GATAGAATTTTGAAAGCACATGAACAAGGTCAATGTTTCAGAGTTTATTTGTTATTGCCATTGTTGCCAGGTTTTGAAGGTGATATTTCTA
CTGGTGGTGGTAATTCTATCCAAGCTATCTTGCATTTCACATACTCATTGTGTTTGTTGCATCCATTTTTCTCTTTGAGAACTTTGTGTAG
AGGTGAACATTCTATCTTGCATAGATTGAAGGCAGCTATGGGTACTGCTTGGAGAGATTACATGTCTATTTGTGGTTTGAGAACACATGG
TGAATTGGGTGGTCATCCAATTTCTGAATTAATCTACATCCATTCAAAGATGTTGATCGCAGATGATAGAACTGTTATCATCGGTTCTGC
TAACATCAACGATAGATCATTATTGGGCAAGAGAGATTCTGAATTAGCTATCTTGATCAAGGATACAGAAATGGAACCATCTTTAATGGA
TGGTGTTGAATATCAAGCAGGTAGATTTGCTTTATCATTGAGAAAGCATTGTTTCTCTGTTATCTTGGGTGCTAACACTTGGCCAGATTTA
GATTTGAGAGATCCAGTTTGTGATGATTTCTTTCAATTGTGGCAAGAAACTGCAGAAAACAACGCTACAATCTACGAACAAATTTTTAGA
TGTTTGCCATCTAACGCAACTAGATCATTAAGAGCTTTGAGAGAATACGTTGCAGTTGAATCATTAGCTACAGTTTCTCCATCATTAGCA
CAATCTGAATTGGCTCATATTCAAGGTCATTTGGTTCATTTTCCATTGAAGTTTTTGGAAGATGAATCATTATTGCCACCATTAGGTTCTA
AAGAAGGTATGATTCCATTGGAAGTTTGGACATAA
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V1.2. Plasmid maps and nucleotide sequences of p416_GPD-coPLD1-
GFP and p416_GPD-coPLD2-GFP

VI.2.1. Plasmid maps of p416_GPD-coPLD1-GFP and p416_GPD-coPLD2-
GFP

p416_GDP-coPLD1-GFP p416_GDP-coPLD2-GFP

9714 bp 9324 bp

Figure 23. Plasmid maps for (A) p416_GPD-coPLD1-GFP (9714 bp) and (B) p416_GPD-coPLD2-GFP (9324
bp).

Important features shown include: CEN/ARS (S. cerevisiae CEN6 centromere fused to an autonomously replicating
sequence); AmpR (confers resistance to ampicillin, carbenicillin, and related antibiotics); GPD promoter (promoter for
glyceraldehyde-3-phosphate dehydrogenase); F1 ori (f1 bacteriophage origin of replication; arrow indicates direction of (+)
strand synthesis); URA3 (yeast auxotrophic marker); Plasmid maps were constructed using Benchling [Biology Software].

(2021)
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VI.2.2. Predicted nucleotide sequence for PLDI-GFPin p416_GPD-coPLD1-
GFP
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GAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGG
AGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTG
TCACTACTTTCACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAG
GTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTA
ATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATA
CATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACC
ATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGAT
CCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAACACCA
TCACCATCACCATTAG

VI.2.3. Sequencing results for PLD1-GFPin p416_GPD-coPLD1-GFP

The p416_GPD-coPLD1-GFP construct was sequenced by Eurofins genomics using primers
pGPD-co-hPLD1-GFP-fw and 1114_GFP-R. The plasmid was premixed with each primer individually

according to Eurofins genomics directions.
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VI.2.3.1. p416_GPD-coPLD1-GFP + pGPD-co-hPLD1-GFP-fw
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22 ——mmmmemem -AAAGATTGCTGCAGATATGTCAAACATCATCGAAAATTTGGATACAAGAGAATTACATTTCGAAGGTGAAGAAGTTGA

* * * * * * *

* * * * * * * *

3601 t
CLLLEETLELCEECECLCETECLEL L L LT LEL L TEEEL LT

* * * * *

* * * * * * * *

3701W3
I CLCCEELEEL LD ETEECLEE LT LT TTE T
G T

CLELTELTEETELCHT LT
212 TGTCCAATCAAGGCTCAAGTTTTAGAAGTTGARAGATTCACTTCAACTACAAGAGTTCCATCTATCAACTTGTACACTATCGAATTAACACATGE
* * * * *

* * * *
* * * * * * * *

3801

* * * * * * *

* * * * * * * *

CCCCELEECLTETETECETELELCECECE T ECLELEEEEEEEEE LTI LT

412 ACATACATTCAGAAGACAAAACGTTAGAGAAGAACCAAGAGAAATGCCATCTTTGCCAAGATCATCTGAAAACATGATCAGAGAAGAACAATTCTTGGG!
*

* * * * * * *

* * * * * * * *

4001 agaagaaagcaattggaagattacttgacaaaaattttgaaaatgccaatgtacagaaactaccatgcaactacagaatttttggatatttcteaattat

CCLELEELELELELTELTLTTTL L

CPELLECEEEECETEEEECEECECT TP TL LT [1]]
512 AGAAGAAAGCAATTGGAAGATTACTTGACAAAAATTTTGAAAATGCCAATGTACAGARACTACCATGCAACTACAGAATTTTTGGATATTTCTCAATT!

* * * * * * * *
* * * * * * * *
4101
CCCCEELCELTEECELEECCECEEEELEEEE LT EE PP T LT CET LT CE LT LT
612 CATTTATCCATGATTTGGGTCCAAAGGGTATCGAGGGTATGATCATGAAGAGATCAGGTGGTCATAGAATACCAGGTTTGAATTGTTGTGGTCAA
* * * * * * * *
* * * * * * * *
4201

CCLCLLELELETLEEELT T ITELTTETELT L | [T

[LTTTTTELT | [LTCTTLEETETITL
712 AGCTTGTTACAGATGGTCTAAGAGATGGTTGATCGTTAAGGATTCATTTTTGTTGTACATGAAACCAGATTCTGGTGCTATTGCATTTGTTITGTTAG!

* * * * * 2 * *

* * * * * * * *

4301 gataaggaatttaagatcaaagttggtaaaaaagaaactgaaacaaaatatggtattagaattgataatttatcaagaactttgattttaaaatgtaatt
FLELELLTTL T
GA

|
CTTTGATTTTAAAATGTAA
*

CECEELEECCEEPELEPECEEEC TR E PP TP PR TP EEELFE
812 GATAAGGAATTTAAGATCAAAGTTGGTAAAAAAGARACTGARACAAAATATGGTATTAGAATTGATAATTTATCAAGAA
* * * * * * * *

* * * * * * * *

4401 cttacagacatgctagatggtggggtggtgcaattgaagaatttatccaaaagcatggtacaaatttcttgaaggateatagatttggttcttatgetge
[T
GA'

[T LTI [ETHTELTTITT [T
912 CTTACAGACATGCTAGATGGTGGGGTGGTGCAATTGAAGAATTTATCCARAAGCATGGTACAAATTTCTTGAAGGATCATAGATTTGE

[T LTI [1]]

* * * * * * * *

* * * * * * * *

LCLCLEEEEELEELETETT LT | 1]
Al

4501

* * * * * * * *

*

* * * * * * * *
4600

NN

G

1112

:
:
g

*

*

| | | [l [ [T
112 TCCATCAGATCCAAAGATCCAAGAAGTTTACATCCCATTCTCAGCAATCTACAACACTCAAGGTTTCAAGGAACCARACATCCAAACATACTTGTCTGE
* * *

*

*

ttaagtggcaagttaagagaaagttcaageatttccaagaatttcatagagaattgttaaaatataaagcatttatcagaataccaatcecaactagaag
CLLCLCELEEELECEETECECEECEECECEEEE LT EEEEE LT CECEEEE L LT LT

312 TTAAGTGGCAAGTTAAGAGAAAGTTCAAGCATTTCCAAGAATTTCATAGAGAATTGTTAAAATATAAAGCATTTATCAGAATACCAATCCCAACTAGAAG
*

*

*

*

*

*

*

[1] | CLELPELTEETETTTLTEL T FLTELTEGT LTI
1012 AATCCAAGARAACGCTTTAGCAAAGTGGTATGTTAACGCAAAGGGTTACTTCGAAGATGTTGCTARAGCAATGGAAGAAGCTAACGAAAGARATTTTTAT
* *

*

Figure 24. DNA Alignment of the p416_GPD-coPLD1-GFP predicted sequence with results

sequencing the p416_GPD-coPLD1-GFP plasmid using primer pGPD-co-hPLD1-GFP-fw
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Regions highlighted in red show the DNA sequence for coPLD1 and regions highlighted in blue show DNA sequence for the

GPD promoter. The alignment was performed using the ApE program (v 2.0.60).
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VI.2.3.2. p416_GPD-coPLD1-GFP + 1114_GFP-R

%* * * * * * * * *

5601—5700
FCLLCLELLEEETETTTTLTL
'CA

CEEERLLEEELTTLLLEETTE LT
1091 TCATGAATTAAGATACCAAGTTCCAGGTTCTGTTCATGCARATGTTCAATTGTT 1038

* * * * * *

*

* * * * * * * * *

5701m5800
| NN

[[T1T]
1037 AAGATCAGCTGCAGATTGGTCTGCTGGTATCAAGTACCATGAAGAATCTATCCATGCTGCATACGTTCATGTTATTGAAAATTCAAGACATTACATCTAC 938

* * * * * * * * * *

*

* * * * * * * * * *
5801 5900
[LEECCLELEEECE T EEEE TN EE T EETECEE LT CE T EELLEE T C LT TN
937 ATCGAARACCAATTTTTCATTTCTTGTGCAGATGATAAGGTTGTTTTCAACAAGATTGGTGATGCTATTGCACARAGAATTTTGAAAGCTCATAGAGAAA 838
* * * * * * * * * *
* * * * * * * * * *
5901 6000

PLCECRPTELCEELCEELCPLEEEEEEC L L CTEEPCLEEE LT EEECE LT LT T EE LT TP LT LT
837 ACCAAAAGTACAGAGTTTACGTTGTTATTCCATTGTTACCAGGTTTTGAAGGTGATATTTCTACTGGTGGTGGTAACGCTTTGCAAGCARTCATGCATTT 738

* * * * * * * * * *

* * * * * * * * *

6001m6100
CCLCCLEEEEETTTTEEETECEL T [111 [11] [TIT111]
GG

[11] [TTTTIITI CEPEETTETTTCCEECCELEEEEL LTI
737 CAATTACAGAACAATGTGTAGAGGTGAAAATTCAATCTTGGGTCAATTGAAAGCAGAATTGGGTAACCAATGGATCAACTACATTTCTTTTTGTGGTTTA 638
* * * * *

*

* * * * *

* * * * * * * * * *
6101 agaactcatgctgaattagaaggcaatttggttacagaattaatctacgttcattcaaaattgttgatcgctgatgataacactgttatcateggttcag 6200
LCLCTTTTTTTTEL T CECLTETTTETLLTIT LTI

FELLCLLLLTELTEELLETEETTLETLELT FELLLELTTTTTT LTI [
637 AGAACTCATGCTGAATTAGAAGGCAATTTGGTTACAGAATTAATCTACGTTCATTCAAAATTGTTGATCGCTGATGATAACACTGTTATCATCGGTTCAG 538
* * * * * * * * * *

* * * * * * * * *
6201 6300
| FELLLLTTTTT FECLLCLEEEE TP EEEEL UL L EE T TEEELLTT LT |

[IT11 [111 |
‘AAAAGAGATTCAGAAATGGCTGTTATTGTTCAAGATACTGAAACTGTTCCATCAGTTATGGATGGTAAAGA 438
* *

* * * * *

*

§
g
E
g
=
=

537

* *

* * * * * * * * *

6301W6400
Ao

| | | [TTTT1
437 ATATCAAGCTGGTAGATTTGCAAGAGGTTTGAGATTGCAATGTTTCAGAGTTGTTTTGGGTTACTTAGATGATCCATCTGAAGATATTCAAGATCCAGTT 338
* * * * * * * * * *

*

* * * * * * * * * *
6401 tctgataagtttttcaaagaagtttgggtttctactgctgcaagaaatgctacaatctacgataaggttttcagatgtttgecaaacgatgaagttcata 6500
FCVLLLECTLEEEEEPEEETEEETEEREEEEECCEE LT EEEEEEEEEELEEETELEEEEEEE LT LT T EETETTT LT
337 TCTGATAAGTTTTTCAAAGAAGTTTGGGTTTCTACTGCTGCAAGAAATGCTACAATCTACGATAAGGTTTTCAGATGTTTGCCAAACGATGAAGTTCATA 238
* * * * * * * * * *
* * * * * * * * *

6501 6600

*

FLLLCTLLLELELLELEELLE L EEEETTEE LT L EEEEEEELL L EEEEE T T L L L ELELLE LT
237 ACTTGATCCAATTGAGAGATTTCATCAATAAACCAGTTTTAGCTAAAGAAGATCCAATCAGAGCAGAAGAAGAATTGAAGAAAATTAGAGGTTTCTTGGT 138

* * * * * * * * * *

* * * * * * * * *

6601 Wmmmm 6700
COLCCUCEEEEETTECEEEEEE R EEEEEEEEE TP LEEEEE LT TEEEELLL LT ] ] [T

[ [11 [LITTIT]
137 TCAATTCCCATTCTACTTTTTATCAGAAGAATCTTTGTTGCCATCAGTTGGTACTAAAGAAGCTATTGTTCCAATGGAAGTTTGGACAGAATTCGATATC 38

* * * * * * * * * *

*

* * * * * * * * * *
6701 AAGCTTGTCGACatgag g tggagttgtcccaattettgttgaattagat: atgttaa tca 6800
PECLCCECLPEEEEETTTEEETETT LT T
37 AAGCTTGTCGACATGAGTAAAGGAGAAGAACTTT-C 3

* * *

Figure 25. DNA Alignment of the p416_GPD-coPLD1-GFP predicted sequence with results obtained by
sequencing the p416_GPD-coPLD1-GFP plasmid using primer 1114_GFP-R

Regions highlighted in red show the DNA sequence for coPLD1 and regions highlighted in green show DNA sequence for GFP.
The alignment was performed using the ApE program (v 2.0.60).
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VI.2.4. Predicted nucleotide sequence for PLD2-GFP in p416_GPD-coPLD2-
GFP

ATGACTGTTACACAAAAGAATTTGTTTCCATACGGTGATTACTTAAATTCTTCACAATTGCACATGGAACCAGATGAAGTTGATACTT
TGAGAGAAGGTGAAGATCCAGCAGATAGAATGCATCCATACTTGGCTATCTACGATTTGCAACCATTGAAAGCACATCCATTGGTTTTT
GCTCCAGGTGTTCCAGTTATTGCTCAAGTTGTTGGTACTGAAAGATATACATCTGGTTCAAAAGTTGGTACTTGTACATTATACTCTGTT
AGATTGACTCATGGTGATTTTACATGGACTACTAAGAAAAAATTCAGACATTTCCAAGAATTACATAGAGATTTGCAAAGACATAAGGTTT
TGATGTCATTGTTACCATTGGCAAGATTTGCTGTTACTCATTCTCCAGCTAGAGAAGCTGCAGCTGAAGATATTCCATCATTACCAAGAG
GTGGTTCTGAAGGTTCAGCAAGACATACAGCTTCTAAGCAAAAGTATTTAGAAAACTACTTGAATAGATTGTTAACTATGTCATTCTACA
GAAACTACCATGCTATGACAGAATTTTTAGAAGTTTCTCAATTGTCATTTATCCCAGATTTAGGTTCAAAGGGTTTGGAAGGTGTTATTAG
AAAAAGATCAGGTGGTCATAGAGTTCCAGGTTTTACTTTTTGTGGTAGAGATCAAGTTTGTTACAGATGGTCAAAGAGATGGTTAGTTGT
TAAGGATTCATTTTTGTTGTACATGAGACCAGAAACAGGTGCTATTTCTTTTGTTCAATTGTTTGATCCAGGTTTTGAAGTTCAAGTTGGT
AAAAGATCAACTGAAACAAGATACGGTGTTAGAATCGATACTTCTCATAGATCATTAATCTTGAAATGTTCTTCATACAGACAAGCAAGAT
GGTGGGGTCAAGAAATTACAGAATTGGCTCAAGGTTCTGGTAGAGATTTCTTGCAATTGCATCAACATGATTCTTATGCTCCACCAAGA
CCAGGTACTTTAGCAAGATGGTTTGTTAATGGTGCTGGTTACTTTGCAGCTGTTGCAGATGCTATCTTGAGAGCACAAGAAGAAATTTTT
ATCACAGATTGGTGGTTGTCACCAGAAATTTATTTGAAGAGACCAGCACATTCTGATGATTGGAGATTAGATATTATGTTGAAGAGAAAA
GCTGAAGAAGGTGTTAGAGTTTCTATCTTGTTGTTCAAAGAAGTTGAATTAGCATTGGGTATCAACTCTGGTTACTCAAAGAGAACTTTG
ATGTTGTTGCATCCAAACATCAAGGTTATGAGACATCCAGATTTAGTTACATTGTGGGCTCATCATGAAAAATTGTTAGTTGTTGATCAAG
TTGTTGCATTTTTGGGTGGTTTAGATTTGGCTTTTGGTAGATGGGATGATGTTCAATACAGATTGACTGATTTGGGTGATCCATCTGAAC
CAGTTCATTTACAAACTCCAACATTGGGTTCAGATCCAGCAGCTACTCCAGATTTATCTCATAACCAATTTTTCTGGTTGGGCAAGGATT
ACTCTAACTTGATCACAAAGGATTGGGTTCAATTGGATAGACCATTCGAAGATTTCATCGATAGAGAAACTACACCAAGAATGCCTTGGA
GAGATGTTGGTGTTGTTGTTCATGGTGTTGCAGCTAGAGATTTAGCAAGACATTTCATCCAAAGATGGAACTTCACTAAGACTACAAAAG
CTAGATACAAGACACCATTGTACCCATACTTGTTACCAAAATCTACTTCAACAGCAAACAACTTGCCATTCATGATTCCAGGTGGTCAAT
GTGCTACTGTTCAAGTCTTAAGATCAGTTGATAGATGGTCAGCAGGTACTTTGGAAAATTCTATCTTGAACGCTTACTTGCATACAATCA
GAGAATCACAACATTTCTTGTACATCGAAAACCAATTTTTCATCTCTTGTTCAGATGGTAGAACAGTTTTGAACAAGGTTGGTGATGAAAT
CGTTGATAGAATTTTGAAAGCACATGAACAAGGTCAATGTTTCAGAGTTTATTTGTTATTGCCATTGTTGCCAGGTTTTGAAGGTGATATT
TCTACTGGTGGTGGTAATTCTATCCAAGCTATCTTGCATTTCACATACTCATTGTGTTTGTTGCATCCATTTTTCTCTTTGAGAACTTTGT
GTAGAGGTGAACATTCTATCTTGCATAGATTGAAGGCAGCTATGGGTACTGCTTGGAGAGATTACATGTCTATTTGTGGTTTGAGAACAC
ATGGTGAATTGGGTGGTCATCCAATTTCTGAATTAATCTACATCCATTCAAAGATGTTGATCGCAGATGATAGAACTGTTATCATCGGTT
CTGCTAACATCAACGATAGATCATTATTGGGCAAGAGAGATTCTGAATTAGCTATCTTGATCAAGGATACAGAAATGGAACCATCTTTAA
TGGATGGTGTTGAATATCAAGCAGGTAGATTTGCTTTATCATTGAGAAAGCATTGTTTCTCTGTTATCTTGGGTGCTAACACTTGGCCAG
ATTTAGATTTGAGAGATCCAGTTTGTGATGATTTCTTTCAATTGTGGCAAGAAACTGCAGAAAACAACGCTACAATCTACGAACAAATTTT
TAGATGTTTGCCATCTAACGCAACTAGATCATTAAGAGCTTTGAGAGAATACGTTGCAGTTGAATCATTAGCTACAGTTTCTCCATCATT
AGCACAATCTGAATTGGCTCATATTCAAGGTCATTTGGTTCATTTTCCATTGAAGTTTTTGGAAGATGAATCATTATTGCCACCATTAGGT
TCTAAAGAAGGTATGATTCCATTGGAAGTTTGGACAGAATTCGATATCAAGCTTGTCGACATGAGTAAAGGAGAAGAACTTTTCACTGGA
GTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGG
AAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCACTTATGGTGTTCAATG
CTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTT
CAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTT
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TAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGG
AATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGA
TGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTC
CTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAACACCATCACCATCACCATTAG

VI.2.5. Sequencing results for PLD2-GFPin p416_GPD-coPLD2-GFP

The p416_GPD-coPLD2-GFP construct was sequenced by Eurofins genomics using primers
pGPD-co-mPLD2-GFP-fw and 1114_GFP-R. The plasmid was premixed with each primer individually

according to Eurofins genomics directions
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VI.2.5.1. p416_GPD-coPLD2-GFP + pGPD-co-mPLD2-GFP-fw

* * * * * * * * * *
3401 ttagtcttttttttagttttaaaacaccagaacttagtttcgacggatTCTAGAACTAGTGGATCCatgactgttacacaaaagaatttgtttccatacg 3500

11 TACG 14
* * * * * * * * * *
3501 tt gttga 99 3600
I|||II|||||I|||||III||III|||IIIIIIIIIIIIlIIIIIIIIIII|III|||I|II||||||III|I|I||III||I|I|||||II||||
15 GTGATTACTTAAATTCTTCACAATTGCACA' GGMCCAGATGMGTTGATACTTTGAGAGAAGGTGMGATCCAGCAGATAGAATGCATCCATAC'I‘TGGC 114
* * * * * * * * * *
* * * * * * * * * *
3601 Iigg g ggtg gttattg tat tggt 3700
IIII||||||IIIIIIIIIIIIIIIIIIIIIIII II CELCEELLERTTEELEEETEEETLTET ] I II||||IIIIIIIIIIIIIIIIIIIIIII
115 T 'GGTTTTTGCTCCAGGTGTTCCAGTTATTGCTCAA T 214
* * * * * * * * * *
* * * * * * * * * *
3701 ¢ ag g t gttaga tgattttacatgg a 3800
NN nnmnnnm
215 TCAAAAGTTGGTACTTGTACATTATACTCTGTTAGATTGACTCATGGTGATTTTACATGGACTACTAAGAAAAAATTCAGACATTTCCAAGAATTACATA 314
* * * * * », * * * *
* * * * * * * * * *
3801 gag gtt ggcaagatttgctgtt g 3900
I IIIlIIIIIIIIIIIIIIIIIII
315 GAGATTTGCAAAGACATAAGGTTTTGATGTCATTGTTACCATTGGCAAGATTTGCTGTTACTCATTCTCCAGCTAGAGAAGCTGCAGCTGAAGATATTCC 414
* * * * * * * * * *
* * * * * * * * * *
3901 a g9 ta t gaatagattgttaactatg 4000
I|||III|||||I|||IIIII||II | FEETLEETEEEERCETEE R PR EECEEEEE TR EE LT LT T
415 A GGTTCAGCAAGACATACAGCTTCTAAGCAAAAGTATTTAGAAAACTACTTGAATAGATTGTTAACTATGTCATTC 514
* * * * * * * * * *
* * * * * * * * * *
4001 u..a......, gggtttggaaggtgttatt 4100
llIIIIIIII|IIIIIIIIIIIIIIIIIIII[IIIIIIII [1] I|I|I I ||||||IlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
515 TACAGAAACTACCATGCTATGACAGAATTTTTAGAAGTTTCTCAATTGTCATTTATCCCAGATTTAGGTTCAA TTT AGGTGTTATTAGAA 614
* * * * * * * * * *
* * * * * * * * * *
4101 gat 99 gttgtt tttt 4200
| [11]

| [l CEEETCC T
615 GATCAGGTGGTCATAGAGTTCCAGGTTTTACTTTTTGTGGTAGAGATCMGTTTGTTACAGAT TCAAAGAGATGGTTAGTTGTTAAGGATTCATTTTT 714
* * * * * * * *

* * * * * * * * *

*

4201 g g tac 4300
IIIIIIII||IIII|||IIIIIIIIIIIIIIlIIIIIIIlllllIIIIIIIlIIIIIIIl|||IIIIIIIIIIIIII||IIII|||IIIII|IIIIIIII
715 @G \GACCAGAAACAGGTGCTATTTCTTTTGTTCAATTGTTTGATCCAGGTTTTGAAGTTCAAGTTGGTAAAAGATCAACTGAAACAAGATAC 814
* * * * * * * * * *
* * * * * * * * * *
4301 ggtg g tca g gatggtgggg tt ag 4400
IIIIIIII||IIII|||IIIIIIIIIIIIIIlIIIIII||IIIIIIIIIIIIIIIIIIIII||IIIII!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
815 GGTGTTAGAATCGATACTTCTCATAGATCATTAATCTTGAAATGTTCTTCATACAGACAAGCAAGATGGTGGGGTCAAGAAATTACAG. G 914
* * * * * * * * *
* * * * * * * * * *
4401 g tgattctta gg g g ggtgctgg 4500
CCCLCLTCECTCCCECT DD EEEECCCEECEECECTCECE O T ECEEECCECE T CTT LTI ET T
915 GTTCTGGTAGAGATTTCTTGCAATTGCATCAACATGATTCTTATGCTCCACCAAGACCAGGTACTTTAGCAAGATGGTTTGTTAATGGTGCTGGTTACTT 1014
* * * * * * * * * *
* * * * * * * * * *
4501 t atct tttt ttggtggttg ttatt g tct 4600
IIIIIII|||IIII||IIIIIIIIIIIIII|lIIIIII|IlIIIIIIIIIIIIIIIIIIIIII CCPUUELETEELEELETERTELEEL LT
1015 TGCAGCTGTTGCAGATGCTATCTTGAGAGCACAAGAAGAAATTTTTATCACAGATTGGTGGTTGTCACCAGAAATTTATTTGAAGAGACCAGCACATTCT 1114
* * * * * * * * * *
* * *
4601 gatgattggagattagatattatgttgaaga aaugctgaaga %aqa tttctatcttgttgttcaaagaagttgaattagcattgggtatca 4700
I|IIIIII||IIIII||IIIIIIIIIIIIII||III|I|ll|||I “
1115 G 1160

Figure 26. DNA Alignment of the p416_GPD-coPLD2-GFP predicted sequence with results obtained by
sequencing the p416_GPD-coPLD2-GFP plasmid using primer pGPD-co-mPLD2-GFP-fw

Regions highlighted in yellow show the DNA sequence for coPLDZ2 and regions highlighted in blue show DNA sequence for the
GPD promoter. The alignment was performed using the ApE program (v 2.0.60).
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VI.2.5.1. p416_GPD-coPLD2-GFP + 1114_GFP-R

* * * * * * * * * *

5201 ccatacttgttaccaaaatctacttcaacagcaaacaacttgccattcatgattccaggtggtcaatgtgctactgttcaagtcttaagatcagttgata 5300

B[ LLTEEELLEETCTTEE R ETEETTTEET I
1125 TTCAACAGCAAACAACTTGCCCTTCATGATTCCAGGTGGTCAATGTGCTACTGTTCAAGTCTTAAGATCAGTTGATA 1049
*

* * * * * * *

* * * * * * * * * *

5301 gatggtcagcaggtactttggaaaattctatcttgaacgcttacttgcatacaatcagagaatcacaacatttcttgtacatcgaaaaccaatttttcat 5400

FECCELUEEECEEEELEEEEEE T EEEEELEEEEEEEEEE PP LT LLEEEEEEE LT

1048 GATGGTCAGCAGGTACTTTGGAAAATT TATCTTGAACGCTTACTTGCATACAATCAGAGAATCACAACATTTCTTGTACATCGAAAACCAATTTTTCA 949

* * * w, * * * *
* * * * * * * * * *
5401 ¢ gttcagatggtagaacagttttgaacaaggttggtgatgaaatcgttgatagaattttgaaagcacatgaacaaggtcaatgtttcagagtttat 5500
|I|l|II|||||l|||||||I||I|||||II||||Il|||||HI|I|||1|I||ll||I|I|||||||II|III|I|||||III||||l|I|I|l|II|
948 C CAGATGGTAGAACA ' TTTTGAACAA( TGATGAAATCGT’I‘GATAGAATTTTGAAAGC TGAACAAGGTCAA' TGTTTCAGAGTTTAT 849
* * * * * *

* * *
5501 ttgttattgccattgttgccaggttttgaaggtgatatttctactggtggtggtaattctatccaagectatcttgcatttcacatactcattgtgtttgt 5600
L1111

|||I|I||||||I|||||||I||I | |I|||l|I|IIIII|||||l|I||ll|I||||||||||||||I||I||I|||||||||||I|I|II||I

848 TTGTTATTGCCATTGTTGCCAGG TTGMGGTGATATTTCTACTGGTGGTGGTAATTCTATCCMGCTATCTTGCATTTCACATACTCATTGTGTTTG 749

* * * * * * *

* * * * *
* * * * * * * * * *
5601 t tctttgagaactttgtgtagaggtgaacattctatcttgcatagattgaaggcagectatgggtactgettggagagattacatgte 5700
||l|II|I|III|I|lI|||I|I|II||IIII||II|I|I|III|II||lIIIIllIII|I|||||IIlI|I|||I|II||II|I|||||I|I|III|I
748 TG GAGAACTT‘I‘GTGTAGAGGTGAACATTCTATCTTGCATAGATTGAAGGCAGCTATGGGTAC TGGAGAGATTACATGTC 649
* * * * * *
* * * * * * * * * *

5701 tatttgtggtttgagaacacatggtgaattgggtggtcatccaatttctgaattaatctacatccattcaaagatgttgatcgcagatgatagaactgtt 5800

|||lI|I|I|||I|I|II||I||I||I||I]|||||III|||HI|I||Il||||l]||I|II|||||||IIHI|I|I||||I|I|||l|||||ll|||

648 TATTTGTGGTTTGAGAACACATGGTGAATTGGGTGGTCATCCAATTTCTGAATTAATCTACATCCATTCAAAGATGTTGATCGCAGATGATAGAACTGTT 549
* * * * * * * * * *
* * * * * * * * * *

5801 gagagattctgaattagctatcttgatcaaggatacagaaatggaaccatctttaa 5900
II|I|II|I|I|||I|lI||I||I|II||I||I|||||I|I|IlI|I|||I|II|IlIII|I|I|||I||I|III|I|I|||II|I|||||I|I|[IIII

548 A GATTCTGAATTAGCTATCTTGATCAAGGATACAGAAATGGAACCATCTTTAA 449
* * * * * * * * *
* . * * w * * »: * *

5901 tggatggtgttgaatatcaagcaggtagatttgctttatcattgagaaagcattgtttctctgttatcttgggtgctaacacttggccagatttagattt 6000

FETEECECTEET PR P T TEET PR E LR EEE T EEEEEEEEE L CT L DL T LT P L LT PTEEE T
448 TGGATGGTGTTGAATATCAAGCAGGTAGATTTGCTTTATCATTGAGAAAGCATTGTTTCTCTGTTATCTTGGGTGCTAACACTTGGCCAGATTTAGATTT 349

* * * * * * * * * *

* * * * * * * * * *
6001 gagagatccagtttgtgatgatttctttcaattgtggcaagaaactgcagaaaacaacgctacaatctacgaacaaatttttagatgtttgeccatctaac 6100

|||l||I|I||||||||I||II|I|I|||I|II|| [Ny
CAAA c

FELLETEEELETLETETTTLLT
348 GAGAGATCCAGTTTGTGATGATTTCTTTCAA' GGCAAGAAACTGCAGAAAACAACGCTACAATCT CGAA

TTTTTAGATGTTTGCCATCTAAC 249
* * * * * * * * * *
* * * * * * * * * *
6101 g tacg gttgaatcattagctacagtttctccatcattagcacaatctgaattggctcatattcaag 6200
||I|II|IIII||IIII||II|I|II||I|II||I|II|IIIII|II||||II||IIII|IIII||IIII||II|I|II||I|II||I|II|IIIII|I
248 GCAACTAGATCATTAAGAGCTTTGAGAGAATACGTTGCAGTTGAATCATTAGCTACAGTTTCTCCATCATTAGCACAATCTGAATTGGCTCATATT G 149
* * * * * * * *
* * * * * * * * * *
6201 gtcatttggttcattttccattgaagtttttggaagatgaatcattattg ttaggttct gtatgattccattggaagtttggacaGA 6300
I||l|II|I|IIl|I|II||I||I|II||IIII||I||I|IIlll|II||l|II|llIII|IIII||I|II|III|I|II||I|II|||||I|IIHI|I
148 GTCATTTGGTTCATTTTCCATTGAAGTTTTTGGAAGATGAATCATTATTGCCACCATTAGGTTCTAAAGAAGG CATTGGAAGTTTGGACAGA 49
* * * * * * * * * *
* * * * * * * * * *
6301 A AAGCTTGTCGACatgagtaa agaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaa 6400
I||1|II|I|III|IIII||II|I|II||I|II||IIII|II_
48 A TGTCGACATGAGTAAAGGAGAAGAA-T 8
* * *

Figure 27. DNA Alignment of the p416_GPD-coPLD2-GFP predicted sequence with results obtained by
sequencing the p416_GPD-coPLD2-GFP plasmid using primer 1114_GFP-R

Regions highlighted in yellow show the DNA sequence for coPLD2 and regions highlighted in green show DNA sequence for
the GFP. The alignment was performed using the ApE program (v 2.0.60).
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VI.3. PCR cycling conditions

VI.3.1. Construction of SP0O14 deletion

The KanMX cassette was amplified by PCR from strain IRO4 (see Table 2 in Chapter II-Materials and
methods) using primers primerA-spol4-del and primerD-spol4-del (see Table 3 in Chapter I-Materials
and methods). Reagents were prepared according to the manufacturers’ suggested protocol for
Phusion™ High-Fidelity DNA Polymerase (Thermo Scientific). The cycling conditions were chosen

according to the WebPCR online software (http://bjornfiohansson.pythonanywhere.com/pcr) and the

enzyme manufacturers’ protocol - Table 5.

Table 5. Cycling conditions for amplification of KanMX cassette from IR04 using Phusion™ High—Fidelity

DNA Polymerase (Thermo Scientific)

Initial denaturation 98 °C for 30 seconds 1x
Denaturation 98 °C for 10 seconds

Annealing 60 °C for 30 seconds 30 x
Extension 72 °C for 30 seconds

Final extension 72 °C for 10 minutes 1x

For the colony PCR for integration of the KanMX in the SP0O14 locus primers K3 and primerD-spol14-
del were used (see Table 3 in Chapter lI-Materials and methods). Reagents were prepared according to
the protocol described in Chapter Il-Materials and methods (see 1.5 Colony PCR). The cycling
conditions were chosen according to the WebPCR online software

(http://bjornfiohansson.pythonanywhere.com/pcr), with the exception of the initial denaturation step

where a longer incubation period was used - Table 6.

Table 6. Cycling conditions for colony PCR of integration of KanMX in the $P014locus

Initial denaturation 94 °C for 10 minutes 1x
Denaturation 94 °C for 30 seconds

Annealing 55 °C for 30 seconds 30 x
Extension 72 °C for 2 minutes

Final extension 72 °C for 10 minutes 1x
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The HygMX cassette was amplified by PCR from pAG32 (Table 4 in Chapter |l-Material and methods)
using 150_MX4fwd and 149_MX4rev (see Table 3 in Materials and methods). Reagents were prepared
according to the manufacturers’ suggested protocol for Phusion™ High-Fidelity DNA Polymerase
(Thermo Scientific). The cycling conditions were chosen according to the WebPCR online software

(http://bjornfiohansson.pythonanywhere.com/pcr) and the enzyme manufacturers’ protocol - Table 7.

Table 7. Cycling conditions for amplification of HygMX cassette from pAG32 using Phusion™ High—Fidelity

DNA Polymerase (Thermo Scientific)

Initial denaturation 98 °C for 30 seconds 1x
Denaturation 98 °C for 10 seconds

Annealing 59 °C for 30 seconds 30 x
Extension 72 °C for 30 seconds

Final extension 72 °C for 10 minutes 1x

For the colony PCR for integration of the HygMX in the SPOI4 locus primers 256_KanB and
primerA-spol4-del were used (see Table 3 in Chapter II-Materials and methods). Reagents were
prepared according to the protocol described in Chapter ll-Materials and methods (see 1l.5 Colony
PCR). The cycling conditions were chosen according to the WebPCR online software

(http://bjornfiohansson.pythonanywhere.com/pcr), with the exception of the initial denaturation step

where a longer incubation period was used - Table 8.

Table 8. Cycling conditions for colony PCR of integration of HygMX in the SP014 locus

Initial denaturation 94 °C for 10 minutes 1x
Denaturation 94 °C for 30 seconds

Annealing 50 °C for 30 seconds 30 x
Extension 72 °C for 1 minutes

Final extension 72 °C for 10 minutes Ix
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VI.3.2. Construction of p416_GPD-coPLD1-GFP and p416_GPD-coPLD2-
GFP

The codon-optimized PLDI and PLDZ genes were amplified by PCR from hPLD1_pUC57 and
mPLD2_PCCI-4K, respectively. PLDI was amplified using primers pGPD-co-hPLD1-GFP-fw plus pGPD-
co-hPLD1-GFP-rv (see Table 3 in Chapter II-Materials and methods) and PLD2 was amplified with
primers pGPD-co-mPLD2-GFP-fw plus pGPD-co-mPLD2-GFP-rv (see Table 3 in Chapter Il-Materials and
methods). Reagents were prepared according to the manufacturers’ suggested protocol for Phusion™
High-Fidelity DNA Polymerase (Thermo Scientific). The cycling conditions were chosen according to the

WebPCR online software (http://bjornfiohansson.pythonanywhere.com/pcr) and the enzyme

manufacturers’ protocol - Table 9.

Table 9. Cycling conditions for amplification of PLDI and PLD2 from hPLD1_pUC57 and mPLD2_PCCI-4K,
respectively using Phusion™ High—Fidelity DNA Polymerase (Thermo Scientific).

Initial denaturation 98 °C for 30 seconds Ix
Denaturation 98 °C for 10 seconds

Annealing 70.5 °C for 30 seconds 30 x
Extension 72 °C for 48 seconds

Final extension 72 °C for 10 minutes 1x

For the colony PCR for correct assembly of the desired genetic constructs primers pGPD-co-hPLD1-
GFP-fw and screening-hPLD1-rv for p416-coPLD1-GFP and pGPD-co-mPLD2-GFP-fw screening-mPLD2-
rv for p416-coPLD2-GFP (see Table 3 in Chapter II-Materials and methods). Reagents were prepared
according to the protocol described in Chapter [I-Materials and methods (see 1.5 Colony PCR). The
cycling  conditions  were chosen according to the WebPCR online  software

(http://bjornfiohansson.pythonanywhere.com/pcr), with the exception of the initial denaturation step

where a longer incubation period was used - Table 10.
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Table 10. Cycling conditions for colony PCR for correct assembly of p416_GDP-coPLD1-GFP and
p416_GPD-coPLD2-GFP

Initial denaturation 94 °C for 10 minutes 1x
Denaturation 94 °C for 30 seconds
Annealing 54 °C for 30 seconds 30 x
Extension 72 °C for 32 seconds
Final extension 72 °C for 10 minutes 1x
VI.3.3. Genomic integration of codon-optimized PLDI and PLDZin the

SPO14 locus of a mutant strain

The pRCC-K plasmid was amplified in three parts: the first fragment was amplified with primers
gRNA_HygMX4-FW and 253_KanC3 (see Table 3 in Chapter II-Materials and methods). The second
fragment was amplified with primers 473_MSW_rev and 576_pBR322_2 (see Table 3 in Chapter II-
Materials and methods). The third fragment was amplified with primers 196_pMEC_MX4_fwd and
gRNA_HygMX4-RV (see Table 3 in Chapter II-Materials and methods). Reagents were prepared
according to the manufacturers’ suggested protocol for Phusion™ High—Fidelity DNA Polymerase
(Thermo Scientific). The cycling conditions were chosen according to the WebPCR online software
(http://bjornfiohansson.pythonanywhere.com/pcr) and the enzyme manufacturers’ protocol - Table

11, Table 12 and Table 13.

Table 11. Cycling conditions for amplification of fragment 1 from pRCC-K using Phusion™ High—Fidelity
DNA Polymerase (Thermo Scientific)

Initial denaturation 98 °C for 30 seconds Ix
Denaturation 98 °C for 10 seconds

Annealing 58.9 °C for 30 seconds 35 x
Extension 72 °C for 2 minutes

Final extension 72 °C for 10 minutes 1x
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Table 12. Cycling conditions for amplification of fragment 2 from pRCC-K using Phusion™ High—Fidelity

DNA Polymerase (Thermo Scientific)

Initial denaturation 98 °C for 30 seconds 1x
Denaturation 98 °C for 10 seconds
Annealing 68 °C for 10 seconds 30 x
Extension 72 °C for 1 minute and 19 seconds
Final extension 72 °C for 10 minutes 1x

Table 13. Cycling conditions for amplification of fragment 3 from pRCC-K using Phusion™High—Fidelity DNA

Polymerase (Thermo Scientific)

Initial denaturation 98 °C for 30 seconds 1x
Denaturation 98 °C for 10 seconds

Annealing 58.5 °C for 10 seconds 30 x
Extension 72 °C for 31 seconds

Final extension 72 °C for 10 minutes 1x

The codon-optimized PLDI and PLD2 genes were amplifed by PCR from hPLD1_pUC57 and
mPLD2_PCCI-4K, respectively. PLDI was amplfied using primers primers Long-up-SPO14-hPLD1-FW
and Long-down-SPO14-hPLD1-RV (see Table 3 in Chapter Il-Materials and methods). PLDZ was
amplified with primers Long-up-SPO14-mPLD2-FW and Long-down-SPO14-mPLD2-RV (see Table 3 in
Chapter II-Materials and methods). Reagents were prepared according to the manufacturers’ suggested
protocol for Platinum™ [l Hot-Start DNA Polymerase (Thermo Scientific). The cycling conditions were

chosen according to the WebPCR online software (http://bjornfiohansson.pythonanywhere.com/pcr)

and the enzyme manufacturers’ protocol - Table 14 and Table 15.
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Table 14. Cycling conditions for amplification of PLD1 from hPLD1_pUC57 using Platinum™ Il Hot-Start

DNA Polymerase (Thermo Scientific)

Initial denaturation 94 °C for 2 minutes 1x
Denaturation 94 °C for 15 seconds
Annealing 55 °C for 30 seconds 30 x
Extension 68 °C for 1 minute
Hold 4 °C for 10 minutes 1x

Table 15. Cycling conditions for amplification of PLD2from mPLD2_PCCI-4K using Platinum™ Il Hot-Start

DNA Polymerase (Thermo Scientific)

Initial denaturation 94 °C for 2 minutes 1x
Denaturation 94 °C for 15 seconds
Annealing 60 °C for 30 seconds 30 x
Extension 68 °C for 1 minute
Hold 4 °C for 10 minutes Ix

For the colony PCR for integration of PLDI or PLD2Z in the SPO14 locus primers screening-down-
SPO14-rv and screening-hPLD1-fw (see Table 3 in Chapter Ill-Materials and methods) for PLDI and
screening-down-SPO14-rv and screeningmPLD2-fw (see Table 3 in Chapter [I-Materials and methods).
for PLD2 were used (see Table 3 in Chapter I-Materials and methods). Reagents were prepared
according to the protocol described in Chapter [I-Materials and methods (see 1.5 Colony PCR). The
cycling  conditions  were  chosen  according to the WebPCR online  software

(http://bjornfiohansson.pythonanywhere.com/pcr), with the exception of the initial denaturation step

where a longer incubation period was used - Table 16.
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Table 16. Cycling conditions for colony PCR of integration of PLD1 or PLD2in the SPO14locus

Initial denaturation

94 °C for 10 minutes 1x
Denaturation 94 °C for 30 seconds
Annealing 53 °C for 30 seconds 30 x
Extension 72 °C for 32 seconds
Final extension 72 °C for 10 minutes 1x
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