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Abstract

Dictyostelium discoideunis a good model organismo study a variety of celular
processeslts complete genome sequence is knd@ietybase.org).It has a unique life
style, with motile unicellular and multicellular stages, and muliple cell types (Annesley
and Fisher 2009)it is widely used to studychemotactic motiity andcytoskeletal
dynamics It is also used for studyingnolecular pathogenesis and treatment of human
disease Furthermore, sinceDictyostelium cells readily take up drugs, it has led to
identification of drug targets. 6r instance farnesyl diphosphate synthase was found
by use oD. discoideumto be the primary target bfsphosphonatalrugs that are widely
used to prevent and treat osteoporosis.

A major chalengewith this organism ighe difficulty of making targeted mutationby
homologous recombination. Itis difilt to generate targeting constructs because of the
high AT contents (77.4%) of its genome. Introduction tlid Clustered Regularly
Interspaced Short Palindromic Repeats system (CRISPR) Dntaliscoideum for
obtaining gene knockouts would therefore beeptially most helpful and herereport

on aur progress in setting this up.

Al previous investigations of the intracellular location of the fifsiur enzymes
involved in sterol biosynthesidrom farnesyl diphosphat€FDP) have found thathey
locate to the ER membrane in eayotic cells. Howeer, we provide strong evidence
that these enzymes are peroxisomal Dndiscoideum The frst step in thepathwayis
catalysed bysqualene synthaseSQS Surprisingly, (DdSQS) contains a typical
peroxisomal targting signal type 1 (PTS1). Al known PT8&bntaining proteins are
localized to the peroxisomal matrix whereas membrane proteins use a different pathway.
However, we found thatDdSQS behaves as a membrane protein. Interestiragyin

other organisms, thBdSQShasa Gterminal amino acid sequence potentially forming

a hydrophobic helxbut which in D. discoideums located immediately upstream of the
PTS1. Deletion of this helix does not affect peroxisomal targeting but does affect
DdSQS association withthe membrane and may therefore serve as a tail anchor.
Furthermore, the helix plays animportant roldorming a SQS homodimer. SQS is the

first example of a peroxisomal membrane protein that makes use of the PTS1 pathway
for its localization.



We have shown that the first four enzymes afterol biosynthesisfrom FDP are
associated with the peroxisomal miane by usingtructured ilumination microscopy.
This isa relatively new technique that allows imaging beyond the rasoldimit for
light microsopy. Furthermore the topology of the enzymes with respect to the

peroxisomal membranevas experimentally determined. We provide a model of how
sterol biosynthesis from FDP takes place in the peroxisom&s daiscoideum
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Chapter one

1.1 Introduction

Osteoporosiss acomplex health problemandis also considerecsa polygenic disease
in elderly peoplelt is especially common in postmenopausal wor{@arciaUnzueta
et al., 2008; Geng et al., 200R)is characterised by systemic loss of bone nas$
reduction in bone mineral densityWWoo et al., 2012)This lossresuls in increased risk
of spontaneous fracturat the vertebra, wristhumerus distal forearmsand hip These
fractures frequently resultin a decline in thegualty of life owing to pain and loss of
mobility. They also lead to serious and greatisability in addition, to increasing the

mortality rate and causingremature deatf®€ummings et al., 1985)

Nitrogerrcontaining bisphosphonatgNBPs) such as alendronatare the mostwidely-
used drugsfor prevention andrreatment ofosteoporosis Their use hagdramatically
increased in receryears(Udell et al., 206; Usher et al., 20065or instance, sinc€005
prescribing these drugmcreased rapidly in the Ul€specially in over 7§ears old
women (Watson et al., 2007)They decrease furtheboneloss by inducing the bone
resorbingosteoclasts to die owing to apoptosie target of these drugs was identified
firstly in the slime maid Dictyostelium discoideunand is the essential intracellular
enzyme farnesyl diphosphate synthase @) (Grove etal.,, 2000)Thenthe sametarget
(FDPS) for NBPswas described in osteoclasiRogers et al., 2011)n order to reach
their target, BPs have to enter the cell cyto8#s bind tightly to bone ineral andthen
osteoclasts take up these drugplectively byan unclear mechanismAccording to
Nuttall et al.(2012 the target (FPS) in theamoebae ob. discoideums aperoxisomal
enzyme. The previous research shows also atsroxisomaltargeting signaltype 2
(PTS2)is responsible foguiding FDPS to the peroxisome.

Dictyostelium discoideurhas a differentsensttivity to individual bisposphonate(BP)
drugs. If they areanked according tiheir potencyfor inhibiting D. discoideungrowth,
the ranking is the same as for inhibitionbofe resorption It was this that fst suggested
that the target has the same celular locatiotvath cell typesSince FDPS is a PTS2
protein and therefore is transported to peroxisomes by RBe@ttemptwe made to
change the location of the FDPS into the cytosol by knocking out &ekiest whether
this would affect sensitivity to NBPs.



Up to now, a drawback in working witBictyosteliumhas been the difficulty in making
specified changes to this orgamnd s g € n 0 mehere a8 bomé wahrggbes for
doing this they are difficult to perform Recently, a new system for manipulating the
genome of a wide range of organisms has been desciilbedClustered Regulatory
Interspaced Short Palindraan Repeat (CRISPR) and CRISPRssociated protein
systemwasdiscovered as a bacterial defence system against invader racidscsuch
as phage and plasmidihe CRISPR system has already been shown to be of huge
biotechnological benefisuch as genknock outby making a specific single strand DNA
break (nick) ordouble strandDNA breaks (cut) gene expression knockdown by
interfering with gene transcription, gene expregm activation which may be done by
fusing a catalytically inactive Cas9 to a transcription activator pepieilomic DNA
purification by fusing a catalytically inactv€as9to epitope tagsand genaic loci
visualization via fusion oé cataljically inactive Cas9 tafluorexent protein.

At the same time ase attempted t&nock out Pex7/we discovered that the next four
enzymes folloving FDPS in the sterol biosynthesis pathway haveunusual location in
D. discoideum which is the peroxisomeThis was further investigatedn idetai in
chaptes 4 and 5.

1.2 Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-Cas associated system

1.2.1 CRISPR definition

Clustered Regularly Interspaced Short Palindromic Red€$SPR) is an immune
defence system located in prokaryoteRI&®PR andCRISPR associated protein systems
are small norcoding RNAs associated witspecial Cas protein endonucleases taed
respective locus construetdaptive immune system, whictprotecs prokaryotes from
foreign genetic material like plasmids anduses (Carte et al., 2014)CRISPR loci
containing short sequences acquired from different invaders are stebetiveen
specific sequence repeatf 24-37 base pair (Grissa et al., 2007CRISPR biogenesis

is a transcription process to produce multiple CRISPR RNA (crRNA). Each one contains



two different segence segments, one derived from the invader and the other comes from
the repeat elements. In additon to CRISPR associated prdles) (hey form an
assembly which is guided be crRNA to attack and destroy the complementary foreign
nucleic acid(Jore et al.,, 2012)

1.2.2 CRISPR Defene steps

The CRISPRCas immune systems reqgiriiree important steps to occur consecutive ly

(Carte et al., 2014]1) First,anadaptation processher eby short sequenc:«
DNA is insered into the ho$s CRISPR arrayDatsenko et al., 2012; Yosef et al., 2012)

(2) Second, expression thfe appropriate Cas protein in addition @gpressionof the

CRISPR arrayand processing of the product into a guide RNAich has a
complementary region tine sequence of the invader DNBeltcheva et al., 2011; Nam

et al., 2012; Richter et al., 2014B) Third, matureguide RNA next guides the Cas

protein to attack and cut the invader nucleic dGdrneau et al., 2010; Gasiunas et al.,

2012; Sinkunas et al., 2013; Zhang et al., 2012)

1.2.3 CRISPRI Cas classification

According to the new classification, heére are three main CRISPfCas system types;
type I, type Il and type Il Figure 1.1), in addition to manysubtypesbelonging to each

one of them(Carte et al., 2014; Shmakov et al., 20F9r this thesis, only the type I
CRISPRCASS9 system is relevant.

In the type Il systempre-crRNA (a single strand RNAontains the acquiredpacers
and the original repeats) aadran®RNA (small RNA containing 25 base pair sequences
complementary to the repeat fragmentsprafcrRNA transcripty bind together forming
an RNA duplex. Then maturation of crRNA takes place by cleavage within ghatse
by the host endogenous RNase(Deltcheva et al., 2011Jo adapt the system for use
in genome editing approachelsesetwo RNAs pre-crRNA andtransRNA) werefused

to generate aynthetic guide RNA (sgRNA)which has the same functiodinek et al.,
2012)



The CRISPR system type Il requires only two components; a Cas9 endonuclease and a
synthetic guide RNA (sgRNA)The Cas9 is directed by the sgRNA to a specific
sequence site in the geme and then introduces eithesingle (ntk) or a double strand

(cut) DNA break (Jinek et al., 2012)The sgRNA is responsible forthe target site
specificity, which is obtained by adding a 20bpf the target complimentary DNA
sequence to th& end of the sgRNA Furthermore, the Cas9 requires a specific DNA
sequencecalled protospacer adjacent motif (PAM), which licaed immediately after

the target sequence in the genome, generallig tomposed theNGG nucleotides
sequencegFigure 1.2) (Hsu et al., 2013)

The DNA double strand break (DSB) created by the Cas9 can be repaired within cells
by one of the two DA repair mechanisms; homologyirected repair(HR) or non
homologous engbining (NHEJ) in the presence or absence ofcaresponding
homologous DNA template, respectivelyfSander and Joung, 2014jhe NHEJ
introduces deletions afwd insertions ofavarying size in thegenomic DNA sequence,
which lead to a frameshift mutation in the targeed open reading framéSu et al., 2016)
Whereasrepair byHR requires a DNA template This can be used to ones advantage by
first introducing a break with CRISPR and repairing it with a homologous sequence that
contains pointmutations or tags for instance to edit the genorfidws, adding a donor
DNA template containinga mutated PAM sequence anbomologous regions flanking
both sides of the target site improgethe gene editihg(DiCarlo et al., 2013; Song and
Stieger, 2017) Generally, homologous recomhtion mechanism is used toepair

single DNA breakificks) introduced by cas@Bothmer et al., 2017)
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1.3 Bisphosphonatedrugs

Bisphosphonate drugs (BPs) were first synthesized in Germany in(E&i#&ch, 1998)
BPs are divided into two different groupsg thitrogercontaining group (NBPs) such
asalendronate, risedronate and ibandronate, and th@imogen containinggroup (N-
NBPs)like etidronate and clodronatéBenford et al., 1999; Green, 2008oth these
groups have been used to treat and prevent stiseasesfor example, osteoporosis.
Different potencies for the two groups have beeedavith NBPsbeing more potent
than N-NBPs on osteoclasts. NBPs inhibit the farnedihosphatesynthase (BPS)
enzyme. It has been demonstratetlat FDP$which catalyses the final two steps of the
mevalonate pathway, is the targetniogencontainng bisphosphonategNuttdl, et al,
2014) Inhibition of FDPS synthaseinduces two important effects in the cel. First,
isopentenyl diphosphate accumulatesand this is subsequently convertemito a toxic
nucleotide metabolite (Apppl). Othme other hand isoprenoid lipid synthesis wil be
prevented, which is essential fposttranslational prenylation of smal GTPase, thus,
disrupting the function of these survival proteff@ogers et al., 2011t has been shown
that the N-NBP drugs target is different from NBRswhich is not FPRGrove et al.,
2000) The N-NBPs induce osteoclast apoptosisinoprporation into nothydrolysable
analogues of adenosingptliosphate (ATP)Rogers et al., 2011)



1.4 Mevalonatepathway

The mevalonatg MVA) pathway whichleads to the pathway of sterol biosynthesis is a
vital cellular metabolic pathway engaging in many different cell functioYsganeh et

al., 2014. Sterols are present in all eukaryotic cells, such as mammals and higher plants,
and in someprotozoa like Leishmaniaand Trypanosora in different forms (Goldstein

and Brown, 1990)For example, n human, cholesterol is essential for cefability asit

Is an essential component de plasma membrane (Endo 2010) Together with
cholesteryl esterg constituts the majority of the plasmanembranelipids (Vance,

2012) Furthermore, the majority of plasma lipoprotein is cholesterol. It is also the

precursor for steroidhormone biosynhesis (Simons and Vaz, 2004)

The mevalonate pathwagomprises irreversible steps, staytfrom two acetyl CoA
molecules, which are obtained from glucose metabolism and mitochondrial fatty acid
betaoxidation. Several enzymes play crucial roles in this pathway, some of them are
involved in other metabadt pathways by providing them with essential precursors. For
instance, farnesyl diphosphate synthase uses isopentenyl pyrophosphate to produce
farnesyl pyrophosphate, which is important $gnthesisof heme a, prenylated proteins,
ubiquinone, and dolichopyrophosphate, in addition to its main pathway thdesiterol
biosynthesis It has been suggested that the MVA pathway reactions take place in
different organeles such as peroxisomes and the endoplasmic retifeRniKovacs

et al, 2002) The intracellular locations of mevalonate pathway enzymes are
controversial, but it appears that farnesyl diphosphate synthase is in tloigmene
(Nuttal et al, 2019.

1.5 Sterol biosyrthesispathway

Sterols ardypes of lipid essentialfor all known eukaryotic plasmamembrang due to
their role in the regulation ofmenbrane permeability and fluidity. In addition they
interact withothermembrane componemuch as proteins and lipid®arnet and Rahier,
2004; Hartmann, 1998)Organisms vary in the sterols they produce. For instance

ergosterql dictysterol and cholesterolare maden fungi Dictyosteliumand humans



respectively (Benveniste, 2004)Athough cholesterolis the main sterol iTMmammals
many fundamentatompoundsare derivedfrom cholesterol such dsle acids steroid
hormonesand vitamin D(Nes, 2011)In plants severaltypes ofsterolsare synthesizd
including campestel, stigmasteroland sitosterol(Benveniste, 2004) Those sterols

supply plants cells with growth hormondriterpenoids andbrassiosteroids

Sterolsarea diverse group dipids, but they are alsynthesied from squalene, which
is produced by squalene synthase from two moleculefarmdsyl diphosphateThen
squalene isconverted by squalene epoxidate squalene epoxideSubsequetly, the
pathway can folow one of twmutesdepending on organisniNon-photosynthet and
photosynthet plants make lanosterol and cycloartenal respectively. Lanosterol
synthesis iscatalysed by lanosterol synthasewhereas cycloartenol is produced by
cycloartenol synthase. Both these sterol moleculeshave a similar chemical structure
exceptfor one morecyclopropane ringn cycloartengl which is cleaved later on in the
pathway (Figure 1.3) (Brumfield et al, 2017)Remarkably, it has been shown that
Arabidopsis thalianaand Dictyostelium discoieum mutated in cyclartenol synthase
wil shit from cycloartenol tolanosterol synthesis (Segura et al, 2003)in D.
discoideum squaleneepoxide is convertedo cycloartenol (Nes et al., 1990) This

suggest thatthe sterol biosynthesigpathwayin D. discoiceumis similar tothat inplants.

Among the longpatiway of sterol biosynthesis, there asiight differerces between
forming phytosterol in plant andsterols formed in mammals ofungi In plants,
conversion of cycloartenol to phytosterol requireemoval of two methyl groupsat the
C-4 posttion. Thefirst group is catalysedh the early steps of theathway, while, the
second groups removed ina very late step. Even though similar chemical changes in
lanosterol take placén mammals and fungi, the two-€ methyl groupsareremoved
from lanosterol early in the pathwdlfartmann, 1998; Nes et al., 1990)
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1.6 Peroxisomes

Peroxisomes, which includeseveral terms such asnicrobodies, glycosomes
glyoxysomes, and Woronhodies, aresingle membranebound subcellular organelle s

present in ahost all eukaryotic cels atuding single, multicellular microorganisms,

plants and animalgvan den Bosch et al., 199Z)jowever, among parasic eukaryotic

protozoa somespeciessuch agntamoebalrichomonasand Giardia lack peroxisome

(Parsons et al., 20Q1Moreover, G§ r s k T a n @015) eepoltes] zhat all the
membersof the order Trichocephalida tapeworms,flukes, and parasitic roundworms)

which have beerstudied are devoid ofperoxisomesdue toabsenceof many genes

related tathis organelle( Ts a i et al ., 2013; G&rskl and T

Several different enzymesre located in his ubiquitous organelle that help catalyze

many important metabolic pathways, fonstarte very longchain fatty acidsb-
oxidation, plasmalogens biosynthesis and bie acid metabolsm(Wanders and
Waterham, 200g Inttially, microbodies were describeid mouse kidney celdising
electron microscopyby a PhD student irKarolinska Institute, Stockholm (Rhodin,

1954) They are spherical in shape withsize rangebetween0 . 1 t o 1em in di
(van den Bosch et al., 199Beroxsomes vary in abundane, ranging froma few till
hundredsper a single celin yeastand mammal cells respectively (Gould and Valle,

2000) Furthermore,numbersof peroxisomesvary among the tissues in the same system,

for example, liver, kidneys and central nervous system cells have more peroxisomes than
any others cels(Mast et al., 2011)Depenling on the organismgell typeand activity,

varied biochemical reactions cdakeplace in peroxisomesUnike the DNA containing

organelles nucleus mitochondria, and chioplasts, peroxisomedependonthe nuclear
coding system to make thgiroteins (Lazarow and Fujiki, 1985)

1.6.1 Peroxisome biogenesis

Generally proteins associated with peroxisome can be divided into two groups; proteins
related to peroxisome biogenesis and replication, and enzymes that catalyzed different
biological activities (Distel et al., 1996)Peroxisome biogenesis can be clustelsd

three fundamental cellular processes. First, peroxison&hbraneassociatedproteins

import Secondjmport ofperoxisomalmatrix proteinsand third, the control mechanism

10



of peroxisome proliferation andabundanceFirst identification of the crucial genes for
peroxisome biogenesis watartedin the second half 0" century Peroxisomesare
essentialorganellesfor S. cerevisiagrowth on media containingleic acidas the sole
carbon sourceThis was used to identified the first genes required for peroxisome
assembly (Erdmann et al., 1989)n further studies,genetic screens for peroxisome
assembly mutants were developedChinesehamster ovary (CHO) cslland various
yeast specie§Tsukamoto et al., 199@ould et al., 1992; Liu et al., 1992; Purdue and
Lazarow, 2001)Using the genes identified via these genetic methods, led to the

identification of the mutations in Zelwegespectrum disorder patients

Proteinsrequired for peroxisome lmgenesis are callegeroxins The main function of
this group of proteins is to cdrol and maintain thgeroxisome biogenesignd the
peroxisomal import of membrane and matrix proteirs. Peroxin nomenclature was
unified in 1996asPEX gene9qDistel et al., 1996%ee table (1.1)
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Table 1.1: Peroxisomal biogenesis pains (PXEs) and their function .

sapiens, S. cerevisiae and D. discoideum

Peroxin | Hs | Sc| Dd General Function Molecular Biological Activity References
Pexl1 | * | * | * | Peroxisomal mtrix proteinimport AAA+ ATPase that is required for recyclngf the| (Erdmann et al., 1991)
receptor Pexb
Pex2 | * | * | * | Peroxisomal mtrix proteinimport RING finger PMP and required for Pex5| (Tsukamoto et al., 1991)
ubiquitination
Pex3 | * | * | * | PMPimport andde novdormation Acts as the docking cong for pex19pand control§ (Hohfeld et al., 1991)
peroxisomesde novdormation
Pex4 * | * | Peroxisomal maik protein import Ubiquitinrconjugating  enzyme requird for| (Wiebel anl Kunau, 1992
ubiquitination and recyclindg?ex5
Pex5 * | * | * | Peroxisomalmatrix proteinimport Receptor folPTS1containing proteins (Van der Lej et al., 1993)
Pex6 | * | * | * | Peroxisomalmatrix proteinimport AAA+ATPase required for recycling of theceptor| (Spong and Subramar
Pex5 1993)
Pex7 * | * | * | Peroxisomalmatrix protein import Receptor for PTS2 containing proteins (Marzioch et al.,, 1994)
Pex8 * Peroxisomalmatrix proteinimport Binding the Pex5 and connecting the docking prot{ (Liu et al., 1995)
with the RING fnger
Pex10 | * | * | * | Peroxisomalmatrix proteinimport Ring-finger PMPforms part of theimportomer and| (Kalish et al., 1995)
required for Pex5 ubiquitination
Pexll | * | * | * | Regulation of Peroxisome size amdundance| Involved n recrutment of the fission machinend| (Erdmann and Blobe
peroxisomal membrane elongation 1995)
Pex12 | * | * | * | Peroxisomalmatrix proteinimport Ring-finger PMPforms part of theimportomer and| (Kalshl et al., 1996)
required for Pex%ecycling
Pex13 | * | * | * | Peroxisomalmatrix proteinimport Forms part of the docking complet importomer for | (Elgersma et al., 1996)
matrix proteins translocation
Pex14 | * | * | * | Peroxisomalmatrix proteinimport Forms part of the docking complet importomer for | (Huhse et al., 1998)
matrix proteins translocation
Pex15 * Peroxisomalmatrix proteinimport Membrane receptorand anchor for Pex6 (Pex26| (Elgersma et al., 1997)
homologue in humans
Pex16 | * * | PMPimport andde novdormation Acts as a mmbrane receptor foPex3, involves in| (Honsho et al., 1998a)
PMPsrecruitment
Pex17 * Peroxisomalmatrix protein import Componentof the importomer docking complex (Huhse et al., 1998)
Pex18 * Peroxisomalmatrix protein import Co-receptorfor PTS2containing protein (Purdue et al., 1998)
Pex19 | * | * | * | PMPII targeting andle novdormation Chaperone and import receptor MP type2 impor{ (Gotte et al., 1998)

pathway required forde novdiogenesis
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Pex20 Peroxisomalmatrix proteinimport Co-receptor for PTS2containing protein impor (Titorenko et al., 1998)
pathway, present mogeast

Pex21 * Peroxisomalmatrix proteinimport Co-receptor for PTS2 containing protein impor| (Purdue etal., 198
pathway

Pex22 * Peroxisomalmatrix proteinimport Membraneanchorproteinfor Pex4, involved in Pexg (Koller et al., 1999)
recycling

Pex23 Peroxisome abundance homologousto Pex30, Pex31 and Pex32 umdtion | (Brown et al., 2000)
present inYarrowia polytica,

Pex24 Peroxisome abundance Involved in peroxisome assembly formationrgsent inf (Tam and Rachubinsk
Y. Lipolytica, 2002)

Pex25 * Regulation of Peroxisome size asdundance| Membrane elongation (Smith et al., 2002)

Pex26 Peroxisomal matrix protein import Peroxisomal membrane receptor fdPex:tPex6 | (Matsumoto et al., 2003)
protein complexand anchor pex6p in human cells

Pex27 * Regulation of Peroxisome size and abunda| Acts as a regulator fqreroxisome fissionnegatively | (Rottensteiner et al., 200!

Pex28 * Regulation of Peroxisome size and abunda| Acts as a regulator for peroxisomaize, abundanc| (Vizeacoumar et al., 2003
and distribution

Pex29 * Regulation of Peroxisome size and abunda| Acts as a regulator for peroxisomaize, abundanc| (Vizeacoumaret al, 2003)
and distribution

Pex30 * Regulation of Peroxisome size and abunda| Regulatesperoxisomeabundance (Vizeacoumar et al., 2004

Pex31 * Regulation of Peroxisomezsi and abundanc{ Controls peroxisome size (Vizeacoumaret al, 2004)

Pex32 * Regulation of Peroxisome size and abunda| Controls peroxisome size (Vizeacoumaret al, 2004)

Pex33 Peroxisomalmatrix protein import Involved in forming peroxisomaldocking complex| (Managadze et al., 2010)
present inNeurosporeacrassa

Pex34 * Regulation of Peroxisome size asdundane | Acts as a regulator fqreroxisome fissionpositively | (Tower et al.,, 2011)

A *is displayed if the peroxin has identified any of the above specieds, Homo sapiensSg Saccharomyces cerevisiae and Didtyostelium discoideum

Peroxins present were checked in Entrez, Saccharomyces genome database and Dictybase for humansanyesisaeaspectively.
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1.6.2 Peroxisomal abundance and size

Peroxisomal size and number are controled and maaatalby some pex genes.
However, in mutants where abundance and size are affeqiedoxisomesare still
functional (Yuan et al.,, 2016)'he Pex11 family of proteins are required for peroxisome
fission and maintenance in all eukaryotes tested. Other peroxisomal membrane proteins
also contribute to size and abundance but are not conserved among eukaryotes.
(Erdmann and Blobel, 1995; Rottensteiner et al., 2003; Smith et al, 2002; Tam et al.,
2003) Furthermore,externalsignas can regulateperoxisomal abundancé-or instance,
growth of yeast oncarbon sources that require peroxissnior their utiisation in fungi

can lead to massive peroxisome prolferation of number and size

1.6.3 Peroxisomal functions

Peroxisomeshave both common functions and either organism, condition or cel type
specific functions. 6ch significant metabolic processe®quire a collaboration with
other cellular organelles, lkethe mitochondria, in order to shametabolitesand create

the final biological produc{Schraler and Yoon, 2007)

The universalfunction of peroxisomes ib-oxidation of fatty acid and fatty acid like

molecules in which the fatty acids (FAsareoxidised toacetylcoenzyme A. A product

principally usedin the citric acid(Krebs)cycle In yeas t and pioadation cel | s,
takes placein peroxisomesonly, whereasn higher eukaryotes such ammmalian cells

fatty acids can also be oxidised rmitochondria Per o xi s o ma | and mito
oxidation pathways hawhe same enzymatic reactions. Neverthelelstinct enzymes

encoded by ilerent genes are involvedPoirier et al., 2006)One of the major

differences between the twwoxidation pathways is that thegiegradedifierent length

of fatty acids.For instance the very long chained fattgcids (VLCFASs) arenetabolized

in peroxisores but notby mitochondria and therefore prevents the toxic effects of these
compounds accumulationWhereas short, medium and long chained fatty aaids

handled in mitochondria (Wanders & Waterham 2006Another difference is that
mitochondria b-oxidation supplies acetydCoA to generate ATy utilizing the cofactor

FAD. In contrast,peroxisomes produdaydrogen peroxideH>O2) and supplies acetyl

CoAfor bile acid andsterolbiosynthesis (Schrader and Yoon, 200 Another example
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of auniversal peroxisonal function is the detoxification of #D2that is generateduring

b-oxidation Peroxisomes are hostingmany reactive oxygen species (ROfating

enzymes including catalase which is highly abundantin the peroxisomal matrix
(Wanders & Waterham 2006

Peroxisomal specific melelic functions are dependeoh different factors, such as the
organism andtype of the cells In higher eukaryas such as human peroxisomes
catalyze additional functions includinghet phospholipid(plasmaloges for example
myelin sheath lipids biosynthesis glyoxylate detoxification bile acids,f at ty - aci ds
oxidation and cholesteral Rat liver peroxisomes contain urate oxida@#O), which is
an enzymeinvolved in purine catabolism(van den Bosch et al.,992; Wanders and
Waterham, 2006 They also play a role if-lactam antibiotics biosynthesis, such as
(penicillin) in flamentous fungi Penicilium chrysogenumby hosting the last two
enzymes in the pathwaiveijer et al., 201Q)In trypanosomesperoxisomesdesignated
as glycosomesijn which they containspecific glycolytic enzymes(Michels et al., 2005)
Moreover firefly Photinuspyralis harbaur luciferase in their peroxisomes. Whichaa

enzyme responsible for the lightoducing bioluminescent reactigieller et al., 1987)

1.6.4 Peroxisomal disordes

As peroxisomes are responsible for several importaetabolic activities, peroxisomal
disordes lead to health problems in hunsarTil the present, two groups of peroxisomal
diseases have been classifigsteinberg et al., 2006 irstly, the peroxisome biogenesis
disorders (BDs), which are characterized by the complete loss of fheroxisomal
function. Generally, PBD occurgs areflecion of a defect in one or moreEXgenes.
Secondly, the single peroxisomal enzyme deficiencies (SRBM)ich are causedby
total loss or redwed activity of a single enzyméTable 1.2) (Wanders and Waterham,
2004)

The PBDs can beulrlassified into three groups;neonatal adrenoleukodystrophy
(NALD), Zelweger syndrome (ZS) aridfantile refsumdiseasgIRD). Because of their
similar phenotype, those disorders were gathered together fodalvgeger syndrome
spectrum (ZSS)Waterham and Ebberink, 2012h term of severity, the Zelweger

syndromewas cosidered aghe most severalisease othe ZSS whereaslRD has the
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less severity of therBraverman et al., 2013 hidren with ZSgenerally do not survive
more than ongear NALD patient may Iiveuntil they reach their teens, lever patients
with IRD may reachadulthood (Waterham and Ebberink, 2012he first time ZS was
inked to peroxisomesvaswhen patieris liver samplesvere analysed and appeared to
lack peroxisomes(Goldfischer et al., 1973Yhe common clinical signs and symptoms
of PBD patients areeurological abnorntdies, which appear earln their life after
birth (Wanders and Waterham, 2004)

Many of the single enzyme deficiencie®ccur due t@ defectin theb-oxidation pathway
In additon some other enzymatic functional defelated talyoxylate detoxification,
ether lipid biosynthesjs U-oxidation and H2O2 metabolism have been describedror
instance, the common peroxisomahherited disease is Xinked adrenoleukodystrop hy
(X-ALD) (Wanders and Waterham, 2008}ALD happens as eesult ¢ a mutation in
ABCD1genewhich encodeALDP. As an ABC transporterthis proteinis responsible
for transportof very longchain fatty acids (VLCFAsacross the peroxisomal membrane
prior to their degradationby b-oxidation Thus, asa result of this disorder VLCFAs
accumulate which becomes toxic over a life tfemp and Wanders, 20Q0'Howeve,
Rhizomelic chondrodysplasidype 2 (RCDF2) displays a total DHAPAT enzyme
deficiency leading to failure in ether phospholipids synthesiasmalogens are distinct
ether phospholipids representing70% of themyelin sheaths Therefore,as a resultof
plasmalogea deficiency, patients could develogchemia, Alzheimer's disease

andspinal cord traumgFarooqui and Horrocks, 2001)
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Table 1.2: Human peroxisomal diseases: A) Peroxisomal biogenesis disorder. B) Single
peroxisomal enzyme deficiency. Table adapted f{Gumiki et al., 2012; Wandsy 2014,
Waterham et al., 2016)

Protein Disease Responsible function

A) Peroxisomal biogenesis disorder

Pex26, Pex19, Pexl{ Zelweger Syndrome Import of peroxisome

Pexl14, Pexl1l3, Pexl matrix or membrang

Pexll, Pex10, Pex6, PeX protein

Pex3, Pex2 and Pexl

Pex26, Pex13, Pexl] Neonatal Import of peroxisome

Pex10, Pex6, Pex5 af adrenoleukodystrophy matrix or membrang

Pexl protein

Pex26, Pex12, Pex6, Pe| Infantile rdsum disease Import of matrix

and Pexl protein

Pex7 Rhizomelic chondrodysplasi | Import of  matrix
punctatatype 1 protein

B) Single peroxisomal enzyme deficiency

ALDP X inked | b-oxidation
adrenoleukodystrophy

ACOX1 Acyl-CoA oxidase deficiency| b-oxidation

DBP D-bifunctional protein b-oxidation
defciency

DHAPAT Rhizomelic chondrodysplasi Ether lipid
Type 2 biosynthesis

ADHAPS Rhizomelic chondrodysplasi Ether lipid
Type 3 biosynthesis

AMACR 2-MethylacytCoA racemasgq b-oxidation
deficiency

SCPx Sterol carrier protein ) b-oxidation
deficiency

PHYH/PAHX Adult Refsum disease U-oxidation

AGT Hyperoxaluria Type 1 Glyoxylate

detoxification
CAT Acatalasaemia H202 metabolism
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1.6.5 Peroxisomal protein import pathways

Al peroxisomal protels (matrix and membrane)are encoded bythe nucleus and
synthesied in the cytoplasmin the free ribosomes and thiemported posttranslationally
(Baker and Sparkes, 200BPeroxisomes show an interesting protein impoechanism
that is uniqueamong the eukaryotic organelle$hey have two maimlistinct pathways;
one for matrix protein and the othésr membrane protein import. Among different
organisms, peroxisomal protein import slsdwge similarity and some differences as

well, of which more detalil isgiven in the sectiondelow

1.6.5.1 Peroxisomal matrix proteins

Peroxisomal matrix proteins asgnthesizedin the cytosol on the free polyribosomes
(Lazarow and Fujiki, 1985) Then special import systems control the protein
translocation from the source to the peroxisome. This mechanism includes three steps;
(1) specific receptors bind to distinct regiond the protein called the peroxisomal
targeting signal FTS). There are two types of PTSs (PTS1 and PTS2). After that (2) the

complex binds to the peroxisomal membrane. Finally (3) the proteins are translocated
across the membrane dependemtATP hydrolysis(Liu et al., 2012

Previously two types dhe peroxisomalmatrix targeting signal have been recognized.

The first peroxisomal targeting signal (PTSd9mprises a tripeptide locatedat the
carboxy terminus (@erminal) of the majority of the peroxisomal matrix proteins. This
signal contains a consensus amino acid sequence (S/A/C)RKdAd (L/M) (Gould et

al, 1988; Hettema et al., 1999hie the second peroxisomal signal type (PTS2)
comprises nine amino acids arranged according to the following consensus sequence R,
(LVNIQ), XX, (LUVIIH), (USIGIA), X, (HIQ) and (L/A) which may be locateat

various distances from the amino terminus-t@minal) end but always near the N
terminus (Petriv et al., 2004)

Pex5 is the cycling receptor for PT8&ntaining proteins and also acts as -aemeptor
for Pex7 in most organisms except fungiend Pex7 is associated with PexX2anyon
Hogg et al., 204). While PTS2containing proteins are transported by Pex7 Regb

complex (Rodrigues et al.,, 2014Pex7 delivers cargo tbe peroxisomalmembrane by
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docking onto the Pex13/14 complex. Translocation of cargo is poorly characterised.

Recejors subsequently recyclato the cytosol for another round of targetigigure
1.4) (Rodrigues et al., 20)4

Figure 1.4: Carbon of peroxisomal matrix proteins import model. Adapted figtim
and Hettema, 2015With pernssion A) Recognition of newly synthesised PTS
containing protein by the receptor Pex5. Bargeloaded receptor docks onto the
docking complex(Pex13, Pex14 and PeX1T) Receptor inserts in the membrane in
complex with Pex14 and cargo is released th® lumen. D) Pex2, Pex10 and Pex12
consisted He ubiquitin ligase complex in conjunction with the ubiquitin conjugation
complex (Pex4 and Pex22) modifiethe receptor Fex§. E) Ubiquitinated Pex5 is
extracted from the membrane by the extraction compRex), Pex6 and Pex15f)

Thenit deubiquitinated for another round of targetimgthe cell cytosol

1.6.5.2 Peroxisomal nembrane proteins

Peroxisomal membrane proei(PMPs) just lke the matrix proteg; are nuclear
encoded,most of themsynthesized on free besomes in the cytoplasm and post
translationally imported into the peroxise membrane However, they requirea

different machineryfor their targeting andntegration into the peroxisome membrane
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Even thoughthis mechanism is natell characterisedit is very clearthat it is distinct
from the peroxisome matrix protein import pathag¥Figure 1.5)All the known PMPs
lack eithera PTS1 or PTS2However, manyPMPspossess a membrane peroxisomal
targeting signal (mPTS) which guides them to the psoox@ membraneln general,
mPTSs consist ofa cluster of positvely charged amino acids ornmixed with
hydrophobic residuesurroundedby one or two transmembrane region where the pex19
recognize and bindDyer et al., 1996; Fransen et al., 2001; Honsho and Fuijiki, 2001,
Honsho et al., 2002; Murphy et al., 2003; Rottensteiner et al., 208&secondgroup

of PMPs do not require binding to Pex19 for their transport to peroxis@ioess et al.,
2004) Depending on their abiity to folow th®ex19 pathways, PMPs have been
divided into two groupsThe targeting signal dflass (mPTS1)is recognizedby Pex19

in contrast to those of Class 2 (mPTS2) PNIeses et al., 2001)

1.6.5.3 Import of Class1l PMPs

Inttially, newly synthesized class 1 PMhimport requiresPex19recognition to thi
mPTSL in the cytosol.Wherea Pex19 functions both as a chaperone and soluble import
receptorfor the peroxisome membrangHettema et al., 2000After that the Pex19
PMP complex is directed tthe peroxsome membranevhere it binds to PexBthe
docking receptofFang et al., 2004; Matsuzono et al., 2006)mammalian cellsthe
Pex3Pex19complexis requirel Pexl6as a docking @t on theperoxisomal membrane
however, no orthologuef Pex16 has beediscovered inS. cerevisiaget (Figure 1.5)
(Matsuaki and Fuijiki, 2008)

1.6.5.4 Import of Class 2 PMPs

The nechanism of the class 2 PMP transport is unclestead of targeting directly to
the peroxisome, these proteiase proposed tpassthrough the ER(Hua et al., 2015;
Tam etal., 2005)The first description of protein traficking from ER to peroxisomewas
in Yarrowia lipolitica (Titorenko and Rachubinski, 1998; Titorenko et al., 1997
only examples have been shown for this type of transport &ex2p,Pexd, Pex1Pp,

Pex16, and Pex2@. Pex16, in mammalian cels, is first directed to the ER were it-is co
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translationally inserted into theembranebefore itis targeted to peroxisomefKim et
al., 200§. Other studies show thaPex16pdirectsto the peroxisomethrough the ER in
A. thaliana and Y. lipolytica (Karnk and Trelease, 200Hua et al, 201% In S.
cerevisiae the class 2 membrane proteiPexd was shown totrafic from ER to
peroxisomes dependent the receptoiPex19(Figure 1.5XHoepfner et al., 2005)

Class2 Classl
PMPs PMPs

p Peroxisome

Figure 1.5: Schematic diagram of peroxisomal membrane proteins (PMPs) import. The
PMPs proposed to be inserted into the peroxisomal membrane either directly or
indirectly through the ER. Pex19 role in this pathway is binding, istagil and
transporting the PMRo the peroxisome. Then tHeex19PMP complexdocks tothe
membranevia Pex3 orPex16in some eukaryotesand inserted there. Figure adapted
from (Hoepfer et al.2005)with permission
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1.6.6 Peroxisomal membrane proteins topology

As for other organelles, peroxisomes are bounded by a lipid biayer membrane. The
peroxisomal membrane contains both integral and peripheral membrane proteins.
Integral peroxisomal membrane proteins are -prasislationally inserted into the
memiyane from the cytosolic side. For example, the Pxal protein has 6 transmembrane
helices which are inserted into the peroxisomal membrane from cytosolc side by the
action of Pex19. Whereas Pexl15 possesses a tail anchor domain that also depends on
Pex19 forits insertion into the peroxisomal membrane. The only example of the
peroxisomal membrane protein folowing Pex5 pathway is Pex8, which has a common
PTS1 (SKL). However, this protein is peripherally associated with the inside of the
peroxisomal membraneSo thus far no proteins have been described that are inserted
into the peroxisomal membrane that follow the PTS1 pathway (Kim and Hettema, 2015).

1.7 Aims of the study:

1) To knock out thePEX7gere particularly inD. discoideumto investigate and
compare theeffect of the two nitrogecontaining bisphosphonate drugs
(alendronate andsedronat¢ on D. discoideumin the absence oPEXTY. This
will put therr target, farnesyl diphosphate synthaseto the cytosol and the NBPs
wil no longer have to cross the peroxisomal membrane to inhibit the enzyme.

2) Introduce the Clustered Regularly Interspaced Short Palindromic Repeats system
(CRISPR) into Dictyostelium by first constructing the relevarDictyostelium
CAS%expressionplasmid, using type Il CRISPR/sem. That wiil be a powerful
tool to testcandidate genes and understand their roles.

3) Identify the protein import pathway and topology of peroxisomal enzymes
required for sterol biosynthesis . discoideum In addition, identify sterol
pathway parner enzymes such as the electron provider for squalene epoxide

formation.
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Chapter two fiMaterial and methodso
2.1 Chemicals and enzymes

The majority ofchemicals and materials useth this studywere supplied bySigma
Aldrich unless stated otherwis@rotein and DNA markers in addition toolymerase
chain reaction reagents weobtained from Bioline. Restricton enzymesand buffers
werepurchased from New England BioladEB). Plasmid minprep ard gel extraction

kits wereobtained fromQiagen Equipmentused for biochemical assays waigplied
by Bio-Rad

2.2 Culture media

Al media used during this work were dissolved in Milipore water and steriised by
autoclaving at121°C for 2fins (Table 2.1). Amino acids (adenine, lysine, leucine,
histidine, tryptophan and methionine) and uracil were prepared as 100x stocks and also
steriised by autoclang. They were added at 1x final concentration to sterile yeast
minimal medium when needed. Antibiotics were added to media at appropriate
concentrations Table 2.2) if required. Amino acids and antibiotics were added dffier

media had beeautoclaved and cooled to H®C. Sold media was supplemented with

2% (w/v) Bacteagar prior to autoclaving. The sterile naedvere poured into sterile

Petri dishes and allowed to soldify at room temperaamdt hen st ored at 4e
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Table 2.1: Culture media used during this study.
Culture media Organism Description
HL5 glucose| Dictyostelium| 1.436  bacteriological pepte, 0.715%
medium discoideum | yeast extract, 1.54% -Blucose, 0.12%
NaHPOs 12H0, 0.0486 % KHPOy
SM agar D. 1%glucose, 1% proteose peptone, 0.1% s
discoideum | extract, 0.1% MgS®@7H20, 0.19% KHPQ,,
0.06%K HP Q4. Adjusted to pH 6.5
Drosophilamedium | S2R+ cells S ¢ h n e igbwth dedium(Gibcq)
10%heatinactivated fetal calf serum, ar
1000U/ml StreptomycinPenicillin solution
2TY Bacteria 1.6%Bacto tryptone, 1%yeast extrac

0.5%NacCl.

Rich yeast mediun
YPD

Yeast

1% yeast extract, 2% peptone, 2% glucosq

Minimal Medum 1| Yeast 0.17% yeast nitrogen base (without am

(YM1). acids and ammonium sulphate), 0.}
ammonium  sulphate, 2% glucose
galactose, as required). Adjusted to pH 6.}

Minimal Medum 2| Yeast 0.17% yeast nitrogen base (without am

(YM2). acids and ammonium sulphate), 0.}
ammonium sulphate, 1#asaminoacids, 2%
glucose (or galactose, as required). Adjus
to pH 6.5.

Oleate Media Yeast Oleate stock solution contained2ml olec

acid + 20ml Twend0. 320 of thestock
solution was added to 100ml YM. 1ml of
10% yeast extract stock was addaad any
requred amino acids

All percentage concentratiorsre stated as wivFor plates, 2% agar was added

Table 2.2: Antibiotics used in this study

Antibiotic Final concentration Organism

Ampicillin 75mg/ml E. coli

Kanamycin 50mg/ml E. coli

G418 200ng/ml and 1%g/ml | Yeast andD. discoideum
Hygromycin B | 500mg/ml and 2%g/ml | Yeast andD. discoideum
Blasticidin 10 mg/ml D. discoideum
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2.3Escherichia coli procedures
2.3.1 Growth and maintenance ofEscherichia coli

Escherichiacoli was routinely cultured on 2TY agar platesor inoculated intothe 2TY
medium and shaken at 200rpnand grown at 37°@vernight. Strains that had been
transformed with plasmids containing an ampicillin resistance gene were grown on 2TY
cont ai ni nagpicilins Strgins mierekept at 4C for use fora maximum of 1
week Forlongterm storage,8 O Ooselnight culture was mixed with the same volume

of sterile 30% (v/v) glycerolin a 2ml cryetube and stored at80°C.

2.3.2 Preparing chemically-competent E.coliHD 5 U

The method described Ifldanahan, 1983)as used in this study to prepare competent
E. coli DH5 U .singd colony ofthe D H5 $frain was used to inoculate 5ml 2TY
medium, incubated overnight at 37°C with shaking. A secondary culture was started by
inoculating 200ml 2TY medium with an appropriate amount of the primary culure
(overnight) to give absorbance 0.05 density at 60@nTthe new culture was grown at
30°C with shaking until the cells reacheitl-log phase (Olo=0.5-0.6). The growing

cells were chiled by putting the culture on ice for 15 mins. After that, the culture was
divided into four portions, each one was addeda sterie 50ml falcon tube and
centrifuged at 80xg for 10 mins at 4°C. The supernatantgere discarded whie the
pelets cellswere re-suspended in 70ml a¢e-cold RF1 soluton 100mM rubidium
chloride 50mM nanganese chlorige30mM potassium acetatd OmM a@lcium chloride

15% wiv dycerol, pH 5.8) All tubes were centrifuged aB@xgfor 10mins at 4°C. The
supernatants were discarded, the cells wersuspended with16ml ice-cold RF2
solution (10mM MOPS10mM Rubidium chloride 75mM Calcium chlodle, 156 wiv
Glycerol, pH 6.8) The suspension was divided into 200u or 400 samples which were
added to sterile Eppendorf tubes. Al Eppendorf tubes were put in liquid nitrogen to
freezethe cells quickly. Finally, the freeze cells were storeeB@®C.
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2.3.3 Transformation of chemicaly-competent E. coliD H5 U

The chemically-competentE. coli cels wee thawed on ice ad@0ul cels wereadded

to 1y of plasmid DNA (100ng/p) or 10 of a ligation reaction (sectioR.7.5. The
mixture was placed on icer 20 mins after being mixedgently Samples were heat
shocked at 4Z for 90seconds arttienincubated on ice foR-3minutes. An appropriate
amount of2TY me d i u m (as @addedl tgeach sample and the samples were
incubated at 3C for 45 minutesbefore beingcentrifuged in a micre centrifuge (Sigma
1-14K bench topcentrifuge, rotor 12094) dtill speed for 1min The majority of the
supernatant( 7 O Owad removed and the pelet was resuspended irretmaining
medium. The cell suspension was spread @2TY plate containing ampicillin and

incubated at 37C overnight

2.3.4 Selection of Colonies

A couple of colonies were selected randorald used to inoculate 5ml 2TY + Amp

broth. All tubes were incubated at 37°C for overnight. Plasmid DNA was extracted and
purified by using &IAgen miniprep Kit.

2.4Dictyostelium discoideurprocedures
2.4.1 Growth and maintenance ofD. discoideum
2.4.1.1Axenic gromth and stockof D. discoideum

D. discoideumamoebae strain AR were grownaxenically in HL5 glucose medium at
22 Cwith shaking at 16@m (Watts and Ashworth, 19JBtocksof amoebaeavere kept
in a 22C incubator for a maximum df4 dayswithout shaking, before being sub
cultured intoafresh HL5 glucose mediunt-or longterm storageamoebae were grown
in HL5 glucose medium til they reached the +id phase.A mo e b d@) wdred
harvested by centrifiagion at 4C for 5mins atl80xg. The pelet was resuspended in
ice-cold freezing medium (50:50 HL5 glucose mediuhorse serumjcontaining 10%
(viv) DMSO, after thesupernatant had been removdthe mixture wa®ither aliquoted
as 200 in Eppendorf tubes as 1ml samples ih.8ml cryotubes (Nunc)The tubes
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were kept at -80 C overnight in a precooled polystyrene containesurrounded by

isopropanqgl before being stored a0 C.

2.4.1.2Developmentgromth of D. discoideum

D. discoideumwas grown on Shagarmedium in the presence Klebsiella aerogenes
bacteria to test the development of théting body formation. Bacteria (200p) of an
overnight culture werspreadon a SM plate. A diluted culture ©X discoideumat 200
amoebagyer ml was also spread tre plate to give around 20 colonies after the plate
had been incubated at 22°C fed@ days.

2.4.2 lIsolation of genomic DNAfrom D. discoideumamoebae

Genomic DNAof D. discoideumwas isolated by usingt QlAamp DNA Mini Kit. A
70ml HL5 glucose mediumwas iroculated withD. discoideumcells andincubated at
22 Cwith shaking at 160 rpm for 3 dayspproximately, 2x10’ amoebae werkarvested
by centrifugationat 180xg for 5Smins The supernatant wakscarded, and the pellet was
washed in 16 1xPBS bufferandthencentrifuged for fnins atl8Qxg. The supernatant
was removedbefore the remaining was resuspende®@® 1xPBS buffer and 20

proteinase K(20mg/ ml) was then addedrollowing steps were carried ofatlowing
the manufactureros instructions

2.4.3 Isolation of D. discoideuntDNA

D. discoideumcDNA wasisolated from aDNA library construted by Stratagene in
>zap by dgwidenrgstran Ax2 mRNA prepared from amoebae harvested
during the exponential phase of axenioggrowth and reverse transcribed into DNA

QIlAamp DNA Mini Kit was used antnanuf act ur er 6s i nsihructio
extraction cDNA from 200 sample of thdibrary.
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2.4.4 Transformation of D. discoideunmby electroporation

D. discoideum amoebaewere transforned by electroporation The method was
performed accordingto Pang et al.,(1999) Amoebae (5x1®) were harvested by
centrfugation in a sterie preooled 15ml Falcon tubat 4 ¢ C s ht@8xg Bhei n
supernatanivas removed before the pellet was washed twi&ni sterile icecold H50
medium (20mM HEPES, 10mM NaCl, 5mM NaHGQAmM MgSG, 1mM NakPQOy,
50mM KCI, pH 7.0 and centrifuged a#l C for Smirs at 180xg. After the last
centrifugation, a sterile pipeti®as used to removihe last residual supernata@ndthe
pell et wa s resuspendatdo°C iAnpredoded €1@ lofHiE® 0 medi
appropriate plasmd DNA was addedto the resuspended celand mixed gently.
Subsequently, he whole mixture was transferred to sterie chilled electroporation
cuvette (Immgap). Cels were pulsedtwice with an electric current using an
electroporator(Bio-Rad Gene Pulserset at0.65 kV and 2GFD. After thecuvette had
beenplaced on ice for Bninutes the electroporated amoebaere transferred into a
sterie Petri dish caaining 10ml HL5 glucose medium and incubat@dernight at 22 C.
Next morning the appropriate atibiotic was added to the culture andubaed at 22C

for approximately21 days

2.4.5 D. discoideunharvesting method

The previous mediunwaschanged by &ew fresh 10ml HL5 medium. Amoebae cells
were scraped by using a sterile spreader until the mebeéroms turbid. Subsequently,
the culture was translocated tcsterie 100ml flask. Finally, ten microliter blasticidin
was added, the flask was incubated 28Cwithout shaking. This culture was prepared
to transform with the second CRISPR plasmid.

2.4.6 Fluorescence microscopy ob. discoideum

Imageswerecaptured on a Zeiss Axiovert 200M microscope (Carl Zeiss Microlmaging,
Inc.) equipped with an Exfo -Xite 120 excitation light sourcehand pasditers (Carl
Zeiss Microlmaging, Inc. and Chroma Technology Corp.)agianFluor 100x/1.45
NA, planpochromat63x /1.40 oil immersion lens, orplan 40x/0.65 NA Ph2 objective
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lens (Carl Zeiss Microlmaging, In¢c.and a digtal CCD camera (Orca ER, Hamamatsu).
525nm and 700nm fiters were used @reen Channel (GHRand Red Channel (RFP

and mCherry respectively. Image acquisition was performed using Volocity software
(PerkinElmer). Amoebae in late exponential ogrth were washed, resuspended.ii%

(w/v) NaCl and imaged at room temperature. Unless otherwise stated, fluorescence
images were colected as 0.5pumstacks, merged into one plane after contrast
enhancing in Openlab (Improvision), and processed furthePhotoshop (Adobe).
Bright field images were colected in one plane and added into the blue channel in
Photoshop (Adobe). The level of theight field images was modified, and the image
was blurred and sharpened before further level adjustment.

2.4.7 Structured lllumination Microscopy of D. discoideum

The same growth condtions as ®Bluorescence microscopy were used to prepare the
SIM samples.Live cells wereharvested, washed twice thanaged in0.7% NaClat

room temperature Special imaging platéype pDishP>™™m. highGlass Bottom (provided

by Ibidi Company, Germany) were used. Approximately 3 ml of 2% agarose dissolved
in HEPES buffer (pH 7) were added to a new plate and left for 2hs at room temperature
to solidify and cool. A thin scalpel was used to pick up one aidbke sold agarose and
then 15204 of the growing sample was added directly to the bottom of the plate under
the agar. Finally, the gel was presggxaitly, and the plate was covered with its lid. The
prepared samples were imaged directly by STkis mcroscope (GE, OMX optical
microscope,version 4with 15 bit SCNOS camera and a laser as a source 9f lght
based on the use of patterned ilumination. Using structured (patterned) ilumination,
rather than standard uniform ilumination, generates ageinia which information from

the sample and the pattern are combined, bringing small variatons in sample
fluorescence within the diffraction limit of the microscope. By using multiple different
patterns on the same area of sample and with precise knewi#dghat those patterns

are, software can be used to reconstruct a gegelution image. Possible resolution:
two-fold improvement compared to diffraction limitechaging (wavelength dependent)

~120nm (xy) and ~320nm (z)lmages were colected as 0.185Z-stacks and
processed further iRiJi programme.
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2.5 Saccharomyces cerevisiggocedures
2.5.1 Growth and maintenance ofS. cerevisiae

The S. cerevisiastrains were groweitherin rich yeast mediun{YPD) or yeast minimal

media (YM1 or YM2) for 2 daysat 30°C Liquid media cultures were shaken at 200rpm

2% glucose or 2% raffinosevas used as earbon source. After transformation, yeast
cells were selectedn agarminimal medium lacking the gpopriate amino acids. Plates
were incubatedat 30°Cfor 2 days andhenstoredat room temperature for approximately

14 daysbeforeyeast colonies were 1gtreaked onto fresh platelSorlong-term storage

yeast strains were grown overnight and then 800U of each strain was added to 800l
sterile 30%glycerol (final concentration15%) and left at-80°C.

2.5.2 One stepyeasttransformation

Yeast cells were routinely transformed witlplasmid DNA following the onestep
method described bghen et al(1992) A sample (209€)l of a yeast overnight culture
was havested by centrifugatiorin a microcentifuge for 1min at full speedAfter the
supernatant had been removed, the pelet was resuspended in 1 plasmid DNA (200
400/ () by vortexing. 50m onestep buffer (0.2M LiAc pH 5.0, 40% (w/v)
polyethylene glycol(PEG) 4000,100nmM DTT) and 5m (50ng) single strandectarrier
DNA (Salmon testesyvere addedo the cells. Tie mixture wasortexed andncubated

at room temperatureFor higher transformation rates, the mixture was left for several
hours and vortexegheriodically Subsequently, the celwere heashocked at 4ZC for

30 mnutes. Then they werspreadon a selective minimal medium agar platand
incubatedfor 2 daysat 30 C.

2.5.3 High efficiency yeasttransformation

High efficiency yeast transformations weeusedfor experimets requiring homologous
recombination for example, thereationof knockout strains anduiding plasmids. The
high efficiency transformations were perimed by use of thé&hium acetate method

(Gietz and Wo0ds2002)The yeast strain was growat 30 C overnight in a3ml
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appropriate iquid medum as a primary culture. Next day, a secondary culture was set
up by inoculatingfresh liquid media (5mior eachsample) with enough of the primary
culture to stargrowth rom ODsoo=0.1 The secondary culture was incubated at 30°C
with shaking at 200rpm until the cells reachibd midlog phase (Obbo=0.50.6).The

cels were hevested by centrifuging for 5minst 18%kg and each supernatant was
discarded. Each pellet was resuspendedmh sterie water andransferred to a 1.5ml
Eppendorf tube and then centrifugéd a micrecentifuge for 1min at full speedThe
pelles wereresuspended in 1MIE/LIAC buffer (100mM LiAc pH 7.5, 10mM Tris-Cl

pH 7.5 and 0.1 mMEDTA) after the supernatants had been removed. The cells were
centrifuged again (Imin at ful speed). The supernatant was removed before the pelet
was resuspendem TE/LIAc (50 for eachsample) The sarples were either used for
gene knock out or buiding plasmids. Forthe latfgt, inearized vector (25pg)5-10pl

PCR product (0.8.g), 54 (509) single strandedsalmon teste®NA and 300440%

PEG 400 (40 % (w/v) PEG 400010mM Tris-Cl pH 7.5, 0.1 mMEDTA pH 8.0,and
100nM LiIAc pH 7.5) were added. The samples were vortexed, kept atroom temperature
for 30 minutesand then incubated for 30minute at 308Tbsequently, the samples were
heat shoc&d in 42°C for 15mins. The cells were centrifuged for 1min HiOxgand the
supernatast removed. This was followed by resuspending each pellet in 50 TE buffer
(10mM TrisCl pH 7.5, 0..inM EDTA). Finally, the ells were plated onto selective agar
media and ingbated at 30°C for 2 days. For gene knock out, LIAc treated sample was
transformed with 5L0Y PCR productcontaining theappropriate selectable marker

cassette then the same steps were followed.

2.5.4 Isolation of yeastgenomic DNA

Plasmids that had been made by homologmeombination in yeast cells weselated
by yeast genomic DNA isolationAll the centrifugation steps in this procedure were

carried outa micracentrifuge at 15,700xgat room temperature

Yeast cellsgrown to confuence on plate were scrapedff and washed in 1misterile
water. The supernatant was discarded out #aedpellet was resuspended in 1ml sterile
waterbefore beingransferred to a 2ml screwvap tubeThe yeast cells were centrifuged

for 1min, the supernatant was discargdeahd he pelet v s r esuspended i
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water. 200 sterie TENTS soluton (20mM TesIiCl pH8.0, 1mM EDTA, 100mM

NaCl,2% (v/v) Triton X100, 1% (w/v) SDS), 200j&cid washedl ass beads and
(25:24:1) phenolchloroform:isoamyl alcohol were added to saafple. The amples

were placed in a mini bead beaf@iospec Products) aritle cells weralisrupted afull

speed for 45 seconds. The samples then wemngifuged for 1min to pellet the beads

and another200m of TENTS wasadded. The samples were voddxandsubquently

centrifuged for fins. The resul ting aqgueous phase (&3
Eppendorf tube2 0 0 ¢ | ( demalcBictofotn)isoamyl dcohol were added The

samples were vortexed thoroughBnd centrifuged as previously. 300{ite aqueous

phase was transferred tonew 1.5ml Eppendorf tube and the nucleic acids were
precipitated by addingdOul 3M dium acetate pH5.2 and 7501D0% ethanol. The

mixtures were incubated for 1hour-20°C, fdowed by centrifugation for 1&ins. The

peles werewa s hed i n 5 etiasolafter7tiie Supgrmatamiad beememoved.

The pelles were subequently resuspended in 200KTE (10mM TrisCl pH 7.5,

0.1mM EDTA) containing RNAse (5pg/ml) and incubated at room temperature for 10

minute s DNA was precipi Madadienda ebtya taed, d i mlg 52.0% | a
100% ethanol, which was folowed by incubation for 3@smat-20°C. The sampke

were centrifuged for 15ins. The supernatantwere discardedatfter the pelles, which

had the preciiated DNA, werewa s hed i n 20 0 ¢ |andithendried by v ) et
incubation for 15 minsat 50°C. Finally, the pellet was resuspended ifinal volume of

50 1XTE.

2.5.5 Preparation of spheroplastsfrom yeast cells

A 50ml yeast culture was grown to lggpase (Olboo=1.0. The cells were harvested by
centrifugation in a Sigma -46KS centrifuge for 5mins dit80xg at room temperature
and the supernatant was remové@te pellet was resuspended in freshly prepared 10ml
10mM TrisCl pH 9.4, 10mM DTT, transfeed to a 50mkalcon tube and incubated for
15mins at room temperature on a rqldrefore being centrifuged again as previously
described. The supernatant was removadd the pelet resuspended in 5ml 1.2M
sorfitol, 50mM potassium Ipsphate pH7.4, zynydse (zymolyase added as 5mg/g
harvested cells). Following a 48ins incubation at room temperature on a roler, cells

were checked for spheroplast formation by light microscopy (spheroplasts appear more
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spherical than untreated yeast cells and form chistEhey also easily lyse upon addition
of drops of water to the microscope sampl).the next steps were carried out at 0°C
(cold condttions). The sample wasentrifuged for 4 mins in a Sigma 416KS centrifuge
as described above. The spheroplasts e washed twicavith 10 ml 1.2 M sorbitol,
50 mM potassium misphate pH 7.4 and -tearvested After the final wash, the
supernatant wasemoved,and the pellet wasither flash-frozen in liquid nitrogen and

then stored ai80 C or used immediately.

2.5.6 Yead knockout construction by homologous recombination

Yeast genes deletion were achieved by integrating a PCR product cassette containing an
auxotrophic marker or antibiotic resistance gene. The PCR product was containing 50bp
of homology to the upstream addwnstream of the gene of interest in the yeast genome.
This to allowed replacement of the gene of interest via homologous recombination
(Figure 2.1) (Longtine et al., 1998). Yeast cels that have genome integrated cassette
were selected by grown on seiege media.
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Foreword primer +50 bp flank Reverse primer +50 bp flank

4—

PCR Product 50bp 50bp

l Transformation

Homologous Recombination

50bp

Genomic DNA _I 50bp Target Gene 50bp l—
Gene
Replacement

Figure 2.1: Schematic diagram ahe construction of yeast gene knockouts by the
homologous recombination method. Blue arrows refer to the forward and reverse
primers which started witthe interrupted light blue line (50bp) as a homolog sequences
located upstream and downstream of the gene of interest in the yeast gDNA respectively.
The yellow box is the gene of interest, which wil be replaced by the marker (red box)
as a result of thgene knock out.

2.5.7 Saccharomyces cerevisiatrains

SeveralS. cerevisiaestrains were used in this studyA list of these strains given in

Table 2.3). Strains that weremade during this study were derivém the wild type
(WT) BY4742 strain. WT yeast was used for plasmzbnstruction protein expression
for microscopyand asa source of gDNAGene deletions werebtainedby homologous

recombination.



Table 2.3: S. cerevisiageast strains used in this study.

Strain Genotype Source
WT BY4742 |MATWj s3ml | eu2 0 me t| Euoscarf
Pe x 1 e BY4742 Pexlee Euoscarf
Pex3 BY4742 Pex3ee Euoscarf
Pe x 5 & BY4742,Pex5::kanMX This study
Pe x 7 e BY4742,Pex7::kanMX This study
Pe x 1 3 & | BY4742 Pexl3ee Euoscarf
Pe x 1 4 & | BY4742 Pexl4ee Euoscarf
Pe x 19 a& | BY4742 Pex19e Euoscarf
vp s 1 e/ f| BY4742v p sahdk i sHISE Lab stock
BY25598 MATaura3-1::ADH1-OsTIR19Myc(URA3) | Lab stock
(YEH 315) ade21 his311,15 leu23,112 trptl cant100

YEH 381 BY25598 &Pex1::his Lab stock
YEH 404 BY25598 HIS3pAID-GFP-PTS1:trp Lab stock
YEH 405 YEH 381HIS3pAID-GFP-PTS1::trp Lab stock

Euoscarf reference is Johann Woligang Godtineersity, Frankfurt, Germany

2.5.8 Fluorescentmicroscopy offusion proteins expressedin yeast

Routinely, yast cultures were growm YM1 or YM2 medium containing the
appropriated amino acids and a suitable sowoifcsugarand harvested in mitbg phase.
Images were captured on a Zeiss Axiovert 200M microscopseecfon 2.4.%

Fluorescence images wetdlected as 0.Bm Z-stacks.Every single Zstack image was

further processed and final figures were prepared USipenlab software and Photoshop

programme.
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2.5.9 Pulsechase experiments

Pulsechase experimés were used in order to identify the molecular localization and to
control the expression of thitiorescently tagged protein (expressed undALl
promoter contrd) with time (Motley and Hettema, 2007Yeast els were grown
overnight in a selective glucose minimal medium before beingansferred to5ml
selective galactoseminimal medium at an OBo of 0.1 to startinduction. Protein
expression was induced for3hours (pulse) Subsequently, ¥pression washut down

by switching the culturgo selective glucoseninimal medium (chaselor 1 h Samples
wereeither used for live cell imaging or for biochemical experiments.

2.6 Drosophilamelanogastecell line S2R+ procedures
2.6.1 S2R+ cells growth and maintenance

Drosophila S2R+ cells were grown as a flat adherent monolayer ircubated at 25°C
T-25cm2 flasks containing 5rAlrosophilagrowth mediumwere used to grow the S2R+
cels. Cel growth was obseed everyday using light microscopyNikon Eclipse TS100
microscope). Els weresub-cultured whengrowth was approximately0% conflue nt,
which occurred after approximately 5 days. During eachculturing 1ml of
resuspended cels was transformedatoew T-25cm2 flask containing4ml of fresh

growth medium.

2.6.2 Transfection of S2R+ cells

Drosophila S2R+ cels wereadded to give~70% confluence ireach wel ofa 6-well
plate containing 2mDrosophilagrowth medum and acoverslip. The cells were briefly
transfected with plasmid DNA using the Effectene kit (provided by Qiagen) and
following the manbreach ttamsfectiod, s5u of the apprepdatei o n s .
plasmid DNAat 100ng/yl (when transfectingwith two plasmids, 2.5u4 aiOOng/ul of
each plasmid), 9ul of EC buffer, and 8u of enhanceo\iged in the kit) were added
to 1.5ml Eppendorf tube, vortea for 2secsand left for Gmins at RT. Afterwarg 10l
of Effectene wereaddedto the mixture, vortexed fotOsecsandleft for 10mins at RT.
Finally, 600 Drosophila growth media were added. The solutions wengixed by
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pipetting and added dropwigmto cell culture. The cells were incubated for 24 hours at
25°C. Subsequelgt the growth medium was aspiratedf and 2ml growth medium
containing copper sulphate at a final concentration of 50udie added gently. he
cels were incubated for 16 hourat 25°C, fixed and observed by fluorescence

microscopy.

2.6.3 Fixing S2R+cells for fluorescence microscopy

Drosophila S2R+ cells were fixed with 3.7% (v/v) formaldehyde in 1xPBS for 15mins
before bég rinsed three times in 1xPBS.Cels wereleft for 10mins in 100mM
ammonium chloride 0.1% Triton -X00. Thecoverslips were mountedonto slidesin a
drop of mountig medium and left for 12hs at RTto set. Images were takesnd
processed as same @sdiscoideum

2.7Molecular cloning
2.7.1 Oligonucleotide primers

Al primers used in this study were provided by SigriBable 2.4). The coding
sequences db. discoideungenes were obtained frothe Dictybase websitePrimers
were designed to be around-38 base pairs in lengthatthough in some caseghey
were longer For geneamplification, primes were anneald at both ends of the chosen
ORF and containedunique sequencesPrimers with a GC content of 4%% were
desired. Furthermore, all primers contained either a G or C nucleotide Hetheband
two of themat the3' endto control misspriming. Each forward and reverse primers was
contained a proper restriction site to atmdigestion and cloningTo allow appropriate
annealing of primers eachset of primers were designed to have similar melting

temperatures (Tm), clesto 62C as much as possible. Calculation of the TM vased
out by using the following formula.

TM= (A+T) 2°C + (C+G) 4°C
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For amplification and expression of dll. discoideumORF, a ratti As (AAAAA)
Kozak translation intiation sequence was adpistupstream the ATG start codom
enhance the expression.

2.7.1.1Primer design for homologous recombination

Primers were designed for plasmid cloning or gene deleton by homologous
recombination. The 5 ends of the primersmatched at least20 nucleotides flanking
cloning or50 nucleotides for gene deletion

2.7.1.2Primer design for northem blot

A 20 base olgonucleotide having a unique sequence was designed to be used as a probe

to detet the presence of specific RNA molecule (guide RNA)Nmrthern blots The
probe had beenadio-labelled with (2.12.]).

2.7.1.3Primer design for single strandedguide RNA (SgRNA)

A 20bp oligonucleotide with specific sequence of the target gene just upstream a PAM
region (NGG) in the genome was chosen to be used as guide RNA in CRISPR system,
either manually or web siteThe complementaryoverhang was added for ligation
(section2.7.9. The forward primers prefer t@ave a G nucleotide at the 5'end to reduce

the offtarget.

Table 2.4: Oligonucleotides used in this study

Name Use SequencEs” 3 5a
VIP2226 | Amplify hCas9 (F) GACAAGCTTAAAAAATGGACTATAAGG
ACCACGACG

VIP2227 | Amplify hCas9 (R) GACGGATCCTTACTTTTTICTTTTTTGCCTGG
VIP2293 | Target A of pex7 KO (F] AATTGTGATATGTCAGTTATTGTA

CRISPR
VIP2294 | Target A of pex7 KO (R] AAACTACAATAACTGACATATCAC

CRISPR
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VIP2295 | Target B of pex7 KO (F| AATTGTATAAAAATATGGAATCCA
CRISPR

VIP2297 | Target B of pex7 KO (R| AAACTGGATTCCATATTTTTATAC
CRISPR

VIP2299 | Oligo to insert RS i AGCTTGTCGACTCTAGACTGCAGAT
pMUR3=> pMUR10 (F)

VIP2300 | Oligo to insert RS i CGATCTGCAGTCTAGAGTCGACA
pMUR3=> pMUR10 (R)

VIP2292 | Seq. pMUR4 and th{ CTCTAGATTAATTTAAATCTICTTC
CRISPR inset (R)

VIP2301 | Amplify ~ wtCas9 +Flag| GACGTCGACAAAATGGATTATAAAGAT
+RS (F) GATGATGATAAA TCTAGAGATAAGAAA

TACTCAATAGGCTTAG
VIP2329 | Amplify ~ wtCas*NLS+ | GACCTGCAGITAACCAACTTTTCTTTTTTT

stop codor+ Pstl RS (R)

[TTTGGGTCACCTCCTAGCTGACTC

VIP2303 | hCas9 Sequencing R CTGTTGTCGGGGTTCAGGTCG
VIP2304 | hCas9 Sequencing F GGACGAGGTGGCCTACCACG
VIP2305 | hCas9 Sequencing F GAGATACGACGAGCACCACC
VIP2306 | hCas9 Sequencing F GAGTACTTCACCGTGTATAACG
VIP2307 | hCas9 Sequencing F GAAGGTGGTGGACGAGCTCG
VIP2308 | hCas9 Sequencing F GGTGTCCGATTTCCGGAAGG
VIP2309 | hCas9 Sequencing F CTGAAGAGTGTGAAAGAGCTGC
VIP2310 | C.PCRhCas9R GATCTGATATCATCGATGAATTCG
VIP2311 | wtCas9 Sequencing CAATGACAAAGCAATGAGATTCC

VIP2312

wtCas9 Sequencing

GGACAAACTATTTATCCAGTTGG

VIP2313

wtCas9 Sequencing

CGTGAAGATTTGCTGCGCAAGC

VIP2314

wtCas9 Sequencing

GAAGATAGGGAGATGATTGAGG

VIP2315

wtCas9 Sequencing

CTATTGGAGACAACTTCTAAACG

VIP2316

m{m|m|{Tm| ™|

wtCas9 Sequencing

GACAGGCGGATTCTCCAAGG

VIP2317

C.PCR wtCas9

GATGGATTGATGGATAAGAGTGG

VIP2326

Seq.DACRISPR p1 and th
inset (F)

GGTTTATACATATTTATGTTCGTACTGAAG

VIP2328

Seq.DACRISPR p1 and th
inset (R)

GCTCCAGACTCTCAGGCAATGACC

VIP2408

Target A of GFP KO(F
CRISPR

AATTGAATTAGATGGTGATGTTAA

VIP2409

Target A of GFP KO(R
CRISPR

AAAC TTAACATCACCATCTAATTC

VIP2410

Target B of GFP KO(F
CRISPR

AATTGATACCCAGATCATATGAAA

VIP2411

Target B of GFP KO (R
CRISPR

AAACTTTCATATGATCTGGGTATC

VIP2412

Target C of GFP KO (F
CRISPR

AATTGTTAATAGAATCGAGTTAAA

VIP2413

Target C of GFP KO (R
CRISPR

AAACTTTAACTCGATTCTATTAAC

VIP2542

Seq of left flank of pexi

KO by HR (R)

CTT CGT ATA ATG TAT GCT ATA CG
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VIP2554

Checking the KO casset
insertion in gDNA (F)

GCAATTCTTTTATCAGAATAAAAATCTTC

VIP2555

On Blasticidin (R) PCR

CGA ATT GCC GCT CCC ACA TG

VIP2556

On Blasticidin (F) PCR

CGA TTG AAG AAC TCATTC CAC TC

VIP2557

Seq of right flank of pex]
KO by HR (R)

CTTCTTCATCATCTTCATCATCTTG

VIP2533

Amplify DdS Q S = BKEA
(R)

GCATCTAGATIBIAATTICEGAATCATTGAAAC

CAGAAGGTCTATAACC

VIP2534

Amplify DdS Q S aeH e
(R)

GCATCTAGAIMBATCATTGAAACCAGAAGGTC
TATAACC

VIP1892

Amplify DASQS+L (F)

GACGGATCCAGCACCAGCACCATGCAATATAT
GAAATCACTTGCTC

VIP2563 | Amplify DdSQS to bg GGCATGGATGAACTATACAAAGGATCCGCTGG
inserted in yeast b TGCTGGTATGCAATATATGAAATCACTTGCTC
pAS113 (F)

VIP2564 | Amplify DdSQS to bd AAAAAATTGATCTATCGAT AAGCTTIRIATAAT
inserted in yeast bl TTCGAAAAAAAGTTTGGACC
pAS113 (R)

VIP2565 | Amplify DdSQE to bd GGCATGGATGAACTATACAAAGGATCCGCTGG
inserted in  yeast b TGCTGGIATGGAAGATATTCAATTTGAAAATG
pAS113 (F)

VIP2566 | Ampify DASQE to bd AAAAAATTGATCTATCGAT AAGCTTIRBTTTTG
inserted in yeast b| TTAATCTTAAAATAATACA
pAS113 (R)

VIP2567 | Amplify DdOSC to bd GGCATGGATGAACTATACAAAGGATCCOGCTGG
inserted In yeast bl TGCTGGTATGACAACTACTAATTGGAGT
pAS113 (F)

VIP2568 | Ampify DdOSC to bd AAAAAATTGATCTATCGAT AAGCTTIRBAATT
inserted in  yeast bl TTAGATTTTAAATATAATTGATTATATC
pAS113 (R)

VIP2569 | Amplify DASMT to be| GGCATGGATGAACTATACAAA GGATCCGCTGG
inserted in yeast b| TGCTGGTATGGTATTAATTCAAACTAATCATC
pAS113 (F)

VIP2570 | Amplify DdSMT to be| AAAAAATTGATCTATCGAT AAGCT TIRIMAAGT
inserted in yeast bl TTAGCAGCATTTGGTTTTG
pAS113 (R)

VIP478 | Seq on PGK ter (R) GATAAATAATAGTCTATATATACG

VIP464 | Seq on GFP (F) CATTGAAGATGGAGGCGTTC

VIP2595 | SeqDdSQE (F) GAGCATCTTCATGTGAAAATG

VIP2596 | Seq.DASMT (F) GGTGCAACAGGTATTCC

VIP2597 | Seq. DASMT (F) CTTGACATCTCTCAAGTACC

VIP2598 | Seq. DASMT (F) CTGGAATGCCTTCCTCG

VIP2639 | NB Prob gRNA CTTTTTCAAGTTGATAACGG

VIP2563 | Amplify DdS QS &eH | GGCATGGATGAACTATACAAAGGATCCGCTGG

PMURS30 | inserted in yeast b| TGCTGGTATGCAATATATGAAATCACTTGCTC
pAS113 (F)

VIP2650 | Ampify DdS Q S &eH | AAAAAATTGATCTATCGAT AAGCTTIRIRIART |

PMURS30 | inserted in yeast b| TRGGAATCATTGAAACCAGAAGGTCTATAACC
pAS113 (R)

40



VIP2651
pPMUR31

Amplify DdS QS &P T §
be inserted in yeast [
pAS113 (R)

AAAAAATTGATCTATCGAT AAGCTTIRIAAAA
AAGTTTGGACCATGACG

VIP2652
PMUR32

Amplify DdS Q S aeH &R
to be inserted in yeast |
pAS113 (R)

AAAAAATTGATCTATCGAT AAGCTTIRIBMATCA
TTGAAACCAGAAGGTCTATAACC

VIP2653
pPMUR29

Amplfy DdSQE to be
inserted in yeast by pAS5
(DASQEGFP) (F)

R - / GC TCATGG

AAGATATTCAATTTGAAAATG

VIP2654
pPMUR29

Amplify DdSQE to beg
inserted in yeast by pAS5
(DASQEGFP) (R)

CTGCAGGTCGACTCTAGAGGATCCTTTTGTTA
ATCTTAAAATAATACA

VIP2720 | Amplify U6 Pro from Dd | GACAGATCTTAACATGGCAATTTTGGGACACA
gDNA. 450bp +Bgll (F) | TATG

VIP2721 | Amplify U6 Pro from Dd | CTCGGTACCCGAAGACCCAATTAGTTAATTGT
gDNA 450bp+Bbsl+ Kpnl TTATTTTCCTTTTATGTTTTTTATTTTATTATTT
(R) TTTTTTITTTTATGG

VIP2746 | SegDdCas9 (R) CAGGATTTAAATCACCTTCG

VIP2747

SeqgDdCas9 (F)

GTTGCTTACCATGAAAAATATCC

VIP2748

SegDdCas9 (F)

CATCAAGATTTAACTTTGTTAAAAGC

VIP2749

SegDdCas9 (F)

CGAAGGAATGAGAAAACCAGC

VIP2750 | SegDdCas9 (F) GATGAATTGGTAAAAGTTATGGG

VIP2751 | SegDdCas9 (F) GAATGATAAGTTAATTCGTGAAG

VIP2752 | SegDdCas9 (F) GTAGTTGCTAAGGTAGAAAAAGG

VIP2871 [ Amplify  DdS Q S P | GACGAATTCIRMBAAAAAAGTTTGGACCATGAC
EcoRI (R) G

VIP2872 | Ampify DdS Q S ep0aal GACGGATCCGCAAATGGTATGTCAGAGTTTCT

BamHI (F)

CC

VIP2873

Amplify DdS Q S e@8laa
BamHI (F)

GACGGATCCCAAATTCCAGCACTCCACTGTC

VIP2874

Amplify DdS Q S €812aa
BamHI (F)

GACGGATCCGTAGTCAAAATTCGTAAGGGTC

VIP2875

Amplify DdSQSyl-351aa|
BamHI (F)

GACGGATCCCCACCAAATGATCCATCTGC

VIP2887

Amplify GFP for NLS (F)

GAGTCTAGAATGAGTAAAGGAGAAGAACTTTT
CAC

VIP2888

Amplify GFP for NLS (R)

GACGGATCCAITIGTATAGTTCATCCATGCC

VIP2889

Seq GFP (R)

GCAGATTGTGTGGACAGG

VIP2898

Amplify GFP for NLS4N
(PMAA-2) (F)

GACAAGCTTAAAATGGCTCCAAAAAAAAAAA
GAAAAGTAGGTGGATC Catgagtaaaggagaagaactttt

VIP2899

Amplify GFP for NLS4N
(PMAA-2) (R)

GACGGTACAIBC TCGAGtttgtatagttcatccatgee

VIP2939

Amplify Ddcas9 to formj
DdCas9GFP (F)

GACAAGCTTAAA ATGGATTATAAAGATCATG

VIP2940

Amplify Ddcas9 to form
DdCas9GFP (R)

GACGAGCTCACCAGCACCAGCTTTTTTITTCTT
TGCTTGACCAGCTTTC

VIP2958

Amplfy DdRedA, Xhol

(F)

CAGCTCGACAAAAAATGAAATCAGTAATTTTA
AAACCAAAAAATTTAG
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VIP2959 | Amplify Dd-L-RedA, Sacl CAGGAGC TCACCAGCACCAGCAAACCAAACA
(R) TCTTTTTGATAACG

VIP2960 | Amplify DdRedB, Xhol| CAGC TCGACAAAAAATGGAAATTTTAGAATCA
(F) ATTGATTTTATTG

VIP2961 | Amplify Dd-L-RedB| CAGGGATCCACCAGCACCAGCAAACCAAACA
BamHI, (R) TCTTGTAAATATCTACC

VIP2962 | SeqlDdRedA (R) CACGTTTTTCAACTCCACCC

VIP2963 | Seq2DdRedA (F) CAAGAAGATTGGACTTGTTTCG

VIP2964 | Seq3DdRedA (F) CCACGTTACTATAGTATTGC

VIP2965 | Seq1DdRedB (R) GTTACCATTCTAAATCTTGGTACG

VIP2966 | Seq2DdRedB (F) CCTGTAGTTTGTAAATTCTTAGG

VIP2967 | Seq3DdRedB (F) GAATTTACACCACGTCTACC

VIP2976 | Amplify DdRedA, Xhol| CAGCTCGAGAAAATGAAATCAGTAATTTTAAA
(F) ACCAAAAAATTTAGTATTATTAGGTGCTGGTG

TAACAACAAC

VIP2977 | Amplify Dd-L-RedA Sacl| CAGGAGCTCACCAGCACCAGCAAACCAAACA

(R) TCTTTTTGATAACGTTTTICTTTITTCTAATTTGT
GAAGTAAAGCTTGAGC

VIP2978 | Amplify DdRedC, Xhol| CAGCTCGAGAAAATGAATAAAAAATGTACAA
(F) TTATTTATGC

VIP2979 | Amplify Dd-L-RedC Sacl] CAGGAGCTCACCAGCACCAGOCCAAGTTTCAG
(R) TAATAAACCTTTTTTC

VIP2996 | SeqDdRedA (R) CCAAGAGTTTACTAGAGTATGG

VIP2997 | SeqDdRedB (R) GGTTTTAATGGAGTTGAAACG

VIP2603 | Seq on Mcherry (F) CACCATCGTGGAACAGTACG

VIP418 | Seq. on Gal Pro (F) GTATTACTTCTTATTCAAATG

VIP3029 | Target A of Atgl KO (F)| AATTGCATTTGCTCAAGTTTATAA
CRISPR

VIP3030 | Target A ofAtgl KO (R)| AAMACTTATAAACTTGAGCAAATGC
CRISPR

VIP3031 | Target B of Atigl KO (F| AATTGACAAAAACAGATTGTTCAT
CRISPR

VIP3032 | Target B of Atgl KO (R)] AAACATGAACAATCTGTTTTTGTC
CRISPR

VIP3033 | Target C of Atgl KO (F| AATTGATTCATATAAAAATAATAG
CRISPR

VIP3034 | Target C of Atgl KO (R] AAACCTATTATTTTTATATGAATC
CRISPR

VIP1594 | Amplify the LF of Pex7] GACGGTACCGGAAGATAAACTCTTTCTTCTAT

(gDNA) KO by HR (F)

117G

VIP1595

Amplify the LF of Pex7
(gDNA) KO by HR R)

GACBAGCTIGCATGTCAAAATTTCATGATCAT
GTG

VIP1596

Amplify the RF of Pex7
(gDNA) KO by HR (F)

GACBIGCAGGATTGGAATAAATATAATGATAA
GGAG

VIP1597

Amplify the RF of Pex7
(gDNA) KO by HR (R)

GACBGATCECCTCTATATCATAAATTTTCTTCA
TCC

VIP3068

Amplify the DdRedC (long
primer) (F)

CAGCTCGAGAAAAAATGAATAAAAAATGTAC
AATTATTTATGCAACTGAATCA GGTACATCAC
AAGAGGTAGCAGAAAAGTTATCACG
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VIP49 M13 (F) Yeast GTTTTCCCAGTCACGACG
VIP50 M13 (R) Yeast GGAAACAGCTATGACCATG
VIP3134 | Amplify DdSQS| GACGGATCCCCTTCTGGTTTCAATGATTTCATC
6aaH7aaPTS1 (F)
VIP3135 | To form DdSQS24aa (F) | GATCCGCTGTTACTTCTTTAGCTGTTTCTTCTG
CTTTCTTAATTGCTCGTCATGGTCCAAACTTTT
TTTCGAAATTATAA A
VIP3136 | To form DdSQS24aa (R) | AGCTTTTATAATTTCGAAAAAAAGTTTGGACC
ATGACGAGCAATTAAGAAAGCAGAAGAAACA
GCTAAAGAAGTAACAGCG
VIP3137 | Amplify the first 187aa 0] GCATCTAGATTAGGTGTTGTAGTTTTCGACAC
DASMT (Dd) G
VIP3138 | Amplify DdS MT giB7aal| GACGGATCCAGCACCAGCACCATGGTCAGTGA
(Dd) TTACTATGATATCG
VIP1460 | SeqDdSMT (F) GTCACTTTCTTTGAATCCAC
VIP3227 | SeqDdSQS (R) GATTCATCATCTGCTGTTGC
VIP3449 | Amplify the first 187aa 0] GACGAGCTCAAAATGGTATTAATTCAAACTAA
DASMT (Y) F TCATC
VIP3450 | Amplify the first 187aa 0] GACGGATCCGGTGTTGTAGTTTTCGACACG
DASMT (Y) R

F, forward; R, reverse; L, peptide linker; LF, left flank; RL, right flank; RE, restriction

enzyme; Dd, Dictyostelium discoideum; Y, yeast

2.7.2 Polymerase chain reaction (PCR)

Routinely, the PCR was used to amplify a specific DNA region. Three different types of

DNA polymerase were used. THeaq DNA polymerase which does not have Zu5q

proofreading abilty, was used for colony PCR ofiyne Velocity polymelas provides

high fidelity was used for most of the PCR in this study. Each individual PCR reaction
consists of 4u5uM forward primer, 44 5uM reverse primer (10 |3/ for Velocity),
1.5mM MgCh, 54 2.5mM dNTP mixture containinglATP, dTTP, dCTR dGTP (3pl
for Taq), 14 1/50 diuted plasmid minprep 6r 1 of gDNA) was used as a DNA
template.Individual colones were used for the colony PCR. 1Bgvelocity/ Taqg buffer
and 0.2 5u/pl or 1pRu/pl of Taq or \elocity DNA polymerae respectively The final

volume was made up to @HOwith sterile water. Subsequently, the PCR reactas

placed ina thermocycler (Biometrajpnd the following program was ruifable 2.5),
after the id had preheated to 1D
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Table 2.5: Polymerasechain reaction programme

Step | Definition Temperature| Time Cycles
1 Initial denaturation | 98 C 2-5minutes 1

2 Denaturation 98 C 30 seconds

3 Annealing 56 C 30 seconds 30-35
4 Extension 72 C 30 seconds1min/1IKb DNA

5 Final extension 72 C 10 minutes 1

For amplifying D. discoideumgenomic DNA that contains A/T rich regions, MiFi
polymerase which ha3a5gproofreading abilty angbrovides hgh fidelity was used. A
modified PCR program was run. h@ intial denaturation and the denaturation
temperatures were reduced to @%or 3mins. The annealing and extension temperature
was raised to 60C and 62C for 30sec and 3mins respectively. Tharmocycler was

set up for 30 cycles. The PCR reaction mixture was prepared as desc(ibatlar?.6)

Table 2.6: MyFi PCR reaction compounds

Reagent Concentration | Amount
MyFi buffer 5x 104
Forward primer SuM 4ul
Reverse primer 5uM au
DNA template (gDNA) 5u
Polymerase enzyme lu/ 2u
H20 - 25 u
Final volume 50 il per reaction

2.7.3 Agarose gel electrophoresis

Amplified DNA, as well as digested DNAere analysed by agarose gel electrophoresis
and sizefractionated An appropriate amount ofgarosewas dissolved in TBE buffer
(ImM Tris-base,0.1M Boric acid 1mM EDTA, pH 8.0)to form 0.5%1% (w/v) gels
depending on the size of tBNA fragments Ethidium bromide was added at 0.5pg/ml
final concentration.DNA loading buffer (5x loading buffey NEB) was added at 1x final
concentrationbefore sample were loaded do the agaroseeh To estimate the size of
the DNA fragments, a DNALKb ladder (Hyperladder from Bioline) was loaded

alongside the sample§the gel was run InXTBE running buffer at constant voltage

44



(100V) for 45min. the DNA bands wereviewed on a UV transiluminatolimaging
system and an imageias captured usingsenesnap software (SynGen&NA size was
estimated by comparison to the ladder.

2.7.4 DNA recoveryfrom agarose ged

The DNA fragmen{s) of interest were excised from the gsing ascalpel while the
gel was on a UV transilluminatorThe DNA wasextracted from the gelby using a
QIAquick Gel Extraction Kit (Qiagen)folowingt he manuf actnarer 0s

2.7.5 DNA ligation

Routinely, the ligation reaction mixture consisted2od 110x ligation buffer, inearized
vector (~50g), varying amountof doubledigested PCR product as the insert (depended
on the insert length to give ratio of four times mordnsért molecules per one molecule

vector), £ T4 DNA ligase (3units from Promega)and the volume was made up with

i n

water to 2@ | . A negative control which containe

except the insert was used. For a positive continel,vectorwas linearizedusing only
one restriction endonucleasand no insert was added The ligation mixture was
incubated for 2hours at room temperature folowed by transformdticioli competent
cels Gection2.3.3.

2.7.6 Isolation of plasmid DNA

Plasmid DNA were isolated from transformedE. coli using theQIAgene miniprep kit
folowing thema nuf a ct ur e r BME2TYicantihing 75t/ ml ampgillin were
inoculated with a single transformel. coli colony and incubated at 3 overnight.

Next day,the bacterial cells were lysed, the plasmid DN#s bound to the spin column,

washed and eluteéhto a 1.5ml Eppendorf tube with &0 el ut.iPasmdbuf fer

concentration wasoutinely measuredby using a Nanodroppparatus
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2.7.7 Restriction digestion

Redriction digestion was used either for diagnostic purposes or in constructing new
plasmids. Routinely the restriction digestion reaction was performed BOg@ final
volume cordining 1000ng plasmid DNA, 54 appropriate 10x buffer, 2\ exch
enzyme The volume was made up to 504 with water. The digestineabated for Bs

at 37°C

2.7.8 Sequencing of DNA constructs

The sequencing of cloned construcigepared in this study waperformed by
SourceBioscience, UKThe plasmids and primer concentration eveent for sequencing

following SourceBiosciencé s ins.tructions

2.7.9 Annealing of oligonucleotides

Each oligonucleotide was dissolved in a suitable amount of Tris H@l attording to
the manufacturingcompan@s instruction to giveasolution at 200M. Then 5ul of each
oligonucleotide was added to 9Qgterie distiled water and samples were incubated in
a heating block at 96°for 5mins, followed by slowcoding to room temperatureThen

6u of the annealed oligonucleotides mixture were used as ingeststandard DNA
ligation reaction (section 2.7.5)

2.7.10 Constructing plasmids

Plasmids were generated by either homologous recombinat®accliaromyces

cerevisiag or restricton digestion method (classical cloning). A list of all plasmids used
in this stug can be found iMTable 2.7.
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2.7.10.1 Plasmid construction byhomologous recombination

The open reading frame (ORF) of interest was amplified by PCR (se&cfioR). A pair

of primers designed to annealeach end of the ORF was us@te primers additionally
contained 20 nucleotidesthat werehomologous to regions fleimg the insertion sitén

the plasmid After the vector plasmid had been linearized by using appropestectio n
enzyme(s), both the PCR product of the ORF and the linearized plasmid were
transformed into a wild type yeastettion2.5.3) andcloning occured by homologous
recombination This method was used to tag the ORF of interest eithéd-tor C-
terminal (Figure 2.2).For Gterminal tagging, the stop codon was deleted from the ORF.
The vector plasmids usually contain a 3x Glyeldanine linker to allow tag protein

and the encoded polypeptide to fold up separately
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A) N terminal tagging GFP/RFP

PCR product - REI I ORF | REII -
Xﬂomologous
recombination
et R R =] (o I e

: .
Cloned
plasmid

B) C terminal tagging with GFP/ RFP

PCR product =N ORF Bl @ |

Homologous

recombination
Linearized -
et Ny ) (o

|

Cloned
plasmid

Figure 2.2: Schematic diagram for constructon of plasmids Sn cerevisiaeby

homologous recombination. A) Making plasmids with N terminal GFP or RFP tagging.
B) Forming plasmids with C terminal GFP or RFP tagging.
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2.7.10.2 Plasmid construction by classical cloning

The insert (ORF of interest) was obtained either by PCR amplificatieatiqn 27.2) or

by digesting plasmid containing the ORF with restriction enzymes. The vector plasmid
and the insert were digested with the same enzymes, tosiomiar DNA sticky ends.

The released ORF and the linearized vector were separated on an agaresetigel (

2.7.3) and extracted from the gedgction 27.4). T4 DNA lgase was used to ligate the
ORF with the vector as describedsector(section 2.7.5

2.8 CRISPR plasmids
2.8.1 First CRISPR plasmid
2.8.1.1The plasmid vectors

Plasmid 339BmRFP mars whichcontains the red fluorescent motein gene located
between several restricton sites was modified by deletibthe RFP geneA new
muliple cloning site (MCS) was ceatedby inserting two annealed oligonucleotides
(VIP2299 and VIP2300)The eventual plascthis called pMURLQ(Figure 2.3).

5
p339-3mRFP . Pvull HindIII - BamHI EcoRI Clal EcoRV

5.

Figure 2.3: Schematic diagram of the restriction sites in p38®RFP and p339

3MUR10 plasmids. New restriction sites were added to the original plasmid- p339
3mRFP forming pMUR10 (or p339MURL10).
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Plasmid 3398BmRFP was isolated from amesnight culture of transforme&scherichia
coli DH5 U taonrdstriction enzymesHindlll and Clal were used to digest the
plasmid DNA in order to insert the new restriction sites.

Three versions of the firsDACRISPRplasmid were constructed by insegtirwtCas9
into pPMUR10, whereafiCas9 andddCas9 were inserted into p33IRFP separately.

2.8.1.2The insert

Wild type cas9and humanisedCas9endonucleasepen reading framegere amplified
by PCR, VIR301+/IP2302 and VIR2226+/IP2227 primers respectively A FLAG
epitope was added to the N terminal end of wtCas9 duringP@R encoded by the
forward primer VIP2301. The flag epitopeshthe sequence DYKDDDDK.HE same
nuclear loclisation signal (NLS) was added to the 3" end of the wtCas9 by insertibn

the suitable sequence into the reverse primer VIP23Rgure 2.4).

VIP2226

. o
5
A) Humanized Cas9 _-( NLS T hCas9 endonuclease K NLS )
3
VIP2329 -_.

VIP2227
5
B) Wild Type Cas9 [ wtCas9 endonuclease

)
3
VIP2301

Figure 2.4: Schematic diagram of CRISPR frst plasmid. The diagram shows the

structure of two versions of the frst CRISPR system pthsmd) Human codon
optimized Cas9, which already contained an NLS and 3x flag epitope (commercially
provided by Addgene)B) Wid type (bacterial) Cas9 gene (Addgene). The NLS and a
FLAG epitope were added to the original gene by R@G® classical cloning
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Another version of cas9 endonuclease was made. Itesigned to include the codons
commonly used by. discoideum and it wascalled Dictyostelium discoideum Cas9
(DdCas9. The same amino acid sequencevt€as9wvas used astamplateto designed
DdCa®. Amino acid codons were optimized to be expressdal miscoideumMost of

the amino acid codons rarely used Dydiscoideumif not all, were changed by the
commoty used codonsThe SV40 NLS and nucleoplasmin NLS were added to the N
and C terminal of theDdcas9 respectively. Furthermore, a 3x FLAG epittope was
inserted into the extreme N terminal end. This gene was made by GenScript Company
(http//www. genscript.coin

2.8.2 Second CRISRR system plasmid

The second DACRISPR system plasmid was designed to express the guide RNA
(gRNA). It consistedof several different partghe D. discoideunJ6 promoter(100bp

only, because Eurofins Genomics could mnadke longer than that because of high
content of A/T nucleotides)followed by 18bp which could be changed by tHgbsl
restriction enzymeand replaced by anique sequence @D nucleotides from the target
gene, and then the gRNA, finally, thd5 terminator Figure 2.5). The construct was

synthesized by the Eurofins GenomicEhe complete sequence was then ligated into a

pDXA3C-hygromycin resistant plasmid(section 2.7.5) after it had been digested with
Bglll and Xhol

Xhol

/

& —

v
CTAATTGGGTCTTCGAGAAGACCTGTTTTAG Bbsl
GATTAPfCCAGAAGCTCTTCTGGACAA.A‘&TC cutting sites

Figure 2.5: Schematic diagram of the second CRISPR system plasmid. The diagram
shows the locations of the restricton enzymes and the sequence recognized by the Bbsl
enzyme, which issed to insert 20bp of the target gene, in betweerDitiostelium
discoideumU6 promoter and thgRNA which is followed by théerminator. The cluster
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was inserted between the Bglll and Xhol siteshia pDXA3C-hygromycin resistant
plasmid.

Another ver®n of the U6 promoter was made by PCR using ediscoideumgDNA
template. A new DNA polymerase (MyFi, Bioline) was used and the PCR protocol was
modified. The MFi polymerase apple to amplify an A/T rich regionsDofdiscoideum
gDNA. The folowing chaged were appled in the standard MyFi provided PCR
conditons, which hey allowed MFi to amplfy 45@®p of the D. discoideumU6
promoter. First, the annealing temperature was increased to 60°C and longer forward
and reverse primer were designedertsurethe right annealing wil be formed between

the primers and theDNA. Secondly, decrease the extension temperature to be 62°C

instead of 72°C. That would allow the newly synthesised DNA to be in contact with the

templet DNA, which would help the polymerasenging on the DNA. Finally, the

extension time was increased from 15sec/ 1Kbp to 10mins/ 1Kbp.

Table 2.7: Plasmids used in this study.

Plasmid Promoter OREF Description Parental Source
name plasmid
Yeast plasmid
Ycplac33 | --- Empty plasmid Lab stock
URA3Centromeric
Ycplacl1l | --- Empty plasmid Lab stock
LEU2/Centromeric

pEHO01 HIS3 GFRPTS1 Ycplac33 E Hettema
pEH012 TPI GFRPTS1 Ycplac33 E Hettema
pAS63 HIS1 Hc-Red PTS1 Ycplacl11l A Motley
pNAO019 PEX11 | PEX1tmCherry Ycplac33 N Alsaray
pMUR23 GAL1/10 | GFP-DASQS pAS113 This study
pMUR24 GAL1/10 | GFP-DASQE pAS113 This study
pMUR25 GAL1/10 | GFP-DAOSC pAS113 This study
pMUR26 GAL1/10 | GFP-DASMT pAS113 This study
pMUR29 GAL1/10 | DASQEGFP pAS52 This study
pMUR30 GAL1/10| GFP-Dd SQS &H pAS113 This study
pMUR31 GAL1/10 | GFP-Dd SQS &P TS1 pAS113 This study
pMUR32 GAL1/10| GFP-Dd SQS &He&P T S| pAS113 This study
pMUR37 GAL1/10 | mCerryDdSQS pNA40 This study
pMUR42 GAL1/10 | mCerryDdSQS pAS52 This study
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pMUR57 GAL1/10 | GFP-104aaDdSQS pMUR23 This study
pMUR58 GAL1/10 | GFP-65aaDdSQS pMUR23 This study
pMUR61 GAL1/10 | GFP-37aaDdSQS pMUR23 This study
pPMUR62 GAL1/10 | GFP-24aaDdSQS pMUR23 This study
pMUR70 GAL1/10| GFP-Dd SQS 310 &P T § pMUR21 This study
pMUR71 GAL1/10 | GFP-Dd SQ&a11 &P T § pMUR21 This study
pMUR72 GAL1/10| GFP-Dd SQS3a&12 &P T § pMUR21 This study
pMUR73 GAL1/10 | GFP-Dd SQS3a811 &P T § pMUR21 This study
pMURSO GAL1/10 | 3HA-IAA17DdSQDASQS pNUT96 This study
pMUR94 GAL1/10 | mCerryDd S QS &H pMUR42 This study
Dictyostelium discoideum plasmids
pMURS 100bpU6 | gRNA Eurofins
pMURG6 wtCas9 Addgene
pMUR7 100bpU6 | 20bp of the target +gRNA pMURS This study
pMURS8 100bpU6 | Target APEX7 +gRNA pMUR7 This study
pMUR9 100bpUG6 | Target BPEX7 +gRNA pMUR7 This study
pMUR10 Actinl5 | Muli cloning site 339-3:mRFP in| This study
pBsrH
pMUR11 Actinl5 | wtCas9 pMUR10 This study
pMUR12 Actinl5 | hCas9 339-3:mRFP in| This study
pBsrH
pMUR13 100bpU6 | Target AGFP +gRNA pMUR7 This study
pMUR14 100bpUG6 | Target BGFP +gRNA pMUR7 This study
pMUR15 100bpU6 | Target CGFP +gRNA pMURY7 This study
pMUR20
pMUR21 Actinl5 |[Dd SQS a&H pDXA-3C-MA | This study
pMUR22 Actinl5 |[Dd SQSa&eH&PTS1 pDXA-3C-MA | This study
pPMUR33 Actinl5 | DdCas9 339-3:mRFP in| This study
pBsrH
pMUR35 450bpU6| 20bp of the target +gRNA pMUR7 This study
pMUR35I] | 450bpU6 | Target APEX7 +gRNA pMUR35 This study
pMURS35II | 450bpU6 | Target BPEX7 +gRNA pMUR35 This study
pMUR35III | 450bpU6 | Target AATG1+gRNA pMUR35 This study
pMUR35IV | 450bpU6 | Target BATG1+gRNA pMUR35 This study
pMUR35V | 450bpU6 | Target CATG1+gRNA pMUR35 This study
pMUR49 Actinl5 | DdCas9GFP pPMAA-1 This study
pMURS50 Actinl5 | NLSGFP-NLS PMAA-2 This study
pMUR52 Actinl5 | DAREDAGFP pPMAA-1 This study
pPMURS53 Actinl5 | DAREDBGFP PMAA 1 This study
pMURG63 Actinl5 | GFP-1-187aaDdSMT pMUR21 This study
pMURG64 Actinl5 | GFP-Dd S MTF1&71 pMUR21 This study
PMUR136 | Actinl5 | DASQEMRFP 339-3:mRFP in| This study
pBsrH
Drosophila plasmids
pJL315 MT MRFRPTS1 pPDO006 J. Lacey
pMUR143 | MT eGFP-DdSQE pJLO05 This study
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2.9Protease protection:

Saccharomyces cerevisiaexpressing Dictyostelium discoideunproteins (squalene
synthase, squalene epoxidase and cycloartenadthyltransferage behind a conditional
promoter (galactosel0) were used to test the protein orientation in the peroxisomal

membrane.

A protease protection technique was used to identify the protein orientaton and side
direction in the peroxisomes membrane whether theyegposed to the cell cytosol or
facing the peroxisomal matrdS.cerevisiaeexpressingD. discoideunsqualene synthase
(DASQS) joined N terminus of GFP was chosen to test the orientati@FRDISQS.

Yeast celswere grom overnight in 3ml YM2medium contairng 2% glucose in the
absence of leucine, the selectable marker. Tt morning, the culure was used to
inoculate a 10ml culture of the same medium containing 0.3% glucose, starting from
ODes000.15. The culture was grown for 9h. Oleate mediunm0i@pP was inoculated with

all of the previouscultures and incubatedat 30°C overnight with shaking at 180tpm.
GFP-DASQS production was induced by adding 10ml galactose (2%) to the culture.
GFR-DASQS expression was checked unddiu@esceh microscopy after 2hs. The

cells were centrifuged at 18§for 4min and washed with fresh YM2 medium once. The
final pellet was resuspended in YM2 medium containing 2% glucose and incubated for
1h at 30°C with shaking at 18§ Spheroplasts were prepared as describgdection

2.5.5. The yeast spheroplasts were resuspended in 2rablde650mM sorbitol, 5SmM

MES pH 5.5, 1mM KCI, 1mM EDTA, and then disrupted in dounce homogeniser at
4 C. The sample was then centrifuged famiBs at400xgat 4 C to remove any intact

cels. The supernatant was added to a newcpoed 2ml Eppendorf tube and
centrifuged again in the same conditons. The final clear supernatant was used as a

homogenate.

Proteinase K (fromTrititachium albun) attached to agarose beads was used fangest

the membraneassociatedprotein orientation. Homogenates were treated with proteinase
K-agarose beads in the presence and absence of TrHtb®D Xand were incubated at
room temperature for different periods of time (0O, 5, 15, 30 and 60mins). Eadbmeact
was stopped by adding TCA to 10% final concentration. The samples were incubated
for 10 mins on ice (at 0°C) and then centrifuged at 4°C fonirs at 15,700xg The

supernatants were discarded and the pellets were resuspended in TGjd (g 9.5).
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A 90y 1x protein loading dye (PLD) were added to each sample. Samples were boiled
at 95°C for Gmins by using a heating block, incubated fami@s onice, centrifuged at

4°C for 1min at ful speed. After that, Samples were loaded on 7.5% and 10% SDS
PAGE and western blot analyses.

2.10 Auxin degron systemanalysis

Plasmid encodeDdSQS tagged to 3x HAAL7 atthe N terminus endx HA-IAA17-
DAdSQS was transformed to YEH315 and YEH3§1Y E H 3p#&x%) egeast strains
(expressed TIR1 proteinjyhereas YEH404 and YEH405 strains (expressed-@GH»
PTS1 in peroxisome and cytoplasm respectively) used as a cdmgible 23).
Transformed cells and YEH404 and YEH405 strains were grown in 5ml YM1 minimum
medium containing 2% glucosen (the absencefdeucine -as a selectable marken

case of the transformedtrain) overnight at 30°C with shaking 180rgBubculture sof

the same fresh 100ml medium were started next morning frogpbdO2 for 56hs in

the same conditionsCultures were treatedither with or without 1ml of stock solution
indole-3-acetic a&id (auxin, SigmaAldrich) at final concentraton 500um. Samples of
10 ODsoowere taken from each grown culture strain after 0, 30, 60, 90, 120 and150min.
Samples then were centrifuged 14100xgfor 2 mins and flash froze in liquid nitrogen
before had been stored-B80°C. Total proteinvasextracted by followingTCA protein
precipitate  methodséction 211.1). Samples were loaded onto SPAGE gel(section
2.11.2) analysed by western blot techniqued ansualised by GenSnap software as
described briefly in sections¢ction2.11.4)

2.11 Protein procedures
2.11.1 Trichloroacetic acid (TCA) protein precipitate method

For total protein precipitation,D. discoideumculture was grown orHL5 glucose
medium overnight (yeast culture was grownntii ODsoo0.5). 10 ODs ofeachcells
culture washarvested by centrifugation ab,700xgfor 5min at roontemperature. fie
supernatast werediscarded Eachpellet was either flash frozen in liquid nitrogen and

stored at80 Cor used directly.All the next steps were carried out on atC4or on ice
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with precooled buffersand centrifuge Frozen peliss were resuspended in 0.50MPM
NaOH and 0.2% (v/ivb-mercaptoethanol, prepared freshnd incubatedfor 10mins
on ice. 71m 40% (v/v) TCA wereadded to eackample to a final concentration d¥b
and the samples weiacubated for 10 m# at 0 C. After centrifugationin a micro
centrifuge at B,700xgfor 5ming the supernatasitwereremovedtotally, and thepellets
wereresuspended in D/®1M Tris (pH9.4).Subsequently90m 1x proten loading buffer
(PLB) (which consists of 62.5mM THE! pH 6.8, 10% (v/v) glycerol, 3% (w/v) SDS,
0.05% (w/v) bromophenol blue, and 0.025M D'Was addedo each sampleSamples
pH werecheckedfrom the final colour.A blue sampleshada suitable pH, whie green
or yellow coloued sampls had to beadjustedto a blue colourby adding further 1M
Tris. Finally, samples were boied at 95°C fornfins, incubated 2mins on ice,
centrifuged at 3,700in a microfuge for 1min at 4°C and were then ready for loading
onto the SDSFPAGE gel.

2.11.2 Sodium dodecyl sulphate polyacrylamide gelelectrophoresis (SEFAGE)

SDSPAGE was performed as described $gmbrook and Russe(R006) The 7.5%,
10% or 12% polyacrylamide resoling gels, as welthesstackng gels were made by
mixing stock solutions as shown ifable 2.8. Protein samples were denatured in 4x
protein loading buffer (200mM TrBICI pH 6.8, 400mM DTT, 8% (w/v) SDS, 0.4%
(w/v) bromophenolblue and 40% (v/V) glycerol), heated forl® mins at 95C andthen
centrifuged at ful sped in a bench centrifuge for 1mimhe gels were loaded with- 2
25¢l pr otTe estimats thengizé ef the detected protainprestained protein
ladder (Pageruler)wasalso loaded onto the geElectrophoresis wasin at 150V in 1x
protein runmig buffer (25mM Tris 250mM glycine, 0.1% (w/v) SDSuntil the
bromophenol blue dye had just reached the bottom of the resoivin@utpsequently,
gels were either stained titCoomassieblue staining solutionor used for vestern
blotting
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Table 2.8: Showing the composition of individual SDSAGE gels.

Stock solution Resoling gel(10ml) Stacking gel
7.5% |10% |12% | (10mi)

4x Resoling buffer (1.5M TrA$ICI, | 2.6ml | 2.6ml | 2.6ml
0.4% (w/v) SDS, pH8.8)
Stacking buffer (0.5M TrigHCl, 0.4% 2.5ml
(wiv) SDS, pH6.8)
Protogel (30% (w/v) Acrylamide: 0.8 2.5ml | 3.3ml | 4ml 1.3ml
(w/v) Bis-Acrylamide Stock solution)
Water 49m | 4.1ml | 3.4ml | 6.1ml
10% (w/v) ammonium persulphat&PS | 1004 | 1004 | 100 | 1004
N,N,N',N-tetramethylethyle nediamine | 10 104 | 104 10
TEMED

2.11.3 Coomassie Blue staining

The polyacrylamide gels were stained with Coomassie Blue stain (50% (v/v) methanol,
10% (v/v) acetic acid, 0.1% (w/v) Coomassie Bl&250) for 1 hour at room
temperature with gentle shaking, followed by washing in destain solution (10% (V/v)

methanol, 10% (v/v) acetic acid) until the pale blue background of the gel had been
removedandthe protein bands became visible.

2.11.4 SDSPAGE protein analysis by vestem bloting

Protein samples separated by.5% or 10% SDSPAGE, were blotted onto a
nitrocellulose membrane (Schleicher and Schuell) usifigaasBlot Mini Cell (Bio-
Rad), as described in theanufacturés manual (www.bio-rad.con). Samples were
transferred at constant 200mA for 2hs in a-q@ueled transfer buffer (12.5mM Tyis
125mM glycine, 2@%6 (v/iv) methangl The protein transfer eficiency was detected by
using Ponceaued gaining solution (0.1% Ponceau(\#/v) in 5% (v/v) acetic acid). The
nitrocellulose membranevas covered with the Ponceau stain for 1min before washing
in 1IXTBS T buffer xTris buffered salne (TBSgomposing20mM Tris, 500mM NacCl

pH 7.6, 0.05% (v/v) Tween20). The blotted membrane was blocked by iacubiat
10ml blocking buffer (2% (w/v) fatfree Marvel mik in TBST) for 1h with constant

mixing at room temperature. Subsequently, the membrane was incubttied friesh
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10ml blocking buffer

containing

the desired diution of the primary antibody

(determined experimentallyfTable 2.9) and incubated with mixing for HLat room

temperature. To remove unbound primary antibody, thebmam was washed three

times, nin each, with 10ml ¥ITBS-T. Next, the membrane was incubated with 10ml

blocking buffer containing the appropriate diutiofthe secondary antibbodyigble 2.9)

for 1h with mixing at room temperature. The washing steps were repeated again as

described above. Finally, the protein samples were detectedifgya Syngene GBox

imaging system after 1minincubation of the membrane with proteirghanced

chemiluminescence (ECLyeagentf ol | o wi

ng

exposure times were determined experimentally.

Table 2.9: The following

t he

antibodies were used in this study.

manufacturer

Antibody Purpose Dilution | Source
Mouse  monoclonal Primary antibbody to detect GH 13000 | Roche
anttGFP and GFP tagged proteins
Mouse monoclonal | Primary antibody to detedtlag | 1:4000 | Sigma
antiFlag taggedproteins
Mouse  monoclonal primary antbody detect -3 1:7000 | Invitrogen
ant-Pgkl phosphoglycerate kinase
Anti-thiolase Primary antibody to detect yeq 1:5000
thiolase
Anti-Pxal Primary antibbody to detect yea| 15000 | BioServ
proteins
Anti-Cas9 Primary antbody to detec@as9| 1:2000 | New England
andDdCas9 Biolabs
Polyclonal goatntt Secondary antibody to detect | 1:4000 | Sigma
mouseHR P  ( GU| mouse primary antbodies
Polyclonal rabbitantt | Secondary antibbody to deteett | 1:4000 | Sigma
rat HRP (RARP) primary antibodies
Polyclonal goatantt Secondary antibody to detect | 1:.5000 | Eurogentec
rabbit HRP (GARP) | goat primary antibodies
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2.11.5 Analysis of peroxisomal membrane proteins topology by sodium chloride

treatment

Membrane were incubatedin high salt concentratong1M NaCl) to releag the
peripheral membrane proteifi®m the peroxisomal membranépproximately 106- 107
cells were used peyachtopology experimentfor either yeast obD. discoideumCells
were harvested d480xg for 5mins at 4°Cand washed twice with 8ml HEPES buffet-
(2-hydroxyethyh 1-piperazineethanesulfoni@acid) pH7.5 After the supernatants had
been discarded, the pelets weesuspended in 1ml 50mM HEPHfIffer containing
protease inhibitors Cells were therlysed byeither sonication on ice for Ases at 10
amplitude microns (Sanyo sonicatary bead beatingBfospec Producjsfor amoebae
and yeast cells respectivelsamples were centrifuged a8Qixg for 5 mins at 4£C, to
remove any intact cells. The supatants (homogenate) were transferred to a new pre
cooled Eppendorf tub&’5u homogenatewas added to 2 4x protein loading buffer
(PLB) and used as a total lysate, tmaining homogenatewere centrifuged in a
polycarbonate tube (Beokan) at 80,000mm for 1h at4°C using a Beckman Optima
MAX-E Ulracentrifuge (TLA 100.2 rotor).Subsequently, the supernatants were
discarded afte75u had been taken for analysis asfirs supernatant. Then the pellets
had beerresuspended in 1m 1M NaGlOmM HEPESpH7.5 andincubated for 30
minutes on ice with mixing occasiolyal The suspensions were centrifugeoly
utracentrifugation asdescribe above. Poteirs in the second supernatant were
precipitated by adding 2504 of 40% (v/y trichloroacetic acidto 750U of the
supernatant anthe mixture waskept on ice for 30nins. Subsequently samples were
centrifuged for 15,700xgat 4°C for 5mins The pellet was resuspemtién 104 1M Tris
pH9.4, after the supernatanbeendiscarded 90 of 1x protein loadig buffer were
added to the mixture A further 10x diution wascarried out in 1x PLB this gavhe
second supernatanfThe membrane pellet aiction was resuspended in 1B0mMM
HEPES containing 1% (v/v) Ton X-100 and a 754 sample wkspt aghefinal pellet.
The samples weranalyzedby 10% SDSPAGE andfollowed bewesternblot.
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2.11.6 Analysis of membrane topology by sodium carbonate

The sodium carbonafgeroxisomal membrangrotein extraction procedure was adapted
from Fujiki etal, 1982andElgersmaetal., 1997 This techniquewas used to distinguish
betweenthe peripheral and integral membrane proteinsrdguspensiorthe membranes
in 0.1M NaCOs pH 11.4.Cels were harvestedwashed twice, resuspended in 1ml
50mM HEPESpH7.5 and lysed agescribe previously. After 754 had been kept as a
total lysate, the sample was centrifugad}°Cfor 1h at80,000rpm(using Optima MAX

E Ultracentrifuge, TLA 100.2 rotar)75u of the first supernatant was collectethe
pelet was resuspended in 12.50d0mM NaCOsz pH114 (in order todilute the protein
concentration to less than 10mg/mlfhe mixture wadcubated for 30 minutes on ice
To pelet the integral membrane proteins, 1ml of tpeevious suspension was
centrifuged again at4°C for 1h at80,000rpm(using Optima MAX-E Ultracentrifuge,
TLA 100.2 rotor) 5004 of the second supernatant was concentrated by centrifugation
in the ultra-0.5mL centrifugal fiter with a 10K cutout (Milipore) atful speed in a
micro-centrifuge for 20 mins at 4°C The final volumewas madeup to 80 and a 75l
sample wagakenas the second supernatamhe pellet wasesuspended in 80l 50mM
HEPES containingl% (v/v) Triton X100, and a 75ukample wagaken for analysisas
the final pellet Equivalent amounts (material from theame number of cells) of each
fraction were examinedn 10 SDSPAGE andanalyzedby the western blotechnique

2.12 Northem blotting procedure
2121Designing short ol i geodlabelinge ot i de probe

Short synthetic DNA oligonucleotide was designed lsat tit would anneal with a

specific sequence of the guide RNA (gRNA). The oligonucleotide had the following
properties; 18bp in length, annealing temperature 60°C, and 50% C/G ratio. Use of the
oligonucleotide followed the procedure describedManiatis ¢ al, (1982) The probe

had beeh abel |l ed at t he 5&ATH @rovided \byPerkipEinee,p us i n
PerkinElmer, Mass, USA)lY 5uM DNA oligonucleotide sample was incubated at

37°C for 30nin in the labelling reaction which consisted ofi4u DERC-H2O, 1l
polynucleotide kinase (PNK)and 2u 10x PNK buffer, andlOl 32B]-ATP. Finally,
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the mixture wasgnixed with 1 ml hybridisation HWier, heatinactivated for Smins at
65°Cand then fitered byusing 0. 22 e m Mibéfdreupeor e f il t er

2.12.2 RNA extraction and purification from D. discoideum

RNA was extracted from growing amoebae according to the hot phenol method
described in(Maniatis at, el. 1982)with the addition of some changes adapted from
(Sambrook, 2012)Amoebal cells expressing RISPRgRNA were grown in 100 ml
medium at 22°C and shaking at 180rpm for 3days. 5xEls were harvesed by
centrifugation at 80xg for 5 mins. After the supernatants had been removed completely
1000y glass beads, 5004 phenol and 5004 GTC mix (6.gulhidine thiocyanate,
15mM EDTA (pH 8.0),75mM Tris-H C | (pH 8. 0), 3mscapteethdnols y | ,
in DEPGtreated water) were added. The mixture was vortexed for Sifier that,

3.5ml phenol and 3.89nof GTC mix wereadded, mixed briefyand heatedat 65°C for
10min. The mixture was cooled on ice for 5min beford 4hloroform and 81 sodium
acetate flaAc) mix (10mM TrisHCI (pH 8.0), 1mM EDTA, and 100mM Me (pH

5.0)) were added anthe samplesnixed by inverting the tube several timeBollowing

this, the aqueous phase was isolasdér centrifugation for Bnins at2000xg transferred

to a new tubeand then reextracted twicewith an equal volumephenolchloroform.

RNA was precipitated by addinyvo volumes 100% ethanol to the aqueous phase and
the mixtures were leftat -80°C for 1-3 hs Precipitated RNA was peleted by
centrifugation forlOmin in a microfuge.The resulting pellet was washed twice in 70%
ethanol then aidried for 10min and dissolved in 100y DERE@eated water RNA
concentration was measured by é&spectrophotometry. RNA samples were either
used directly or saved ¥80°C.

2.12.3 Acrylamide gel electrophoresis

Total RNA was fractionated by acrylamide gel electrophoresis. An 8% acrylamide gel
was prepared ir0.5x TBE buffer containing 50% (w/v) ureé30g urea, 12ml 40%
acrylamide (19:1), 6ml 6XxTBE, 18ml2B, 4004 10x APS and 404 TEMED)Each

RNA sample was prepared by mixing 4pi DEPGH20 to give contain approximately
5ug total extracted RNA. 4 2x RNA loadng buffer 5% formamide, 20mM EDTA,
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0.05% (w/v) xylene cyanol, and 0.05% (w/v) bromophenol blue) were added. Then
samples were denatured by heating foinat 70°C, before they were loaded and run
on the gel Equal amount of RNA per sample were loaded on the acrylamide gel which
was run at 200 volts in 0.5x TBE buffeElectrophoresis was stopped whie cyanol

blue dyereached thdoottom of the gelThe separated RNAs in the polyacrylamide gel
were transfere@ to a HybondN+ membrane (GE Healthcare, GE Healthcare Life
Sciences, Bucks, UKat 15 voltsovernight in 0.5x TBE buffer. After transfeRNAs

were crosdinked to the membrane using Ulght (1200 joules) at about &t in
distance. After that, the rambane was incubated im freshly preparedligo-
hybridisation buffer (8SSPE, %Denhardts, 0.2% SDSat 37°C for h before
hybridisation overnight with radi@belled probe qection2.12.1). Excess probe was
discharged, and to remove mepecifically bound mteria) the membranevas washed
three times in 6XSSPE at 37°C for dins. Subsequently, theembrane was wrapped

in Saan wrap andthen exposed to MS fim (Kodak, Kodak Ltd, Herts, UK) for
overnight. For safety reason, thadio-labelled probes wersubsequently removed. Blot
was stripped by incubating in 100mbrthern stripping solution (0.1% SSPE, and 0.1%
SDS heatedto boiing before use), three timeor 15mins.

2.12.4 Northem blot analysis

After overnight exposure, the flms were scanned imgua Typhoon FLA 7000 scanner
(GE Healthcare UK). Images were visualized by the Typhoon FLA 7000 software and

the final figures were prepared using PewerPointprogramme.
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Chapter three nAttempt to develop new genesditing

system in the slime mouldDictyostelium discoideum

3.1 Introduction

Nitrogen containing bisphosphonate drugs have been used widely to treat and prevent
bone resorption diseases (e.g. osteoporosis). The target for these drugs was originally
discoveed by using the slime moulDictyostelium discoideum The drugs inhibit
growth ofD. discoideunand the target was found to be the enzyme farnesyl diphosphate
synthase (FDPS). Among this group of drugs, the -waktly used are alendronate and
residronate but, in comparison with residronate, alendronate is at ledisteS0less
potent at inhibitingFDPS although it is only two to three times less potent at inhibiting

D. discoideungrowth (Grove et al., 2000)Moreover, it has been shown that the target

for these drugsihuman osteoclasts is also FDPS and there is the same difference as in
D. discoideunbetween the potency of the two drugs as inhibitors of bone resorption and
of FDPS (Bergstrom et al., 2000)

In this chapter we try to investigate the reasons ther difference in potency of
alendronate andsedronateas inhibitors of cell activty and of FDPS.

At least inD. discoideum uptake of the drugs is by micropinocytodiRogers et al.,
1997) which is a norselective procesfMarsh, 2001) and the apparently anomalous
high potency of alendronate in comparison with that of residronate at inhibiting amoebal
growth cannot arise from greaterabiity of amoebae to take up alendronate. However,
FDPS is a peroxisomal enzyme [n discoideum(Nuttall et al., 2012and human cells
(Biardi et al., 1994; Krisans et al., 19%4)d it seemed possible that it is the process by
which the bisphosphonatdrugsenter the peroxisomes that is responsible for modulating
the relative potencies of the two drugs. Dn discoideumentry of the enzyme into
peroxisomes is dependent on a PTS2 sequéhattall etal., 2012) that is recognised

by the cytosolic receptor PexKim and Hettema, 2015Hence,we aimed to eliminate

any effect of the peroxisomal membrane on bisphosphonate potency by knocking out
activty Pex7 so that FDPS would no longer be in the peroxisomes but in the cytosol. If

the peroxisomal membrane is affecting the relatve potenciesleofironate and
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residronate, growth of th&®ex®p mut ant strains shoul d now

affected by alendronate than by residronate.

In this chapter two main approaches were folowed to knock Rext7 classical
homologous recombination am@lustered Regularly Interspaced Short Palindromic
RepeatCRISPR) system.

We attempted to develop the new genome ediing system (CRISPR) for @xe in
discoideum CRISPR is a bacterial and archaeal immune defeystens against foreign
invasive viral and plasmid DNA. The system has been recently developed successfully
to be a genetic editing system in most known organisms such as bacteria, fungi, plants,
animals and human cell liegBottcher et al.,, 2014; DiCarlo et al., 2013; Fujihara and
lkawa, 2014; Vyas et al., 2015; Yang et al., 2014 aimed to use it in thistudy, but

it would also be a good tool for use in ediscoideunfield. Thus, knocking ouPex7

would have two purpose first, establshing the CRISPR system and secondly,

providing the D. discoideumPex7yp strain DdPex7p) for bisphosphona
analysis assay.

3.2 Results
3.2.1 Building up the testing system

A fluorescencetest system for th€ex7 pathway was set up foise inD. discoideum
Farnesyl diphosphate synthagEDPS) was tagged with green fluorescence protein
(GFP at the carboxyl end FDBFP. This enzyme enteggeroxisomes by binding to
Pex7p, folowing the peroxisomal targeting 2 pathway (PTS2). Hence a successful
knockout ofPex7would leave FDPGFP in thecytosol Eigure 3.1).
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Figure 3.1: Pex7 knock out testing system for peroxisomal PTS2 containing proteins.
GFP tagged PDFS folowing tHeTS2pathway ofperoxin 7 protein (Pej7from the
cytosol to the peroxisomem D. discoideumAfterword, the transporter (Pex7) and the
cargo (GFPPDFS)werelanding on the docking complex in the peroxisomal membrane.
P, peroxisomeand 7, Pex7p

3.2.2 Pex7 knockout using the classicalpproach (homologous recombination)

A blasticidin resistance cassette in the pLPBLP plasmid was used to try to knock out
Pex7in D. discoideum Approximately 1753bp of 5qg and
genomic sequence of theex7gene were amplified individually using MyFi DNA
polymerase in addition to primers VIP1594+VIP1595 and VIP1596+VIP1597,
respectively. The two PCR products were ligated individually into pLPBLP following
the digestion ligaton method. Kpnl and Hindlll wersed for the first digestion, while

Pstl and BamHI were used for the second digestion. T4 DNA ligase was used to ligate
the digested PCR products into pLPBLP. The presence and order of all inserts were
checked by enzyme digestion and sequencing of therecinsThe resulting(Figure

3.2B) was used for the gene knock out. Afier discoideunhad been transformed with

the knockout cassette, the amoebae were able toigraunedium containing 10pg/ml
blasticidin antibiotic. However, fluorescence microscopy of the transformed amoebae

clearly showed green fluorescent puncta in the amoebae. This showed BextTgene
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was active and was being used for production of /P that is essential for entry the
PDFSGFP into peroxisomes. Genomic DNA (gDNA) of the transformed amoebae was
extracted as described in section (2.). The extracted gDNA was used as a template for
gene knock out PCR diagnosis to determine the presdnite asert in the template

and its location. Three PCR reactions were carried out 1) to check Bexfipstream
sequence 2) the downstream sequence and 3) both sequences. The PCR results showed
the presence of the left and right flanks of the indedassette, but the PCR of the whole
cassette gave a band similar in size to that obtained when wid type (control) gDNA was
used as the template. This suggested that the resistance cassette had been integrated into

the genome but that there was also gDt did not contain the knock out cassette
(Figure 3.3).

+[ Upstream [ Pex7 N Downstream )+

B

- - -

¥

‘ Upstream l % Pex7 - % Pex7 JDownstream

Figure 3.2: Schematic diagram difie Hasticidin resistance cassette @ex7knock out
in D. discoideum A) Amoeba genomic DNAcontaining Pex7gene. Primers used to
form the left and right flanksare shownas small arrowsarrying the restriction sitef
the enzymes used) D. discoideim Pex7knock out construct structure.
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LF RF BF

Figure 3.3: PCR diagnostic resslt for the Pex7knock out Two samples are foD.
discoideumthat had been transformed with tRex7knock out (KO) cassette (lanes 1

and 2). In addtion, there are two controls. The first one used gDNA from amoebae

transformed with an empty KO cassette as the template (lane 3). The second used gDNA

from untransformed amoebae as the template (lane fARIE and BF refer to the left

flank, right flank and both flanks of tHeex7KO cassette, respectively.

3.2.3 Testingthe CRISPR knockout system

It seemed that either we could not knockout file& 7gene inD. discoideunby using the
classical method (horiamy recombination) or that there is more than one copy of the
Pex7gene in eaclamoeba Thus, we decided to develop a new technique caled the
Clustered Regularly Interspaced Short Palindromic Repeats (CRIS@RmM and
CRISPRCas9 protein. The CRISPRstgm has beerecently successfully applied to
several organisms. We attempted to develop a CRISPR systdin discoideunmthat
might overcomethe Pex7 knock out difficulty by allowing successful genome editing.
Our system consistedf two plasmids. The first CRISPR plasmid carried tas9
nucleasecDNA andthe seconagncoded a synthetic guide RNGRNA) that lead<Cas9
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to the targetegions in the genoim DNA that are to be edited. Thisybridizes to the 20

base pairs of thguide andis cleaved ffit is folowed by the protospacer adjacent rhoti
(PAM) sequenceNGG.

Function of the system depends on the presenceCad9 endonuclease which then
reacheghe target nucleic acid sequensgh help fromthe single stranded guide RNA
(ORNA).

3.2.3.1First D. discoideunCRISPR plasmid (DdCRISPR)

To generatea CRISPR system fdD. discoideumwe decided to carry the system on two

plasmids. The firstDdCRISPR system plasmid contains the open reading frame of the
Cas9gene, and the second encodes the guide RNA (gRNA). Three versidCasdf

were used in this study. We started with the wild t@#es9 which is a bacterial gene

extracted originally frontStreptococcus pyogengQi et al., 2013)In addtion, we used

the humanizedCas9(hCas9, in which the amino acid codons have been optimized for
expression in mammal§Ran et al, 2013)Both were commercially avaiable and

obtained from Addgene. The bacterial cas®swnodified before use, codons for three

SV40 nuclear localization sequend@diS)wer e added to the 5qg end
epitope sequence wer e hGadWpemreating framh alrea®lyy . Ho
had these modifications and used as it ithBms9 genes were cloned (either directly

or after modification of the restriction sites) into the 3BInRFP Blasticidin resistance

(BS?) plasmid between the actin 15 promoter (Al5prom) and the actin 8 terminator
(A8term) by use of the digestion ligatiomethod. The thirdCa®) was designed to be
expressed particularly iD. discoideumand we caled it DdCas9 The sequence

encoding D. discoideumcodon optimized S. pyogene€as9was fused with t
SV40 NLS and 3x flag epitopesequences i n a d di tniucleaplasmiro NL8 ne 3 q

(Figure 3.4). The whole construct was synthesised kBr8ript Company and then
amplified and cloned intohé 3393: MRFP plasmid.
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Figure 3.4: Schematic structure afl versions of Cas9 and gRNA used in this stusly

Cas9 genes were carried on a blasticidin resistaf®=®) plasmid, whie the gRNA was
cloned into a hygromycin resistancely(f®) plasmid. A)Wid type Cas9was modified

by PCR by adding 3x Flag epitope and SV40 NLS (Blue circle) before been constructed
into the first CRISPR. B) Humanized Cas9 was amplified and cloned into the plasmid.
C) Dictyosteliumized Cas9 which consists 3x Flag epitope and the SV40 NLS (light
blue circle) and thawucleoplasmin NLSlight blue squire), was incorporated into the
plasmid. D)The U6 promoter was either made by Eurefin or modified PCR technique,
followed by20bp homologue of the target gene and the gRNA scaffold.
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3.2.3.2SecondDdCRISPR plasmid

The RNA polymerase Il promoter U@as used to expresssmall single stranded RNA,

the guide RNA (gRNA), which isequired for Cas9 targetingthe secondddCRISPR
plasmid wa designed to express the gRNA. It consists of DhediscoideumU6
promoter DdUB), two restriction sites for the Bbsl restricton enzyme (to be used for
insertion of the 20bp targeting homologue), and the scaffold RNA and finallipdbié
terminator Figure 2.5). Three dference lengths (100bpr 450bp) of the U6 promoter
were usedThe 100bp was synthesised by Eurofin, whie the 450bp fragments created
by PCR ubg developed conditions and new type of proofreading DNA polymerase
MyFi (sector 28.2).

First, the DACRISPR plasmid containing eithérCas9(pMURS8) or wtCas9(pMUR9)
were used. Only the 100bp U6 promoter was available at this stage of the stady. Th
different loci from thePex7gene followed by the NGG PAM sequence, were chosen as
the 20bp sequence for insertion into the gRNA to target the Cas9 endonu@edse.
CRISPR system plasmids were successfulignstructed and checked by enzyme
digestionand sequencing. THe. discoediunknock out testing system was transformed
intially with the frst DACRISPR plasmid. Cultures of the transformed amoebae were
then retransformed, each with a different version of the sePol@RISPR plasmid.
Successful trasformation with each pair of plasmids was indicated by the abilty of the
transformants to grow in medium containing G418 and blasticidin. Nevertheless, th
were no significant differences between the grieemescent peroxisomal puncta in the
transforned and untransformed amoeb&dgre 3.5).
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Figure 3.5. Expressionof CRISPR plasmids in th®. discoideumknock out testing
system. Amoebae expressing FDR&-P showed green fluorest¢eperoxisomes both
beforeand aftertransformation with CRISPR plasmids Bex7 knockout.

The DACRISPR system was tested again aga®BP itself in amoeba expresséaFP.
Unfortunately, no difference was generated between the GFP expression level before
and after transformatiomvith the DACRISPR plasmids.

Why did the DACRISPR systemnot work?

1. Is thewtCas9 anchCa® protein expressed D. discoideurf Expression may
not occur because there amons in thdhCas9 andvtCas9 that are rarely used
by D. discoideur? If so, how many are there in each?

2. Isthe guide RNA expressed?

3. Was Cas9 located in theicleus?
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Biochemical experimentsndbioinformatics aalysis were carried owb try to answer
these questionsCas9 expression was determined by western blotting analBis.
discoideumtransformed with the firstDACRISPR plasmid (eithehCas9 orwtCas9)
were grown in HL5 medium in the presence of the ap@t@pantibiotic, and harvested

proteins were separated by DS PAGE protein separation systenmimmunoblot
analysis usingananttFLAG antibod/ was then used to detect Cas9 expression.

The gRNA transcription was investigated by using northern blot analysis. Four culture
of D. discoideum each transformed with a different version of the Second CRISPR
plasmid were used for northern blot analysis. Total RNA was extractetibigs2.12.2

ard loaded on to a polyacrylamide gel. RNA molecules were transferred to a
nitrocellulose membrane as a specific rddizeled 20bp probe was then used to detect
the gRNA by hybridization. The radioactivity was detected on AGFA photo flm when
was scanned itk BIO-RAD molecular imager None of the tested samples showed a
radioactive signal except for the positive contrdmino acid codon sequences analysis
of thewtCas9and hCas9showed a high number of codons that are infretjpeused be

D. discoideun{Figure 3.6).
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Western blot analysis of Cas9 Northern blot analysis of gRNA

Rare codons
hCas9 <400 of 1424
wtCas9 <200 of 1424

Figure 3.6: Western and northern blot and bioinformatiesalysis of the DACRISPR
system.A) This part of the figure showthe western blot analysis of humanise€as9
and bacterial cas%tCas9protein expressionin transformed D. discoideum Three
volumes (5, 10, 25u) of each sample were loaded on the BSRISE gel. It is clear that
only the positive (+ve) control, Drosophila 2R+ cels expressing CRISPR system,
showed a protein band at teegpected size for the Cas9 protein (15DkB) Northern
blot analysis showed only one bandabhiwas present in the RNA from the S2&el
line (+ve control). C) Binformatics analysisof al Cas9 sequenceshowed that there
are at leas00 and D0 codons out of a total of 1424 codan hCas9 andwtCas9
respectively that are rarely used DydiscoideumMessenger RNA

To try to solve these problems, we decidiednake our owrCas9gene which we caled
DdCas9 It wasdesigned to includeonly codonscommonly usedy D. discoideumIn
addition, codons in the SV40 NLS, neocleoplasmin NLS and the FLAG epitope were
also optimised for expression iD. discoideum (Figure 3.4). Furthermore new
conditons for the PCR reactiomere developednd a special DNA polymerase (MyFi)

were used to obtaia longersequence ob. discoidemn U6 promoter, which i#50bp
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in length. Four long nucleotide sequences were obtained, each similar but only slightly
different in sequence from thB. discoideumU6 promoter The differencesarose
because the PCR reaction catalysed by MyFi DNA polymedidenot give entirely
faithful copies of the DNA template. Al of them consist DietyosteliumUpstream
Sequence ElemenfDUSE) motif sequenced-ure 3.7).

4sebp.F TAGATCTTAACCTNNCAANT TTGGGACNCATANGAGNGTCNNNCTTTTTTITTATTTITTITT 6o
us.nd 0 0—------ TAACATGGCAATTTTGGGACACATATGAGTGTCATACTTTTITTITTATTTITITT 53
4sebp.G TAGATT T TAACANGGCAATTTTOGGACACATATGAGNGTCATACTTTTITTITTATTTITITT 6o
4sebp.B TAGATCT TAACATGGCAATTTTGGGACACATATGAGGGTCATACTTTTITTITTATTTITITT 60
asebp.H TAGATCT TANCANGGCAATTTTGGGACACATATGAGNGTCATACTTTTITTITTATTTITITT 60
oo & G0 SHEEEES TRGE SO SO LSS LSAESESIEE
asebp.F AATTATT T T T T TAATATATTAT T TAATAACGTAAGAGTTTTTTATTTARATTNCARATAA 120
U6.Dd AT TAT T T T T T TAATATATTAT T TAATAACGTAAGAGTTTTTTATTTARATTACARATAA 113
4s5ebp.G AATTATT T T T T TAATATATTAT TTAATAACGTAAGAGTTTTTTATTTAAATTNCAAATAA 120
4s5ebp.B AATTATT T T T T TAATATATTAT T TAATAACGTAAGGGTTTTTTATTTARATTACARATAA 120
4s5ebp.H AATTATT T T T T TAATATATTAT TTAATAACGTAAGAGTTTTTTGTTTARATTACAAATAA 12e
S AL SIS ELSSEGLEEELEESSEESEEE SHOE0E0 BELEEEHS SEESESS
4sebp.F ATACTTCAACT TGT T TCCCARAAT AAT TAAL AAT AT TTTTARAT AAAAT AATTARATAATA 180
U6.Dd ATACTTCAACT TGTCTCACARAT AAT TAAL AAT AT TTATAAAT ALAATAATTARATAATA 173
4sebp.G ATACTTCAACT TGT T TCCCGAAT AAT TAAL AT AT TTTTAAAT ALAAT AATTARATAATA 1i8e
4sebp.B ATACTTCAACT TGTCTCCCARAT AAT TAALA AATAT TTATARAATALAATAATTAAATAATA i8e
4sebp.H ATACTTCAACT TGT T TCCCAAGT AATCAAR AAT AT TTATAAAT ALAATAATTGAATAATA 18
SRS SATL OB B B AOHE SPEREPI S SRPEISHE L SIS DS ReS
4sebp.F AL ANGAALRAAT AL AAT AALAATAATTTTTTTCALAT AAT ALAAT AATAAGAGGGGAAA 240
U6.Dd ALAT GAARAAT AAAL AN T AR AAT AATTTATTTCARAT AAT AAAAT AATAAGAGGT GAAA 233
4s5ebp.G AAAT GAALAAT AALALAAATAALAATAATTTTTTTCALAT AAT ALAAT AATAAGAGGGGAAA 240
4sebp.B ALAT GAALAAT AALLAAT AALAAT AATTTATTTCARAT AAT ALAAAT AATAAGAGGGGAAL 240
4sebp.H ALAT GAALAAT AALAL LA T AALAATAATTTATTTCARAT AAT ALAAAT AATAAGGGGGGAAL 240
SHE. BEOPEL UGS DS HCACISAIE R ETLTEOEONOLEETTEENS. S8 HUS
asebp.F CTAANGT AACTCCCATAGGATATCGATAGCCCT CCCAALAAT ARATALALLAAATAATGAAL 300
U6.Dd CTAATGTAACTCCAATAGGATATCGATAGCACTACAALA AT ALATALALALAATAATGAAN 293
4sebp.G AT AAAGT AACTCCAATAGGATATCGATAGCCCTACAALALAT AMATARALALATAATGAAN 300
4sebp.B CTAATGTAACTCCAATAGGATATCGATAGCCCTACAAALAT ALATARALALAATAATGAARA 300
4sebp.H CTAATGTAACTCCAATAGGATATCGATAGCCCT TCAAALAT ALATALALLAAATAATGAAL 300
P e e R R AR L R T A SR P RN PSP
4s5ebp.F ALLALLALALAAAGALAATGARALAL LA LLL AL AL A LA LGALAT GAANALALAL DAL AL OLAN 360
U6.Dd ALALALALAAALAAGAAT TGARAALAALLLALALALALGALAAT GAARALALAALLLLLALAL 353
45ebp.G ALLLALARAA AL AGAAATGALAALALLL AL AL ALALGAAAT GAALA - ALALAALLALLALAN 359
4sebp.B ALALALALALAAGAAAT GAALALALALLLALA ~ -~ -~ = ALAAGALATGARALALLLLLLNLLAL 355
4asebp.H AL AL AL A LAGAAATGARLLALAL AL BLLAS ~ - = == = GALAT GAALALALALLLL AL AL ALN 354
cosesssse o csoroserese e ® o esecessscsces
DUSE
4sebp.F A AN GTARACTGATGAAAAT TTCAAALALALAGGOACCCATAARAA - ALALALAAT AATAAN 419
U6.Dd AL AAGTAMACTGATGAAAAT TTCAAAALAAGGOACCCATAARAA - AMALALALAT AATAAL 412
4s5ebp.G AL AAGTAMACTGATGAAAAT TTCAAALAL AAGGOACCCATAARAA - ALALAL AT AATAAL 418
4sebp.B AR AN GTARACTGATGAAAAT TTCAAALALAALAGGOACCCAT AARLALALALLALAAT AATAAN 41s
asebp.H AR AN GTARACTGATGARAAAT TTCAAALAAAAGGOACCCATAARAALL - -ALALLAT AATAAN 412
CosEs000s s eseseS00 S0 o0t ssodessesesohes  eeeresssesees
4sebp.F ATALLALALACATAALALAGGALAATAAACAATTAACTAATTGGGTCTTCGGG 468
U6 .Dd AT A A A A AT ARG AL AT ARACAATTAACTAAT T -~~~ === == = 459
4sebp.G ATAAALAACATAALAAGGARAATAAACAATTAACTAATTGGGTCTTCGGG 467
4sebp.B AT ALALALCATALALAGGALAATALACAATTAACTAATTGGGTCTTCGGG 464
4asebp.H AT AALALALACATAALAGGALAATALACAATTAACTAATTGGGTCTTCGGG 461

R

Figure 3.7: Alignment of D. discoideumU6 promoter sequences. Four long PCR
products (450bp) of th®. discoideumU6 promoter alignment with the U6 promoter
sequence from data base (Dictybase). DietyosteliumUpstream Sequence Element
(DUSE) domain was detected in all of them and highlighted in red box region.
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DdCas9and each ofhe four long U6 promoter PCR product (450bp) were cloned into
Dictyosteliumplasmids following the digestion ligation metlspdo gve pMUR33 and
PMURS35A, B, C and D respectively. The resulting plasmids were introducedDinto
discoideum Cultures of the transformed amoebae were grown and used for western

analysis. The results, as shown figure 3.8indicate thatwe were ableto express
DdCas9 and to generate an active 450bp U6 promoter discoideum

Dd S2R+
DdCas9 +ve

170KD

130KD

Figure 3.8: Biochemical analysis dhe DACRISPR systemA) Western blot analysis of
D. discoideumCas9(DdCas9 expression Amoebae expresseddCas9as it shown by
the clear band detected with thettFLAG antibody. It was of the expectedize for the
Cas9 proteinA Drosophila 2R+ cell line expressingCa9 was used as a positive control.
Approximately, the same numbenf cells were harvested and loadedtiedSDS PAGE
gel and detected by immune blotting analysis. NBithern blot analysis ugj the radie
active 9 32P] of the fourgRNA (450bp U6 promotein pMUR35) Only versions A and
D were found to be gxessedthe gRNA in D. discoideumin addition to the postive
control (S2R+), while the untransformed S2R+ cell as a negative conedl (
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The DdCas9 and the long U6 promoter (A and D) plasmids were used to attempt to
knock out theD. discoideunPex7andatglgene. TheAtglgene,which is one of several
members of the autophagy family of gend&acroautophagy ni eukaryotic cellsis a
mechanism for degradation of neessential celular components in starvaton and
development(Otto et al.,, 2003)The Atglmutant strainof D. discoideungrows slower
thanthewid type andmulticellular developent is severely reduceBisfunction in the

Atgl gene would prevenD. discoideumaggregation and keep the social amoebae as
single cell in starvation conditonf§Mesquita et al., 2015After the 20bp sequence of

the target genes had been cloned to the gRNA plasmid, th®d@&ISPR plasmids
wereintroducedinto D. discoideunindividually. The transformed cells were grown with
appropriate antibiotics. Unfortunately, thevere no signitant differences between the
greenfluorescent peroxisomal puncta in the transformed and untransformed amoebae in
the attempt the knock ouPex7. Furthermore, no significant differences were found in
fruting body formation in attempt the knock cAtigl. Those results would suggest that
the system failed to knock out tikieex7or the atgl genes. Although, th®dCas9and

the gRNA wereexpressed irD. discoideum(Figure 3.8), it seemswe could not make

the CRISPR system operate in this organism.

3.3Discussion

Homologous recombination was firsised in this studyn an attempt to knock out the

Pex7 gene inDictyodelium discoideumThe blasticidin resistance gene was used as a
selectable marker to create the knock out cassette. The cassette consisted of the
blasticidin resistance gene flanked by more than 1400 nucleotides homologee¥’ to
sequence and immediatelypstream and downstream sequendagule 3.2). After the

D. discoideumamoebae had been transformed with BexX7 knockout cassette, the
transformed amoebae werelalo grow in a medium containing @@ml blasticidin.
Furthermore, insertion of the knock out cassette into the gDNA was confirmed by using
diagnostic PCR for the left and right flanks of the blasticidin gene. The cassette was
found to be inserted in the open reading frame sequence &fkettiegene. However,

using primers annealing upstream and downstreautside the targeting regiprof the
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Pex7 gene showed only a wid type pattern in the diagnostic PEg&uré 3.3).
Fluorescence microscopy showed similar green fluorescence puncta in amoebae before
and after the knock out cassette transformation. Together those results demonstrated that

the Pex7 gene was stil active.

Why did the classicalknockout method (homologous recombination) not work?

The most plausible reason wiBex7 remained active after the knockout cassette had
been integrated successfully into the appropriate region of the gDNA, is that there are
more than one copy of tHeex7 gene in each amoeba. This woelplain the results of

the diagnostic PCR for the transformed and untransformed amoebae. Even though, the
left and right flanks gave products when the gDNA of the transformed strain was used
as a template the whole testemtjgence Rex7 plus upstream and downstream flanks)
showed only a wild type pattern in all samplésgre 3.3). This suggests the presence

of more than one copy did Pex7 gene in each amoeba, and that the blasticidin cassette
was able to be inserted in at least one of them. As insertion of a single copy of a
blasticidin resistance gene give resistance to the concentration of the blasticidin used in
our selection preedure(Barth et al, 1998)In this case, two bardvere expected to

have been detected by the diagnostic PCR. &asan whythe diagnostic PCR failed to
show a product with the size of the mutdPex7, might have beemecause othe
difficulty in amplifying a very long A/T rich DNA sequence.

Because of these dificulties, we decided to develop a new techriQ&SPR to
atempt to knock ouPex7. We expected that using this system would solve the difficulty

of knocking out multiple copies of a gene which cannot be done using homologous
recombination.

CRISPR type Il was set up . discoideumThis type of the system reggs two main
components; the Cas9 endonuclease and the gRNA, in which the latter directs the Cas9
to the target sequence. Each part of the system was carried on a separate plasmid. Three
different versions ofCas9 genes (wid type, humanized and Dictyostalized)
endonucleases were used. MaeCas9and thehCas9could not be expressed in the
amoebae (because they containing many codons rarely usgddisgoideuny whereas

the DdCas9 expressed successfullyigire 3.8A). It was not possible to check directly
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that Cas9 was entering nuclei. However, it was possible to show that the NLS sequences
being used oas9 were able to direct GFP into the nuclei. sThu appeared that the
SV40 NLS and nucleoplasmin NLS sequences were functiond&l. iiscoideumand

should have been sending Cas9 into nuclei. In additon, two lengths of U6 promoter
(100bp and 450bp) were used to induce expression of the gRNA. Ndrtbeanalysis
showed that only when amoebae were transformed with the long version was the gRNA
expressedHigure 3.8B).

Nevertheless, afthough the two componeritth® CRISPR systenDECas9 and gRNA)
were successfully introduceidto D. discoideumwe could not knockout thBex7 gene.
This might have been becauBex7is an essential gene D. discoideum The Pex7
protein is a soluble receptor and transporter ®SZcontaining proteins to the
peroxisomes (Petriv et al., 204). Knocking out this gene would lead to proteins
depending on this pathway in the cytoplasm instead of in the peroxisomes. Haitvever
is unclear for whichD. discoideunprotein using a PTS2 pathway to enter peroxisomes,

a peroxisomal location is essential.

If the Pex7 gene is essential, it would not be possible to knockuit either of
homologous recombination or CRISPRnis led us to test the CRISPR system by
attemping to knock out a different geneAutophagyl (Atgl) was chosen to test the
CRISPR system activity iD. discoideunfor the folowing reasons; it is a n@ssential

gene and has been deleted before from amoebae. Furthenmeuktgl mutant cells
showed he clear phenotype that they could not form fruiting bodies. For attempts to
inactivate theAtgl gene, three different sequencesAtglwere chosen as targetShe

20bp of each target were included in the gRNA plasmid and amoebae expressing
DdCas9 were &nsformed separately with the gRNA plasmids. Even though, al the
three transformed cultures of amoebae were able to grow in the presence of the selective

antibiotics, they formed fruiting bodies on starvation Aéglhad not been inactivated.

All the experiments taken together appeared to indicate that it is not possible to introduce
a successful CRISPR system imodiscoideumBecause tvasshown that the amoebae
transformed with CRISPR system plasmids expressed cas9 and the gRNA and it
appeared thahe NLS would send th€as9 into the nucleus, i is unclear why CRISPR
does not operate in the way as expressddl miscoideum
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Chapter f o uA novél topogenic route inserts a tail
anchored membrane protein to the inside of the

peroxi somal me mbraneo.
4.1  Introduction

Sterol biosynthesis is an essential pathway in all eukaryotic kingdedmsh provides
cells with the fundamental material for controlling plasmaembrane permeability.
Furthermore, based on the type of the cells, ip&g them with assorted products such
as cholesterolin humans, which are used as a precursor forptieeluction of other
important productsuch as bile acids and steroid hormofiEges, 2011)

Squalene synthase (SQiS)he first enzyme in sterol biosynthesis. It is a bifunctional
enzyme that first forms prequalenediphosphate(PSPP) fromtwo hydrophilic farnesyl
diphosphate (FDP) molecules Then it catalyses the reduction of PSip® one
hydrophobic squalene (SQ) molecule using nicotihamide adenine dinucleotide
phosphate(NADPH) as cofactor Rigure 4.1) (Jiang et al., 2017; Ohtake et al., 2014;
Rong etal., 2016; Takatsuiji et al., 1982; Zhao et al., 20i.6)ost eukaryotesncluding

yeast, plants, animals and humans, SQS is localsed to t{8uUusRuets et al., 2008;
Fegueur et al, 1991; Robinson et al, 1993; Stamellos et al.,.19@®ntains a €
terminal hydrophobic amino acids sequence that serves as atail anchor, which #tegrate
the protein into the ER membrarfdiang et al., 2015; LoGrasso et al., 199%yuctural
analysis of SQS revealed the presence of a channel that passes through the middle of the
protein. The th anchor alows one opening of the channel to be very close to the
membrane, whereas the opening on the opposite side of the channel faces the cytosol.
This architecture facilitate directed movement of the hydrophitecursor EDP) from

the cytosol, trwugh the active site where it is converted to a hydrophobic product that

IS subsequently released in the membrépendit et al., 2000
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PSPP
NADPH
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Figure 4.1: Reaction overview of squalerg/nthase. SQS is a bifunctional enzyme that
catalyses the reaction whereby tWDP molecules form PSPP. Subsequently, PSPP is
reduced to squalene using NADPH asetattrondonor. Figure reproduced frofiiu

et al, 2017; Nakashima et al., 1998h permission.

Studies in a varietyof organisns have shown that sterol biosynthesis occurs at the ER

membrane. However, we have found tBatdiscoideunfarnesyl diphosphate synthase

is a peroxisomal enzyme (Nuttall et al., 2012). This prompted us to further investigate
the organisation ofhe sterol biosynthesis pathway in this amoeba and initial studies

established that the first foenzyme of the pathway are indeed located in peroxisomes
(Mayyadah AlKuwayti, Donald Wattsunpublisheddata).

Most peroxisomal matrix proteins and menngra proteins are posttranslationally
targetted from the cytosol. Genetic dissection of the targeting and import pathways have
revealed that matrix protein import and membrane protein import depend on separate
machineries. This is further reflected by thegamce of targeting signals that are specific
for etther matrix proteins (PTS1 and PTS2) or membrane proteins (mKir8)and
Hettema, 2015)Furthermore, @me matrix proteins lacking a PTS argelivered to
peroxisomesby piggybacking ontoother PTS containing proteinssuch asPncXSaryi

et al., 2017) However, no similar evidences of PMPs has been found (for review see
(Kim and Hettema, 2015PMPs are therefore thought to be synthesised in the cytosol,

picked up by @pecific receptor (Pex19) that delivers them to the peroxisomal membrane
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by docking onto Pex3. Subsequently, the PMPs integrates directly into membrane from
the cytosolic side. No PMPs have been described that insert into the peroxisomal
membrane from thenatrix side. We therefore studied the topologyDofSQS, taking

into account that its hydrophilic substrate is synthesised inside peroxisomes.

The aim of this chapter is to understaddSQS topogenesis. To address this aim, | had

the following objective:
1) Investigating the transport pathway of the protein to peroxisomes.
3) Identifying the peroxisomal targeting signal DaSQS.

4) Determining the topology of the enzyme in peroxisomes.

4.2 Result

4.2.1 Squalene synthase (the first enzyme in the Sterol biosynthesis) isa

peroxisomal enzyme inD. discoideumamoebae

Farnesyl diphosphate synthase (FDPS) is the last enzyme in the mevalonate pathway is
localised to the peroxisomal matrix (Nuttall et al., 2012). Its produted in the first

step in the sterol biosynthesis, by squalene synthase (SQS). Interediindlgcoideum

SQS DPdSQS) contains a putative peroxisomal targeting signal type 1 (PTS1) at its
extreme Gterminus consisting of amino acids sequeBes, Lys, ad Leu (S, K, and L)

which is conserved to oth@®ictyosteliumspecies Kigure 4.2).
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PTS1

D. discoideum RHGPNFF|S K
D. fasciculatum RHGPNFF|S K
D. lacteum | RHGPNFF|S K
P, pallidum RHGPNFF|S K
A. subglobosum RHGPNIF|S|K
D. purpureum - RHG-NL-|S|R]

Figure 4.2: Schematic structa of alignment of the last 10 amino acid of the SQS in
Dictyosteliumspecies Dictyosteliumspecies and twother species D. discoideum, D.
lacteum, D. fasciculatum, D. purpureum, Polysphondylium pallidunchAcetostelium
subglobosumhave a conserved putative PTSL1 at the vergr@inal end

Indeed, previously, it was found that a fusion of GFP wRHSQS localses to
peroxisomes iD. discoideumamoebadAlkuwyti, 2014). This experiment was repeated

and confrmed this observatiorrigure 4.3).

Merge

GFP RFP
GFP-DdSQS ..- mRFP-PTS1
.

Figure 4.3: The intracellular location dbdSQSin D. discoideum Amoeba expressing
GFRDdASQS and the peroxisomal marker mMRIFAS1 were imaged with
epifluorescence microscopu The green and red fluorescence pattern overlap

extensively. Bar 10pm.
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4.2.2 Amino acids sequence analysis @dSQS

In previously studies, SQS has been reported to be an ER mempatein (Busquets
et al, 2008; Fegueuet al, 1991; Robinson et al., 1993; Stamelos et al, 1993)
Therefore, our observation thBXdSQS is a peroxisomal protein containing a putative

peroxisomal targeting signal for the peroxisomal matrix was surprising.

An alignment of human SQS amdSQS clearly shows that the proteins are highly

conserved,

including the presence of functional

and structural

previously shown to be important segure 4.4, (Pandi et al., 2000.
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Figure 4.4: alignment of the amino acid sequence®d8QS anchSQS. The Conserved

domains are surrounded by four coloured rectangles and labelled as 1, 2, 3 and 4. The

transmembranelomain helix sequences were marked with capital English letter H. blue

arrow, catalyses first reaction to form {8€>-PP: red arrows, FDP binding, grey boxes,

important for structural function.
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The DASQS amino acids sequence was analysed using differeperse analyses
programmes. Using the Phyr2 onlne services for protein prediction, modeling and
analysis, the thredimensional structure foDdSQS was predicted based on the
structure of other SQSKeley et al., 2015]Figure 4.5). The predicted 3D structure of
the protein showed that lke other SQEXJSQS comprises a bundle of helices.
Interestindy, a hydrophobic helix is predicted seven amino acidsté&minal ofthe
PTS1 The equivalent helx in mammalian SQS anchors the enzyme to the ER
membrane. Also iDdSQS, this hydrophobic helix is predicted to be a transmembrane
domain (TMD) according tdie TMD prediction programme TMHMMF{gure 4.6) and
UniProtKB web site.

Figure 4.5: A cartoon structure of the threbmensional (3D) structure @dSQS. The

3D predicted structure of DASQS was displayed using Pymol to analyse the Phyr2
predicted profle. The letter N and C refer to the amino and carboxyl terminus of the
protein, respectiely. The PTS1 is drawn as a red stick at the vetgr@inal end. The
predicted TMD, which is displayed as a pink helx, ends seven amino adieisnival

to the PTS1.
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Figure 4.6. Transmembrane domain (MM predicton of DASQS. The red area
represents the hydrophobic region of the protein and the probabilty of forming a TMD.
The xaxis represents the amino acid sequence.

4.2.3 ldentification of the peroxisomal targeting signal in DASQS and its
peroxisomal targeting pathway

Although the PTS1 is conserved, deletion of it does not prevent import in amoebae.
(Alk uwayti 2014 and~igure 4.7).

To identify other regions in the protein required for targeting, two more deleton mutants
were constructed and analysed. First,-tefinal truncation was constructed where the

putatve TMD and the PTS1 were deletddd$ QS pH@pP TS 1) . The secon
comprisesan internal deletion of the putatve TMIDUS Q S qpH) .

The above constructedexpression plasmids were transformed to amoebae already
expressing RFPTSL1. The fullength protein GFRDASQS, GFPDAS Q S goH, and GFP
DISQS P TS1 showed a green fl| uor exdcaksedc e pun
with the red fluorescence pattern of the peroxisomal marker. However, the GFP
DASQS pH@pP TS 1 s h o wieked fuokescenteras icwasudisgaying a diffuse
fluorescence ptern typical of a cytosolc proteinFigure 4.7). The abiity of
DISQSa&PTS1 to reach peiDdSxQ SmpHpREiecilisddiol e t he
the cytosol inD. discodeumimplicates a role for the helix in protein transport
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Cellular location
DdSQS truncations
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Figure 4.7: Truncation analysis of DASQS and the effect on the subcellular location. The figure shows the role of the PT:
pathway inD. discoideumA) Amoebae expressing mMRHPIS1 as a peroxisomal marker and either full length -GEEQS,
GFRDd SQS pFGFBOAS Q S pHandGFRDIS Q S gpH qpPThesfiist three colocalise with mRAHPTS1. Only the las
one localises to cytosdB) cartoon oftruncation constructs and the cellular location of each one.
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4.2.4 GxxxG and (Small)xxx(Small) motif

The amino acid sequence comprising tiedix was analysed extensivelyt contains
many small amino acidsuch asAla and Ser (8 of 21 in total). The sequenCAXXxA

and SxxxS are related to GxxxG motifsThese motifsconsist of anythree amino acid
residues surrounded by two small amino acid residues. These motigippased to
alow dimer formation in TMDs (for a review sé€&eese and Langosch, 2015)he
AxxxA motif extended to form a AxxxAxxxA motif, which we called a Gly zippike

motif. Interestingly, the motif is highly conserved in Blctyosteliumspecies and in
some very closely raled species as wellHjgure 4.8). These findings suggedhat the
Gly-zipper like motif plays a particularly significant ko in the structure of this putative
TMD. According to this and the results described in the previous section, we postulate
that the helix allowsDdSQS to dimerise prior to imporDdSQS lacking its PTS1 still
localises to peroxiosmes as it can dimerise with endogemd8QS, which alows
piggy-back mport. The first step to test the homstmer formation inlving D.
discadeumcels would be bknocking out the endogenous gene of interest. That would
stopformation of a dimerbetween the endogenous and élxa chromosomalgene. As

SQS isakey enzymein the sterol biosynthesig§liang et al., 2017}t is highly expeatd

to be an essential genéhis coimport hypothesis can also be tested by expression of
the varbus version of DASQS in a heterologous system and this approach is described
below.
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Figure 4.8: The putative transmembrane domainDaftyosteliumSQSshas a conserved
Gly-zipperlike motif. Amino acid squence alignment of the-@rminal 40 amino acids
containing the putatve TM domains (helix) and PTS1 of SQEdtyosteliumspecies
andtwo otherorganisms. Al the analysed organism®. (liscoideum, Dlacteum D.

fasciculatum D. purpureum Polysphondylium pallidum and Acetostelium
subglobosum show a highly conserved G-zipperlike motif, which is identified as
AXXAXXXA (boxed in light red), PTS1 indicated in blue. Bequace logo of the

alignment of all the species above.

4.2.5 Characterisation of the role of DASQS Gterminus in peroxisomal targetting

using a heterologous system.

We usedSaccharomyces cerevisiaes heterologous expression host to test whether
DdSQS lacking its PTS1 is emported with full length DASQS. First however, we
confrmed that DASQS is imported into yeast peroxisomes via the PTS1 pathigaye(
4.9).
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Figure 4.9: DdSQSexpressed iS. cerevisiaeels localises to peroxisomes. Yeast cells
were cotransformed with a plasmid encoding mHFARS1 and GFDASQS. The latter

was under control of the inducibl&AL1/10promoter. Cells were grown forh2on

galactose medium to induce expressiém overlapping redand green punctate pattern
is observed with epifuorescence microscopy. BF, bright field. Bar 5pm.

Subsequently, GFPdSQS was expressed in cels with defects in peroxisomal protein
import such a¥e x P x FPex AmgpPe X 1d@ peroxi®me membrane biogenesis
such ag’e x 1. B Bex19cells, when peroxisomal membranes are absent-[GISQS
was, as predictednisiocalised In mutants where all matrix protein import is blocked
but membrane biogenesis is functional, such d@ekland Pex13cels, againDdSQS
mislocalised This implies thatDdSQS targets to peroxisomes via a matrix protein
import pathway. To investigate whethBdSQS follows the PTS1 or PTS2 pathway, we
analysed its localisation iRex5and Pex7cells. InPex7cels, import is unaffected but

in Pex5cels, DASQS is midocalised. Colectively, these observations indicate that
DdSQS is targeted to peroxisomes via the PTS1 pathway. This is in line with the
presence of a PTYFigure 4.10).
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GFP-DdSQS
mCherry-Pex11

Figure 4.10: Investigation of the pathway used BgSQS to reach the peroxisomes. The
various mutant yeast strains expressed GFP tapdéf)S (GFPDASQS) together with

mCherryPex11 as a peroxisomal marker.

Next we tested whethdddSQS import is dependent on its PTS1 in yeaktthe protein

truncations metioned before weretransferred to conditional yeast expression plasmids,
transforned individudly into wild type S. ceevisiae that are also expressing RFP
PTS1.Ful-length GFR-DASQS and GFBDAS Q S giddalise to yeast peroxisomes as

revealed by theirco-localisation to mRFRPTS1 (Figure 4.11). However, the GFP

DASQS pPTS1 wa s l ocated I n t he ER, pl as ms
Renarkably, theDdS Q S qoH qpPsho®dda clear cytosolic greefluorescence only

(Figure 4.11, Table 4.1). We conclude that in yeast cells, the PTS1 is essential for import

of DASQS.
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Figure 4.11: investigation of the cellular location of fukrigth DASQS and someuncations. Fluorescence microscopy of a wid ty
yeast expressed full length GHERISQS, GFFDd SQS pH;DdGRB P TS 1 ,-DAd&EMES pB8FHPTS1 i ndi
peroxisomal markefRFP-PTS1). ful length GFADASQS and GFBDAS Q S qpH faveing e green fluorecence punctate colocalis

with the red fluorecence of the marker. However, @S QS P TS1 was |l ocated in the ER,
forming an agregate or remainded in the cytoplasm. While the cells exp@SBdddS QS pHpPP TS1 showed a

GFP-DdSQSHA

RFP-PTS1

GFP-DdSQSPTS1A

GFP-DdSQSHAPTSIA

fluorecence. Bar 5um.



Table 4.1: Displaying the cellular location and the level of expression of the full length,
oH, PP TS1 an dOdSPH npRcdtiens. o f

DdSQS truncations| Molecular location Level of
tagged to GFP expression
Whole DASQS Peoxisomes Good +++
DdS Q S pH Peoxisomes Good +++

DAS QS P T S 1 | Another membrane (plasma membran Good +++
ER, and the rest in the cytoplasm

DdS Q S qoH pP T § Cytosol Good +++

If DASQS can be imported as a hedimer then one prediction would be that import of
GFR-DdS Q S opP © $&tored upon expression fak-length DASQS. The construct
was buit byamplifying the DASQSopen reading framend inserting itinto ayeast
conditonal expressiorplasmid containing an RFP tag at the Nterminal end (RFP
DdSQS). The resulting plasmid called pMUR42 (table 2.XCo-expression of RFR
DdSQSandGFRDdS Q S P fesSoted the green fluorescent punctate patterncdhat
localses with the mRFP pattern. This indicates that ind&=5QS can dimerise in the
cytosol and be canported as such into thgeroxisom Figure 4.12).

In light with our observations that the helix plays a roletangeting to peroxisomes in
amoebae, thaDdSQS can be imported as a dimer, and the helx contains a potential
smallxxxsmall dimerisation motif, we tested whether the helix is required for dimer
import using @rther fluorescence microscopical investigat®nA DASQSopenreading

frame without helx was creatd and inserted into a yeast-tirminal mRFP tagging

plasmid. The resulting plasmid (pMUR94) was used toexpPdS QS opH fused t o
(RFRDAS Q S pH) . -transfcematioro method was repeatediragAl GFP tagged

DdSQS toncations were trasformed into a wild typeS. cerevige in addtion to

PMUR94. As expected, the GHRASQS and GFFDdAS QS pH wer e | ocated
peroxisomes, whichis driven by the PTS1llIn contrast, GFRDAS QS pH@pP TS 1
remained in the cytoplasm. The most surprising aspect of the data is the molecular
location of the GFHDAS Q S P T Sisl recombihant protein doesnot reach the
peroxisome. It is located in the ER, cytoplasm aathe timesforming anaggregate

(Figure 4.13). This shows that neitheDdSQSYPPTS1 is able to reach the peroxisome,

nor that theDdAS QS H <coul d t a k ebacking. Ftoimtbig & carbbe pi ggy
concluded thaDdSQS can be imported as a dimer and that the helix is important for this

dimer dependent emnport.
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GFP-DdSQSAPTS1
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Figure 4.12: Role for helix in ceimport. DASQS truncations tagged with GFP at the N
terminus were expressed $ cerevisiaen the presence dill-length mMRFRDASQS.
All truncations that contain either their own PTS1 or the helix localised to peroxisomes.

Bar 5pm
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GFP-DdSQS
RFP-DdSQSAH

GFP-DdSQSAH
RFP-DAdSSAH

GFP-DdSQSAPTS1
RFP-DAdSQSAH

GFP-DdSQSAH A PTS1
RFP-DdSQSAH

Figure 4.13. Piggy-back import ofDdSQS lacking a PTS1 depends on theerminal
helx in partner protein containing the PTEMSQS truncations tagged with GFP were
expressed in S. cerevisiae in presence o8 QS qpH t a g g elwbreseendeh r e d

protein RFR-DAS Q S qolHis clear that RFIDASQSpH ¢ oeitherdbe aeimported
with GFRDdS Q S qpP fo8GFRD d S Q S qoH pBar Fhurih. .

All the previous dataupportthe model that thearboxy terminalend ofDdSQS contains
a complex peroxisomal targeting signal that directs hedimerization and PTS1
dependent import.
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4.2.6 Further analysis of the requirements forDdSQS ceimport.
Is the full length oDdAS QS&P TS1 necessary for forming t

DdSQS ceimport (ipartail signdling) was nvestigated further in yeast to identify the
minimal length oDdS QS PP TS 1 t hiaported withfd-temgthlDASQusing
fluorescence microscopy. For thigurpose four truncations oDdSQS were made. The
following amino acids were deleted romthet e r mi n a | end -050;t hel pr «
251 ,-3 1q21, a3b1. Fugliermore, the PTS1 were removed from all the
truncations by PCR. The amplified DNA fragments were ligated into a yeast expression
plasmid, which encoded a GFP at N terminal end of assst. Yeast cels were
transformed with each truncaton in the presence fubflength RFPR-DASQS.
Remarkably, only thdul-length GFP tagged protein lacking its PTRDAE QS P TS 1)
was located in the peroxisome. However, no gMeemnescence was detected from all
other truncations, suggesting that the fusions are unstBiglerg(4.14).

Cellular location

(+) RFP-DdSQS (-) RFP-DdSQS GFP-DdSQSA PTS1 truncations
P M U P M

[

GFP A150 aa H

GFP A251 aa H

GFP A312 aa H

GFP A351 aa H

X X X X
X X X X

GFP full length SQS H

X
X

Figure 4.14: Celular location of four GFDASQS3PTS1 Nterminal truncations. Four

different truncations of GFRAS QS P TS1 in addition to the
with GFP, expressed in S. cerevisiae in the presence and absdultdenfith RFP
DdSQS.Only DAS Q S pP W& Ibcated in the peroxisonehenit has beemxpressed

together with RFFDdSQS.However, it mislocalised when it was expressed alone. None

of the other truncations could be detected by the fluorescence microscope in either the
presence or absenof RFRDASQS. Celular location P, M and U mean peroxisome,

mislocalised and undetectable fluorescence signal, respectively.
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4.2.7 D. discoideunSqualene synthase topology.

Generally, all the known PTSZXcontaining proteins are localised to the peroxisomal

matix. However, SQS of mammals and plants and fungi ararakored proteins of

the ER membrane(Pandit et al, 2000 In line with, bioinformatic analysis using

TMHMM server v 2, phyer2 and Uniprot predicted that the helix pregetfie PTS1

that is required for camport, to be a transmembrane helix. This suggests that DASQS

is a peroxisomal tainchored membrane proteifbe transmembrane helix is predicted

to be 21 amino acid in length starting from phenylalanine in positon (B%9) till

alanine at position 406 (A% which is 7 amino acid before the PTS1 (see figure 4.8).

First, we tested whether DASQS is a membrane protein. For this purpose, two different
truncations ofDASQS DdS QS qpH DdSNQIS PP TS 1) in addition t
tagged to GFP were used. Cels from exponential growing culturd3. discoideum

amoebae expressing each one ofabeve mentionedfusion proteins were harvested

and disrupted by sonication. &ude total homogernte, which contains albrganellar

fractiors, was centrfuged at ulispeed to separate the soluble from the insoluble
fraction. The pellet, which contains membranes and associated proteins, was extracted
with high salt (1M NaCl). Thistreatmentreleases amy unspecific membras@nding

proteins and some of the speciic membrassociated proteingFujiki et al., 1982)

Western blot analysis was used to determine the distribution of the fusion proteins
among the different fractions.Full-length GFR-DASQS was present in the final pellet,

which strongly suggests that DASQS is tightly associated with membranes. Interestingly,
GFRDAS QS pH was detected in the first supern
(GFR-PTS1). Whie GFFDAS QS P TS1 showed the slemgitk beha\
protein Eigure 4.15). This means the predicted transmembrane helix is required for
fractionation with membranes and can potentiaglve as a tall anchoiThis hypothesis

was further tested by studying heterologously expreBsiRDS in yeast.
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Figure 4.15: 1M NaCl treatment of amoebaransformed with full length and different
truncations of GFP tagged squalene synthase. Amoebae wera bpekeby sonication
for 10 sec, at 10ampltude microns Total lysate (TL) was taken directly from the
sonicated cells.The frst supernatant referso the supernatant left after ukspeed
centrifugationat 4°C for 1 hat 8Q000rpm (using Optima MAX-E Ultracentrifuge, TLA
100.2 rotor)of the TL. The resulting pellet was treated with 1M NaClfor 30mins at 0°C
and centrifuged at 8000rpm (as above)o give the second supernatant and the final
pellet. Fractions were analysed by western blotting using GiRE. Equivalent fractions
were loadedA) GFP-DASQS, B) GFPDAS QS qpHe | i x-PdS Q@ pBFH1 and
GFRPTS1 as amatrix protein control. Anti GFP atibody was usedas a primary
antibody in this western blot experiment.

4.2.8 Using Saccharomyces cereviside study DASQS membrane association

Our results on the targetihg @dSQS so far are remarkable as no peroxisomal
membrane proteinkave been described that require the matrix protein import pathways
for their targeting. In mutants where matrix protein import is blocked, membrane
proteins stil assemble into peroxisomal membranes. Howdvd§QS appears to
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folow the PTS1 pathway(see Figure 4.10 and Figure 4.2) but also behaves as a
membrane proteinFgure 4.15).

S.cerevisiaecels were used in this part of the study for the folowing reasons:
1) To test whether th®pogenic information can function in different organisms.
2) Using an organism free of the endogen®@aSQS to avoid homodimerisation

3) Techniques for fractionation are better developed and a good range of controls is
available.

4) Yeast cels grow B times faster thabD. discoideumwhich means saving time.

As described aboveFigure 4.10), GFRDASQS localises to yeast peroxisomes
depenént on the PTS1 pathway. Cels expresdddSQS wereharvestedand broken

open using the glass bead method (see Material and metBaasples were centrifuged
at4°C for 1 hat80,000rpm(using Optima MAXE Ultracentrifuge, TLA 100.2 rotar)

the pellets were treated with 1M NaCl for 30min at 0°C as described above. Western
blot analysis of the various fractions showed that GEEBQS fractionates mainly in

the membranepellet Figure 4.16). This is in line with the results obtained in amoebae
and reveals that the topogenic informationDmEQS is functional in yeast.
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Figure 4.16: Investigation of membrane associationDafSQS in yeastTotal lysate (TL)
was taken directly fromhomogenised yeast cells. First supernatant refers to the
supernatant left after ulrspeed centrifugation at D0 rpm (using Optima MAXE
Ultracentrifuge, TLA 100.2 rotoj of the TL. The resulting pellet was treated with 1M
NaCl for 30mins at 0°C and centrifuged at,800rpm (at same conditionsjo give the
second supernatant and the final peletactions were analysed by western blotting
using antiGFP, antiPgkl and antiPxal. Equivalent fractions were loaded. Pgkl is
marker for cytosok proteins. Pxal was usedas amarker for integral peroxisomal
membrane proteins. TL, total cell lysate S1, first supernatant S2, secondsupernatant
and R final pellet (insoluble fraction).

In order to characterise the minimal sequence that direct &S S to the peroxisomal

membrane, a series of-tdrminal deletion constructs were generated and analysed by
fluorescence microscopy and fractionatio penments.

Depending on the length of each truncation, the folowing fused protein- GFP
104a®dSQS,GFR-65addSQS,GFR-37addSQS and GFR4addSQS were made.

First of al, we analysed the location of each truncation. Plasmids carrying al the above
open reding frame of GFP fused proteins were transformedS.toerevisiagalready
expressing the red peroxisomal marker (RFFS51). Remarkably, all of them showed a

clear colocalization of the green and red fluorescendagufe 4.17), indicating that

these fusions are targeted to peroxisomes and are stably expressed. This is in contrast to
the version without PTS1, as these were undetectable-igae 4.14)
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Figure 4.17: Cellular location oDdSQS truncations expressed in the S. cerevidisid
type yeast cels expressing fouiffetent truncations of GFHBDASQS. All the truncations
colocalised with the red fluorescence of the peroxisomal marker-BRFE). Bar, 5um.

Subsequently, the membrane association of the various versions eDdFPS was
tested using high salt (LM NaChdéhalkaline (100mM N#COs, pH 11.5)extractions of
membrane fractions. Western blot analysis of Nia€zlted membranes using @ P
antbody showed that aDdSQS truncationsremaired in the final pellet factions
suggesting that those truncatioasetightly associated with thperoxisomal membrane
(Figure 4.18A). Furthermore, carbonate treatment could not release the protein from the
peroxisomal membrane eithéfFigure 4.18B). Together, all these findingssuggest that

all DdSQS truncationsare strongly bound to thexembrane behavike peroxisomal
integral membrane protsinNote that GFPappended with the last 37 or 24 amino acid
residues of SQS migrate as two bands, with the top band breingbrane associated

and the | ower band solubl e. At t his mo me n 1

a breakdown product, but we cales this likely.
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Figure 4.18 DASQS truncations aremembrane associategroteins. Yeast cels were
transformed with the folowing plasmids pMURS57 (GBESQS104aa), pMURS8
(GFRP-DdSQS65aa), pMURGIGFPR-DdSQS37aa) and pMURG2 (GHRISQS24aa).

Al open reading frane were expressed behind th&AL1/10promoter, induced for

2hour by adding 2% galactosdotal cell lysate wa®obtained by beads beatinghe

insoluble membrane fractionwas separatedrom the cytosol by ultracentrifugation.

Membrane fractiom were extracted either with: A) high salt solutiobM NaC| where
all the GFRPDASQS truncationsshowed a membraneassociation,or B) 100mM NaCGOs

where they albehave like an integral membrane proteindicates breakdown product.

Each sample was derived from approximately the same cels number. All samples were

appied to SDSPAGE, folowed by wstern blot analysis using a@FP antibbody

Peroxisomal

membranes were detected with -Rail,

soluble cytosolc and

peroxisomal matrix proteins were detected by-Bgkl and antihiolase, respectively.

TL (total cell lysate), S1 (first supernatan§2 (secondsupernatant) and P (final pelet,

insoluble fraction).
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4.2.9 Topology of DASQS

Since theDdSQS follows the PTS1 import pathway but behaves lke a membrane
protein, we investigated the topology of the protein in the peroxisomal memiéne.
aimed to elucidate the orientation ASQS with respddo the peroxisomal membrane.

In other words, is the enzyme inserted into the membrane from the peroxisomal matrix

side or the cytosolic side=Qure 4.19)? For tiis purpose,n vitro protease protection
analysis and amm vivoauxin degron system technique were used.

Cytosol

Figure 4.19: schematic diagram of the potential orientat®dSQS in the peroxisomal

membrane.
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4.2.9.1 Protease protection assay

Protease protection analysis was used to determine the protein orientation in the
peroxisomal membranddSQSsamplesfor protease protectioassaywereprepared by
generatingspheroplasof S.cerevisiae cels overexpresgiGFP-DASQS (section 3.9).

The cels were homogenised gently dguncing (section 2.5.5. Homogenates were
incubated with 0.05U proteinase K agarose beads (proteinaseaidse from
Tritrachium album, P929Q0UN, Lot041M5162VSigmg at room temperaturdor the
indicated times fgr detall seesection 2.9 GFRDASQS waslargely protected from
proteinase K digestion in the absence of the detergent TritakDOXafter 60min
incubation at roomempeature However, the addition of detergent resulted irapid
breakdown of the protein. B result demonstré that DASQS was protectely the
peroxisomal membranevhich means it is located inside the peroxisome facing the

lumen.

Pgkl is a cytosolic protein in yeast. It is used as a positive control for thengsetd
enzymatic activity in the presence and absence of the Tritd®0X It showed a high
sengdtivity to the proteinase K in both cases. Whie the enzyme thiolase, which is a well
known peroxisomal matrix protein, was chosen to determine the proteinasdiviky
against membranprotected proteins in the absence of detergent. Indeed, thiolase was
protected from the proteinase K digestion activity in the absence of detdigesatyer

it was verysendive to proteinase K in the presence of detergent.1Fzaa yeast
peroxisomal integral membrane protein. Thete@ninal half of this protein is exposed

to the cytoplasm. Pxal was used asembranebinding protein control to determine

the difference in the digestiogengivity between the membrane and st@ulproteins.

Pxal was digested after 5min incubation with proteinase K in both presence and absence
of detergent,andwas undetectable after &ns. Importantly, DASQS and all the control
proteins used in this assay remained intact in untreated samples throughout the
expeiment (Figure 4.20).
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Figure 4.20. Protease protection assay testing the orientatonDd8QS in yeast
peroxisomes. Yeast cels expressing GHRISQS were grown on oleate medium,
converted to spheroplast and broken open usidguacehomogenizer. Equal volumes
of homogenate were incubated with 0.05U proteinase e presencé+) or absence
(-) of 1% Triton %100 for 0, 5, 15, 30 and 6fins at RT. In addition, untreated samples
were incubated at RT for the same incubation timetgoifine reaction was stopped by
addtion of trichloroacetic acidTCA) to a final concentration of 10%qual fractions
of reaction samplesvere analysedby SDSPAGE and immunoblding using antiGFP,
antithiolase, antPxal and antPgklantibodies.

4.2.9.2 Auxin degron systemas a tool to study protein topologyin vivo

Plants have a unique protein depletion system in which the plant hormone auxin induces
the breakdown of specific proteins containing the IAA domain. Auxin stabilises the
interaction between TiraAnd an IAA domain. Tirl recruit the SCF-EBiquitin ligase
complex. This ubiquitin ligase then ubiquttinates the {8@maircontaining proteins
which leadto their auxindependent degradation. This auxin response is absent in other
eukaryotic kingdoms; heever, they share the SCF-liggsedependentubiquitination

pathway of protein degradation. This alows for the use of abgininducible
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degradation (AID) system in ngslant cells. To get this to work in other organisms, two
requirements have to be mdiirst, the cels need to express Tirl heterologously and
second, a protein of interest wil need to be fused to the IAA domain. Upon addition of
auxin, Tirl forms a bridge between an lAagged substrate protein and the SCF E3
ligase, thereby resulting ithe auxindependent degradation of the target protein by the
proteasome. A target protein that is localised inside an organelebemtccessible for

Tirl, SCF and proteasome amdl, therefore, be protected from auxidependent
degradationin vivo.

WT andpexlstrains expressing Tirl and expressing either -BBRARPTS1 or 3HA
IAA-DdJSQS were used in an vivoprotease protection experiment. Pgkl was used as
a control cytosolic protein that is expected to be insensitive to @akired degradation

as it is not tagged with the IAA domain. Growing cells were treated with 500uM auxin
and samples were examined at 30min intervals. -G¥#RPTS1 was stable upon auxin
incubation in WT cells but was rapidly degradedpéxlcells. This shows that we can
use the auxin degron system to test whether a pristgiresent inside peroxisomes or
in the cytosolin vivo. Next, we applied this to 3HMA -DASQS. Inwt cells, it remained
eady detectable throughout theh2auxin treatmet, indicating it was at least partially
protected. Irpexlcells, where 3HAIAA-DdSQS is no longer targeted to peroxisomes,
it was almost completely degraddeiglre 4.21).

These experiments support the in viro protease protection experiments and strongly

suggest thaDdSQS is localised to the matrix side of the peroxisomal membrane.
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Figure 4.21: Auxin degron aalysis ofDASQS investigating the protein orientation in

the peroxisomal membran&he indicated yeast strain expressiA-GFR-PTS1 or
3HA-IAA-DASQS werdreatedwith auxin at final concentration 500uMsamples were
collected after O, 30, 60, 90 and 1@#s. Total protein was extracted folowed TCA

method. Approximately equal amount of total protein was analysed by western blotting

using antHA, anttPgkl and amGFP antbodies.

4.2.10 Intracellular location and protein pattem

Since we have confirmed the celular location and membrane associatiddSQIS in

D. discoideumand showed that the protein has a conserved and active PTS1 in yeast.

Furthermore, it ismembraneassociatedprotein in yeast as wel. We aim to use an

independ e n t

met hod to

test

me mbr ane |l ocalisat

fluorescence microscopy as the size of peroxisomes is below the resolution of our

microscopy set up. Therefore, we used structured ilumination microscopy that can

achieve a muc higher resoluton and should be able to resolve the peroxisomal

membrane from the matrix. This increased resolution also allows for detection of

segregation of proteins in membrane domains of a single organelle. Using SIM helped
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to identify more detaisof the peroxisomes shape and sizeDindiscoideumand the
GFP-DASQS pattern in the peroxisom®. discoideumwas cetransformed with two
plasmids encoding GFPdSQS and peroxisomal marker mRPAS1. The transformed
amoebae were imaged using SIM. Sold Medrescence spheres were detected
reflecting the peroxisomal matrix. Interestingly, all thesghereswere surrounded by
green ringlike structures of GFDASQS. Peroxisomes showed a variety in diameter

0.150. 78e m) and appr oxi nperca (140210) peecel&igueer age n
4.22).

GFP RFP Merge

Figure 4.22: Structural llumination Microscopy ob. discoideumexpressing GFP
DASQS. Amoeba expressgy GFR-DASQS and mRFPTS1 were imaged The
peroxisomes withow level greenfluorescence showedan equal distribution of GFP
DdSQS around the mRFPTSL1 labelled matrixPeroxisomeswith higher levels of GFP
signal, tle signal concentrated into one or two green clumps. These clumps are
associated with the membrane and giving a weddinglikiagstructure.
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4.3 Discussion
4.3.1 DdSQS peroxisomal targeting signal

In this chapter of the present study, we confrmed thatfrst sterol biosynthesis
enzyme SQSis a peroisomal enzyme in the slime mould. discoideum Furthermore,

we showed thatt ihasa bipartite signal to target thgrotein to the inner Idlat of the
peroxisomal membrane. The first one is a canonicakopsomal targeting signal 1,
which consists of the amino acid triplet serine, lysine and leuciB&L{) located at the
extreme Cterminal end of the protein. This amino acid sequencehighly efficient
signal (Gould et al., 1987, 1988, 1989, 1990; Lametschwandtner et al., . TBE@S3)
second one is a helix located justt®iminal of the PTS1. The helix appears to have a
dual function, one during the targeting process in the cytosol and one in the insertion
into the peroxisomal membrane. In targeting, it contributes -import of SQS versions
lacking a PTS1, most likely by stimulating dimerization with SQS containifl i
(Figure 4.23). Both partners of camport require the presence of the helix. We found
that the helix had an unusual number of smal amino acids resembling xies G
dimerization motif. Our findings agree wifRuss and Engelman, 2008ho found that

a GxxxGlike motif can mediate hydrophobic helpelix associatios. Remarkably,
hSQSwas found as a monomeric protéirandit et al., 2000 interestingly, it doesnot
contain any GxxxG like motif at the TMD in the C terminal end.
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Figure 4.23: Schematic diagram showing the abiity fof-length DASQS interaction
with DASQS truncationsS. cerevisiaeo-expressing the fulength RFPDASQS in the
presence of differenDdSQS truncations tagged with GAR.addition to the subcellular
location of each truncation.
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4.3.2 Membrane association

Locaion of DASQS to the peroxisomal membrane was establshed by high salt
extracton (1M NacCl), carbonate extraction astiuctued ilumination microscopy
(SIM). SIM imaging showeddSQS as a ringke structure around the peroxisomal
matrix. Results of protein extrian by 1M NaCl treatment of the membrane fraction of

D. discoideumand S cerevisiaerevealedthat the protein is not a peripheral membrane
protein but instead in tightly bound to the membrane. Carbonate extraction further
confrmed and extended the SiMicaNacCl treatment findings and demonstrated that
DdSQS behaves lke antegral membraneprotein. Both in vitro protease protection
experiments and the in vivauxininduced degradation experimentshowthat DASQS

is protected from degradation by the pégomal membrane. This is the first example

of an integral membrane protein that faces the peroxisomal matrix. Furthermore, as we
showed inFigure 4.17Figure 4.18, the Gterminus ofDdSQS contains all information
necessary and sufficient to target a protein to peroxisomes and to insert it into the
peroxisomal memiane of yeast cells. The shortest construct consists of-teenthal

24 amino acids which comprise 14 amino acids of the predicted hydrophobic helix,
which includes the Glyipperlike motif (AxxxAxxxA), folowed by ten more residues

that include the PTS1

DdSQS has a unique localisation as a peroxisomal membrane protein, as it is anchored
from the inside of the organelle. In contrast to other PNDESQS needs to be imported

first before it can be inserted into the membrane. Import, we find, is medigtdiok

PTS1 pathway. Since no other peroxisomal membrane proteins have been identified that
follow such route, it is unlikely that yeast has got a specific machinery that mediates this
insertion. Therefore we propose that insertion occurs spontaneoushasabeen
descibed in in vitro experimets for artificial tatanchors (Honsho et al, 1998b;
Whitley et al., 1996; Yang et al., 1991r review sedBorgese et al., 2003)

Why is DASQS localised inside peroxisorfledA previous study by Nuttal et al (2014)
reported that the farnesyl diphosphate synthase is a peroxisomal enzyie in
discoideumand this enzyme catalyse isopentenyl diphosphate@d°. Therefore, the

FDP should be located in the peroxisome. In steriokymthesis, SQS catalysed the
initial reaction, which converts two molecules BDP into squalene. That means

converting hydrophilic molecules to a hydrophobic molecule. Thus, the enzyme needs
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to be located verglose to a membrane. That would facilitatthe movement of the

precursor and the produdtigure 4.24).

Squalene

2 FPP oGP g / '

Figure 4.24: Model for the structure dddSQS in theperoxisomal membrane and the
flow of substrate and products'R and 29R are proposed SQS first and second reaction
location in the central channel. PL: peroxisomal lumen, C: cell cytoplasm side.

Al studied SQSs are tightly associated with the membrasean integral membrane
protein They all have a ta&nchor. FurthermorePanditet al in 2000 solved a structure

of human SQShSQS). Five helces create a channel that passes through the dentre o
the protein. MoreovehiSQS is anchored to the membrane in a way that alows one end
of the channel to be closer to the membrane whie the second end faces the aqueous
environment. Likewise, we found that tH@dSQS anchored to the peroxisomal
membrane byts C terminal TMD. Furthermore, it has a conserved amino acid sequence
and showed 48% identity to tHeSQS, including high similarity to functional and
structurally important motifs Higure 4.4) (Pandit et al., 2000 Thus, it might have a
similar functional structure. Since FDPS is localised inside the peroxisomal méiix in
discoideum the substrate for SQS is produced inside peroxisomes. This is in line with
the model of hav SQS functions, where thgdrophilic substrate molecules FDPP enter
the lower end of thechannel. Te hydrophobic (lipophilic) product SQ is releaseitom
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the end of the channel which is closest to the peroxisomal membrane allowing it to

difuse into themembrane(Jiang et al., 2017; Linscott et al., 2016; Liu etal., 2017; Rong
et al., 2016)

The amino acid sequence alignmentDdSQS withhSQS shows four highly conserved
functional motifs, which they are associated witinding, regulatoy and catalytic
activities of SQSKalra et al., 2013; McKenzie et al, 1992; Merkulov et al., 2000)
Sectorsl and 3 wergroposedo be thetwo FDP binding sites(Tansey and Shechter,
2000) The two active sited\spartic acid (Asp)residues at positions 21Bsp?13) and

217 (Asp?l’) in sector3, indicated by red arrowglay essentialroles in the squalene
synthaseactivity. Their putative function is to bind the substrate by forming magnesium
salt bridges.A single mutation of all these residues leads to a strong reduction in the
enzymatic activity of SQSSector2 was proposed to play a role in tlstfreactionof

the enzyme wherebthe intermediatepre-squalenediphosphate(PSPP) is formedGu
etal., 1998)The first Tyrosine residue in sector 2 at position 1717¢Y, which marked

in blue arrow, is crucial for catalysis and is supposed to be involved in the first reaction.
Sector 4was speculated to be involved in thecondreaction step of SQS formation,
which converts PSPP to SRalra et al., 2013; Tansey and Shechter, 2086jno acid
residuesof structural importance are boxed in with grey. As mentioned above, the
catalytic important residues and those importantstarcture are conserved IDdSQS
(Pandit et al., 2000

Remarkably, the transmembrane domain helxn@anacid sequence, which is marked
by the capital letter H, does not show a high similarity betweerDt®QS and the
hSQS. That may be related to the differences in thecslddar location of each one of

them. FurthermorehSQS does not contain a Gxelie, therefore there is no chance
to form helixhelix dimer Figure 4.4).

Al the previous finding points to the abilty B8fdSQS reaching the peroxisome via the

Pex5 pathway. Then, it wil be anchored into the peroxisomal membrane from the inner
side Figure 4.25).
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@

Pex5 pathway

Figure 4.25: Diagram depicting our model of holdSQS is targeted to the inside of the
peroxisomal memiane via the sequentisteps of PTSInediated targeting and import

and spontaneous insertion of the-gathor. Whether the PTS1 is exposed to the cytosol
or partially embedded in the membrane is unknown and needs further investigation.

Taken all obsentions together, we conclude that SQS is a peroxisomal protein that is
anchored to the inside of the peroxisomal membrane and we propose that its product is
released in the peroxisomal membrane. This raises the question as to where subsequent
steps in stellobiosynthesis occur? This the topic describeth chapter 5.
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Chapterfvei Topol ogy of squal ene

cycloartenol synt hase and st

5.1 Introduction

The next three peroxisomal enzymes in ttexad biosynthesis pathway areslene

epoxidase (SQE), cycloartenol synthase andycloartenolC-24-methyltransferase
(sterol methyl transferase SMT)

Having established thaDdSQS is peroxisomal, it seemed important to determine
whether the other three pemoimal enzymes involved in sterol biosynthesis are also
membrane protein However, the structure of cycloartenol synthase indicates that it is
a monotopic membrane protein (Alkkuwayti, 2014). Most attention was therefore focused
on the DASQE and thdDdSMT.

Squalene epoxidase (squalene monooxygenase, SQE) is the second enzyme involved in
the sterol biosynthesis pathway. Intially, it was identified in rat liver microsomes
(Yamamoto and Bloch, 1970)After that, it was demonstrated in fungi and [Hea an

enzyme involved inthe ergosterol and phytosterol synthesis pathways, respectively
(Godio et al.; Han et al2009; He et al., 2008; Rasbery et al., 2007; Uchida et al., .2007)
Even though sterol biosynthesis does not occur in prokaryotic organisms, SQE was
isolated from some bacteria. Instead of sterol, these bacteria make pentacyclic

triterpenes(Nakano et al.,, 2007)

Squalene epoxidase is classified as a member of the flavoprotein monooxygenase
enzyme family. These enzymes catalyse a huge variety of different kinds of oxidative
reactions(Van Berkel et al., 2006; Joosten et al., 20BQE catalyseshe conversion

of squalene to a squalene epoxide (squaleneoxg@). This reactiomequiresthe favin
adenine dinucleotide (FADbind to the enzyme, nicotihamide adhenidinucleotide
phosphate (NADPH molecular oxygen and NADPHcytochrome B50 reducise
(igure 5.1)(Shibata et al, 2001; Tai and Bloch, 1972he final produd are one
molecule eachof squalene epoxide, NADRand a water molecule (Figure 5.1) (Entsch

and van Berkel, 1995; Ghisla and Massey, 1989; Massey, .188)requirement for
cytochrome P450 reductase arises because the ehpyme FAD has to be reduced by

the NADPH but there appears not to be an NADPH binding domain on the SQE enzyme.
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Hence, it is beleved that the NADPH is used to reduce the FAD bound to the

cytochrome P450 reductase and that the reduced flavin on the redbetaseduces the
FAD bound to the SQE.Tchen & Bloch 1957; Ono et al. 1977; Belter et al. 2011)

R
\K\/ + NADPH + 0, ——> R 4+ NADP' + H,0
FAD

Figure 5.1: Squalene epoxidase catalydbe epoxidation reaction. The formula shows
the oxidation reaction partreland the result of thBQEactivity. The figure is adapted
from Belter et al.,(2011)

5.2 Results
5.2.1 Squaleneepoxidase

5.2.1.1 Cellular location

Squalene epoxidase was found to be located in the endoplastinidum (ER) in all
organisms, such as human, plantg.g. Arabidopsiy, and microalgae (e.g.
Chlamydomonasinhardtii) (Kajikawa et al.,2015) In somecasesit could be assigned
to two different places, such as the ER and lipodiesas shown inSaccharomyces
cerevisiae(Leber et al., 1998; Mulner et al., 2004jowever, a previous study in our
laboratory showed thdDdSQE is a pexxisomal protein in the amoebaeen thoughit
lacks both a PTS1 and a PTS2. We have carried out further investigatioosfirim the
intracellular location of theDdSQE. First of al, we confrmed that the enzyme is
peroxisomal inD. discoideum(Figure 5.2) by tagging theDdSQE with GFP and eo
expressing the fused protedSQEGFP with a peroxisomal marker (mRFFFS1) in
the amoebae. Moreover, we hadentified the celularlocation of theDictyostelium
enzyme in other organisms bypressing the enzymg&aggedwith afluorescentmarker

(GFP)in baker yeast cerevisiaendthe Drosophila melangastaell ine S2R+
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The plasmids that could be used to transform yeast or the S2R+ cels wsrected

as folows. The open reading frame encoding DESQE was amplified by PCR using
VIP2653 and VIP2654 the forward and reverse primers respectively, velocity DNA
polymerase (a proofreading enzyme) and cDNA prepioad aD. discoideuncDNA

library as atemplate. The PCR product was digested with Sacl and Hindlll, before being
ligated into either theSacl and Hindll digested yeast plasmiggAS52 or theplasmid
(pJLOO5) that was used to transfect the S2R+. c&lie pAS52plasmid encodedGFP

and an amino acid linker sequence -Sliy-Ala-Gly-Ala-Gly, which would belocated
between thdddSQE and the GFP in the same open reading frame. The resulting plasmid
(PMUR29) encodedDdSQEGFP. Similarly, theplasmid (pMUR43) for transforming

the S2R cells encodeddSQEGFP with aGly-Ala-Gly-Ala-Gly-Ala linker between

the DASQE and the GFP.

When expressed in wid type yeast, the green fluorescence froDdB@EGFP was
punctate (Figure 5.3A). Western blot analyses of the yeagpressedDdSQEGFP
showedthat the GFP tagged enzyme had the expeatemlecular size(82kD (Figure
5.3B). The DASQEGFP was then cexpressed wittHCRFR-PTS1 in yeast and it was
apparent that the green and the red fluorescenelecated (figure 5.4), indicating that
the DASQEGFP was peroxisomal. Further confrmation that PESQEGFP was
peroxisomal was sought by expression in¥mes Eiss Inamant yeast strainFjgure
5.3A), in which the peroxisomes have difficulty in divisioand arghus sausagshap el

(Motley etal., 2008)The green fluorescence was seen in a salikagstructures, again
indicating that the epoxidase is peroxisomal in yeast.
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Figure 5.2: Fluorescence microscopy imagesDofdiscoideum Amoebae ceexpressing

DdSQE-GFP

DASQEGFP and mRFHPTS1 as a peroxisomal marker. An obviouslomalization was
obtained between the green and the flearescencecolours of theDdSQE fuson
protein and thgeroxisomal marker respectively

A S. cerevisiae wit vpsIAfisIA B
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Figure 5.3: Analysis of the location and size of the discoideumsqualene epoxidase

expressedn Saccharomyces cerevisia®) Fluorescence microscopy images of wild
type andv p s 1 amitantsseainS. cerevisia@xpressingful-length DASQEGFP. The
GFP tagged enzymappearegunctde in the wid type cells, and saussgi@pe in the
mutant strain. B) Western blot analysesyeést expresseBdSQEGFP. The TCA cell
extract contained a product of the expected se®&SQEGFP. TheDdSQEGFP was
detected by using an a@FP anti body
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DdSQE-GFP
HcRed-PTS1

Merge BF

Figure 5.4: Demonstration of the peroxisomal location Df discoideumsqualene
epoxidase when expressedS. cerevisiaeYeastwasexpressing botbdSQEGFP and

a red peroxisomal markéicRedPTS1. The green fluorescenotthe DASQEGFP coe
localises with redfluorescenceof the peroxisomal marker.

The DASQEGFP transfectedDrosophila S2R+ cellsalso expressed the enzymeell.
They contained green fluorescent punctawhen viewed under the fluorescence
microscope similar to those expected of peroxisomes containing (igtPe 5.5). In
addtion, there was #tle cytosolic fluorescencebackground

GFP BF
o . -

Figure 5.5: Analysis of the intracellular location of GHBPUSQE expressed in

Drosophila S2R+ cells, visualized bfuorescencemicroscopy. A patterrof a green
fluorescentpunctawas observeth the S2R+ celsBar 10pm
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Furthe investigation of the celulatocation of DASQE in S2R+ cellsncluded use of
redfluorescent protein tagged witha peroxisomal targeting signal type 1 (mRPRFS1)
as a peroxisomal marker f@rosophilacelsd peroxisomes.The greenpuncta generated
by GFR-DASQE co-localised with the redfluorescence of the peroxisomal marker
(Figure 5.6).

GFP-DdSQE mRFP-PTS1

Figure 5.6. Fluorescence microscopy to determine the peroxisomal location of GFP
DdSQE in Drosophila S2R+ cels expressinGFP-DASQE togethemwith mRFRPTSL1.

The fluorescence of the GFPDASQE and the mRFPTS1 celocalised in puncta
Highlighted circles show magnified peroxisanddar 10pum.
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It was apparent that thBdSQE is peroxisomal despite lacking an obvious PDS.
discoideumsqualene epoxidaseas therefore expressedtogether with a peroxisomal
membrane marker in two yeast mutant strains in an attempt to establish the targeting
pathway Strains Pe x Diede x #veze usedto block the PTSdependentpathway.
Theseyeast strains were used in these experiments because we couofékedhese
knockous in D. discoideumThe enzyme waassociated witlthe peroxisomes in both

the Pe x argPe x Femst stralm as in the vd type strain, Figure 5.4 andFigure 5.7).

This confrmed that neither tHeex5 nor thePex7 pathway is involved in transporting
DdSQE to the peroxisome.

DdSQE-GFP
Merge

GFP RFP
”’t . . . ‘ ‘ ". | {:
peX5A - . - !. - ) ' : j‘
"'." ¥ { :

Figure 5.7: Determination of the intracellular location DHSQE expressed idifferent

S. cerevisiaemutant backgroursd DASQEGFP was expressed in wid type and two
mutant (Pex5, Pex7) yeaststrainsalong witha peroxisomal markemMcherrypex11). In
the wild-type and the two mutant strains, there Wessame pattern of greéumorescent
purcta ofDASQEGFP colocalising withthe redpuncta of the peroxisomal membrane

(Mcherry-Pex11) marker. Bar 5um.
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5.2.1.2 Squalene epoxidase function

Squalene epoxidaseatalyses conversion sfjualene into squalene epoxide dnjdng

an oxygen As it is a FAD-dependentenzyme, itneedsan external electron donor
(NADPH). Bioinformatics analysis othe amino acid sequencs the D. discoideum
squalene epoxidasdrigure 5.8) predicted thatDdSQE lacks arNAD(P)H binding
domain. Hbwever it has aFAD binding site as in the epoxidases from other organisms
(Shibata et al., 2001This would suggesthat theenzyme (SQE) needs itderad with
another enzymahat can bind NADPH andonag the electrois needed for the epoxidase
reaction This donor enzyme was identified in humanels mice and yeasis a
cytochrome P450 redate (Emmestorfer et al., 2015; Gutierrez et al., 2003; Masaki

et al, 1987; Porter, 2015 previous study (GonzalezKristeller et al., 2008%howed
thatD. discoideums unusual in having twoytochrome P450 reductasesgAandredB

and also, as in many other organisms an enzyredC with some similarity @ a
cytochrome P450 reductase but with a different function as a component of a cytosolic
iron-sulphur protein assembly machinery. Bioinformatics analysis showedilltiiatee

of the D. discoideunreductases are predicted to have the same domains whidhear
flavodoxin like domain, the FAD binding domain and the NADPH binding domain.
Furthermore, these domains are predicted to be present in the same order in al three
enzymes. Kigure 5.9). DdRedA andDdRedB are also predicted to posses$MD
located in the N terminal end whi®dRedC is not predicted to have a TMPBigure

5.10).
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Figure 5.8: Bioinformatics analysis of the full length (502 amino adid)discoideum
squalene epadase. A) The domaingr DASQE werepredicted by usinghe Pfam web

site. Only two domains were identifiedthe FADbinding domain and the squalene
epoxidase activesite domain. B) Tansmembrane domain prediction ©dSQE. The

red columns displaythe probabiity oftransmembrane domaindMD) in the protein
structure The protein actve domains were analysed by using the pfam web site
(http//pfam.xfam.org/ The transmembrane domains were predicted by using the
TMHMM Server v. 2.0 web siteh{tp://www.cbs.dtu.dk/services/ TMHMNI/

A) DdRedA

1 75 207 242 456 489 595 631
N ___[ FAD binding domain ]_-_ c
B) DdRedB

1 T4 210 273 489 522 631 667
C) DdRedC

417 451 568 633

|

17 144 193
N m FAD binding domain

Figure 5.9: Domain prediction for D. discoideumRedA, RedB and RedCAl three
enzymes were predicted to have tame domains ime same order.
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Figure 5.10: Trarsmembrane topology prediction f@r. discoideumRedA, RedB and
RedC. The red regionpredict transmembrane domainin DdRedA and DdRedB

However, DdRedCis not predictedto have daransmembrane domain.

To investigate the intracellulaiocation of these enzymesRedA and RedB were
amplified from the D. discoideuncDNA lbrary by PCR using VIP2976 +VIP2977 and
VIP2960 +VIP2961 primers, respectively. Utdorately, RedC could not be amplified.
The RedA and RedB proteins were expressedaggedwith GFP at the C terminal esd
(RedA-GFP andRedB-GFP. In amoebae, the GFP fluorescence associated with the
reductases appeared as rings and as a netfikaglre 5.11). This appearedimilar to

the pattern of fluorescence given by GFP taggeRl proteins.
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A DdRedA-GFP B DdRedB-GFP
GFP ~ BF

Figure 5.11: The intracellular localization ofD. discoideum cytochrome P450
reductase. A) Amoebae oveexpressing th®dRedAGFP showed a neperoxiso mal
patternof green fluorescence. Bright field (BF) microscopy displays cel maupfyol

B) Amoebae oveexpressing théddRedBGFP had a similar appearance to amoebae
expressingDdRedA-GFP.

In order to confrmthe intracellular location ofDdRedA andDdRedB calnexin, which
is knownto bean ER integral membrane calcium binding phogpbizin (Bergeron et
al., 1994) was also expressed in amoeb&alnexin has previously beensed as a
speciic ER meker in D. discoideumamoebadgHervet et al., 2011)t was tagged with
MRFP at the C terminal end (calnexmRFP). D. discoideuntells expressingddRedA
GFP were transformed witthe plasmid encoding the calnexmRFP as an ER marker.
A clear colocalization between theDdRedAGFP and the calnexmRFP was
obseved. The ame result was obtained from expressibgRedBGFP and the ER
marker Figure 5.12A and B).
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DdRedA-GFP
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DdRedB-GFP
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Figure 5.12: Investigation of thantracellular location of DdRedA andDdRedB in D.
discoideumA) Amoebae ceexpressingDdRedA-GFP andDdcalnexin mRFP as an ER
marker. An obvious cdocalization of the GFP and mRFP fluorescence wasingeita
B) The geen and red fluorescence BIdRedBGFP and DdcalnexinmRFP co-
localized. Bar 10
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It had seemed possible that discoideums unusual in having two cytochrome P450
reductases because one is in the peroxisomes to interadDdBQE andhie other is in

the ER to catalyse reduction of cytochrome P450. The intracellular location of the two
reductases indicates that both enzymes are in the ER and that there is not a peroxisomal
reductase. This indicates thatDESQE is dependent on a cytooime P450 reductase,

there must be close contact between the peroxisomes and the ER to allow interaction
between thdDdSQE and a cytochrome P450 reductase.

5.2.1.3 Investigations of DASQE as a peroxisomal membrane protein

SIM microscopy was used d investgate further whetheDdSQE is a peroxisomal
membrane protein Fgure 5.13). Amoebae expressing RHAPTS1 to defhe the
peroxisomal matrix anddSQEGFP were examinedRed fluorescencedue to the
expression othe RFR-PTSlappeared a®und blobs. The most strikingesult to emerge
from these data wakat these red blobs appeatedesurrounded by a green ring like
structure, whichmust have contained tHedSQEGFP.The green rings, which varied
in diameter from approximately 0.14pm t00.8un, nevertheless always closely
surrounded the red blobMoreover, thefluorescence from th®dSQEGFP appeaed
to be evenlydistributed throughout the rings and therefore most i over the whole
peroxisomal surfacgFigure 5.13). The SIM imageswere thus consistent with a
conclusionthat theDdSQE GFPis aperoxisomalmembane proteinlt also appears that
the peroxisomes iD. discoideumvary markedlyin size
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GFP RFP Merge

Figure 5.13: Structured llumination Microscopy (SIM) dD. discoideumamoebae
expressing MRFRPTS1 as a peroxisomal matrix marker aDdSQEGFP. Red
fluorescentblobs identified theperoxisomal matrix. Each blotvas surrounded by a

green ring like structure of tHedSQEGFP.The hghlighted boxshowsa magnification
of the selected point of eadnage.

5.2.1.4 DdSQE orientation in the peroxisomal membrane

The orientation oDdSQE in the peroxisomal membrane was investigabgdusing the
protease protection technique. The investigations were carried diie igeast S.
cerevisiaebecause it is possible to isolateell-preserved peroxisomes from these cells
whereas no method has been developed to isolate intact peroxisomesD.from
discoideum Spheroplasts were preparfedm yeast cels that were expressiipiSQE

GFP aftergrowth on oleate medium. The spherolasts were gebtgkenopen by using
aDounce homogeniseand the homogenate was digested with proteinase K attached to

agarose beads.
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Figure 5.14: Testing the orientation dd. discoideunsqualene epoxidasky using the
protease protection techniqu&Vid type yeast cels expressinipe DASQEGFP were
used to investigate the enzyme orientation in the peroxisomal membrandheaffeast
had been grown on oleate madh. Severh controls were usedpxal protein as a
peroxiomal membrane protein part of which is exposed to the cytosol, thialase
peroxisomal matrix proteifwhich is expressed in yeast only during growth on the
oleate);pgkl as a cytosolic protein. ABFP arnbody was usedo detect theDdSQE
GFP, whie specific monoclonal antibodies werased to identify eachontrol protein.

As shown inFigure 5.14, the DASQEGFP wa digested by the proteinase K both in the
presence and the absence of the detergent, Trkd@QxHowever,a very faint band at

the expectedize ofDASQEGFPcould bedetected after 5Smin treatment with proteinase

K in the presence and absence of therdent. No intacDdSQEGFP could be detected

after 15min or longer digestion. By contrast the antcFP anbody identified a clear
undigested band oDdSQEGFP in the proteinase K untreated samples (control)
between 0 and0 mins incubation. Te yeast pxal proteirwhich is a peroxisomal
membrane proteinwas also digested by the proteinase K in the presence and absence of
the detergent. &t ofpxal isexposed to the cel cytoplas(fakahashi et al., 200And

it is this part of pxathat isrecognised ¥ the antipxal antbody used in developing the

western blat Thiolase was used as a positive control. This is a peroxisomal matrix
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protein in yeas{Glover et al, 1994and was therefore protectditbm proteinase K
digestion but only in the absence of the detergdfigyre 5.14). This showed that in the
absence of Tidn the peroxisomes were intact throughout the experiment.
Phosphoglycerate kinase (PGK1), a cytosolic proteas used as a control to show that
the proteinase K was active and able to digest protein in the spheroptasgenate
both in the presence andbsenceof detergent Taken bgether, the results of SIM
imaging and the protease protection test showed thdddB&EGFP is a peroxisomal
membrane protein exposed to the cell cytosol. This would suggest that it might be
possible for this enzyme to intet with one or other of the extperoxisomal
cytochrome P450 reductasan D. discoedium This depends on the reasonable
assurption that DASQE is in the same location . discoideumperoxisomes as in

yeast.

Alive cell imaging method SIM) wasusedagain but, in this case, to determine whether
DJSQE and the cytochrome P450 reductases are in close proximity in Dictyostelium
amoebae. Thamoeba were transformed with two plasmidsach one having different
selectable markeiOne of them conferred G4iésistanceandwasused to express either
DdRedA or DdRedB labeled with aGFP as DdRedAGFP or DdRedBGFP
respectively The second plasmid haal blasticidine resistance geamd was used to
express DASQE tagged withmRFP OdSQERFP). Red fuorescencein ringlike
structures wasseenn both caseandrefleced expression oDdSQERFP (Figure 5.15A

and B).The greerfluorescence was fronthe DdRedA or DdRedB. Only when green

and red fluorescence are emitted in extremely close proximity does the fluorescence
appear yelow in merged images. Thus,Fgure 5.15, the yellow fluorescence in the
merged images indicates a very close interaction between the red fluorescent rings (i.e.
DdSQE) and the green fluorescedtiRedA andDdRedB.
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mRFP GFP Merge

Figure 5.15: Structured lllumination Microscopy of D. discoideumAmoebae were
expressingeither DdRedA orDdRedB tagged wittGFP DdRedA GFP/DdRedB GFP)
and alsoDdSQE taggedwith mRFP DASQERFP) A) DdRedA-GFP plus DASQE
RFP.B) DdRedBGFP plus DASQERFP. The SIM image indicate thatDbdRedA or
DdRedB is exiremely close& DASQE in ive aroebae. This is shown by the yellow

fluorescence in the merged images

5.2.1.5 How doesDdSQE become associated with the pexisomal membrane?

To try to determine how thBdSQE associates with the peroxisome and particularly in
the membrane, we attempted to identify whether it needs a special machinery found in
D. disocideumonly or whether it reaches the peroxisomes by fafigwa universal
pathway. SinceDdSQEGFP expressed successfully in yeast and S2R+ cels and was
associated with the peroxisomes, it was apparent that the enzyme folows a pathway
common to several species to reach the peroxisofigard 5.4 and Figure 5.6). It had

been found that blocking the peroxisomal targeting signal tygrad12 pathways did not

stop theDdSQEGFP reaching the peroxisome when it was expressed ik Brdpe X 7
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yeast strain respectively. Therefore, it seems more likelyDHSQE follows the pex19
pathway to be inserted into the peroxisomal membrane from the cytosolic side (as we
showed it is exposed to the cell cytoplasm). Pex19 does exXBt discoideumbut, it

has a somewhat unusual amino acid sequence (according tashctylebsite) because

it lacks a cysteine at the-&rminal end that is farnesylated in the pex19 in other
organisms (Kammerer et al., 1997; Matsuzono et al., 1999; Rucktaschel et al.,. 2009)

This is a very important modification for pex19 to be functio (Emmanouilidis et al.,
2017)

Immunoprecipitation oDdSQEGFP (GFP trap) folowed by mass spectrophotometry
were used to determine whether pex19 can be found bouB#tISQE or any other
proteins. Neither pex19on any other potential transporter protein could be identified
(Figure 5.16). The mechanism by whiclbdSQE associates with the cytosolic face of
the peroxisomal memane has stil to be established.

GFP-PTS1 DdSQE GFP-PTS1 DdSQE

TL UB B TL UB B TL UB B TL UB B

Figure 5.16. The GFP trap (cdP) of DASQEGFP. A) Western blot of amoebae
expressing GFHPTS1 (positive control) anBdSQEGFP. GFP was detected with anti
GFP antibody.B) SDSPAGE gel of the same samples as in (A) stained with Coomassie
blue stain. TL: total lysate, UB: unbound to the GFP trap beads, B: bound to the GFP

trap beads.
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5.2.1.6 Overiew

In the previous chapter, it was demonstrated B8QS is located on the matiside of

the peroxisomal membrane. Presumably this is to allow the highly hydrophobic product
(squalene) of the synthase reaction to be temporarily stored in the peroxisomal
membrane(Pandit etal., 2000 Squalene is then thelmirate forDdSQE which is again

a peroxisomal membrane protein but, provided that it is locat&iciyosteliumin the

same way as when expressed in yeast, it is on the cytosolic side of the peroxisomal
membrane. It is proposed that this orientationhefRdSQE allows interaction with an
NADPH-cytochrome P450 reductase so that reducing equivalents from NADPH may be
used in the reaction catalysed by BPESQE. It is not known whether the interaction is
with RedA or RedB (or both) but, provided that theresuch an interaction, it must be
able to involve RedB because a mutant straiB.adiscoideumn which RedA has been
knocked out(GonzalezKristeller et al., 2008js fully viable.

5.2.2 D. discoideunOxidosqualene Cyclase

Ddoxidosqualene cyclase DAOSC) is the third enzyme nothe sterol biosyntheis

pathway. Itconverts oxidosqualene (squalene epoxide) intycloartenol in plargt

However, in animals and fungi the enzyme produces lanosterol, whichslightdy
different sterol(Figure 5.17).

cycloartenol lanosterol

Plant Fungi and animal

Figure 5.17: Chemical structure of cycloartenol and lanosterol. The different in the
structure highlighted by the red circEigure adafed from (Brycki et al., 2014)
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5.2.2.1 Intra cellular location of Ddoxidosqualene gclase

DdOSChasthe following amino acid sequen&er, Lys and lle(SKI) atits C terminal
end. This is believedo be a peroxisomal targeting signal typ@IS1)triplet in some
organismsespecially plantyReumann et al., 201.6We expressed thBdOSCtagged
with GFP at the Nlerminal endin its normal hostD. discoideumand in a foreign host
S. cerevisiae RFP-SKL was used as thperoxisomal markerln D. discoideumthere
were very clear green ubrescentpuncta (of the GFBJOSC) in addtion to the red

fluorexent punctagiven by the peroxisomal marker. An obvious celocalization
between the red and gre@morescencewas obtained (

Figure 5.18) and indicates thdDdOSC is peroxisomalOverexpressing the GFBdOSC
in yeast showed #i some of this enzymewasin the peroxisomespecause there were
green flioresceh puncta celocalsing with the red punctate fluorescence of the
peroxisomal marker.Nevertheless the majority of the GRBDJOSC was not
peroxisomal It was either in the cytosaolr in the ER oit formed large ringike structure
around the celpresumably in theplasma membraneln addtion, it accumulatd in
puncta which d not colocdise with the peroxisomal markeThese may haveeen
aggregats (

Figure 5.19). These results would suggest that SKI functon wel as a PTIL in
discoideumbut notin S.cerevisiae Bioinformatics investigation of the whole genomic
data base of th8.cerevisiaeshowedthat only three proteinend inSKI triplets (Table
5.1). None appears to be a peroxisomal protéins would suggest thaBKIl is not used
as a functional peroxisom&argeting signal in the yea$. cerevisiae Use of SKl as a
functional PTS1 iD. discoideunwould further emphasise that Dictyostelium has plant
ke characteristics.
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GFP-DdOSC mRFP-PTS1

Figure 5.18: Determination of the intracellular location oDdOSC in D. discoideum
Amoebaewere co-expressing GFP fuseddOSC (GFPDdOSC) and mRFAPTSL as a
peroxisomal marker. The greenofescence reflecting expression of GFBDJOSC
appeared as puncta asbowed a clear ecalization with the reduorescent puncta
of the peroxisomal marker RFP-PTS1) Bar S5um.
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GFP RFP
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GFP RFP

Figure 5.19: Fluorescence microscopy analysedeterminethe intracellular location of

DdOSC in theforeign hostS. cerevisiaeThe yeastcels weretransformed to express
GFP-DdOSCanda peroxisomal marker RFPTS1. The marker appearad red puncta
randomly distributed in the celThe GFRDJOSC was presents in several intracellular
locations. The lower part of the figureshowsthe fuorescence sigrawithout their being

converted to coloured signal8ar 5um.
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YDR242WAMD2  [SKI 547 549

Table5.1: Search amonagll yeast proteindor thoseending witha SKI amino acid
sequence (€erminal end).

Putative amidase

YGL11IW|NSA1 |[SKI 461 463

Constituent of 66S prabosomal particles
involved in 60S ribosomal subunit biogenesis

YPLO89C |RLM1  [SKI 674 676

MADS-box transcription factor; component of
protein kinase @nediated MAP kinase pathw
involved in the maintenance of cel integr
phosphorylated and activated by the MRiBasg
Sk2p; RLM1 has a paralog, SMP1, that arose
the whole genome duplication

5.2.2.2 Observation of Ddoxidosqualene gclaseby use of SIM

Structuredlllumination microscopy (SIM) was used to identify the intracellular location
and the morphology pattern DEHOSC.D. discoideunwastransformedto expressGFR
DdOSCalong with mRFPPTS1 The transformed amoebae were used vt &alysis.

The mMRFPPTS1 appeared as roughly circular blobs (peroxisomal matrix) whereas the
fluorescence from théGFR DAOSC appeared as a single spot at the edge of the
peroxisomal matrix. It was already known thBdOSC is a somewhat unusual
peroxisomal membrane protein because it would appear that in common with the similar
human protein, lanosterol synthag®uf et al., 2004; Thoma et al., 2004) is a
monotopic membrane protefdlkuwayti, 2014) The SIM microscopy suggests that the
DdOSC is also ursual because it appears that it occupies a single location in the
membrane of each peroxisonfEigure 5.20).
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GFP RFP Merge

Figure 5.20: Use of Structuredilumination Microscopy to identify the intracellular
location and morphology pattern of GERIOSC.

5.2.3 Cycloartenol-C-24-methyltransferase

CycloartenoIC-24-methyltransferases is the fourth enzyme involved sterol
biosynthesisfrom FDP. Among different species, there are some differences in this step
of the pathway.In plants there are two famiies thnsferase (BouvierNavé et al.,

1998) One family is believed taddthe first methyl group to the sterol side chain while

the second familyadds, at the end of the sterol biosynthesis pathway a further methyl
group to give an ethyl groupn fungi (e.g. yeast), only a single methyl groumdkkd

to the side chain and this occurs as the final step of sterol (ergosterol) biosynthesis. In
animal, there are no sterol methyl transferases because cholesterol lack a side chain
methyl group.

In D. discoideum the major sterol has an ethyl group at2& Therefore, two
transferases families ete expected to be involveds in plants.Analysis of the D.

discoideum genome showed that there are only twmbable cycloartenolC-24-

methyltransferases K8T). One of them possessa putative PTS1 at the-@rminal

end, comprising the amino acids sequenc®a, Lys and Leu (AKL)and is likely to be
peroxisomal The cycloartenokubstrate for the methyltransferase reackoiocated in
the peroxisome as WelThus, it seems thahis enzyme probabhkadds the first methyl
group to the cycloartenol. HE other nonperoxisomal enzyme presumably adds the
secondmethyl group to form an ethyl group. We confrmed that e discoideum
SMT1 ©dSMT1) is a peroxisoma¢nzyme inD. discoideunandalso in theforeign host
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S. cerevisiae.Thus, fuorescence microscopy dD. discoideumexpressing GHP
DASMT1 together with mRAP-PTS1 (peroxisomal markershowed a clear eo
localization between the greemoiescenceof GFRDASMT and the red dbrescence
of the marker. Simiar results were obtained from the -GEBMTL1 transformedsS.
cerevisiae(Figure 5.21A and B). Furthernore, the enzyme behaved as iategral
membrane proteinbecause most of itemaned in the final pelet wheramoeb&

membranes wereeated with 0.1M N2COs (Figure 5.22). However,some of therotein
was present in the second supernatant.

GFP

Merge BF

GFP-DdSMT
mRFP-PTS1

GFP RFP Merge BF

GFP-DdSMT1

RFP-PTSI11

S. cerevisiae wt

Figure 5.21. Fluorescence microscopy Iimages Df discoideum sterol methyl

transferase. A) Amoebae expressig GFP taggedddSMT1. The enzyme appeared
as green punctaThese punctaco-localised with those ofthe peroxisomal marker
(MRFRPTS1).Bar 10pum B) The celocalization of GFRDASMT1 and the peroxisomal
marker inS. cerevisiagdicated that the enzyme ilso peroxisomal in yeast. Bar 5um.
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GFP-DdSMT
TL S1 S2 P

Figure 5.22. Western blot analyses of GHRISMT. Amoebae expressing GHRISMT
were treatedvith 0.1M N&COs. The majority of the protein was detected in the final
pelet by using an arGFP antibody.

5.2.3.1 Analysis of the ability of -AKL to actas a PTS

The DASMT1 peroxismal targeting signal (AKL) wagested inS. cerevisiaeby
expressing GFP fusedDdSMT1 (GFRDAS MT 1) in a peGFBtggeyeast .
enzyme was cytosolc, whie the peroxisomal membrane enafikicherrypexl11l)
appeared ased fluorescent puncta Figure 5.23). This would suggest that the AKL
triplet acts as a PTS1 in DASMT and that there is no other peroxisomal signal in the
DASMT even though DASMT is a peroxisomal membrane protein and not a matrix

protein.

Green Red Merge BF

-- o pQXSA

Figure 5.23: Testing theDdSMT peroxisomal targeting signal. Flusocence microscopy
showedthat the GFRDdSMT remained in the cygml when itwasexpressed imPe x 5 a&

GFP-DdSMT1

Pex11-mCherry

mutant strain ofS. cerevisiaeThe peroxisomalmembrane marker (MChergex11)
was located in the peroxisome becausevdts not usingthe Pex5 pathwayto reach the

peroxisomes Bar 5um.
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5.2.3.2 Domain structure of DASMT

Although there is considerable conservation of amino acid sequence in theofSMT
Dictyosteium discoideunand other organismdDdSMT has araddtional motif located

at the N terminal end which is not found inthe SMT sequence®f other organisms.
This motif contains 187 amino acids sty from the first methionine anthen the
methyltransferase domain starts with another methiomihposition aal88. Thus, the
active domains analysis usintpe Pfam online analysis toathowed two different
domains InDASMT1 (

Figure 5.24). Furthermore,in the predicted thredimensional (3D) structureDdSMT1
appeared to comprise twvdifferent fused polypeptides The 3D structure was obtained
by using the Pher2 3D analysis programifigure 5.25).

1 12 152 244 431 462

N C
{ = —

Figure 5.24: Predicted domain analysis péroxisomalDASMT. The nethyl transferase
(MT) domain was predicted to besacond domain IDdSMT between amino acid44
to 431 A carbon mmoxide dehydrogenase sub uniklik® domain was predicted toe

located upstreanrom the MT domain betweemmino acidsl2 and 152
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Figure 5.25. Prediction of the thredimensional structure oDdSMT. The Phyer2
program was used tpredict the threedimensional structure of DASMT. The data
obtained wereanalysed by usinghe PyMol software programThe two polypeptide
domains were predictedo remain essentially separate. The fpstlypeptide runs from
M1to G52 These are shown as spheréhe remainingamino acidswere prediced to

form anotherpolypeptide which is the rathyl transferase. The persamal targeting
signal (AKL) is highlighted as a mesh

The frst domain hasstructural similarity with a large number oproteirs having
different functions. @e of these is the G subnit of carbon mnoxide dehydrogenase
(CoxG). CoxG is a bacterial proteibut it has the closest similarity in amino acid
sequence with the frst domain of peroxisomal DdSNFe Cox enzymes utilizecarbon
monoxide (CO) as a carbon sourceamaerobic reactiorgiving CQp. The subunits are
encockd asa cluster on a megalasmid inOligotropha carboxidovoranand it has been

shown that most of the sulmits are essential for enzyme activitlowever the CoxG
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sub-unit was found not to be essential for enzyme actvity but, when the CoxG gene was
deleted from the plasmid, tr@ehydrogenase enzyme was no longer anchored to the
bacterial plasma membrane but was cytosfichrmann et al., 2003Hence, it was
concluded that the CoxG sulmit is necessary to anchor the enzyme to the plasma
membrane where the respiratory chain is located. Because italeady been
demonstrated that the GHBUSMT (GFRDASMT) is strongly atiched to the
peroxisomal membrane Kigure 5.22), it appeared possible thétte first 187aaof the
DASMT might have a similar role in anchoring thensferasein D. discoideunto the

peroxisomal membrane.

To investigate the possible role of the individual domains, each was expressed alone
either inD. discoideunor in Scerevisiae The frst 187aa domain was tagged with GFP

at the Cterminal endwhereas the SMT domain was tagged with the same marker but
at the Nterminus to leave the PTS1 at thet&@minus. The first 187aa domain was
cytosolic when expressed in discoideunor in S. cerevisiagvhereas the SMT domain

was peroxisomal The mostsigrificate aspect of thesdata was thatthe GFRSMT
domain appeared in the first supernatant of the sodium carbonate treatment experiment
(Figure 5.26). Thus, by itself, this domairbehaves as a peroxisomal matrix protein
instead of king a peroxisomal membrane proteifhis would be consistent with the
theory thathe function of the first 187aa domasto anchoiDdSMT to the peroxisomal
membrane
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Figure 5.26: Sodium carbonate analysis of the-kelhgth and truncate®dSMT protein.
Western blot analyse®f lysates ofD. discoideumexpressing theful length GFP
DASMT or the SMT domaifGFR-1 8 7 BdST) treated with0.1M NaCOQOs. TL: total
lysate, S1: first supernatan§2: second supernatant, ptllet. AnanttGFP antibody
was used to detect the GERISMT and theGFR-1 8 7 BdSMET. Bands at the expected
size, 78.3 and 57,3vere detectedbr the full length GFR-DdSMT and theGFP-tagged
truncated DASMT respectively. Most of the fdbngth protein was found in the final
palet (eft side of the figure).The majority of the truncated protein was detected in the
first supernatantright side of thefigure).

Investigations were continued to determine whether the dikeGlomain can bind to

the peroxisomal membrane in the absence of the SMT domain. The GFP tagged CoxG
ke domain, which had been extended with the PTS1 trigd€L so that it would be
peroxisomal, was expressed in amoebae or S. cerevisiae. When lysates of the amoebae
or yeast had been treated wililM N&COQOs, it was found that only about 25% of the
GFP-CoxG domain was membrane bound in amoebae and even less was membrane
bound in yeas(tFigure 5.27)It appeared that the Coxike domain has only a lmited

ability to bind to the matrix side of the peroxisomal membrane. However, it remains
possible that both the Coxiike and the SMT domains are synergistic in allowing the
ful-length DAEMT to bind to the peroxisomal membrane.
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Figure 5.27: Association of the first 187aDdSMT-PTS1 with the peroxisomal
membrane.The ®dium carbonatdechnique was appled #) D. discoideumB) S.

cerevisiae.

5.2.3.3 Use of SIM to investigate the localizationof DASMT in peroxisomes

Structuredlllumination Microscopywas used to identifGFRDdSMTL1 in amoebae that

were alsoexpressingthe red peroxisomal marker RFRPTS1). Green fluorescence
(GFP-DASMT) appeared aspherical blobs whereas red fuorescence was seen as a
crescent around the green fluorescence. The green fluorescence was always close to only
one placeonthe peroxisomal membrane whiketred fluorescentmatrix markerfilled

the restof the spacein the peroxisome Higure 5.28). One possible explanation for this

result is that, when overexpressed in amoebaeDd®MT enters the peroxisome and

forms a membranbound aggregate. As aresult, the matrix becomes highigpressed.
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Figure 5.28: Structured llumination Microscopy used todetermine the tmacellular
location of DASMT. Image areof GFRDASMT co-expressed with mRFPTS1 Areas
outined by the smal circles and boxes are shown at higher magnification in the larger

boxes and circles

5.2.3.4 Protease protection

The orientation of th&dSMT enzyme in the groxisomal membrane was investigated

by using protease protectioriThe GFRDASMT was digested by theroteinase Kn the
presence fodetergent Triton X-100) butwasresistat in the absence of the detergent.
The enzyme behaveduring the digestions likehiblase, which is peroxisomahatrix
enzyme. Since it was already known thBdSMT is a membrane protein, the protease
protection assay indicated that it must be bound to the matrix side of the peroxisomal
membrane.The behawr of thiolase also confrmed thatthe peroxisomes were intact in

the absencef detergent(Figure 5.29). In the absence of detergent, the pxal protein and
PGK1 were digested by the proteinase K which was expected because part of pxal and

all of PGK1 areextraperoxisomal.
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Figure 5.29: Protein orientation analysis using the protease protection techrigjue.
discoideum amoebae oveexpressing GFRDASMT were used to determine the

orientation of DASMT in the peroxisomal membrane.

5.3 Discussion
5.3.1 D. discoideunsqualene epoxidase

Two aspect®f D. discoideunsqualene epoxidas®dSQE) have been addressed in this
investigation. Firstthe peroxisomal targeting signal dims enzyme and the pathway

which it is caried to the peroxisomes were sought and, secpndhe precise
peroxisomallocation of the enzyme was investigated.

Our finding confirned that theDdSQE is a peroxisomal enzyme [n discoideuneven
though it lacks either a peroxisomal targeting signalpe | or Il. Furthermore, it is
located in the peroxisomes when it is expressed in two different foreign, I&sts
ceivisaea and Drosophila melanogast&@hese results would suggest that the enzyme
makes use o& universal peroxisomatargeting signal tit is conserved in the three
different organisms. Moreovetagging with duorescent proteieither at the Nor the
C-terminal end had neeffect on the targeting signaln addtion, the GFP tagge®dSQE

showed co-localization with the red dbrescenceperoxisomal markem Pe x 5asd
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Pe x Feast strains, whictack the peroxisomal targeting signal typand Il pathway.
Al these results confirm that neither the PTS1 nor the PTS2 pathway is involved in
taking DASQE to the peroxisome

Unlke the precedingenzyme, DASQS,DASQE is located on the cytosolic side of the
peroxisomal membrane. Thwould suggest thpossibility thatthe enzymefollows the
Pex19 pathwayto the peroxisomelt is known thatthe Pex19 protein isa chaperon and
receptor responsible rfaiding peroxisomal membrane protein (PMP) impdftith the
exception ofPex3 all newly synthesized PMRsppear tdbe inserted directly into the
peroxisomal membrane folowing thBexl9 pathway (Kim and Hettema, 2015;
Mayerhofer, 2016)However, immune preciptation oDdSQE folowed by mass

amperometry did not detect -qgecipitaton ofPex19. Therefore, the pathway that
DJSQE takes to the peroxisome has still to be established.

The second aspect 8fdSQEthat has been investigate@ the role of its intracellular
location in its enzymatic functionThe predicted transmembrane domsasf DdRedA
andDdRedB showed possible and strong TMD at the N terminarhds It is predicted

to start rom amino aci@O til 41 in DdRedA. Inasimilar pattern, iruns from 12 to 23

in DdRedB. However, there is not any predicted TMD in Bé#RedC. These results
agree with the actty domain prediction finding, which showed that the first ptedi
domain (binding domain) stafrom the amino acid in the positon number 75 and 74 for
DdRedA andDdRedB respectively. However, the flavodoxin domairDulRedC starts

at aminoacid in posion number 7.

It has been showed that squalene epoxidase IBA® dependent enzymeand also
requires NADPH for its activity(Ono etal., 1977, 1980Because SQE lacks &ADPH
binding site, it need to operate together wittan enzyme that can bind NADPH and

donate reducing equivalents from the NADPH to the FAD on the.SQ& donor
protein has beeshown to be cytochrome P450 reductd€mo et al.,, 1977, 1980, 1982)

It has been showrfgure 5.12) that, of the two cytochrome p450 reducta@@snzalez
Kristeller et al., 2008 D. discoideumneither is peroxisomal but that both are located
in the ER. This may explain wHydSQE lacks a PTS and is on the cytosolic side of the

peroxisomal membrane whereas the preceding enZu8( S and the two following
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enzymes PAOSC and DASMT) on the sterol biosynthesis pathway are on the matrix
side of the peroxisomal membran®dSQE has to be on the cytosolic side of the
peroxisomal membrane ff it is to interact with cytochrome P450 reduataisbaa to be
associated with the peroxisomal membrane because this is where its substrate, squalene,
wil be located.

The SIM imagingof amoebae c@xpressingbothDASQE andRedA/ RedB showedthat
the enzymesare probably close enoudbr transportof electros from either DdRedA

or DdRedB to theDdSQE However, these results do not prove that the reductases are
definitely the electron donors RASQE.

5.3.2 Ddoxidosgualene cyclase@dOSC)

Ddoxidosqualene cyclase has the peroxisomal targeting sigi&KL, which appears

to be Iimited to use in planttReumann et al.,, 2016fFven among the slime moulds,

SKl is found in only two cycloartenol synthases those oDictyostelium lacteurand
Polysphondylium pallidumHowever, atternative PTS1 triplets are present in the cyclase

sequences of some of the other slime moulds.

It has previously been shown tHatlOSC is a peroxisomal membrane protein and is
most probably a monotopic protein (Akuwayti 2014). Remarkably, SIM imaging has
shown that whereadSQS andDdSQE are present throughout the peroxisomal
membrane, th®dOSC is apparently located only at a sfge@oint on the peroxisomal

membrane. The reasons for this remain unknown.

5.3.3 D. discoideunSMT

The study of the peroxisomal location BASMT gave somewhat puzzling resuls. It
was very clear that the enzyme is bound to the peroxisomal memisiigoee 6.22) but
it was not possible to establish unequivocally which domain of the enzyme is involved
in the membrane binding. It appeared, when the SMT domain was expedsse, that
this domain is unable to bind to the peroxisomal membr&igeiré 5.26). On the other
hand, athough it was possible to demonstrate that the -GlaxGlomain has some
ability to bind to the peroxisomal membrane, this abiity appeared rather lifffigdre
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5.27). However, these results could imply that both domains are involved in the

membrane binding.

The other puzzling aspect 8[dSMT was revealed b$IM imaging where the GFP
tagged enzyme appeared as a large blob against a limited region of the peroxisomal
membrane. The peroxisomal matrix was also largely filled by the G#SMT (Figure

5.28). It would seem improbable that al of the GBASMT can be involved in
methylation of cycloartenol because much of the enzyme appears not to be in contact
with the peroxisomal membrane where the cycloartenol substrate atedoclt is
possible, however, that the large blobs of the ®EBMT are formed only because of
overexpression of the enzyme. It could be helpful to investigate the normal localization
of the endogenou®dSMT by use of a specific antibody. It would alsoifteresting to
determine how close the peroxisomal membrane binding SEBJ®MT is the binding

site for DAOSC.
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Chapter sidscussi@amer dlut ure dire

6.1 General discussion

A remarkable feature ofteyol biosynthesis from mevalonate [h discoideumis the
location of the first four enzymes in the peroxisomegufe 6.1). In all other organisms

in which these enzymes have been previously investigated, it is been found that they are
integral membrane proteins on the BYRes, 2011)It is believed that these enzymes are
usually associated with the ER basa the reaction products are highly hydrophobic
and need to be temporarily stored in a lipid environm@andit et al.,, 20001t would

seem reasonable to conclude that, as shown in earler chapters, the four enZmes in
discoideumare associated with the peroxisdmaembrane for the same reason. It is,
however, difficult to explain why these enzymes are peroxisomdD. inliscoideum

instead of being in the ER, although it may be advantageous to have SQS in the organelle
in which its substrate, farnesyl diphosphaie synthesized(Nuttall et al., 2012)It is

more difficult to account for thepresence oDASQE, DAOSC and DASMT in the
peroxisomes. Thus, as described in section (5.2.1.4), the associafii$@QE with the
peroxisome appears to be potentially disadvantageous because of the requirement to
interact with a cytochrome P450 reductasd¢he ER. The localization of tHedSQE to

the cytosolic side of the peroxisomal membrane, which contrasts with the localization
of the other three enzymes to the matrix side of the peroxisomal membrane, appears
necessary to allow thBdSQE reaction to piceed.

The other remarkable feature of sterol biosynthesiB. idiscoideunis the use of PTS1
pathway to allow DASQS, DdOSC andDdSMT to associate with the peroxisomal
membrane. There are no other examples of peroxisomal membrane proteins that make
use of a PTS pathway to reach the peroxisomal membrane. Previously, it has been
thought that the pathways by which proteins are assembled into the peroxisomal
membrane are independent of the PTS pathways. They also always insert the membrane
proteins from lie cytosolic side of the peroxisomal membrane (Kim and Hettema, 2015).

It is probable, therefore, thdddSQS,DdOSC andDdSMT make use of the PTS1
pathway because they need to enter the peroxisome and associate with the peroxisomal
membrane from the matriside. It is apparent thda2dSQS has to be inserted into the
matrix side of the peroxisomal membrane so that its active site is able to bind to farnesy!

diphosphate produced in the peroxisomal matrix. However, it is more dificult to
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understand whypdOSC andDdSMT have to be associated with the matrix side of the

peroxisomal membrane.

Cycloartenol

«
2| & Jesecatl
° 0(0% ‘b‘@ V 2

Squalene

Squalene
Epoxide

2 Farnesyl

Diphosphate O

Figure 6.1: Diagrammatic summary of the frst four steps of sterol biosynthesis from

FDP inD. discoideumC,cytosol, PM, peroxisomal membrane; PL, peroxisomal lumen;
1SR and 2R, first and second reactions catalysed by squalene synthase.
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The fith reaction on the pathway from FDP to gmdduct sterols is catalyzed by
methylsterol monooxygenaseDdMSM). Thee are twoDdMSM isozymes and it has
been shown previously (Alkuwayti, 2014) that both are located in the ER. The
methylcycloartenol synthesized in the peroxisomes has therefore to pass to the ER.
There are two possible ways in which this might occur. ,Hipad vesicles containing

the methyicycloartenol could bud off from the peroxisomal membrane and carry the
sterol to the ER. However, there is, at present no evidence that vesicles can form from
the peroxisomal membrane. The second mechanism by whidis siee known to move
around the cell and pass through membranes involves transpsigrbiglogenic acute
regulatory proteifStAR) and StARlke proteins(Clark, 2012; Lev, 2012; Miller, 2017;
Soccio and Breslow, 2004)hese proteins have a thrdimensional structure similar to

that of CoxG(Radauer et al,, 2008; Thorsell et al, 20I1H¢nce the first domain of
DASMT has also strong similarity with StAR proteinBigire 6.2). It is, therefore,
possible that the CoxG domain oDdSMT is involved in export of the

methylcycloartenol from the peroxisome to the ER as well as in anchorinQdsielT
to the peroxisomal embrane.
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Template alignment | Template 3D structure | PDBe

2MOU_A StAR-related lipid transfer protein 6; Steroidogenic acute regulatory protein (StAR); NMR {Homo sapiens}
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Figure 6.2: comparison of the structures of the CoxG domairDdSMT and a StAR

domain The secondary structure tbé 187aa of thdddSMT CoxG domainwas obtained

by using HHpredrom sequence ralysis inthe tookit web site (Alva et al., 2016) The

figure shows that there is a 9f®obability that the secondary structure of RdSMT

CoxG domain is similar to that of thHdomo sapien$StAR domain.
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There is a belief that there are contactssiketween peroxisomes and other celular
organeles( Mattiazzi Ugaj alt20ibhlithough thénhtbre of theseh r a d e |
contact sites remains unknown. Such contact sites between the ER and the peroxisomes
could therefore be involved in movement of the methylcycloartenol from the
peroxisomal membrane to the ER. In addition, cordées between the peroxisome and

the ER could also be of importance in bringiddSQE and a cytochrome P450 reductase

into contact. Further investigation of possible interacton betwRdSB8QE and the
cytochrome P450 reductase could therefore help to graaigtlence for the existence

of contact sites and provide better understanding of their structure.

6.2 Future directions

Further study of a possible interaction betw&mSQE and Pex19 could clarify the
pathway by which DASQE is reaching the peroxisomet would be possible to
demonstrate thaPex19 does binddSQE if a modified version dPex19 having NLS

would takeDdSQEGFP to the nucleus.

Further experiments could be done in order to confirm the interaction beRdSQE
and cytochrome P450 reductag®, example by using the splt GFP technique. This may

also provide fundamental informaticfar further understanding of contact sites between
peroxisomes and other cellular organelles.

Production of specific antbodies f@dOSC andDdSMT would help to determine the
peroxisomal location of these two enzymes in the absence of overexpression. By use of
the antibodies in indirect immunofluorescence microscopy, it should be possible to

observe the natural location of these proteins in giexsomal membrane.
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