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Abstract

The peroxisome is an organelle conserved across Eukaryota. Ever since their discovery, tf
scientific consensus regarding the processes thitmogtparoxisomes are formed and are
inherited has changed several times. It is now known that peroxisomes are either producet
though fission of prexisting ones ode novisom the endoplasmic reticulum (ER).
However, the relative importance of theseggs®s and the conditions in which they occur

is still a subject of much debate. This has led to the proposal of several models attempting
to explain the situation, predominantly supported through evidence gathered studying the

budding yeaSaccharomyaresisiae.

An evaluation of some of the proposals of these models in yeast is the main thread of this
study. One such model proposed thatdivesion and inheritance of peroxisomes are
coupledprocesses guaranteeing that the same number of peroxisuairgaiised through

multiple generations; another suggested thaetimewsynthesis of peroxisomes occurs
continuously irs. cerevidigethe fusion of previously unrecognised heterotypic vesicles, an
observation which disagrees with much of the otitemee gathered regarding the process

in the organism.

To address these questions, a system of imaging multiple genefticerevkialls was
necessarglongside the creation of a compasaisted workflow to analyse and quantify

these and otlhémages of peroxisomes and cells.

Results from the long tirgpse liveell imaging experiments show that the behaviour of
peroxisomes is complex and that a direct relationship belivisemand inheritance is
hard to demonstrate in practice, eslheaigth techniques currently available. Moreover,
live-cell experiments in conjunction with compqgtemntified images corroborated previous
evidence regarding the procesdeohowynthesis and demonstrated the ladkeofiovo

synthesis in cells alrgambntaining peroxisomes.

Overall, this study shows the usefulness of live cell imaging and computerised analysis fo
studying peroxisomesshowcases what caurrentlybe concluded usirtigeseiechniques

for studying this organelleSncerevisxamineshe limitations of the restrictions of spatial

and temporal resolutignend explores whairogressis necessary to decipher the
peroxisome biogenesis and inheritance situatioa future.
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Abbreviations and Glossary

Abbreviation Meaning

& Lambdad used to denote wavelength of light

2TY 2x Tryptone, Yeast Extract media (for bact
growth)

2D; 3D; 4D; 5D 2-dimensional; eté.used in this instance to refer
types of image data. 2D only has XY dimension
has XYZ/XYC/XYT dimensionsetc.

AAA+ ATPase ATPases Associated with diverse cellular Activ

ATP Adenosine Triphosphate

BiFC Bimolecular fluorescence complementatién
technique to show interaction between two pro
using fragments of fluorescent proteins that
becomevisible when brought together. See also
VG

CCD; EMCCD Chargecoupled Device; Electron Multiplying C(
0 types of digital camera used in flouresc
microscopy to detect incoming photons

CFP Cyan Flourescent Protéiderived from the origing
GFPfrom Aequorea vict{@iamachy et al., 2005)

CMOSs Complementary medakidedsemiconductod type
of digital camera used in flourescence microsca
detect incoming photons

DAB 3,3'Diaminobenzidin® used as a stain of nucl
acids and proteins

DAPI 4'.6diamidine2-phenylindoled blue fluorescen
stain

DoG Difference of Gaussiafsypeof filtering technique
whereby one image convolved with a Gau
function is taken away from the same in
convolved with a Gaussian function of smaller rz

DRP Dynaminrelated Proteid Dynamins are a group
proteins involved in scission of cks

EC Extinction Coeffecierdt a measure of how strong
a substance absorbs light of a given wavelengt

EDTA Ethylenediaminetetraacetic atigsed to sequest
metal ions in solution

EUROSCARF European Saccharomyaeerevisiaérchive for
FunctiondAnalysis

GFP; EGFP Green Fluorescent Protein; Enhanced GRRe

first fluorescent protein widely studied, and
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engineered variant used in fluorescence micro
to this dayTsien, 1998)

ER

Endoplasmic Reticulum

GAL1 promoter

Promoter of the Galtmse 1 gene used to g
conditional expression of downstream sequg
(only active in presence of galactose)

HE High-efficiencyi(e. HEtransformation)

HIS Can be used to refer to the amino acid Histidine
HIS3 gene that is used for selection @ad the|
promoter of the HIS3 gene that is used to
moderateconstitutive expression of downstreg
sequences

IR Infra-red ® wavelengths of light in excess of 700

IRD Infantile Refsum diseadene of the peroxisom
biogenesis disorders (PBDs). sLesevere tha
Zellweger Syndrome

LAP Linear Assignment Probleénalgorithm used b
TrackMate tdink objects together to make track

LED Lightemitting Diode

LEU Can be used to refer to the amino acid Leucine
LEU2 gene that is used for setatti

LiAc Lithium acetaté used to permealsdithe yeast cel

membrane in DNA transformation

MFA2 terminator

Terminator of the Mating pheromonéaator gene
used on plasmids

mPTS

Membrane Peroxisome Targeting Sigmabteins
possessing this are ratisgd by Pex19 in th
cytosol and brought to the peroxisomal membr

mRFP

Monomeric Red Flourescent Protéiengineereq
form of a red fluorescent protein frobiscoson
(DsRed)Campbell et al., 2002)

mNG

mNeonGreen fluorescent proteid Brightest
fluorescent protein to date, engineered from a y|
protein in Branchiostoma lanced@hamer et al
2013)

N/A

Not Applicable

NALD

Neonatal Adrenoleukodystrophy one of the
peroxisomal biogenesis disorders (PBDSs).
severe of the PBDs

NAT

nourseothricin  Macetyl transferasea protein
encoded by the natMX gemvhich inactivates th
antibioticnourseothricirfalso known as clonNAT

NB

Notabe@d not e 0
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nm

Nanometres

ODeéoo

Optical Density at 600nn® used to measur
turbidity of yeast culture and therefore amour
growth

pAUL; pAS; pEH

Plasmid nomenclatungsed in the laboratory
distinguish between plasmids and their origins

PBDs Peroxisomal Biogenesis Disorders

PCR Polymerase Chain Reaction

PEG Polyethylene glycol

PEX; Pex Peroxind a protein associated witiogenesis o

peroxisomes.

PGK terminator

Terminator of the Phosphoglycerate kinase
used on plasmids

PMP Peroxisomal Membrane Protein

PTS Peroxisomal Targeting Sigdadrotein with a PTS
are targeted to peroxisomes. There are twody|
the Gterminal PTS1, and thetsrminal PTS2.

QY Quantum Yield, also Phii) & given as a rati
between 0 and 1, this is probability that a mo
with emit a photon for every 1 photon absorbed

RCDP Rhizomelic Chondrodysplasia Punctatabrain

disorder characterised by shortening of
rhizomelia (mximal bones). RCDP1 is a PE
associated with mutation in PEX7.

RING (finger)

Really Interesting New Gene (fingea) zinc finger
domain of a protein usually involved
ubiquitination

ROI Region of Interesd term used in FIJI for objec
that have beefound via automated processing
manually outlined. Their properties can be stor
an ROl Manager

RNA; mRNA Ribonucleic acid; messenger RNA

TEF1 promoter

Promoter of the Translation Elongation Factg
gene used to give high levels of expressib
downstream sequences

TE

Tris and EDTAcontaining buffer used in elution
DNA

TPI1 promoter

Promoter of the Triose Phosphate Isomerase 1
used to give high levels of expressiong
downstream sequences

uv

Ultra-violet 8 wavelengths of light betere 10 and
400nm
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URA Can be used to refer to the nucleobase Uracil
URAZ3 gene that is used for selection

VN-; VC- N-terminal half of Venus flourescent protein;
terminal half of Venus flourescent protien; See
BiFC

WT Wild-typed yeast straiwith no mutations (exlcudir

auxotrophic mutations necessary for selection)

YPD Yeast Peptone Dextros@ a complete medi
(containing all amino acids, sugars and
nutrients) necessary for yeast growth

ZS Zellweger Syndromé the most severe of th
peroxisomal biogenesis disorders (PBDs)

em Micrometres or microns

A Note on Nomenclature

When referring tgenes and proteiimsS.cerevisiéiee standard convention of nomenclature

has changed over timeaditionallygenes were written in all uppercase (e.g. 9

proteins with justhe first latter capitalisedi t pda abt er wards to de
Pex19p)However, g er t i me t he 06pd& h,asdthséenisusediop p e
this body of workDenoting nutant straingre shown through the use of italicised lower
casdetters andare sometimes followedthg Greek uppercase delta (@egl®r pex1§).

The delta is not used in this study.

Both genes and proteins in mammalian cells are denoted with capital letters (e.g. PEX1¢
could refer to both the gene and its protein product).
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Chapter 1: Introduction

Preface

The defining feature of eukaryotiganisms is the presence of a multitude of membrane
bound organelles, each performing a specialised cellular task. This compartmentalisation i
separate membrabeund structures gives rise to the complexity of Eukaryotic life
compared with the other twordains of Bacteria and Archaea.

The discovery and elucidation of knowledge relating to organelles is intrinsically linked to
developments in microscopy. The original light microscopes were used to describe cells ir
the 1660s and 1670s but it was not th&ill800s that organelles were initially described.
The nucleus and vacuole were the first organelles to be designated and led to the propositio
of cell theory in 1838 by Schleiden and Sch{duilock and Luzio, 2009Ylitochondria

were recorded in 1842, and their ubiquity in cells was recognisedByni&d4and Schatz,

1981) In 1898CamilloGolgi outlined the Golgi apparatus after staining cellsivith

nitrate and osmium tetroxi¢@olgi, 1898)

Observation of other organelles smtikemthe Golgi or mitohondria had to wait until the
development of improved microscopes, notably electron microscopy, which only became
commercially available in 1939. Biochemical experiments in the 1940s led Charles de Duv
in 1949 to hypothesise the existence of membramal mmpartments containing
hydrolytic enzymes and he labelled them lysofoeBsive et al., 1953)hey were directly
observed by atron microscopy in 19%8ovikoff et al., 1956)

Continuing advancements in microscopy techniques, most notably fluorescence microscop
in the 1990s, has allowed greater insight into cellular processes, partioedafifter the
discovery of organellesgthext questions were of their function in the cell, and their
maintenance and persistence over generations. Biogenesis and inheritance of organelles :
two processes that are intrinsically linked. Before each cell division, organelles increase |
size, ee divided, and separated into daughter cells. The necessity of this for some organelle
is obvious; the nucleus carries DNA and therefore is vital to the continuation of nearly all
cellular processes, and mitochondria and chloroplasts also posseamaismal DNA

which is critical for their functio(Warren and Wickner, 1996)dditionally, the
endoplasmic reticulum (ER) is the major site of lipid and protein symfiesigia vesicle

mediated transpodre eventuallynovedto other organelles. As membranes cannot be



synthesisedenoyvo i n | i ne widrnitsh ememiorgBiobeal, 1B me mMb
inheritance of at least a portion of the ER is necessary. The requirement of inheritance of
other cytoplasmiorganelles is less obvious; if a cell does not inherit an organelle derived
entirely from another (e.g. in the way that the Golgi is derived entirely from the ER), then
the daughter cell should be able to make a nedeame(fagarasanu and Rachubinski,
2007) De novormation of organelles has been demonstrated but many studies have shown
the presence of dedicated organelle inheritance mech@ragamssanu et al., 2007;
Hoepfner et al., 2001; Rossanese et al., 2001; Weismait, @008)erefore be implied

that manufacturing organelesewis energetically costimdinheritance mechanisms are
evolutionaradvantageous

This thesis is concerned with onganelle the peroxisome; the biogenesis and inheritance

of which has beeasubject of much debate. Previous studies have outlined several theories
and mechanisms surrounding the biogenesis and inheritance of peroxisomes, particularly i
the budding yeaSaccharomyces cerdtigiagh considerable research has been done in
this area, much of it has focused on outlining individual proteins involved in the processes,
and where they fihto or modify the current model(§he focus of this thesis is to step

away from individual proteins andnsteacapproach the study ofrpgisomediogenesis

and inheritanagsingongterm livecell imaging oveeveral cell cycledongsideomputer

aided quantitativeapproaches to analysing these and other image data of peroxiSomes in
cerevisidegreat advantage of studying psmres over other organelles is tiheyare

relatively easy to observeappearing as small, dot like objects under the florescent
microscope, compared with for example, the dikkengnetwork of the ER. This attribute

lends itself well to automatic rgeition and counting techniques utilising computer
software. Building on the existing yeast techniques, a method of imaging yeast population
overlong periodsvas developed, along with means of processing and adifgsamy

typesof microscopy data

In the followingsections of this introductidhe current state of knowledge concerning
peroxisomes and their biogenesis and inheritance is pptkaedninantly irs. cerevisiae
andalsothe particular aspectsy#dasiperoxisome biogenesis and iithece that will be
addressed.



1.1 The Peroxisome

Peroxisomes were first described after the observation of meemmiased cytoplasmic
spheres in kidney electron micrographs that did not resemble any of the then agreed upor
cell organelles, and wengioally labelled ascrobodiBodin J., 19543ubsequent studies

in the 19600s bDbodes dontdinedavarious lereysnes invadlvedr in the
production and breakdown of hydrogen peroxide, and it is from thietb&asoniake

their naméde Duve, 1969; O@uve and Baudhuin, 1966)

Nearly all eukaryotic organsspossess peroxisomes, from unicellular raorganisms to
higher plants and animgtua and Kim, 2016Notable exceptions to thise protozoan
parasites in the gen@mrdiandTrichomonasd parasitic amoebas of the géntsmoeba,
where no evidence of peroxisomes has been {blanekins et al., 2007; Parsons et al.,
2001)

A peroxisome@ structure consists ain

Crystalline Core

0.21pm in diametefvan den Bosch et al. :g (ot aheays prasent

contrast to mitochondria and chloroplasts,
peroxisomes do not contain any
transcription/translation  mhaimery or

DNA and import all proteins post

_ Figure 1.1 Basic structure of a peroxisome.
translationallySchrader and Yoon, 2007)

The proteins within the peroxisomal matrix perform various metabolic functions.
Characteristically (but not universally), these areyfies involved in theoxidation of

fatty acidgWanders and Waterham, 20@) oxidases involved in the production of
hydrogen peroxid@el Rio et al., 1992nd (iii) enzymes canyiout the reduction of
reactive oxygen specigwotably the enzyme catajagkich performs hydrogen peroxide
breakdowr{Hettema and btley, 2009; Pieuchot and Jedd, 2012)

However, the enzymatic content of peroxisomes varies wildly between cell types and alsc

between species. In certain instances this caused peroxisomes to be originally identified ¢



different organelles, and somehafse names are still commonly in(Gsdoaldon, 2010)

In Kinetoplastea, a protist group containing the parasyieanosoad Leishmanithe
peroxisome contains a majority of the enzymes in the glycolytic pathway and is still referrec
to as glycosofHaanstra et al., 2015; Mits et al., 20Q6h plants, there are three described
types of peroxisome: unspecialised peroxisomes; leaf peroxisomes that perform
photorespiration; anglyoxysomésch are involved in the glyoxylate cycle in germinating
seedgHayashi et al., 2008} these peroxisontike bodies are linked by conserved protein
import machinery, a shared mechanism of fission by dyik@nproteins and a siam

pathway of biogene¢Gabaldon, 2010; Michels et al., 2005; Parsons et al., 2001)

In humans, peroxisomes are found in all cell types, extcegat blood cellBerger et al.,
2016; Wanders and Polie, 2015)andare especially prevalent in liver and kidney cells
(Islinger et al., 2010)



1.2 The Peroxisomal Disorders

The importance of peroxisom&s humansis illustrated through the presentation of
disorders in patients whose peroxisomes have defects to their normal metatooliorfunct

biogenesis

The first disorder now known to be associated with peroxisomes, Zellweger Syndrome (ZS),
was outlined in the mid 196086s and early
symptoms had been established. ZS was recognisedliaed by its namesake, Hans
Zellweger, and colleagues, as a condition manifesting in infants and presenting as crani
abnormalities alongside deformities in the brain, liver, eyes and $Raktarge and
McAdams, 1967; Poznanski et al., 197@)as only in 1973 that a link between ZS and
peroxisomes was established by a group reporting the lack of peroxisomes in the hepatocyte
and renal proximal tubule cells of ZS pat{@udfischer et al., 1978ince then, ZS has

been joined by several related disardeasatal adrenoleukodystrophy (NALD), infantile
Refsum disease (IRD) and rhizomelic chondrodysplasia punctata type 1 (RCDP1);
collectively these are known as the peroxisomal biogenesis disordefB(®2&Ds)an et

al., 2013)In additiom, defects in multiple peroxisom#lyated enzymes have also been
reported; these form the group of single matrix enzyme defidjfaneers, 2014)

1.2.1 The Peroxisomal Biogenesis Disorders (PBDs)

The PBDs are all autosomal recessive disorders that arise from a cefextnmooe of a

set of proteins called peroxins, which in turn are encoded by PEfDisaESt al., 1996)

The peroxins are each in some way responsible for the correct biogenesis and maintenanc
of a peroxisome; a patienthwone of these disorders will have cells with an inadequate
number of functional peroxison{®gaterham and Ebberink, 20IR)ere are currently 31
identified PEX genes, each involved in either peroxisome generation, peroxisome membrant
or matrix protein import, or peroxisome abucdgdSmith and Aitchison, 2013)hese
functions are outlined in Table 1.1.

The PBDs are predominantly caused by a mutation in one of a setEX f¢nes
(Braverman et al., 201B8)utationsn PEX1 account for betweenB0% of all cases, with

PEX6 (~10%), PEX10, PEX12, and PEX26 making up the majority of the remaining cases
(Ebberink et al., 2011, Yik et al., 2009}jhe four PBDs mentioned earlier, three originally
described as separate entit&s, NALD, and IRDS show overlapping clinical phenotypes



and are now considered Zellweger Syndrome Spectrum (ZSBotglees. RCDP1 is
phenotypically distinct from the ethdisorders and remains classified sepdk&flgr et
al., 2003)

The phenotypic differences across the ZSS are poorly defined, especially between the milds
NALD and IRD forms. ZS is the most severe, characterised by cranial abnormalities, severe
neurological dysfunction, and faikaréhrive; consequently most infants die within the first

year of lif€Schutgens et al., 1986; Wilson et al.,. 1888} in these infants presenting with

a severe ZS phenotype will be entirely absent of peregi?¢ALD and IRD presentations

are more varied and less severe, with NALD patients surviving into their teengeand s
IRD patients into adulthoo(5teinberg et al., 200€ells in patients with these milder
phenotypes may have a low number of functional peroxi@Maesham and Ebberink,

2012) or a heterogeneity of functional peroxisomes both between different cells and
different tissues, a phenomemgnch iscalled peroxisomal mosaic{&wotjes et al., 2004;

Pineda et al., 1999)

Symptoms shared by all three include: hepatic disease; retinopathy; variable central nervol
system (CNS) development delay; and psoggdeearing loss, aflwhich presenwithin

the first few months of lifBVanders and Waterham, 20@ying to these overlapping
clinical features, the term Operoxi some
(PBD-ZSD) has beerecentlyproposed, with clinical dations ranging from mild to severe
(Braverma et al., 2016)

1.2.1.1 Rhizomelic Chondrodysplasia Punctata Type 1

The phenotypically distinct RCDP1 arises from a mutation in BExtérham and
Ebberink, 2012Which recognis@&roxisome targeting sigp@PTS2possessing proteins
and directs them to the peroxisdqiMetley et al., 2002; Purdue et al., {i®@7/nechanism

is discussed gectionl.3.2) Only a smallbset of proteins are directed to the peroxisomes
via the PTS2 pathway, aothsequentiyis gives rise to a phenotype that is clinically distinct
from the other PBD¢Unseld et al., 199 Notably, patients have short stature and facial
abnormalities, arising from defects in bone structure. Expected bfeRg&P1 patients

is varied butnost usually die within the first 10 years ofSiieinberg et al., 2006; Wanders
and Waterham, 2005)



Table 1.1 Peroxins identified in Scerevisiaeand Homo sapiens
NB Pex9 is not listed due to it being a misidentified open reading fianewia lipolytitappears to
be a Pex26 ortholog(€iel et al., 2006)

. S. H.
Peroxi Aot n -
n cerevisia sapien Process Description
e S
AAA+ ATPase that forms heterodimer with Pex6 and is
Pexl P P Peroxisome matrix responsible for recycling Pex5 from the peroxisomal
protein import membrane. Mutations in human PEX1 are by far the most
common cause of PBDs.
D —_— RING finger complex peroxisomal membrane protein along
Pex2 P P - with Pex10 and Pex12. Responsible for ubiquitination of
protein import
Pex5.
. Responsible for correct insertion of peroxisomal membrane
Peroxisome P h b 2 int " ith Pex19
membrane protein proteins into the membrane via interaction with Pex19.
Pex3 P P : X . Interacts with Inp1 to form anchor between cortical ER and
import; Peroxisomal ) . ’ ) .
p : peroxisome in peroxisomal retention. Required for de novo
inheritance : )
formation of peroxisomes.
Pexd P Peroxisome matrix Part of ubiquitin conjugation complex with Pex22 that is
protein import required for ubiquitination of Pex5.
Receptor that recognises PTS1 containing proteins in the
Pexs P P Peroxisome matrix cytosol and brings them to the peroxisomal membrane;
protein import interacts with Pex14 to release protein cargo into peroxisomal
matrix.
AAA+ ATPase that forms heterodimer with Pex1 and is
Pex6 P P Peroxisome matrix responsible for recycling Pex5 from the peroxisomal
protein import membrane. Mutations in human PEX6 are second most
common cause of PBDs.
Peroxisome matrix Receptor that recognises PTS2 containing proteins in the
Pex7 P P . h ‘
protein import cytosol and brings them to the peroxisomal membrane.
. . Organises the importomer complex by bridging the docking
Pex8 P PerOX|sgme TR complex and the RING finger complex; interacts with Pex5
protein import
and Pex7.
Pex10 P P Peroxisome matrix RING finger complex peroxisomal membrane protein along
protein import with Pex2 and Pex12. Responsible for ubiquitination of Pex5.
Pexil P P Perc_mso_me EIong_ates peroxisomal membrane to allow for fission of
proliferation peroxisomes.
Pex12 P P Peroxisome matrix RING finger complex peroxisomal membrane protein along
protein import with Pex2 and Pex10. Responsible for ubiquitination of Pex5.
P e G Forms part of docking complex with Pex14 and Pex17.
Pex13 P P . Interacts and docks Pex5 and Pex7 at the peroxisomal
protein import
membrane.
Forms part of docking complex with Pex13 and Pex17.
Pexid P P Peroxisome matrix Interacts and docks Pex5 and Pex7 at the peroxisomal
protein import membrane; responsible for translocation of cargo into
peroxisomal matrix.
g ; Associates with the Pex1/Pex6 heterodimer, and anchors the
Peroxisome matrix .
Pex15 P Y complex at the peroxisomal membrane. Homologous to
P P human PEX26.
Peroxisomal Membrane receptor for Pex3; implicated in recruiting other
Pex16 P membrane protein peroxisomal membrane proteins to the ER. Required for de
import novo formation of peroxisomes.
Peroxisome matrix Forms part of docking complex with Pex13 and Pex14.
Pex17 P o
protein import
Pex18 P Peroxisome matrix Interacts with Pex7 in the PTS2 import pathway. Partial

protein import

redundancy with Pex21.




Chaperone responsible for import of class 1 peroxisomal

Peroxisomal membrane proteins (containing mPTS) from the cytosol.
Pex19 P P membrane protein Interacts with Pex3 to insert proteins into the peroxisomal
import membrane. Aids Pex3 exit from the ER and therefore required

for de novo formation of peroxisomes.

Pex20 Peroxisome matrix Found in Yarrowia lipolytica, it is a cofactor of Pex7 in the

protein import PTS2 import pathway.
Pex21 P Peroxisome matrix Interacts with Pex7 in the PTS2 import pathway. Partial
protein import redundancy with Pex18.
Peroxisome matrix Part of ubiquitin conjugation complex with Pex4 that is
Pex22 P . ; Al
protein import required for ubiquitination of Pex5.
Eeraitseme] Found in Yarrowia lipolytica, and a human homologue has
Pex23 P e S been described (Jeynov et al., 2006). Functionally
P homologous to S. cerevisae Pex30.
Pex24 Peroxisomal Found in Yarrowia lipolytica. Functionally homologous to S.
proliferation cerevisiae Pex28.
Peroxisomal membrane protein that regulates peroxisome
Pex25 P Peroxisomal size and number. In same family of proteins as Pex11 and
proliferation Pex27. Paralogue of Pex27, believed to have arisen from
whole genome duplication.
Peroxisome matrix Associates with the P_exl/PexG heterodimer, and anchors the
Pex26 P - complex at the peroxisomal membrane. Homologous to yeast
protein import
Pex15.
Peroxisomal membrane protein that regulates peroxisome
Pex27 P Peroxisomal size and number. In same family of proteins as Pex11 and
proliferation Pex25. Paralogue of Pex25, believed to have arisen from
whole genome duplication.
Peroxisomal Regulates peroxisome size, number and distribution. In same
Pex28 P o 4
proliferation family as Pex29.
ER-resident protein that regulates peroxisome size, number
Pex29 P Peroxisomal and distribution. Negatively regulates peroxisome size. Role
proliferation in controlling peroxisome destined vesicles from the ER.
Interacts with Pex30. In same family as Pex28.
ER-resident protein that regulates peroxisome size, number
. and distribution. Negatively regulates peroxisome size. Role
Peroxisomal . . : : :
Pex30 P roliferation in controlling peroxisome destined vesicles from the ER.
P Interacts with Pex29. Partial functional redundancy with its
paralogue Pex31.
. Peroxisomal membrane protein that negatively regulates
Peroxisomal . X X X e
Pex31 P dallieraten peroxisome size. Partial functional redundancy with its
P paralogue Pex31 and related protein Pex32.
. Peroxisomal membrane protein that negatively regulates
Peroxisomal . ] A . A
Pex32 P . . peroxisome size. Partial functional redundancy with related
proliferation X
protein Pex31.
Pex33 Peroxisome matrix Identified in Neurospora crassa as part of the docking
protein import complex with Pex13 and Pex14.
Peroxisomal Peroxisomal membrane protein involved in regulation of
Pex34 P peroxisomal populations. Interacts with Pex11 family proteins

proliferation (Pex11/Pex25/Pex27).

Adapted usingnformation from (Sibirny, 2012; Smith and Aitchison, 204r8) the Saccharomyces Genome Database (€
http://www.yeastgenome.qrGherry et al., 2012)



http://www.yeastgenome.org/

1.2.2 Single Peroxisomal Enzyme Deficiencies

Thesingle peroxisomal enzyme deficiefmigsthe other group of diseases associated with
peroxisomes. Theyise due to a mutation a protein that is either an enzyme located inside
the peroxisomal matrix, or a protein that is involved in the transport of molecules into and
out of the peroxisome. A list of these disorders of peroxisomal fusdband in Table

1.2

Table 1.2. Thesingle peroxisomalenzyme deficiencies.
Collated usingpformation inWanders, 2014

Disorder Abbreviation Mutant Pathway References
Gene
X-linked Fatty acid i (Budka et al., 1976;
X-ALD ABCD1 o
adrenoleukodystrophy oxidation Engelen et al., 2012)
Acyl-CoA oxidase . Fatty acid i (Ferdinandusse et al.,
o ACOX-deficiency ACOX1 o
deficiency oxidation 2007)
D-Bifunctional protein o Fatty acid i (Ferdinandusse et al.,
o DBP- deficiency HSD17B4 o
deficiency oxidation 2006a)
Sterol-carrier-protein X . Fatty acid i (Ferdinandusse et al.,
o SCPx- deficiency SCP2 o
deficiency oxidation 2006b)
L (Ferdinandusse et al.,
2-Methylacyl-CoA AMACR- Fatty acid i
- - AMACR o 2000; Setchell et al.,
racemase deficiency deficiency oxidation
2003)
Rhizomelic

Etherphospholipid

chondrodysplasia RCDP2 GNPAT . ) (Ofman et al., 1998)
biosynthesis

puncatata Type 2

Rhizomelic -
Etherphospholipid

chondrodysplasia RCDP3 AGPS . . (Wanders et al., 1994)
biosynthesis

puncatata Type 3

. Fatty acid h (Gerbert A. et al., 1997,
Refsum disease ARD/CRD PHYH/PAHX o ) o
oxidation Wierzbicki et al., 2002)
. ) (Danpure and Jennings,
Primary Hyperoxaluria Glyoxylate
PH-1 AGTX . 1986; Pirulli et al., 2003;
Type 1 detoxification

Williams et al., 2009)
Bile acid-CoA: amino

acid N-acyltransferase BAAT-deficiency BAAT Bile acid synthesis (Carlton et al., 2003)
deficiency
Acatalasemia CAT H.O, metabolism (Ogata, 1991)




1.3 Peroxismal Biogenesis

Although the PBDs arising from defects in peroxisomal biogenesis are now quite well
outlined, the underlying process of peroxisomal biogenesis is still a target of much debate
and research. Peroxisome biogenesis is the overarchingttegrprimeess of making more
peroxisomes, and is performed by peratkieggroup of proteins mentioned eafllable

1.1) The first peroxins to be identified wer8atccharomyces celmgs@d®n the inability

of two mutants to grow on oleic amddum.These mutants lacked detectable peroxisomes,
and mislocalised peroxisomal matrix enzymes to the cytosol. Thielaygifiesiwere
labelledpasland pas2 (Erdmann et al., 1989%nd are now known in the unified
nomenclature as Pex1 and Pex4 respe¢istiyl et al., 1996)

Peroxisomes are formed eittieenovioom the ERor by growth and division of peisting

peroxisomes. An overview of the formation of peroxisomes can be presented as below

There is still much contention over the relative importance of growth and divisiateversus

1. Vesicles containing a subset ofperoxisomal
membrane proteinsbud off from the ER

Vesicles fuse to create
pre-peroxisomes

2. Proteins from the cytosol are inserted into there-

peroxisomal membrane _
Vesicles fuse

with existing
3.Proteins from the cytosol are imported via membrang mature
proteins into the pre-peroxisomal matrix peroxisomes

Pre-peroxisomes mature
into peroxisomes

4. Mature peroxisomes continue to import proteins
from the cytosol and receive vesicles from ER

+

5. Fission of mature peroxisomes = De novformation

mmm = Growth and Division

noveynthesis poesses, and whether they are mutually exclusive or occur in parallel. As
such, there are competing models that emphasise the relative importance of one over the

other, and also differ in other key aspects. Such models are desmdiedlr8.4. There
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are also questions over the relationship between the division of peroxisomes and their
subsequent inheritanceSincerevisids is discussed in sectiofh.

Much more generally agreed uaganhe underlying mechanisms surrounding peroxisomal
membraneprotein import, peroxisomal matrix protein impartd peroxisomal fission

(steps 2, 3 andrBspectively); these will be discussed festtiond.3.1 through to 1.3.3.
1.3.1 Peroxisomal Membrane Protein Import

As mentioned earlierll peroxisomalproteins are translated on free polyribosomes
(Lazarow, 2003; Lazarow and Fujiki, 198%) therefore there must ingort of these
proteins into the peroxisomal membrane and peroxisomal matrix. Peroxisomal matrix
proteins require the activity of proteins in the peroxisoerabrane in order to cross the

lipid bilayer, and therefore the peroxisomal memprategnimport must occur first. There

are two methods of inserting proteins into the peroxisomal membrane: either they are
trafficked to the peroxisome via vesicleglingdoff from the ER, or they are inserted

directly into the peroxisomal membrane from the cytosol (F@ure 1.

In most PEX deletion mutantsgnexisomal matrix proteins &oend in the cytosol, but
cellsstill contain membranes with inserted perogins € r o X i s o(RuzHtaschgehed st s
al., 2011; Santos et al., 1988yvever,n pexandpexl9nutants in yeagtettema et al.,

2000; Koek et al., 200@hd irpex3pexl@andpex1 mammalgHonsho et al., 1998; Kim

et al., 2006; Matsuzono et al., 1999; Muntau et al.c2®@ye devoid of both peroxisomes

and peroxisomal membranes] all membrane proteins are instead rapidly degraded or
targeted to other membrane structures like mitoch@kanand Hettema, 201%jor this

reason, Pex3, Pex16 and Pex19 are implicated as key to the import of other peroxisome

memlyane proteins (PMPs) and/or the formation of peroxisomal membranes.

A majority of PMPs contain a membrane peroxisomal targeting signal (mPTS), which is
either a group of positively charged or a mixture of positive and hydrophobic residues that
are flankedy aone or twotransmembrane domaifltém and Hettema, 2013 roteins
possessing an mPTS are recogaisédoundn the cytosol by Pex®hich proceeds to
deliverthese proteins to the peroxisomal memb{f@otensteiner et al., 2004; Sacksteder

et al., 2000)At the peroxdomal membrane, Pex19 interagte Pex3, and the mPTS
possessing protein is incorporated into the masrafFang et al., 2004)he detailsof

exactly how the proteins arsdrted remain unclear. The protéias possesbis mPTS

have been dubbed Class 1 PMB4)y extension apgroxisomamnembrane protein that
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does notcontain an mPTS is labelled a Class 2 PMP. Class 2afeMiasgeted to
peroxisomes via the ERones et al., 2004he only proteinscurrently known to be
imported via this pathwayePex3, Pex16 and PexBlbach et al., 2009; Matsuzaki and
Fujiki, 2008)

1.3.2 Peroxisomal Matrix Protein Import

Key Class 1 PMP Class 2 PMP

e = Peroxin (e.g. Pex3)
(a)

(b)

Peroxisome

Figure 1.2. Diagram of peroxisomal membrane protein import and involved peroxin®) Class :

peroxisomal membrane protsiRMPs)ossess a membrareroxisomal targeting sigmPTS)and are

bound by Pex19 in the cytosol; (b) Pex19 and cargo are brought to the peroxisomal membrane v

interfaces with Pex3; (c) the protein is inserted into the peroxisomal membrane. Class 2 PMPs dc

an mPTS, and are imported into the peroxisome by first trafficking to the ER.

Import of peroxisomal matrix proteins is an involved process requiring many peroxins
(Figure 1.3l proteins destined for the pesminal matrix possess a targeting signal that
is recognised by one of two receptor/chaperone proteins in the cytosol. A majority of the
matrix proteins possess a peroxisomal targeting signal 1 (PTS1). The PTS1 is a-tripeptide (
terminal sequence, ordinatdiging the form of seridgsineleucine (&-L)(Gould et al.,

1989) with some exceptio(Brocard and Hartig, 2006)



Proteins possessing a PTS1 are recognised and bound in the cytosol by the receptor Pe»
(Girzalsky et al., 201®ex5 and its protein cargo proceed to the peroxisomal docking
machinery, a multipart complex comprising the proteins Pex13, Pex14 a(dtPex&¥

al., 2002)Pex5 docks into the peroxisomal membrane in complex with Pex14, the protein
cargo is then dissociated from Pex5, tArdcargo is subsequently released into the
peroxisomal matrix. Following this, Pex5 is monoubiquitinated by a ubiquitin ligase complex
consisting of Pex2, Pex10 and Pex12, known as the RING finger ¢Btafikert al., 2009;
Williams et al., 20Q8h conjunction with the tduitin conjugation complex of Pex4 and
PexX22(El Magraoui et al., 2014he docking complex (Pex13/14/17) and the RING finger
complex (Pex2/10/12re interconnected by another protein, Pex8; the wholgapta

complex is referred to as the importof@amne et al., 2003fhe monoubiquitinatiorof

Pex5 is necessary for it to be subsequently recycled from the peroxisomal membrane by th

= Peroxin (e.g. Pex3) (a)

o @g\ﬂ&

O E

Peroxisomal
membrane

Peroxisomal
matrix

Figure 1.3. Model of peroxisomal matrix protein import and involved peroxin@) PTSbr PTS2 (not
shown) containing proteins are bound in the cytosol by Pex5. (b) Receptor and cargo dc
Pex13/Pex14/Pex1{c) Receptor inserts into membrane in a complex with Pex14 and (d) the prot
is released into the peroxisome. (e) Pex5 is monoubiquitinated by the RING finger

(Pex2/Pex10/Pex12), in conjunction with the ubiquitin conjugation complex R@&&2y. ()
Monoubiquitinated Pex5 is recycled from the peroxisomal membrane by AAA+ ATPases Pex1/P:
are anchored in the membrane by Pex15. (g) FolsibguitinationPex5 is then free to bind furth
PTS1 containing proteins. PT&@atainingproteins are recognised by Pex7 in the cytbsthdocks with
Pex13/14/17 with aid of speciggecific cofactors. The remainder is the same as th® & 5gathway
Based ofKim and Hettema2015




activity of the AAA+ (ATPases Associatedh witverse cellular Activities) ATPases Pex1
and Pex@Miyata and Fujiki, 2005; Platta et al5)260llowingdeubiquination Pex5 is
then free to seek out further PTS1 containing prdidipata et al., 2012)

As mentioned irsection1.2.1.1 with respect to RCDP1, there exists a PTS2 targeting
sequence that is recognised by the protein Het@é. are a comparatively small number of
peroxisomal matrix proteitisat possss this PTS2, which adiffusely conserved-N
terminal nonapeptide of sequerfReL/V/I/Q) -XX-(L/V/IIH) -(L/SIG/A) -X-(H/Q) -

(L/A) (Lazarow, 2006 he PTS2 iecogniseth the cytosol biyex7(Marzioch et al., 1994;
Rehling et al., 169 which proceeds to del\N®&FS2possessing proteins to the peroxisomal
membrane. At the peroxisomal membrane interface Pex7 interacts with other closely relatec
proteins, which diffedlepending on the species: Pex18 and Pekarevi¢Rardue et

al., 1998)Pex20 inv. lipolytigg&inwachter et al., 200and the longer spliced isoform of
Pex5 (Pex5pLin mammalgOtera et al., 20Q0)he other proteswrid Pex7 in interacting

with the importomer complex. The remainder of the import is then identical to the PTS1

pathway.
13.3 Fission of Peroxisomes

The mechanism ofpoxisonaldivisionviafissionconsists o&longation, constriction and
scission steps. The elongation step is known to be performed by the Pex11 family of proteins
(Pex11, Pex25 and Pex27 in yRast. U, Pex11b and PexIdin mammals)Schrader et al.,

2012) but constriction is still a poorly understood progéssblach and Rachubinski,

2015) The dynamin related proteins (DRPs) Vpsl and Dmnl are knowfotm fibe

final scission step in ye@ldbegdner et al., 2001yvith Drpl performing it in mammals

(Fujiki et al.2014)

1.3.4 New Peroxisome Formation

The accepteoshodelfor the formatiorof new peroxisomes has been in flux since they were
discovered, and has subsequently given rise to multiple models that attempt to explain hov
celsgoesabout this process

Initial studies of peroxisomal formation led to the conclusion th&bitimeygvia budding
directly from the ER, as inferred from electron micrographs showing a close relationship
between peroxisomes and the [BRvikoff and Novikoff, 1972)However, subsequent

biochemical studies led this view to fall fimmourd evidence of direct interaction between
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the ER and peroxisomes was inconclusive, and it was later shown that matrix proteins are
imported postranslationally from the cytogbhzarow, 2003; Lazarow and Fuijiki, 1985)
asexplained in Chapter 1.3[8is led to thgrowth and division model where peroxisomes
were considered to be autonomous organelles that proliferate exclusively by growth anc
division of preexisting ones, with the ER just supplying the membran€liggdsow and

Fujiki, 1985)

The issue was not settled howevergeasiovdormation of peroxisomeswvas later
demonstrated. It was first observed in experiments thb@egnstatement of the respective
gene ipexandpex19nutantS.cerevisizgused peroxisomes to form from the(ERgt

et al., 2005; Tam et al., 20@8)eyexperimenin pex3nutantyeasexpressing Pex8FP

(Pex3 tagged with yellow fluorescent protein) showed a serieesobkiagroxisomal
development when Pex3 expression was refttwepfner et al., 20085)ex3 was observed

to appear first in the ER and concentrate intoto@ ¢ 0 mi npge rao x0i psraparea | 0 <
in the ER- before pinching off and maturing through several stages into a fully functioning
peroxisome(Hoepfner et al., 2005This discovery ofle novimrmation was clearly
incompatible with ayse growth and division model; th@vperoxisomesvould have to
derivetheir membrangom a donor organel{ satisfy the axioomnis membrana e membrana
(Blobel, 1980)nd have some capacity to import peroxisome specific machinery. This led
to a revision of the growth and division maakel its current fornwhereby a subset o
PMPs, including Pex3 and Pex22, first insert into tifeakieh et al., 2013; Halbach et al.,
2009) that arethen eitherdirected to peroxisomes in the presence okxiséng
peroxisomes, or form the basis of new peroxisomhg§the cell is devoid of them @lre
14)(Halbach et al., 2009; Hettemd Motley, 2009; Motley and Hettema, 2007; Nuttall et
al., 2011)

The discovernof de nowynthesis of peroxisomes also led to a separate, distinobfmodel
peroxisomal formatiozalled the maturation modelthis modelyesicles containing some
of the PMPdirst bud off from the ERlikein the growth and division modehéekevesicles
thenfuse with each other and the structure develops by importing othearhin
matrix proteingrom the cytosol before eventually becoraintature peroxisom@igure
1.5fTabak et al., 200GJhe relative contribution of this process to ovpsalbxisors
numbers was unclear.



Pex3 and Pex22 insert

K into ER

Peroxisomes
continue to multiply
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proteins, requiring
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Figure 1.4. Growth andlivision model of peroxisome hogenesis.Herethe PMPsPex3 and PexdRst

insert into the ER. (®)ex3, Pex22 anigitls gather at the surface of the ER before pinching off in a,v
requiring Pex19b) This vesicle fusedtwpreexisting peroxisomes miatures into a new peroxisoime¢he

absence of prexisting peroxisomeg) Peroxisomes grow dmntinuing to receive vesicles from the ER
importingPMPs and matrix proteins from the cyt¢set Figures 1.2 andfbiBmechanisin (d) Peroxisome
divide by fission via the action of DRs1 and Dnml(e) Peroxisomes continue to multiply via growtt
division.

Pex3 and Pex22 insert

‘/ into ER

_ (a) (b) (c) (d)
Vesicles
leave the . Pre-
E:;uiring Vesicles fuse Pre- peroxisome
Pex19 to become pre- peroxisome matures into
starts import peroxisome

peroxisome
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and Pex19
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proteins, requiring
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membrane

Figure 1.5. Maturationmodel of peroxisomebiogenesis.(a) Lipids and some PBlBather at the surfa
of the ER before pinching off in vesicles. (b) Multiple vesicles homotypically fuse together to fo
peroxisome. (c) Pperoxisome continues to receive vedidesthe ER before importingther PMPs anc
matrix proteins frorthe cytosolEventuallythis preperoxisome becoméd) a mature peroxisome.
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Subsequent research sought to evaluate the major propositions of the maturation model, an
specifically the contribution thdd nowgynthesis played in the peroxisome popnlati

yeastthe DRPnm1 and Vpsperform the scission step of peroxisomal figsioapfner

et al., 2001; Motley et al., 2008) consequentiyutart vpsl/dnmdtrains generally only
contain one large peroxisome which is divided physically upon cyt@kagggiset al.,

2008) Experiments with mutampsl/dnmdellsshowedo de nowynthesisf peroxisomes

even though thde nowynthesis machinemasstill active(Motley and Hettema, 2007)

Dnml and Vpslare not involved in thde noveynthesis prose as demonstrated by
production of peroxisomes in cells thanot inherit any in mutanps1l/dnmdells(Motley

et al., 2008)rhisshowedhat fissiorappears to bthe predominant form of peroxisome
proliferation in yeast, withe noformation only observed in cells completely lacking in
peroxisomes. Moreovele no8yntheis of peroxisomes seems to be an intrinsically slow
process in yeasts, as shown upon reintroduction of Re&inutantsas peroxisomes

only appeamughly5 hourdater(Motley and Hettema, 2007)his isnuchlonger than the

time needed to congté one cell cycle in good growth conditiogisveen 9020 minutes

Logic would dictate that to maintain a population of peroxisomes thehpesddivide

them by fission and segregate effici@dtema and Motley, 2008his evidence pointed

to a situation whereby yeast cells multiply their peroxisomes by growth and division under
normal conditionéMotley and Hettema, 2007)

The maturion model has subsequently evolved into the recently prepsadeusion
model by van defandand colleagugsanderZand et al., 201@igure %). The model
advancethatthere is aontinuous stream of vesidlat bud off from the ER, undergo
heterotypic fusion, and mature to become fully functioning peroxisaifikesthe growth
and division model, this is purported to happen both in the presence and absence of pre
existing peroxisomesonsequently advocatidg noveynthesis of peroxisomes as a
continuously occurring process under normal conditmotige vesicléusion modeéll of

the peroxisomal membrane proteinsert first into the ER membrdman der Zand et al.,
2010)In the ERmembrangheperoxisomal membrane proteansdividedinto two subsets
before pinching off in separate vesicleBhese distinct vesicles subsequanttjergo
heterotypic fusioniathe action of Pex1 and Pesdter which point they can then start
importing peroxisomal matrix proteins from the cytdsskion is mediated by Vps1 and
Dnm1l, and occurs after vesicle fugitabak et al2013; vamerZand et al., 2012; van der
Zand and Tabak, 2013)
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Figure 1.6 Vesicldusion model of peroxisomebiogenesis.(a) Allperoxisome membrane proteinst
insert into the ER. (@he PMPssort intotwo distinct groups anolud offthe ER in sparate vesiclef)
The distinct vesicles undergadrotypic fusiomia action oPex1 and Pex6. (Ajter fusion the structurt
imports matrix proteins from the cyto§bhlready possess all PM#g) can undergo fissibp Vpsl and

Dnml(e).
PEX16 and subset of PMPs
(incl. PEX3 and PEX11) insert
into the ER i
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Figure 1.7. Mammaliarmodel for peroxisomebiogenesis.PEX16causesome PMPdncluding PEX3
and PEX11to insert into the ER. Xd.ipids and PMPs gather at & surfacebefore pinching off ir
vesicles. (b) Vesicles ganon to form a prperoxisome hichimports from the cytosol before maturi
into aperoxisome or (c) fuse poe-existing peroxisomes providing lipids and PMPs to maintain the
state numbefd) Mature peroxisomes undefigsion via the action of Drp1, aided by PEX11
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The mechanist differences between this model and the morestanding growth and
division model are numerous (compare Figures 1.4 and 1.6) and have consequences fc
understanding thele of Pex1 and Pex@e role of DRPs Vpsl1 and Dnml in peroxisomal
fission andthe relative contribution d& nowynthesis to overall peroxisome numbess
cerevisi8@me ofhie discrepancies betweerséh@o models of eroxisomal biogenesie
questioned as part of this stutthespecificaspects addressadhis thesisreoutlined in

section 1.5.1

Shifting the focus away from yeast towards other spestiey; in mammalian fibroblasts
suggested thate nowynthesisvas active alongsidgeowth and divisionf preexisting
peroxisomefim et al., 2006] racking lipids coming off the ER in these cells appeared to
show some vesicles attaching teeprsting peroxisomes, but most going on to aggregate
and form new organelles. Inference from this suggestee tiwsrmation is the principal
pathway ifmammalian cells and fission is of relatively little importance; although other
studies have evidertcethe contraryDelille et al., 2010; Huybrechts et al., 26&ent

studies show that mammalian PEX16 causes many of the PMPs that can be imported from
the cytosol by PEX19 to be instead targeted to tiild&Ret al., 2015pPne group proposes

that these PMPs and PEX16 accumulate to forqpepoisomal vesicles that could fuse

with preexisting peroxisomes to maintain the sist@aty number of peroxisomescould

go on to form new ondglua and Kim, 20167 he relative contribution of this process on
maintenance of peroxisomes versus forming peroxisenmesie not addressead the

study The proposition is that this occurs in mammalian cells due to the much higher number
of peroxisomes they contaiil001000) compared with yeas?{10), and as a result there

is a greater demand on the ER to supply lipids and membrane proteins. They put forward &
model with the current understanding of the situation in mammalian belighathe

authors acknowledge it likely a crude representation of the real gitustiamd Kim,
2016jFigure I7).

In plants, evidence for any distidet noviormation directly from the ER is currently
deficient(Hu et al.,, 2012) The <current ev-adeonempos @t mo
peroxisome biogenesi$MPs are imported pesanslationally, but there are ER derived
vesicles that deliver lipids and some PMPs to existing persx@aseet al., 2015; Hu et

al., 2012)

Taking the above as a whole, it can be assumed that a comprehensive model of peroxisorn

biogenesis may be problematic. The role of the ER in peroxisome biogenesis across the
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different species is undecided. The particulars of which PMPs traffic via the ER, how these
PMPs are sorted when they are there, and how the process is regulated depelhding on
conditions is still disputed@ihe relative importance dé nowsynthesis versus fissioh
peroxisomes across species isualssolved.
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1.4 Peroxisome Inheritance

The previous section described how peroxisomes are;firisiselction witleal with how
they are passed on from one cell generation to the nexth@himce and biogenesis
organelleare two fundamentally linked procedgesa daughter cell to inherit a sufficient
number, the mother cell must grow and divide organ@leady has or create tltenmovo

Studies of organelle inheritance utiliSingerevisaaeheimodel organism are widespread

S. cerevigiagdes by budding, which is an asymmetric form of cell division. In this process,
an nitially small bd forms on a mother cell, and grows until it is nearly the sz of
mother.In contrast wittsymmetrically dividirfiggsion yeast or mammalian cdlisnheans

thatthe active delivery of a share of organelles to the growisgieadssaryransparof
organelles to the budaioposed to ba tightlyregulated and ordered proctskpth retain

some organelles in the mother cell, and to ensure the daughter cell receives an adequa
number of all the organell@fsagarasanu and Rachubinski, 2007; Hoepfner et al., 2001;
Rossanese et al., 200QiKe many organismS. cerevigiéiise the actin filaemt network in
conjunction withmyosinmotor proteingo move organell¢¥ale, 2003)

Organelles i. cevisiaare moved along actin filaments by the actithre shyosindyo2

and Myo4Neuhaus et al., 201@)ith the exception of the nucleus which is moved along
microtubulesia other motor proteir{sluffaker et al., 1988; Jacobs, 198%)2 transports
most of the organelles, including mitochon@liamann et al., 2008nd peroxisomes
(Fagarasanu et al., 200@#)ilst Myo4 is responsible fimansportingthe cortical ER
(Estrada et al., 2008)d also transports mRNABakizawa and Vale, 2Q00yganelles
attach themselves to theefminal cargo binding domain of Myo2 via orgasediefic
adapter protein@ltmann et al., 2008; Fagarasanu and Rachubingkl,&tgford, 2002)

In S. cerevidiae peroxisomal membrane protein Inp2 is the adapter linking peroxisomes to
Myo2 and is therefore responsible for the inheritance of peroxisomes. This is clearly
demonstrated innbckoutinp2cells whereall the pesxisomesre retaineth the mother
cell(Fagarasanu et al., 20(Fagure 1.8B). Converselygverexpression of Inp2 entirely
depl etes the mother cel | 0s(Fag@asanxdtas. R008b , ¢
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Figure 1.8. Examples of peroxisome distribution in wildype S. ceevisiaein contrast with /np2and
/npImutant cells. A) WT cells showing peroxisomes distributed between mothaudandlls. BCells
lackinglnp2 retain all peroxisomes in mother cell. The top mother did not inherit any peroxisc
consequently ctiinot pass any on; they will foce novia time. @ inplmutant cells cannot reta
peroxisomes in the mother and all are moved through to the bud. The mother cells will form pe
de novo time. Brightfield in blue, cells are expressing mNeenBfFS1 (green)lmages are maximu
intensity projectionScale balindicate bm.
Interestingly, Inpprotein molecules apeesent on each individual peroxisamtally in
the motheret only some end up being moved to thgBagarasanu et al., 2012 on
peroxsomes is degraded upon reaching théHagdrasanu et al., 20@@ahelnp2 levels
on peroxisomei® the mothedrop as more are sent to the bud, with transport eventually
ceasingFagarasanu et al., 2008)myo2point mutants that are unable to bing2, the
inheritance of peroxisomes is disrupted and Inp2 levels are @fageebanu et al., 2009)
This suggests an as yet unidentified feedback mechanismonbtsegbositioning of

peroxisomes, using currently unknown signal and ma¢hNiaiayl et al., 2011)

Alongside inheritance there are retention meofmmsyeastto ensure the mother
maintains some portion of the organelles after cell division. This is achieved through protein
tethers, which anchor organelles to the cell periphery or other organelles. Tethers in the buc
also prevent backtracking of tbeganelles into the mothéBoldogh et al., 280
Fehrenbacher et al., 20@th peroxisomes and mitochondria are retained by attaching to
the corticalER (Knoblach et al., 2013; Konann et al., 20Q9hich is in turn connected

to the plasma membrafManford et al., 2012)

The corticaER-peroxisome tether is formed of two proteins: Inpl and(Rex®lach et

al., 2013)Inpl was identified first as a protein resiam for retaining peroxisomes. |
knockout inpl populations asubstantial proportion of mother cells are bereft of
peroxisomes, with the entire peroxisaoetingent in the budd-igure 1.8C), while
overexpression of Inpl holds all peroxisomes in the nietgarasanu et al., 208&xhe

time, the protein that attached Inpl to the periphery of the cell was undetermined

(Fagarasanu et al., 200@ubsequently Pex3 was shown to physically interact with Inp1,
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establising Pex3 having a dual role in peroxisomal inheritance and bidilemesi€t al.,
2009) Inp1 contains two Pex3 binding sites, connecting a Pex&8artitedER membrane
with one in the peroxisome membréfeoblach et al., 2013)

Despite the opposite functions of retention and transport of Inp1 and Inp2, no interaction
between them has been demonstr@tadarasanu et al., 2006&)is has led to the
proposition that there is a tafwar event happening over each peroxisome between the
Pex3Inpl anchor and the Ingyo2 transport systefiagarasanu and Rachubinski, 2007;
Fagarasanu et al., 2010, 2006b)

Mammalian cells lack identifiable homologues of Inp1 and Inp2, and for adothg tim
inheritance of peroxisomes weasught to be stochasti8chrader and Yoon, 2007; Wiemer

et al., 1997As mammalian cells contdiandreds operoxisomesandmostcells divide
symmetrically upon cytokinesis, in theory the active movement of peroxisomes is
unnecessary as they could be shared randomly up@m di’the mother cgllongsma et

al., 2015)However, peroxisomes clearly display ordered behaviour in dividing cells. In
interphase they are distributed randomly in the cytoplasm, but move into twactlihster
spindle poles in metapha@¢redel et al., 20Q9Previous example associations of
peroxisomes and microtubules are numerous, so it is likely that mammalian cells use
microtubules for the directed movemeiperoxisomes at cell divisigRapp et al., 1996;
Schrader et al., 2000; Wiemer et al., .1l96Wever, save fdPex3 (PEX3) and Myo2
(MYOVDb), examples of mammalian homologues for proteins in the yeast system of
inheritance have not yet been ident{fledgsma et al., 2015)

In their 2013 studfandreiterated irkKnoblach and Rachubinski, 20X)oblach et al.
connected the processepefoxisomal division and peroxisomal inheritar8ederevisiae
as a form of peroxisome population contrdlich in this study will be referred to as the
KPPC (Knoblach et al. Permome Population Control) modElgure 1.9)n the KPPC
model fair sgregation of peroxisomestween mother and daughter cells upon cell division
is achieved through Iny@hchoregerokisomes in the mother undergdiisgion into two
peroxisomes, with omesultantdaughter peroxisome being mougd the bud and the
otherremaining tethered the motherThis guarantees that both cells receive their fair share
of peroxisomegKnoblach and Rachubinski, 201Spme of the implications of this
assertion are addressethasnairpart of this study; these questions are outlirssgtiion
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Figure 1.9.The KPPC nodel of peroxisome population control as proposed t¥noblach et al., 2013
Inpl tethers perogdémes in the mother cell via Pex3. Inp2 attaches peroxisomes to Myo2. A) Thr
pulling action of Myo2 and the constriction action of the peroxisomal divisional machinery, pel
rupture and are split into two. The process can be asymmetilibal pgyoxisomes will move to bud
Myo2. C) In the bud, the incoming peroxisomes are tethered to Inp1 for retention. Reproduced fr
9 of Knoblach et al., 201®2013 European Molecular Biology Organisation.

24



15 Time-LapseLive Cell Imaging, Image Processing

and Quantification

15.1Time-LapseLive Cell Imaging

Live cell imaging hasdreutilised to study peroxisomes for some (ffagarasanu et al.,
2006a, 2005; Knoblach et al., 20iB}his study,evenlongerterm live cell imaging
experimentand image processing techniqueseployed to study peroxisomal biogenesis

and inheritance® allow for a more idepth analysis

There are many challenges associated witlapsdive-cell imaginghat do not arise when
acquiring still imagea/hen designing a live cell imaging experiment, many factors must be
consideredand be finely balanced @oquirethe desid experimentatiata. Two major
problemsare 0o mai ntain healthy, growi nagnddhel | s
issue of cellsoving out of focus over the course of an experiment, a problendmtalled

15.12 Maintaining Growth by Providing Optimal Growth Conditions

To image cells over many cell generations requires them to be actively growing and dividing
Cells will not grow if they do not have access to sufficient nugigistsgars, amino acids,

salts and wateiThis means that igang on the glass slides that are usually used to mount
cells is not feasible for letegm imaging, as nutrients become scarce and the slide dries out
quickly.

A tried and tested method of providing cells with more nutrients faetamgnaging is an
agarose pad, which is agarose that is dissolved in expeppreptiate media and left to
solidify. This sits on top of cells (on glass slides with small wells, oribatglassl dish)
keeping them supplied with water and nutrients, and is trapspéoesing cells to be
imaged through the agarose (Figui@. However, he aarose pad dries out over time
whichreduces he cel |l s®& access to nutrients and
adds to the drift in the samy@splored in the ¢ sectioh They are therefore not ideal for
imaging for very protracted periods of time, such as overnight.



Key Inverted Glass Slide Glass-bottom Dish
o =Cell
e = Agarose Pad
— = Coverslip

" e e —  Glass-
A_ Objective battomed dish

Glass slide

| ~

Figure 110 Two methods of livecell imaging utilising agarose pads.

A system more suited to imaging for extended periods is a cell ddtobere in
conjunction witha microfluidic controller. &l culture chambgrarea glas$®ottomed
chambesin part of a larger plastic plate with wells for media. Cells are loaded under pressure
into the chamber from one of the wells and are trapped béfwdmttom of the plate and

the elastic ceiling. There are capillaries coming from the other wells which can be loaded witl
the appropriate experimental media. Pressure is supplied to the inlet wells via the microfluidic
controller, which is programmahkng a desktop computer. A gentle pressure placed on
the inlet wells is enough to ensure a fresh supply of media to the cells in the chamber.
Therefore, the nutrients surrounding the cells are constantly refreshed, and excreted product
are taken awaynhis leads to better growth than using-glagemeddishes (Figurel).

1.5.1.Drift in Long Time Lapse Experiments

In longterm time lapse experiments a-ledwn phenomenon occurs wherebgecimen
thatwas properly in focus at the start of theegrpent latebecomeblurry andout of

focus This is known as drifdrift of a specimegcan occur in both XY (lateral) and Z (axial)
planesThis drift occurs slowly, so it is not noticeable when one is normally taking images

on glass slides with a roszope.

Lateral drift is caused by cells moving in the XY direction, which can occur through slides
drying out or if the cells have not been mounted corr@tiiyty. When using cell culture
chambers, where cells are trapped between the glass bqitai® afid an elastic ceiling
(shown inFigure 2.4), the problem of lateral drift is essentially eliminated. However, axial
drift remains a major problem. This drift in the axial plane is called focBsdargtdrift

can occur for a variety of reasdhss particularly an issue for higlagnification oil

immersion lenses, like the 100x magnification objectives used to image yeast.
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Frame 1 Frame 100

Figure 1.11Comparison of livecell imaging using the glassbottomed dish (top panels) vs. cell
culture chamber (bottan panels) over an §our experiment. Although some growth clearly occur
the glasdottomed dishes, it is far from optimal. Owap8rs the five original cells in the gladtomed
dish have grown and divided to give 16 cells, meaning they haveneriotigeen-2 cell divisions. Ot
the other hand, the one cell present in the cell culture chamber has undergone 5 cell divisions
period, to give rise to a colony of 15 chilthis study, maverage yeast cells present in thelgltiesned
dish at the start of imaging underwent betw@arell divisions whereas yeast cells present in the cell
chamber at the start of imaging would undergo betweeelldivisions, therefore giving rise to la

colonies over the same period oadgmg. Brightfield in blue, green is mNeonGRIESBL. Image i
maximum intensity projection of 15 Z slices, one stack taken every 5 minutes. Scale bars indica

Glass —
Bottomed
Dish

Cell
Culture
Chamber

The most common cause of focus drift is thermaldrié. fluctuations in temperagur
Temperature fluctuations around the specimen can be due to changes peraiutem
because o¥ariations in air conditioning or heat from illumination sources, computers,
draughts etc. There may also be different expansion and contraction ratesaté ma
surrounding the specimen, leading to changes in distance between the objective anc
specimen. A change in 1°C can lead to drift of between ® BApm in the axial plane
(Silfies et al., 2016)

Correcting Focus Drift

There are two approaches to tackling focus drift: one can either target the source of the focu:
drift or attempt to correct the focus drift as it happens. Supposing that thermal drift is the
major source of focus drift, one wayeaxfucing this ishe use ofemperatureontrolled
chambers. These are usually constructed from acrylic glass and surround the whole of th
microscope and its components, keeping it at a constant temperature. However, they are

expensive and require adbspace surrounding the microscope.



Thealternative it carect focus drift as it occuiBhis can be done using either a software
or hardwardased approach.

There have been many softwaaeed approaches developed over the years, and generally
theyutilise algorithms relying on the fact that specimens being observed have features tha
create great contrast or have fine detail when in focus. A specimen out of focus will lose this
contrast or finer detail. A specimen that has drifted out of focbe waltognised by the
software algorithm and it will adjust the objective up or down by a set amount, repeating this
process until the specimen is again in focus. The major downside to this is that each iteratio
requiresaking more images for the softwarprocess and compare, and the whole process
can take several minutes. After all this, the software algorithms can still erroneously
determine that the optimal focal plane is different to the one desired.

Hardwarebased approaches are therefore a robuestroption for correcting focus drift.
Numerous hardwateased focus correction systems are sold by commercial vendors. One
example is the Zeiss Definite Focus module. This works in a similar way to most hardware
based focus drift correction systeman#ghod of action is explained in Figure 1.12. A
comparison of an experiment with and without a focus correction system in place is shown
in Figure 1.13.
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Figure 1.12 Outline of Definite Focus Module.(a) Infrared (IR) light produced by an LED is niaise
a grid pattern and combined with the normal light path of the microscope by a beam combiner.
light is passed through the objective and is reflected by the emetiiinterface. It passes back to
beam combiner that directs it ont@emsor module. (c) Based on the position of the refractet
interpreted by the sensor, the system establishes the focal point of the specimen (e.g. blue dotte

sensor detects any changes i n opehml berirestfuttes cotme\
the objective in Z to compensate.

Experiment Before Hardware-assisted Focusing

0 minutes 5 minutes 10 minutes 15 minutes 20 minutes

Experiment After Hardware-assisted Focusing

0 minutes 240 minutes 480 minutes

Figure 1.13Experiments before and after hardwarassisted focusing using Definite Focus module
Top panels show an image experiment without using the focus module. Cells stastuddftiiogus
almost immediately; by 15 minutes only a few of the peroxisomes are in focus, and by 20 minu
are also out of focus. Bottom panels show an experiment using the focus module. Even after 4
(8 hours) cells are still in focBsth sets of panels are images in one plane. Times are relative to tr
imaging. Cells are wilgbe S. cerevisiae expressing HER&I Scale bar indicates 5 um.
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15.1.30ther Considerations of Live Cell Imaging

Any live cell imaging experirhes a compromise between several factors: the overall
duration of the movie; the sampling frequency (i.e. how often one image/stack of images is
taken); the number of vertical sections (i.e. resolution in Z) and the overall brightness that
one wishes tachieve for a good signal to noise ratio (i.e. the strength of signal coming from

the fluorescent protein) (Figuré4).

Experimental

> Resolution in Z

Duration
A A
A4 v
Sampling < > Strength of
Frequency Signal

Figure 1.14 Interplay between the factors affecting live cell imagindA live cell imaging experiment

a compromise betweenth# factors. There is a limit to the total amount of light fluorophores and ¢

receive before succumbing to photobleaching and phototoxicity. At these limits, wanting to inc

factor will mean decreasing one or more of the others.

In additon, there is an inescapable limitation on live cell imaging that must be contended
with: the total amount of light that a cell can be exposed to without causing either a) severe
photobleaching of the fluorescent protein or b) the disruption of key qebakesses.
Photobleaching is the phenomena whereby a fluorophore is damaged in some way over th
course of an experiment so that it no longer fluoresces and as such that they can no longe
be detected over the backgro@white and Stelzer, 199€Ells are sensitive to light and
overexposure carause cells to either arrest in the cell cycle or expire entirely; this damage
via light exposure is called phototoxig¢ityebe et al., 200 onsequently, one must put

limits on the factors listed above to ensure that cells are not exposed to excessive light leve
and the experiment falls foul to photobleaching and/or phototoxicity.

There is no singlsuperlative set of values to use for the frame rate, total experimental
duration etc. They are linked together in a complex manner and will vary depending on the
sample being imaged, the process one wishes to image, and the physical setup of the imagi
system one is utilisingy order to study peroxisomes over time for this work, several
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compromises and developments of live cell imagthtp be made. Thesee explored in
Chapter 4.

15.2 Image Analysisof Peroxisomes

1.52.1Introduction and Brief History

Peroxisomes have some history of being analysed in an automated fashion, with the firs
wor k starti ng(Beienand Halmi, d38%pr gxampl8, & sty with DAB
stained rat hepatocytes utilised automatic image analysigycltmmges to peroxisomes

after treatment with thyroid hormone. Approximately 31,000 peroxisomes were counted and
variables such as their number, size, optical density and perimeter were measured. Manu
counting confirmed the accuracy of the automadigsisiKerckaert et al., 198%ater
experiments using immunogold staining allowed more quantitative automatic analysis of
individual peroxisomal protei(@eierand Fahimi, 1992; Fahimi et al., 19Bieg¢se early
investigations demonstrated the usefulness of automatic image analysis for this organell
Later studies used li@ecerevisiatts and fluorescence microscopy to quantify peroxisomes
(Niemisto et al., 2006)ery large screens looking into peroxisomal biogenesis have also been
analysed in an automated fashion. In one screeGPBtla peroxisomal matrix protein)

was expressed in 4775 unique deletion nisitaetrevisaiains(Saleem et al., 201The

authors developed their own image analysis method which identified 211 genes linked tc
peroxisomal biogenesis based on factors such as abnorr@FPddtalisationeduced

GFP fluorescence levels and disrupted transport of peroxisomes to daughter cells. Studie
such as those above set precedent for automated analysis of images containing peroxisom

and show that peroxisomes lend themselves well to automated analysis

The pathway through which one turns raw image data into biologically meaningful
measurements such as number, area, shape or location etc. will vary dependant on both wh
one wants to measure and the nature of théElatairi et al., 2012)

15.2.2Image Processing Programs

Extracting meaningf ul i nformation from o]
aid of an image processing program. he@senanysuchprograms: those that have multi
purpose applications; ones tailored to a particular problergrsentatted programs; GUI
orientated onescommercially designed applications sold alongside microscopes by

companies such @eiss, Nikon, and GEpensource programs such as BiolmageXD
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(Kankaanpaa et al., 2012y (de Chaumont et al., 2052d CellProfileCarpenter et al.,
2006) etc.

The oldest and most popular of the epeuarce prgrams is ImageJ, first released in 1997
(Collins, 2007; Schider et al., 2012mageJ has great extensibility, and can perform a wide
variety of both common and specialised tasks. FI1JI (Fiji Is Just ImageJ) is an implementatior
of ImageJ bundled with many plugins and features tailored for use in microgpy ana
particularly for the life sciend¢&shindelin et al., 2012)dditionally, FIJI has support for

writing scripts in the Java, Ruby and Python programming lardginagessing the level

of control and customisation the user has over the analysis.

15.2.3Image Acquisition and Image Makeup

In nearly all microscopy techniques the images are acquired using a digital camera attach
to the microscope. The digital ceameontains within it an image sensor, which will be a
type of either a chargeupled device (CCD) or a complementary doatdéd
semiconductor (CMOS). An image sensor is-ditmensional grid of individual units that
accrue electrical charge in proparto the amount of light they receive. These units within

an i mage sensor are correctly referred t
el ement 6, although microscope compigelsi es &
When themage sensor is exposed to light, photons arriving at a particular pixel will cause it
to accrue charge. The length of time the image sensor is exposed to light is the exposure tirr
of an image. After the exposure time has elapsed, the charge of ahegkesite in the

image sensor is read and this value becomes the intensity of that pixel in a digital imag
(Figurel.15. The range of values that each pixel can hold is known as the dynamic range of
a camera. Each image is therefore made up ofad guichbers arising from the intensity

of light in a discrete area of the sample being imaged.
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Figure 1.15 Images are made up of grids of nhumbersTop) A maximum intensity projection

peroxisomes in yeast expressing mNeon&€gh. B) A magnéfil section of the highlighted area of
image A. Individual pixels can be made out. C) The individual values of each pixel have been ex
FIJI; they are the numbers making up the grid. The background colours show how the original
bereconstructed from the intensity values; the lowest value has been coloured black, moving to
at the highest value, resembling the peroxisome on the left.

15.2.4Image Processing and Analysis Basic Techniques

Computer image processing andyarslnvolves transforming this grid of numbers into
guantifiable measurements that are biologically meaningful. This process can be summarise

in the following stages:

1. Preprocessing Use of filters and other methods to improve desired qualities of an
image

2. Segmentatio@ Dividing an image into separate features (i.e. cells or peroxisomes)



3. Feature ExtractodMe asur ement of objects (6feat
(i.e. position of peroxisomes, area and position of cells etc.)

This process magbetter understood if explained in reverse. To obtain measurements from
an image (feature extraction), first the computer has to decide what the objects to be
measured actually are. This involves the computer going through some process of assignin
pixelsto become defined objects called features. The process of dividing an image into
separate features is called segmentation. There are many techniques that can be used
segment an image, and the methods utilised depend on the quality of the origamal image
the desired end point of the segmentatioc
processedo, which is the term used when
modified.

The preprocessing step consists of removing noise, reduckgydoexei and excluding

other undesired features of an image-gPoeessing usually involves the use of filters and
feature enhancement algorithms to achieve this. Removing noise often uses filters tha
recalculate pixel values based on the intensityradrading pixels. As real objects often
constitute many pixels of a similar inte
neighbours (for example) will not affect a group of pixels of similar intensity, but will
suppress pixels that are didamnto their neighbours (like noise).

After preprocessing, the image can be segmented. The simplest form of segmentation is
thresholding (Figur&.16). Thresholding methods classify a pixel as foreground if it is
brighter than a certain threshold value, and background if it is not. This thresha@d value ¢
be chosen by eye, or alternatively several algorithms have been written that allow a compute
to decide the threshold value automatically. A few examples of these algorithms include the

Image on the right is thresholding by the computer using the Li Minimum Cross Entropy method
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Li Minimum Cross Entropy methgdi andLee, 1993)sed in Figur&.16), the Triangle
method(Zack et al., 197@)r Ot s u {Qdsu, &8 )Thecaldjorithnthat performs best

is dependent on the variability of pixel content of the image. In practice, when looking
biological images such as those of whole cells, then the correct threshold value is one the
identifies the most of whatever feature one wanteasure as foreground, and discards

the rest. Performing a threshold on a greyscale image will result in a binary image, with pixe
being either one of two numerical vahiesr 1.

When features are sufficiently segmented, as determined by thendsatutbesxtraction

can be performed and quantifiable data obtained. Some parameters can be set that can refi
the scope of analysis if necessary. For example, features below a certain size or a measure
circularity could be disregarded if one waestésl in cells of a particular area or shape.

These measurements can then be exported for statistical analysis.

The kind of image analysis performed depends on the measurements one wishes to acqui
and the nature of the raw image datthis studydifferent methods are employed for-non
timelapse and timkapse data. The processes used to analysmetapse images can be

seen in the Methods chapter (Chapter 2). In Chapter 4 the issue of how to ankagse time
images, and the eventual methatis@issed.



1.6Research Scope and Questions

Having established the background in the literahis section describes whad avaned
to be addressed by this study. In the broadest semsairtheal of this study at outset was
to move toward a morguantitative approach to studying peroxisomal biogenesis and

inheritance.

This took the form of evaluating two disputed aspects of peroxisomal biogenesis and
inheritance as presented in the literature. The main goal was investidgjatirigetiveeen
peraxisomal division and inheritanceSincerevisgsea form of peroxisomal population
control, as put forward blye KPPC model (sectior6 )

Developinghe live cell imaging and image quantification techmeeegdor this main
goal also aided inviestigatinghie claims made by tivesicle fusion model of peroxisomal
formation as set out bynderZand et al., 2018ection B.1).

16.1Vesicle Fusion Model

As autlined insectiorl.3.4, the vesicle fusion mggehderZand et al., 2018%) a proposal

for yeast peroxisome formation (Figure 1.6). Many of its dlaageesvith muchof the
literature and with the more lesignding growth and division model in several ways, but
notably in three key aspects:

1) That Pex1 and Pex6 are required for the fusion bétheotypic vesicles that gives
rise to a peroxisomal structure with lg fuhctioning importomer complex (Figure
1.6¢).

2) That thedynaminrelated proteingpsl and Dnm1l act after this Pexiiédiated
fusion event to divide the peroxisomal structure to give rise to multiple peroxisomes
(Figure 1.6e).

3) That this vesicle fusi@nd subsequent fission gives rise to new peroxisoues by
novaynthesiseven in the presence of-prasting peroxisomes.

Investigating these claims required the creation of a system of live cell imaging yeast ove
time. By following mutampsl/dnmadls over time, could thee nowynthesis of large,
undivided peroxisomes be seen (i.e. Figure 1.6, but without step e)? Could-tzthse time
imaging unearth the presence@mhowynthesis occurring in the presence eéxisting

peroxisomes? Develoent of image quantification techniques were also necessary to
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examine whether the lack of Pex1l and Pex6 affected the localisation of peroxisomal
membrane proteins. The first section of this study will address these points.

16.2 Yeast Population Control

The second secti@nd main body of this study vaitldress the propositionthie KPPC
modelthat peroxisomal division and inheritancecaun@ledprocesses, as outlined at the
end ofsectionl.4(Figure 1.9)

The KPPC modemakes two strong assertiortbe first is that there is an establishment of
asteady stale number of per o&kthenunier of parorisomnds e theno t h
mother that are divided and passed on to thethatlis reset once per cell cyl@oblach

et al., 2013)he second, as mentioned previously, isvitgt geroxisome plit, with one

half retained by the motheall andhe other inherited by the bud guarantean equitable

share of peroxisom@snoblach and Rachubinski, 2015)

These claims can be investigated quantitatively usiAgpsmdiveell imaging and
computer aided image analysis to establish the number of peroxisomes within a cell ove
time.Coul d t hi s 0st e andiya rsldtiemship Hetwean itihb aumbeba s
peroxisomes in the mothatrthe start of bud formati@ndthe number in the buat the
end,after splitting off from the mothH&iICan following the number of peroxisomes over
time showa signature ofthen the prafleration of peroxisomes occurs? For example, does

it occur at the end of the cell cycle (Figuréa)lor instead ovés whole course (Figure
1.17b)? Or is the division and inheritaotperoxisomeso inexorablgoupledas to occur

so very rapidly thao real increase can be seen (Figlife)2.Barring the latter situation,

if the proliferation of peroxisomes can be detected, does it show a doubling of peroxisomal
number in a mother cell, followed by a halving due to inheritance as pretheté@®BL

mode?P

Not only was there a goal to establish overall peroxisomal number per cell, but there was
also desire to tragkdividualperoxisomes over the course of multiple cell divisions, in order

to aid in understanding peroxisomal behaviour. This Welddascertain whether each
peroxisome is indeed divided, with one half subsequently inherited, asdshggast

KPPC model Previous studies have usee kell imaging to track the positions of
peroxisomes over one cell divisbut not over multiplgenerationgFagarasanu at.,

2006a, 2005; Knoblach et al., 2013)
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Figure 1.7. Proposed scenarios showingumber of peroxisomesagainsttime over 3 cell divisions

a) Graph representing noticeable increase of peroxisomes just before the bud inherits them
representing gradual increase of peroxisomes over the entire course of a cell cycle before a ¢
inherits them. c) Graph representing only a small increase in number of peroxisomes over the ¢
cell cycle as they divided and inherited vétbimall time framdlack lines indicate when a new bud s
forming. Numbers are illustrative.

16.3 Outline of Thesis

To address these models, a system of live cell imaging and image analysis was needed. Sc
of the important considerationstiofie-lapse liveell imaging have already been outlined in
section 1.5.1. Methods developed to analyse images for the vesicle fusion model
(vanderZand et al., 2013)e outlined in Chapgft.122.14 The claims of theesicle fusion
model(vanderZand et al., 201,23re theraddressenh Chapter 3Chapter 4iscussethe
improvements to the live cell imaging seagessary to probe the questramsedn 1.62
aboveChaptes 5 and6 arethe culmination of this body of work, and evaluate the extent to

which establishing peroxisomal number per cell and tracking individual peroxisomes was ¢
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successand the bearing this had on answering sirthose qustions above regarding the
KPPC model



Chapter 2: Materials and Methods

2.1S. cerevisia&trains

Srains used for this study are shbwlowin Table2.1

Table 2.1.Yeaststrains used in thisstudy

S. cerevisiae strain

Genotype

Source

BY4741 (WT)

BY4742 (WT)

dnm1 vpsl

inpl

inp2

Diploids (WT)

FY1679-08A (WT)

FY1679-06C (WT)

pexl
pex6
pex1/6

vpsl/dnm1l with galactose -
inducible Pex19

WT expressing Pex2 -VN
and Pex14-VC

Vps1 expressing Pex13 -VN
and Pex14-VC

WT expressing
mNeonGreen from t he
genome

MATa, his3n leu2n metl5n ura3p

MATU, his3gpleu2elys2gpuradm

his3n leu2n lys2n ura3p yllo01w::KanMX
ykr0O1c:: lox S.pombe HIS5 lox

his3n leu2n lys2n ura3n
ymr204c::KanMX

his3n leu2n lys2n ura3p
ymrl63c::KanMX

his3n leu2n ura3n

MATA ura3-52 leu2n 1 trp1n63 his3n200
GAL2

MATh ura3-52 leu2n1 trp1in63 his3n200
GAL2

BY4742 pex1n:: kanMX4
BY4742 pex6én:: kanMX4
BY4742 pex1n::kanMX4 pex6n::HIS5

BY4742 dnm1p::kanMX4 vpsin::loxP
:His3MX6 -pGAL1 -3HA -PEX19

FY1679-08A PEX14-VC::HIS5 PEX2-
VN:: TRP1

FY1679-08A PEX14-VC::HIS5 PEX13-
VN::TRP1 vpsin::LEU2

BY4742 TPI-mNeonGreen-PTS1-
clonNAT::TRP5

European Saccharomyces cerevisiae
Archive for Functional Analysis
(EUROSCARF)

EUROSCARF

Hettema Lab

Hettema Lab

Hettema Lab

Hettema Lab

EUROSCARF

EUROSCARF

EUROSCARF

EUROSCARF

Produced in this study for Motley et al.,
2015

Produced in this study for Motley et al.,
2015

Produced in this study for Motley et al.,
2015

Produced in this study for Motley et al.,
2015

This study

2.2 DNA Manipulation

2.2.1 Polymerase Chain Reaction (PCR)

Polymerase chain reaction was performed with various enzymes depending on the
application. Standard cloning was performed either\igititity (Bioline), Accuzyme
(Bioline) or Q5 (New England Biolabs) DNA polymerases, all of which are high fidelity
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enzymes with both®6 &md pX oofreading activity. My F
used to clonelonNAT-containingsequences, and vasnd to be more reliable and robust

for cloning this particular sequence over any other polymerase that was utilised. MyTag
polymerase (Bioline) was used when checking proper integration of sequencés into the
cerevisigmst genome. Nearly allreacéo wer e per f ormed to the
for temperature and extension times (mins/kb). The exception was when performing a PCR

using the clonNAT sequence. Below is the outline of a clonNAT PCR using MyFi enzyme:

1. 3 minutes at 95°C for initial enaturation of DNA
2. 30 seconds at 95°C for denaturation of DNA

3. 30 seconds at 55°C for annealing of the primers
4. 3 minutes at 72°C for elongation

5. 10 minutes at 72°C for final extension

Steps 2 were repeated for 30 cycles.
2.2.2 Agarose Gel Elemphoresis

Agarose gel electrophoresis was used to analyse DNA from PCR reactions. 1%-(w/v) high
resolution standaralgarose was prepared in 0.5x TREM Trisbase, 0.1M Boric acid,
10mM EDTA,atpH 8), using a microwave to dissolve the agarose iBEhbuFfer. Once
dissolved the agarosesweit to cool slightlyefore 8l of ethidium bromide was added, and

the gel wa poured. After solidifying, the gebk placed into a tank containing 0.5x TBE
buffer. 6x loading dywvas added to the samples thatl wé loaded to a 1x final
concentration. A 1kb DNA laddetss used for reference. After loading, the agarose gels
were run at either 100V for 30 minutes or 90V for 40 minutesv&elhen viewed under

a UVtransilluminator
2.2.3 Gel Extraction and DNAPurification

To perform a gel extraction of DNA in agarose, first the band of interest was excised from
the agarose gel using a scalpel, usually whilst on a U\Wnviaasil following the
appropriate safety procedures. The subsequent DNA extractiperisamed using a
Qi agen DNA extraction kit following the |
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2.2.4 Plasmid Isolation (Miniprep

Overnight SmEscherichia coliures expressing plasmid of interestipicillincontaining

media werdirst harvested. Isolatioof plasmids from the cultuvees performed using
miniprep kits from Bioline, Sigma Al dri
instructions.

2.2.5 Restriction Enzyme Digestion

Digestion of plasmids using restriction enzymes was performed tte fialitategration

of DNA fragments from PCR, or to check integration of DNA into a plasmid after high
efficiency transformation. Each restriction digest cedtzird® | of 10x 0Cut S
from NEB, 5pl of plasmid and 1ul of each restriction enzyreere@htion volumeas

made up to 50l using @Bl The reactiontubsas t hen |1 eft at 37EC
hour, but generally overnight. Resultant reaction nwdsatieecked for complete digestion

by loading a small amount onto an agarose gel.

2.3 Chemical Reagents

Sigma Aldrich supplied a majority of chemical realyemt<€England Biolabs supplite:
restiction enzymes. PCR enzymes vedtteer from Bioline or New England Biolabs.
Plasmid mini prep kiteroe from Bioline, @gen or Sigm&el extraction kits oz from

Qiagen. Components for making media were supplieatimediunor Fisher Scientific
2.4Primers

All primers used were ordered from Sigma Aldrich, as dry powder. Primers were designed t
have an 124 nucleotide homologous flanking region to the vector, and a similar size region
of homology to start of tget sequence for PCR. SequenceS.irevisiaemologous
recombination were obtained from the Saccharomyces Geatahase (SGD) or from
Addgene.

A table of primers used is listed in Table 2.2



Table 2.2 Primers used inthis study

Primer Forward/ Description 5'->3' Sequence
Name Reverse
VIP 119 Forward M13 Forward CTGACTGGGTTGGAAGGCAAGAGAGCCCCGAAAGCTTACA
TTTTATGTTAGGAAACAGCTATGACCATG
VIP 120 Reverse M13 Reverse CAACACCAATAACGCCATTTAATCTAAGCGCATCACCAACAT
TTTCTGGCGTTTTCCCAGTCACGACG
VIP 2249 Forward Recombine GAATTGTAATACGACTCACTATAGGGCGAATTGACGTTGTA
anything from YCP AAACGACGGCCAG
vectors
VIP 2250 Reverse Recombine GGGAACAAAAGCTGGGTACCGGGCCCCCCCTCGAGCACAC
anything from YCP AGGAAACAGCTATGACCATG
vectors
VIP 2543 Forward His-BFP AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAATG
TCTGAATTGATTAAAGAGAAT
VIP 2544 Reverse BFP-PTS1-PGK AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
GTGGGTTCAATTTGTGTCCTAACTTAGA
VIP 2546 Forward HIS-tdTomato AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAATG
GTGAGCAAGGGCGAGGAGGTC
VIP 2547 Reverse tdTomato-PTS1- AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
PGK GTGGCTTGTACAGCTCGTCCATGCCGTA
VIP 2548 Forward Pex3-TurboGFP AGCTCGTTTTCCTTCAAGCCTGGACTTTCTAGAGTCGACGG
AGCAGGGGCGGGAATGGAGAGCGACGAGAGCGGC
VIP 2549 Reverse TurboGFP-PGK AAAAAAATTGATCTATCGATAAGCTTGCATGCCTGCAGGTC
ATTCTTCACCGGCATC
VIP 2550 Forward Pex3-CopGFP AGCTCGTTTTCCTTCAAGCCTGGACTTTCTAGAGTCGACGG
AGCAGGGGCGGGAATGCCAGCTATGAAAATTGAATGT
VIP 2551 Reverse CopGFP-PTS1- AAAAAAATTGATCTATCGATAAGCTTGCATGCCTGCAGGTTA
PGK AGCAAAAGCAATTGGAGTTTTAA
VIP 2655 Forward Pex3-mNeonGreen TCGTTTTCCTTCAAGCCTGGACTTTCTAGAGTCGACGGAGC
AGGGGCGGGAATGGTGAGCAAGGGCGAGGAG
VIP 2656 Reverse mNeonGreen-PGK AAAAAAATTGATCTATCGATAAGCTTGCATGCCTGCAGGTC
ATTACTTGTACAGCTCGTC
VIP 2659 Forward HIS-mNeonGreen AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAATG
GTGAGCAAGGGCGAGGAGGAT
VIP 2764 Forward HIS-Sacl-AAAA- GAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAAATGG
mNeonGreen TGAGCAAGGGCGAGGAGG
VIP 2765 Reverse mNeonGreen- AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
PTS1-HindllI-PGK GTGGCTTGTACAGCTCGTCCATGCCC
VIP 2766 Forward GAL-Sacl-AAAA- CTTTAACGTCAAGGAGAAAAAACTATAGAGCTCAAAAATGG
mNeonGreen TGAGCAAGGGCGAGGAGG
VIP 2767 Reverse mNeonGreen- CAAAAATTAAGCGATAACACAGGCGGGATCTTAGAGTTTTG
PTS1-HindllI-MFA2  AGTGCAGTGGCTTGTACAGCTCGTCCATGCCC
VIP 2992 Forward GAL-BFP CTTTAACGTCAAGGAGAAAAAACTATAAGCTCAAAATGTCTG
AATTGATTAAAGAGAAT
VIP 2993 Reverse BFP-PTS1-MFA2 CAAAAATTAAGCGATAACACAGGCGGGATCTTAGAGTTTTG
AGTGCAGTGGGTTCAATTTGTGTCCTAACTTAGA
VIP 2998 Forward HIS-AAAA-mCherry  AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAAAT
GGTGAGCAAGGGCGAGGAGGATAAC
VIP 2999 Reverse mCherry-PTS1- AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
PGK GTGGCTTGTACAGCTCGTCCATGCC
VIP 3000 Reverse mCherry-PGK AAAAAATTGATCTATCGATAAGCTTCTACTTGTACAGCTCGT
CCATGCC
VIP 3015 Forward TPI-AAAA- CTATAACTACAAAAAACACATACATAAACGAGCTCAAAAATG
mNeonGreen GTGAGCAAGGGCGAGGAGG




VIP 3028

VIP 3048

VIP 3049

VIP 3071

VIP 3072

VIP 3073

VIP 3074

VIP 3093

VIP 3103

VIP 3104

VIP 3105

VIP 3130

VIP 3131

VIP 3210

VIP 3211

VIP 3212

VIP 3213

VIP 3214

VIP 3215

VIP 3216

VIP 3217

VIP 3300

VIP 3301

VIP 3302

VIP 3303

VIP 3304

VIP 3305

Forward

Forward

Reverse

Forward

Forward

Forward

Reverse

Forward

Forward

Reverse

Forward

Forward

Reverse

Forward

Forward

Forward

Forward

Reverse

Reverse

Reverse

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

TPI-AAAA-mCherry

TPI-AAAA-BFP

BFP-PGK

mCherry-clonNAT

mNeonGreen-
PTS1-clonNAT

BFP-PTS1-clonNAT

clonNAT-PGK

BFP-clonNAT

DMA2 KO for
PUG/PAC system

DMA2 KO for
PUG/PAC system

1kilobase upstream
DMA2

M13 to recombine
TRP5

M13 to recombine
TRP5

HIS-Sacl-AAAA-
mKate2

TPI-Sacl-AAAA-
mKate2

HIS-Sacl-AAAA-
mRuby2

TPI-Sacl-AAAA-
mRuby2

mKate2-PTS1-PGK

mKate2-PGK

mRuby2-PTS1-PGK

mRuby2-PGK

M13F(-40)-EcoR1-
Sacl-ZRT1(+500bp)

ZRT1-BamH1-Xba-
Sall-GSSG-mRuby2

M13F(-40)-EcoR1-
Sacl-TNA1(+500bp)

TNA1-BamH1-Xba-
Sall-GSSG-mRuby2

M13F(-40)-EcoR1-
Sacl-
PHO88(+500bp)
PHO88-BamH1-
Xba-Sall-GSSG-
mRuby?2

CTATAACTACAAAAAACACATACATAAACGAGCTCAAAAATG
GTGAGCAAGGGCGAGGAGG

CTATAACTACAAAAAACACATACATAAACGAGCTCAAAATGT
CTGAATTGATTAAAGAGAAT

AAAAAATTGATCTATCGATAAGCTTTTAGTTCAATTTGTGTC
CTAACTTAGA

GAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTAC
AAGTAGCAGCTGAAGCTTCGTACGC

ATGGGCATGGACGAGCTGTACAAGCCACTGCACTCAAAACT
CTAGCAGCTGAAGCTTCGTACGC

TCTAAGTTAGGACACAAATTGAACCCACTGCACTCAAAACT
CTAGCAGCTGAAGCTTCGTACGC

GTAAAGGATGGGGAAAGAGAAAAGAAAAAAATTGATCTATC
GATAGCATAGGCCACTAGTGGATCTG

CGTTATTGTGACTTGCCTTCTAAGTTAGGACACAAATTGAAC
TAACAGCTGAAGCTTCGTACGC

GCAACGCATTGTATACGTTTGAAGCTTTCAGCAAAGGATAT
ACCGTGGAACAGCTGAAGCTTCGTACGC

GGTCAAAGAAAATACACAGTTTGAAAAATAAAGAAAAACCAC
CGAACTCCGCATAGGCCACTAGTGGATCTG

TACCTGTCATCGGAGGGGTGTTCATGCCATGGGTGGTATG
GCTGCGCAA

TGCTCCAAAAAGGGACATAGCACACCGACAGACCATGTCA
GAACAGTAAAACGACGGCCAGT

TAGTTAAAAAGCTAAATAAAAGCGTTCCTTATCAGATATTAC
TCACAGGAAACAGCTATGAC

AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAAAT
GGTTTCTGAACTCATCAAGGAAAAC

CTATAACTACAAAAAACACATACATAAACGAGCTCAAAAATG
GTTTCTGAACTCATCAAGG

AATGAGCAGGCAAGATAAACGAAGGCAAAGAGCTCAAAAAT
GGTGTCCAAAGGAGAGGAGTTAATC

CTATAACTACAAAAAACACATACATAAACGAGCTCAAAAATG
GTGTCCAAAGGAGAGGAG

AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
GTGGTCTGTGTCCCAACTTAGATGGC

AAAAAATTGATCTATCGATAAGCTTTTATCTGTGTCCCAACT
TAGATGG

AAAAAATTGATCTATCGATAAGCTTTTAGAGTTTTGAGTGCA
GTGGCTTATACAATTCATCCATACC

AAAAAATTGATCTATCGATAAGCTTTTACTTATACAATTCATC
CATACC

GTTTTCCCAGTCACGACGAATTCGAGCTCCAAATTAGTCAA
ATGCACTAG

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCAGCCCACTTACCGATCAAAGC

GTTTTCCCAGTCACGACGAATTCGAGCTCCAGCCGGGCATA
CTCGGGATC

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCATACATGTACTTAAACTCAGG

GTTTTCCCAGTCACGACGAATTCGAGCTCGCAGAAAAAGAA
ATAAACCGC

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCTTCAGCCTTAACACCAGCGTTACC
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VIP 3306

VIP 3307

VIP 3308

VIP 3309

VIP 3310

VIP 3311

VIP 3312

VIP 3313

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

M13F(-40)-EcoR1-
Sacl-
ERG25(+500bp)
ERG25-BamH1-
Xba-Sall-GSSG-
mRuby2
M13F(-40)-EcoR1-
Sacl-MDH1
(+500bp)
MDH1-BamH1-Xba-
Sall-GSSG-mRuby2

M13F(-40)-EcoR1-
Sacl-ISU1 (+500bp)

ISU1-BamH1-Xba-
Sall-GSSG-mRuby2

M13F(-40)-EcoR1-
Sacl-ACO2
(+500bp)
ACO2-BamH1-Xba-
Sall-GSSG-mRuby2

GTTTTCCCAGTCACGACGAATTCGAGCTCCACTACCACTGC
CTCCCTTCG

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCGTTAGTCTTCTTTTGAGC

GTTTTCCCAGTCACGACGAATTCGAGCTCCCAAATCCGCAT
GTACCTGGG

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCTTTACTAGCAACAAAGTTGAC

GTTTTCCCAGTCACGACGAATTCGAGCTCCTAGGTCTAATA
TTGTTATTG

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCCGATAACATGGTTGGAGTGTTTC

GTTTTCCCAGTCACGACGAATTCGAGCTCCGTTCCGTAGAA
TATCATG

CTCCTCTCCTTTGGACACCATTCCAGAAGATCCGTCGACTC
TAGAGGATCCTTCGTTTCTTCGTATATTACC




25 Plasmids

All plasmids in this study were produced using homologous recombin&ti@enevisiae
(Figure 2.1All plasmids contagula separate origin of replicationSorerevisaedE. coli
ampicillinresistancenarker for selection i&. coli and an amino acid selectable marker,
whichallowedthe S. cerevisitmegrow on media th#dcked thaparticular amino ati(or
uracil). Most often used meLEU2 and URA3 genes, but HIS5 was also occasionally
utilised. EHewhere on the plasmiks the gene of interest to be expressed, usually a
fluorescent protein, or protein with fluorescent tag. Upstream of the gene ofnedeaest
promoter, usually HIS, TPl or GAL(giving moderate, high, and inducible levels of
expresion, respectively). Downstream of the gesea terminator that increases the
efficiency of the mRNA translation, usually either PGK or MFA2. A list of plasmids
produced during this study is documented in Table 2.3.

a) b)

Cut Vector

c)

Homologous
Recombination

Cloned Plasmid

Figure 2.1. Stages of making a plasmid via homologous recombinationdh cerevisiaea) The regior
of interest is amplified using the polymerase chatiore@CR). PCR product is produced using pri
with homology to region of interest aneRd8ucleotide flanking regions (orange) with homology to't
b) Vector plasmid is cut using appropriate restriction enzymes. Region of homology to PCR

orange. c) PCR product and cut vector are introducBd derevisgdes reagents (see 2.7.2 for -hi
efficiency transformation protocol), and recombination occurs between homologous regions of
d) The PCR product is integrated into the vextmucing the new plasmid.
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Table 2.3.Plasmids used in this stuly.

Plasmid Name Promoter Description Selection Source
pAUL1 HIS BFP-PTS1 URA This study
pAUL2 GAL Pex3-mNG URA This study
pAUL3 HIS mMNG-PTS1 URA This study
pAUL4 HIS mNG-PTS1 LEU This study
pAUL7 GAL MNG-PTS1 URA This study
pAULS8 GAL mNG-PTS1 LEU This study
pAUL9 GAL BFP-PTS1 URA This study
pAUL10 GAL BFP-PTS1 LEU This study
pAUL11 HIS mCherry URA This study
pAUL12 HIS mCherry-PTS1 URA This study
pAUL13 HIS mCherry LEU This study
pAUL14 HIS mCherry-PTS1 LEU This study
pAUL15 TPI MNG-PTS1 URA This study
pAUL16 TPI mCherry URA This study
pAUL17 TPI mCherry-PTS1 URA This study
pAUL18 TPI BFP URA This study
pAUL19 TPI mMNG-PTS1 clonNAT + URA  This study
pAUL20 TPI BFP-PTS1 clonNAT + URA  This study
pAUL21 TPI BFP clonNAT + URA  This study
pPAUL2 2 HIS BFP-PTS1 HIS This study
pAUL23 HIS mMNG-PTS1 HIS This study
pAUL24 HIS mCherry-PTS1 HIS This study
pAUL25 TPI mCherry LEU This study
pAUL26 SP6 mKate2 HIS Addgene
pAUL27 SP6 mRuby?2 HIS Addgene
pAUL28 HIS mKate2-PTS1 LEU This study
pAUL29 TPI mKate2-PTS1 LEU This study
pAUL30 TPI mKate2 LEU This study
pAUL31 HIS mRuby2-PTS1 LEU This study
pAUL32 TPI mRuby2-PTS1 LEU This study
pAUL33 TPI mRuby?2 LEU This study
pAUL34 HIS mKate2-PTS1 URA This study
pAUL35 TPI mKate2-PTS1 URA This study
pAUL36 TPI mKate2 URA This study
pAUL37 HIS mRuby2-PTS1 URA This study
pAUL38 TPI mRuby2-PTS1 URA This study




pAUL39
pAUL40
pAUL41
pAUL42
pAUL43
pAUL44
pAUL45
pAUL46
pAUL47
pAUL48
pAUL49
pAUL50
pAUL51
pAUL52
pPAULS3
pAUL54
pAUL55
pPAUL56
pAUL57
pAUL58
pPAUL59
pAUL60
pAUL61
pAUL62
pAULG3
pAUL64
pEH001
pEH100
pEH117
pAS5
pAS27
pAS28
pAS62
pAS63
pAS212

TPI
ZRT1
TNA1
PHOS88
ERG25
MDH1
ISU1
ACO2
TPI
ZRT1
TNA1
PHOS88
ERG25
MDH1
ISU1
ACO2
TPI
TPI
TPI
ZRT1
TNA1
PHOS88
ERG25
MDH1
ISU1
ACO2
HIS
TPI
TPI
HIS
GAL
GAL
GAL
HIS
N/A

mRuby?2
ZRT1-mRuby2
TNA1-mRuby2
PHO88-mRuby2
ERG25-mRuby2
MDH1-mRuby2
ISU1-mRuby2
ACO2-mRuby?2
mNG-PTS1
ZRT1-mRuby2
TNA1-mRuby2
PHO88-mRuby2
ERG25-mRuby?2
MDH1-mRuby2
ISUL1-mRuby2
ACO2-mRuby?2
BFP-PTS1
BFP-PTS1
mNG-PTS1
ZRT1-mNG
TNAL-mNG
PHO88-mNG
ERG25-mNG
MDH1-mNG
ISUL-mNG
ACO2-mNG
GFP-PTS1
HcRed-PTS1
GFP
HcRed-PTS1
HcRed-PTS1
HcRed-PTS1
Pex3-RFP
HcRed-PTS1

Tet vector

URA
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
URA
URA
URA
URA
URA
URA
URA
URA
HIS
HIS
URA
URA
URA
URA
URA
URA
URA
URA
URA
LEU
URA
URA
LEU
URA
LEU
HIS

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Ewald Hettema
Ewald Hettema
Ewald Hettema
Alison Motley
Alison Motley
Alison Motley
Alison Motley
Alison Motley
Alison Motley
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2.6 Culture Media

Culture media was made as described in Tab#| 2dia was sterilised by autoclaving.
Addition of agar at 2% was used to make plates.

Yeast Peptone Dextrose is a complete media and requires no addition of amino acids. YM:
Table 2.4.Media used in thisstudy.

Media Ingredients
1% Yeast extract, 2% Peptone, 2% Glucose

Yeast Peptone Dextrose (YPD)

0.5% Ammonium sulphate, 0.17% Yeast
nitrogen base, 2%
Glucose/Galactose/Raffinose. Adjusted to pH
6.5 using NaOH

0.5% Ammonium sulphate, 0.17% Yeast
nitrogen base, 1% Casamino acids, 2%
Glucose/Galactose/Raffinose. Adjusted to pH
6.5 using NaOH

2TY for E. coli 1.6% Tryptone, 1% Yeast extract, 0.5% NaCl

YM1

YM2

is a yeast minimal media, and stocks of the appropriate amino acids (Leucine, Histidine
Tryptophan, Methionine, Lysine) and/or Uragitre addel as needed to 1x final
concentration. Amino acids (and Uracil) were prepared in 100x stocks, and were added afte
t he media was aut ocl aWYM2adsaanord complete lyeast media a
due to the inclusion of casamino ath@s$ containsall the essential amino acids barring
tryptophan(which is destroyed the original acid digest of casein used to produce casamino
acids) Uracilwasadded as determined by the experimental requirements.

Glucose was the carbon source used in both YMYME& media in a majority of cases.
Galactose was occasionally used as the carbon source as determined by experiment
requirements, for example for expressing proteins with the GAL1 promoter. Raffinose was
occasionally for cell growth prior to switchielisdo galactosmntaining media, as the
presence of raffinose does not actively supress the GAL1 promoter, unlike the presence of

glucose.

Drop-out media was also used, supplied by Formedahioh wa added to YM1 media

before autoclaving, andcon¢éaia | | t he ami no acids except
example, Leucine drop out contains all the amino acids except Leucine. This was sometime
used in place of YM2 and the addition of amino acids.



Nourseothricin (trade nardenNAT)was used assalection antibiotic f& cerevisiand

was added to a final concentration of 100ug/ml.

2TY media was used far coligrowth. Ampicillin forE. coliselection wsadded post

autoclaving, to a final concentration of 75ug/mil.
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2.7 Saccharomyces ceresiacExperimental Procedures

2.7.1 General Growth Procedure

Cellswere grown shaking®t0 EC i n appropriate | iquid me
2% glucose at either 30EC or |l eft on the
30% glycerol in crytmbes and deposited-8t0 E Qonfitermstorage.

2.7.2 High Efficiency Transbrmation

This technique required the use ofgrepared stocks dfesile 1M lithium acetafkiAc)

atpH7.5, 10xTE (0.1M Tr4dCI, 0.01M EDTA, pH7.4) and 50% Polyethylene (FE®)

3350 reagnts Solutions of 1x TE/LIAc (0.5ml 10xTE, 0.5ml 1M LiAcl diO) and 40%

PEG (0.5ml 10xTE, 0.5ml 1M LiAc, 4ml PEG3350) were prepared from the stock solutions.
Cellsweregrown overnight in the appropriate media and then diluted de-OM1 and
inoculated into mecessary volume of media (5nslngquired foeach transformation). The
culture was then | eft -lbogophage; a wugllyh@dk0d.5n g a't
The culture was then centrifuged at 3000rpm for 10 minutes and the supernatant was
discarded. The pellet was washed in 1x TE/LiAc andemaastomicrocentrifuge tubes

These were centrifuged for 2500rpm for 5minutes. The supernatant was again discarded, ar
the resultant pellet was again washed in 1x TE/LiAc, and spun again at 3000rpm for 3
minutes. The pellet wassuspeded in 50ulfransformationlx TE/LiAc and separated

into microcentrifuge tubeAdded to eacmicrocentrifuge tubsas %l of linearisedector,

5ul of PCR product, and 5ul ssDNA (herring sperm, Sigma Aldrich). Added to this was 350ul
of 40% solution of PEG3350. The rand was then vortexed and left at room temperature

for 30 minutes. Thaicrocentrifuge tubese r e t hen pl aced i nto a
minutes. Following centrifugation at 10000rpm for 30 seconds, the pellet was resuspendec
in5Qu Ix TEforplatiy on appropriate selection agar

2.7.3 One Step Transformation

Cellsweregrown overnight in the appropriate me2@f)l of culture was centrifuged at
10000rpm for 30 secondsd the supernatant wiscared 1ul of plasmid was added, and
the mixture was vortexed.ub®@f onestep buffer(0.2M lithium acetate pH5.0, 40%
Polyethylene glycol 3350, 100mMPand %l ssDNA (herring sperm, Sigma Aldrich) was

added. This was mixed by vortexing. The resultant mixtureletirabeoom temperature
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for several hours to improve efficiency
bath, the reaction mixture was plated onto appropriate selection agar, and left to grow at
30EC for 2 days.

2.7.4 Yeast Genomic DNA Iskation

Cells for DNA extraction were either grown overnight in appropriate liquid media, or
scraped from an agar plate, and were subsequently washed igOLmMfteHa short
centrifugation, the supernatamés discarded and the cells wersuspended iithe
remaning volume20Qu preprepared TENTS20mM Tris/HClat pH8.0, 1ImM EDTA,

100mM NacCl, 2% Triton -£00, 1% SDSjolution, 200 glass beads (measured using a
200ul pipette tip) and 30®f phenol/chloroform solutiomvas added to the tubBubes

were then placed into a bead beater at full speed for 45 seconds. After bead beating, sample
were centrifuged at 12000x g for 30 seconds. To this mixture a fuphEERIAT solution

was added, and the sample vortexed. The mixture was then centrifigathibes at

12000x g, and the supernatant transferred to miceveentrifuge tubdo this was added

20Qul of phenol/chloroform solution, and the sample was again centrifuged for 5 minutes at
12000x g. 3@Dof the supernatant was removed and platednother fresh tube. To this

was added 30ul of 3Mdum acetatat pH5.2 and 750ul atbsoluteesthanol DNA was
precipitated by leaving tubesaO EC f or at | east 30 minute
maximum speed for 15 minutes. Pellets were wasii®d6i ethanol solution and the
previous centrifugation step was repeated. After removing the ethanol solution, the pellets
were resuspended iB00pl of 1xTEat pH8.0 containingpg/ml RNAse and incubated at

room temperatur®r 10 minutesTo this solutio was added pDNaAc and 550 absolute

ethanol, and the DNA was again left to precipitaR@EC f or at | east 3
the sample was centrifuged at maximum speed for 15 minutes, followed by the 70% ethano
wash step and 15 minute maximum speed centrifugation. Thevaaléten left to dry
completely. The dry pellet was thesuspended in fD1x TE at pH8 and can be stored at
20EC until required.



2.8 Escherichia colifExperimental Procedures

2.8.1E. coli Strains

DH5Uwasthe onlyE. colstrain used in this studtyis outlined in Table 2below.

Table 25. E. coli strains used in thisstudy.

E. coli strain Genotype Source

DH5h supE44 DlacU169 (f80 lacZ DM15) Laboratory stock
hsdR17 recAl endAl gyrA96 thi-1
relAl

2.8.2E. coli General Growth Procedure

E.coiver e grown in 2TY |liquid media, &€hakin
colagar platesere sometimgs| aced i n the fri dgemgdilin 4 EC

was added to final concentration qfgiénl for plasmid selection.
2.8.3 Prodution of Electro-competent £. coli Cells

DH5U cells were first inoculated into an overnight culture of 2TY, and left to proliferate
overnight shaking at 37EC. The following
with a volume of cells from theasright culture so that the startingé® 0.1. Cells were

l eft to grow s heak0.5was reathed3 Cefls@ere then separa@dinto
centrifuge flasks to be spun at 3000rpm
discarded, withace being taken not to disturb the pellets. The pellets wwaspeaded in

500ml of 10% (w/v) of prprepared glycerol solution using 10ml pipettes. Cells were spun
as before, supernatant discarded, and resuspended this time in 250ml of 10% dgycerol. Cel
were spun for a third time at -3wWpededonm, 1
50ml 10% glycerol. Cells were spun as before, but resuspended i@ glgdet6l and
transferred to anicrocentrifugeube 4Qul aliquots were taken intobesstting on ice,

before being snap frozen in lijnitrogen and placed into 18 EC f r omegreenr f or

storage.



2.8.4E. coli Transformation

One aliquot oE. colcellsin amicrocentrifuge tubsas thawed on icqu bf plasmidvas

added to the tudb The tube was gently mixed and left on ice for 30 minutes. The cells were
then heat shocked by placing the tube in
back onto the ice for 5 minutes. |908f 2TY media was added to the tube, and the cells
were | eft to recover at [®Bi7d2000xdypr 1 ndndite,mi n u
supernatant was removed, and the cells wsospended irhé remaining volume. The

cells wee then plated onto agar containing ampicillin for selection, aodeleight at

37EC

2.8.5 Electroporation of&.coli

One aliquot (4@) of electrecompetent DHB cells were added topl®f diluted (ful

DNA/9ul dH20) gDNA. This was then transferred to an electroporation cuvette (Fisher),
and mixed by pipetting up anola. Cells were then pulsed using an electroporater set at
OEC260. 1 ml 2TY was added to the electrop
was transferred microcentrifuge tube Cel | s were then | eft
minutes. The tuds were then centrifuged at 5000 rpm for 5 minutes, supernatant removed,
with care being taken not to disturb the pellet. The cells were then plated onto agar containing

ampicillin for selection, and | eft overni
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2.9 Microscopy and Imaging

2.91 Microscopy

The microscope used in this study wasiss Axio Observer microscope (widefield) with a
100x 1.45 NAU PlanFluar objective with an electnoiltiplying chargeoupled device
(EMCCD) camera supplied by Rol&taorescence filter cubes aopplied by Zeiss or
Chroma, and consist of DAPI, HE (higftiiciency GFP, Texas Red and GFP/Texas Red
bandpass filters. The microscope is also equipped with a Definite Focus Module (Zeiss).
Light source is a HXP120 mercury arc lamp (OSRAM).

2.9.2 Flouresent Proteins

Fluorescent proteins were expressed as protein tags, or on their own, with or without the

inclusion of a signal sequence tag.

The predominant fluorescent protein employed in this study was mNeonGré=n (Alle
Biotechnology), which is a bright monomeric yjteen fluorescent protein. Proteins are
summarised in the Table 2.6:

Table 26. Fluorescentproteinsused in thisstudy. Ada pt ed from O6Fl uoresc
http://www.fpvis.org/FP.htmi(Thorn and Lambert, 2017)

Protein <ex <em Extinction Quantum Brightness Maturation
(nm)  (nm) Coefficient Yield Speed
mNeonGreen 506 517 116000 0.8 92.8 Very Fast
EGFP 488 507 56000 0.6 33.6 Fast
HcRed 590 637 160000 0.04 6.4 Very Slow
mCherry 587 610 72000 0.22 15.8 Medium
mRuby?2 559 600 113000 0.38 43 Slow
BFP 402 457 52000 0.63 32.8 Medium
mKate2 588 633 62500 0.4 25 Fast



http://www.fpvis.org/FP.html

2.93 Preparation of Agarose Padfor Optimal Growth

Conditions

2.93.1 Using Glass Slides

Roughly square wells were prepared by tegie on glass slides. A heat block was turned

on in preparation to keep the agarose warm after melting. 0.1g of agarose was weighed ot
and placed into a 15ml plastic tube before adding 5ml of suitable growth media. The agaros
was then dissolved in tmécrowave. The hot agarose and media mixture was then pipetted
into the wells created by the tape on the glass slides. Another glass slide was placed on tc
of the wells, creating a flat square of agarose in the well. The agarose was then left to coc
for approximately 20 minutes. The top glass slide was then removed, cells were mounted ol
the agarose, and a coverslip was placed on top.

2.93.2 Using Glass Bottom Dishes

The gl ass di s helBi suhsde ds unpepihe agaibsebmas pr€pared a .
abowe. The warm agarose was thipetted or poured into a glass bottomel dnd left to

set, whichformed s mal | o&6pl ugd of agar dseethisplugt he
was then lifted up and excised from the dish completely usingla Gedfpwere pipetted

into the well in the dish underneath. The agarose plug was reinsepipétéfigrcells into

the dish. lit wasnecessary, gently pressing with the back of a pipette tip on the agarose plug
was performed to help level out te#sc

2.94 Microfluidic System

A system more suited tmaging for extended periods vaasell culture chamber, in
conjunction with a microfluidic control{&igure 2.2 The cell culture chamber is a glass
bottomed chamber in part of a larger pladtite with wells for medidhe microfluidic
controller is a device that generates pressurised air and is connected to the microfluidic plate
via series of tubing and a specially made manifold (FZaran@. Figure 2b). The
pressurised air is useptomp media and cells into the culture chambers in the plates, and

a vacuum keeps the plate sealed. The microfluidic controller itself is controlled by software
on a connected desktop compukerthis studya CellASIGONIX Microfluidic System

(Merck Millpore)with YO4G02 McrofluidicPlates(Merck Millipore) wassed Software

was downloaded frommvw.merckmillipore.cam
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TN |

From,,
microfluidic
controller

Cell Well 7 Well 8 (cell
Wells 1-6 (for media) Chambers (waste)  input)

Figure 22. Microfluidic System equipment used in live-cell imaging. a) Microfluidic cotroller.

Gasket that connects the microfluidic system to the microfluidic plates. c) Microfluidic plate.
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Media
Inlet
Wells

To
Outlet 7

(waste)
Inlet1 —»

Inlet2 —»

Inket3 — Cell Inlet
Inlet4 —p < 8

Inlet5 —»

Inlet6 —p >

To
Outlet 7
(waste)

Figure 23. Cell culture chamber within the microfluidic plate. The chamber measures 3x3mm \
different ceiling heights of 3.5um, 4.5um qma fr trapping cells. Media comes in via inlet wé|lsdlls
via inlet 8 and waste goes out to well 7.

The Y04@02 Microfluidic Yeast Plates are four chambered cell culture plates specifically
designed for use with haploid yeast cells and can fa stdadard multiwell plate stage
adapter (FigureZ).Each chamber within the plate measures 3.0 x 3.0mm, each with three
different ceiling heights of 3.5um, 4.5um and 5.5um for trapping cells (Bjgt&ch.
chamber is fed with six inlet wells fadma (16), one inlet well for loading cells (8) and an

exit well for waste (7).

Before any experime3®Qul of desired medigporedominantl% glucoseontaining YM2

media, although 2¢alactose containing YM2 was used for some experiments in Chapter 4
- was loaded into wellssland cells were loaded into cell 8. Well @inexh empty dhis

was the waste outlet well. The manifold gasket was then sealed to the plate by placing it o
the plate and activati ng t heowhhMard foroefwasi i di
applied until an indicator light on the controller showed when the plate was sealed. The cell
were loaded into the cell culture chamber under pressure (8psi for 5 seconds). The elasti
ceiling witm the cell culture chambe&aps the dis (Figire 24). The manufacturer
recommends washing out-tsapped cells by flowing one or more inlet wells at 5psi for
minutes. The software was then programmed to direct media into the wells for the duration
of the experiment via controlling the amaimtressure to each of thé& Inlet wellsThis

gentle pressure placed on the inlet wells is enough to ensure a fresh supply of media to th
cells in the chamber. Therefahe, nutrients surrounding the cells are constantly refreshed,

and excreted prodts are taken away.
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It should be noted that focusing in Z was not attempted before the media flow into the cell
culture chamber had commenced; changes in the flosdiaf imto the chamber disrupts
the focus in Z and would have to be readjusted if performed beforehand.

Elastic Ceiling

_> Yeast
Cell

Glass Bottom of Plate [ ] ]

Original State of Plate Cells Loaded Under Pressure Cells Trapped by Ceiling

Figure 24. Celltrapping mechanismusing the elastic ceiling of the cell chamber.

2.95 Microscope Software and Modules

The microscopy softwaseipplied withthe Zeiss Axio ObservenicroscopevasZEN,

which eventually included thefiDige Focugexplained in Chapter 1.5)5B8dTiles and
Positionamodules. Tiles and Positi@msabled multiple locations to be visited in the same
live-cell imaging experiment. This meant that many (usually 9, in a grid) sites could be visitec
one afteranother in the live cell imaging experiments, which was effiuieat use of

microscopy time and resources (mediagdiVéanaging platesc).



2.10Making N ew mNeonGreen Plasmids and

Genomically Integrated Strain

2.10.1 Creation of Original mNeoBreen Plasmid

An mNeonGreefexpressing bacterial plasmid was obtained from a commercial vendor
(Allele Biotechnology).

E. colivere transformed with this plasmid and selected on ampicillin (Chapter 2.8.4). A few
colonies were isolated and a miniprep wesrmped (Chapter 2.2.4) to get a high
concentration of the plasmid for future yeast work. Primers were designed (VIP 2764 (F)
and VIP 2765 (R), Table 2.2) to clone the sequence from this plasmid into another yeast
plasmid with homology to the 20bp at trel C termini of the gene, along with the reverse
primer containing the PTS1 targeting sequence (PLHSKL). PCR was performed using the
E. coliexpressing plasmid as a template with Q5 DNA Polymerase. After running PCR
product on an agarose gel, the prosad transferred into the cut pAS5 target vector
(Sacl/HindlIl) via yeast homologous recombinatiom high efficiency transformation
(Chapter 2.7.2, plasmid table.X2nst genomic DNA isolation was performed (Chapter
2.7.4), followed by transformationE. coli(Chapter2.8.4) isolation and miniprepping
(Chapter 2.2.4) to get the finished plasmid (pAUL3, Table 2.3). This plasmid was then usec

as a base for cloning mNeonGreen for other purposes.
2.10.2 Replacing the Promoter

A PCR reaction was pernioed using the mNeonGrePi'S1 expressimdgasmid (pAUL3)

as a templat&/IP 2765 (Table 2.2) as the reverse priamer,a forward primer with
homology to @erminus of the TPI promoter on the target vector (VIP 3015, Table 2.2).
This PCR product was tramshed into cut pEH101 as target veatoa high efficiency
transformation using yeast homologous recombin@i@pter 2.7,2lasmid Table 2.2).

Again, yeast genomic DNA isolation was performed (Chapter 2.7.4), followed by
transformation ifE. col(Chater2.8.4) isolation and miniprepping (Chapter 2.2.4) to get a
concentration of the plasmid (pAUL15, Table 2.3). The map of this finished plasmid can be
seen in Figur>s.
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pAUL15
7070 bp

—(PTS1

T (PGK Terminaton)

M13 rev,

e
URA3 promoter

AmpR promoter

AmpR

Figure 25. Map of the plasmid pAUL15 demonstrating the various regions conteid on the
plasmid. CEN/ARS = centromere, required for the plasmid to be maintained through generation
E.coli origin of replication. URA3 = codes for Orotichhghosphate decarboxylase (part of the u
biosynthesis pathway), which allows yeagow on media lacking uracil. M13 fwd and M13 rev =
were standard sequencing primers M13 anneal to the plasmid.

2.10.3 Creating a Genomically Integrated mNeonGreen Strain

Firsta PCR was performed wittplasmid that contained the clonNA&quaceas the
template using primers V3871 and VIP 3074 able 2.2and the DNA polymeradéyFi.
Meanwhile, the plasmid pAUL15 was cut using only Hindlll. This cut the plasmid between
the end of the PTS1 sequence and the start of the PGK terminatordBjgtitee PCR
product and cut vector were combined in a-difiitiency transformation (Chapter 2.7.2).
The product of this homologous recombination is displajeguie2.7. The transformed

yeast cells were checked under the fluorescence microsegpeefsion of the fluorescent

protein, along with selection on clonNAErsure that the
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Hindlll
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recombination =——3p'
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AmeR)

Figure 26. A map of the plasmid pAUL15 demonstrating the region between the PTS1 and P¢
terminator that is cut by Hindlll. The clonNAT resistance sequencenseried by homologot

recombination at this location.

pAUL19
8193 bp

URA3 promoter

AmpR promoter i

PGK Terminator]

Figure 27. A map of the plasmid pAUL® demonstrating the various regions contained on the
plasmid. NAT = clonNAT resistance sequence.



resistance gene was expressing.ngw plasmid was isolated from the yeast via the yeast
genomic DNA isolation (Chapter 2.7.4), and then transformds. iobd{ Chapter 2.8.4),
isolatecand miniprepped (Chapter 2.2.4).

This new plasmid (pAUL19, Figuré) vas themsed as the templaé®CR using tlfeM 1 3
forwardo and 0 withByFirD8lA plynsemgehichrampiified tlse entire

coding region on the plasmidh e s e pri mers have 58 ends h
of the TRP5 gene for integration into the gen®meentie PCR product was then loaded

onto a gel for subsequent gel extraction (see Chapter 2.2.3). This step was necessary beca
the PCR reaction tube still contains a small amount of the original template plasmid.
Performing a high efficiency transformatisingithe PCR reaction mixture from the tube
would inevitably cause some of the yeast to be transformed with the original plasmid and
not with the PCR product as desired. The extracted PCR product was then transformed into
yeast via homologous recombinaiticen high efficiency transformation (Chapter 2.7.2), and

the yeast were screened for fluorescence.



2.11 Computational Work

The bulk of this work was carried out on machines running Linux Mint 22 (for computational
analysisytilising the bash shetl on Windows 7 machines (microscofgyipts were
written in the Pythor2.7 programming language for image analysis using FIJI and data
manipulation, and also some shell scripts were writteyerierapurposetasks.The
Matplotlib plotting librarfa Bithon extensionyas used to produce some fig(irester,

2007) and jplot was used for some others (Jeremy Craven, University of SEetiield).
programs used wereJEISnapGene and SerialCloner

2.11.1 FIJI

FIJI is an open source, widely available and widely used image processing program, and is
extension of Imagd$chindelin eal., 2012)FIJI supports scripts written in its macro
language, or in several of the other supported languages including (but not limited to) Python
Java and Ruby. FIJI features many plugins and tools that are extremely useful in imag
analysis, and tleeis a vast range of other tools not bundled on a new install that can be

downloaded as required. It is availaliig@i/imagej.net/Fiji/Downloads Several pieces

of information would have been usefuktow before starting to use FIJI and these have
been documented in Appen8id and B.

2.11.2 SnapGene and SerialCloner

SnapGene and SerialCloner are programs used to manipulate DNA sequences. SnapGel
was also used to crea®@me figtes in section PO They can be downloaded from
http://www.snapgene.conmdndhttp://serialbasics.free.fr/Serial_Cloner.htedpectively.
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2.2 Image Processing Pathwgs

All image manipulation was performed using FIJI, either manuai§mngiscripts.
Commands in FIJI will be described with how to access those commands via the menus (e.c
Menu X > Set of Functions Y > Function Z), but it should be noted that mossgngce

was performed using commands written as Python scripts. Extracts from these Python
programs will be shown at the end of the relevant sections, and the whole scripts will be
contained within thAppendix sectiomnd referenced in the text.

The workfow of the initial processing of any image is described in Egydieese initial

steps are concerned with getting the image data into a format that was more manageable fc
further processing. First, the raw image data (e.g.Z%uwadbe openedfdata consisted

of stacks and hyperstacks they were first separated into their respective channels, as
different analysis would be performed depending on the cfthese#rms are explained

in Appendix A The wuse of -fao mprhaugasdér Bigfaidindtse>dBr- 6 Bi 0
Formats Importer) alloweapening of the original hyperstack and splitting into separate
channels straight away.

if multiple

per
Open Orlglnal Cha””e’s Spht channel Subtract if stack
Image Channels Background > Z-Project
JfN
slice
if single
channel Data
Specific
Workflow

Figure 2.8. Initial image processing pathway Raw image data is opened, and split into multiple ch
if necesary. Then for each channel, a background subtraction is performed. If the image data is
is then Zprojected. After this, the pathway of image processing diverges depending on the «
analysed. These stages and the terms used leeqgaaned in the text

Two stages of pigrocessing were consistenbasmall types of image (Figu8. Z-he first

stage was subtracting the background (Process > Subtract Background). This is based on tt
6rol ling ball 6 Stdrnperg, 19§ahhougtatise aldogitbne now dcteiadly i n
uses a rolling paraboloi@ee Apperid C.1 for explanation of the rolling ball algorithm.

For peroxisomes a radius of 1 pixel was chosen for the rolling ball algorithm, and for cells a

radius of 50 pixels was chosen.



Figure 2.9. Example of raw image dataThis is one Zection (slice 6 of 11) of an image in 3 char
brightfield (grey), cytosolic mCherry (red) and mNeon®E®h (green). This image would be
immediately into its three constitutive channels via tHerBiats plugin. Processing is performed en
green and red channels only. Cells are WT expressing mCherry and mNedigaréem two differen
plasmids. Note the varied intensities of both green and red signals in different cells. Cyan boxtiodic
of image used in Figure§2and 220 showing processing for peroxisomal and cell channels, respe
Scale bar indicates 5 pm.

If the imagevasa stack, theihwasZ-projected (Image > Stacks > Z Project) (Figuf.
See Appendix.€ foranexplanation of Z projectiand the diffeert types of Z projection
usedFor cells, the sum slices method was used, and either sum slices or maximum intensit

projection was used for peroxisomal imaijiesr this stagehe processing of images

divergedlepending on whethtfre image is of cells peroxisomes.

Figure 2.D. Peroxisomal and cellular channels following prerocessing. These two images a
derived from the raw image data in Fig@fRowing the firsstages of prprocessing. Both images h:
had a background subtraction followed bypaoiection (both by the sum slices method in this inste
The peroxisomal channel, originally green in Figyris 2n the left, and red channel from Figwe
showing cells containing the fluorescent protein in the cytosol are the image on the right.
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2.13 Analysing Peroxisome Image Data

2.13.1 Introduction

Peroxisomes are visualised using fluorescent protein targeted to peroxisomes. The
fluorescent protein was usually targeted to the peroxisome by adding the signal sequenc
PTS1 on to ta Gterminal end of the fluorescent protein. For a list of fluorescent proteins

used in this study, see Chapter 2.9.2. The PTS1 on the fluorescent protein is recognised i

the cytosol and imported into the peroxisomal matrix by Pex5 (see Chapter 1.3.2).

Peroxisomes in witype cells labelled with fluorescent protein appear as round, circular
objects on a 2D image. The technique of processing, segmenting and analysing peroxisor
image data is based on maximising the contrast provided by the fluoreteguirabthe
(nonfluorescent) background and then segmenting the image based on the maximum points
in an image, or by detecting objects of a certain size and circularity. The workflow of this
analysis is outlined in Figar#l.

2.132 Pathway of Analysis

Peroxisomal
Image

d accurate) Find ) Results (List of
l . o Maxima XY co-ordinates)

0 counting and Jocalising
ifference of Convert
Gaussians é : ver

are i
ea, C/rcu/ar/'ty, Number

and posj, Aut Anal
Slowey ny . uto ) nalyse
and less accurate) Mormation pyy Threshold Particles

l

Results (Table of area,
circularity and position of
peroxisomes)

Figure 211 Peroxisanal image processing pathwayPeroxisomal image data is subjected to a diffe
of Gaussians filter, and converted-bot8mages. At this point, if only number and position of peroxis
is required, a maxidfiading algorithm can be used to obtaéXY coeordinates of the peroxisomes frc
the i mage. | f more information is desired
command can be utilised to obtain information such as the area, circularity, position and t
peroxisomesThe downside of this is that it is slower and less accurate for number and positic
maximafinding algorithmiFigure 217 shows an example of the peroxisomal image processing from
finish.

The main technique ohleancing peroxisomes in an image was the use of a difference of
Gaussian@oG) filter. The methodology behind a DoG filter is explored in App€n8lix



In FIJI, there exists no singleg

command to erform a DoG filter.
Instead one has to duplicate an imadl
(Image > Duplicate), beforeg
performing a Gaussian blurring
(Process > Filters > Gaussian Blur) @
each of the two resultant imagase
image was blurred with a sig
(radius) of two, and another with
sigma of one (Figu&12). The more Sigma= 1 Sigma= 2
blurred image (i.e. one blurred with t
sigma of two) is subtracted from th
less blurred one using the imag
calculator function of FIJI (Process
Image Calculator), completing t
DoG technique (Figure 2.13).

Example Python code used to performgure 2.12. Example of a Gaussian blurTop image i

the DoG filter is shown in Sectionthe same as thperoxisomal image from Figu2elD.
Yellow box highlights a small section of the image tl

2.123. used in the bottom two panels. Left bottom image has
Gaussian blurred with a sigma of 1, and the right v

After a DoG filter, images aresigma of 2. One can see that the right image appear
) blurred than therge on the left.
converted to ®it (Image > Type >

8-bit). This is explaineid Appendix Ci.

After this, depending on the image quality and the desired measurbenpatbway of

image analysis couiyerge. If only the number and positibperoxisomes gaequird,

then no more prprocessing veaneeded, and the maxima finding algoritiuhdoe uilised

on this image t o 06s e dmaesstbindiMaxima)(Rigartda s er
The theory behind the maxima finding algorithm is explored in ApBendike series of
maxima was thateposited to a file by saving all the Xérctinates of the image (Analyze

> Tools > Save XY Coordinates).

Alternatively, if the imagess of a sufficient quality, or more informati@s desired, then
the image v&athresholded and then segmented using analyse particles. Thresholding an
image is explad earlier (accessed via Image > Adjust > Auto Threshold); the thresholding

algorithm that was determined to work the best on peroxisomal imagésaaghe
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Figure 213. Peroxisomal channel from Figure 20 (left panel) after difference of Gaussians filte
and conversion to 8bit images. The maxima finder algorithm can then be used immediately on thi:
to get positions of the peroxisomes (Figuid.

Figure 2.14. Peroxisomal image from Figure2.13 with overlay of detected maximaThe ceordinates
of these maxima can then be extracted.
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Figure 215. Peroxisomal image from Figure 2.2that has been subjected to automatic thresholding
(becoming a binary image).The particle analyser can then be used on this image.
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Figure 2.16. Peroxisomal image fromFigure 2.5 with overlay of detected particles, as denoted b
the yellow border around an objectNote how clusters of peroxisomes become one large object i
therefore erroneously detected as just one object instead of &hitspdarbeseen moreasily in Figur
2.17. The maxima finder method is more accurate in this regard for peroxisomal number and po:
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method(Zack et al., 197(Figure2.15). Particle analysis is then performed on the image to
segment it (Analyze > Analyze Particles). The particle analyser tool looks for objects in an
image that satisfy both user defined size (area) and circularity crieraxid@mes are

small, values of betweer1ID pixeffor area and a circularity of betwee®Q.5where 1

is a pdect circle) are used (FigursR.This generates alisbtoRe gi ons of I nt e
The properties of each ROI are recorded tabke. The measurements that the particle
analyser gathers are-pre t via the OMeasurementsd co
MeasuremenjtsThe area, circularity and position of each peroxisome was recorded in this
manner. To acquire the intensity dateaah peroxisome (which is not possible on this
binary image), the ROIs in the results table can be used to refer to those regions on the
original (urprocessed) image, and intensity values (mean, maximum, and minimum) can be

gathered.

The resulbf thisprocessing is either & b$ XY co-ordinates of all theeroxisomes in an

I mage, or a more extensive table contai:
circularity and position. Figurel?2 gives an example of this entire image processing
procedire for isolating peroxisomes on a section of R2g@icentaining a few cells.

(e) . . ®

Figure 2.17. Section of Figure 2 showing peroxisomal image processing starting from the ra\
image data.(a) Raw image. (b) Peroxisomal channel has been extractedactcbackyround and z
projection steps have been performed (Figue [Bff). (c) inage after a @G filter (Figure 23).

Processing casubsequentlgiverge to (d) or (e) and (f). (d®image with overlay of detected max
(Figure 2.4). (e) DoGimag afterautomated thresholding (FiguresR.1f) Thresholded imageoifn (e)
with overlay of detected particles from the particle analyser, as denoted by the yellow border
object (Figure.26. Compare (d) and (f) and note how clusters of paredsecome one object with 1
particle analyser method but are separate objects using the maxima finder method (red arrows).
finder method therefore is more accuratedétermining peroxisomal number and position.
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2.13.3 Python Code for Pesxisomal Analysis

Belav is the Python code written for this purpose that can be executed in FIJI that performs
the processing steps from background subtraction through to saving therdiates in

the maxima finding method, followed by the partielgser method (which is the same up

to the OFind Maxi mad | i ne) The @lolapregnamss i n
shown in Appendix D.2.

def PEROXISOME_ANALYSI@mageTitle , which_channel , directory ): # MAXIMA FINDER METHOD

imp_perox1 = lJ.se lectWindow(ImageTitle +" - C=%d %which_channel))

1J.run(imp_perox1, "Subtract Background..." , "rolling=1 sliding stack" ) # Subtract Background command, with radius of rolling
paraboliod of 1, for every image in Z stack

\J.orun(imp_pe  rox1, “Z Project..." , "projection=[Sum Slices] copy" ) # Z projection, sum slices method

SUM_image = str ("SUM_"+ImageTitle +" - C=%d %which_channel))

N

imp_perox1

1J.selectWindow(SUM_image)
imp_perox2 "

= IJ.orun( "Duplicate...” s
imp_perox1 = 1J.selectWindow(SUM_image)
1J.run(imp_perox1, "Gaussian Blur..." , "sigma=1" )

imp_perox2 = lJ.selectWi  ndow(SUM_image +"- 1")
1J.run(imp_perox2, "Gaussian Blur..." , "sigma=2" )

ic = ImageCalculator()

impl = WindowManager.getimage(SUM_image)

imp2 = WindowManager.getima ge(SUM_image +"- 1")
imp3 = ic.run(  “"Subtract' ,impl, imp2)

P e

imp3 = 1J.selectWindow(SUM_image)

Jorun(i  mp3, "8-bit" , ") # Conversion to 8 - bitimage
1J.run(imp3, "Find Maxima..." , "noise=3 output=[Single Points]" ) # Maxima finder, noise tolerance of 3, output as
single points in centre of maxima

1J.selectWindow(SUM_image)
\J.orun( "Close” , ™)

imp4 = 1J.selectWindow(SUM_image +" Maxima" )

if not os.path.exists( str (str (directory) +'/Results/' )):
os.makedirs(  str (str (directory) +'/Results/' )

perox_file =
os.path.normpath( str (str (directory) +'/Results/' +str (ImageTitle).strip() +str (which_channel)  +'perox_co_ords_results' +.txt' )

13.run(imp4, "Save XY Coordinates..." , "background=0 invert suppress save=[ %g"  Yperox_file)) # Save XY co - ords of picked
maxima, 0 is background value (so everything that is 255 is saved, normally Y is inverted unless invert is a flag, suppress m eans suppress
dialog box

1J.selectWindow(SUM_image +" Maxima" )
IJrun( - "Close” , ™)

def PEROXISOME_ANALYSI@mageTitle ): # ANALYSE PARTICLES METHOD
imp_perox = 1J.openimage(ImageTitle)
IT = ImageTitle.split( ) -1]

13.run(imp_perox, "Subtract Background..." , "rolling=3 sliding" )

13.run(imp_perox, "Gaussian Blur..." , "sigma=1" );

13.run(imp_perox, "8 - bit* , ™

1J.run(imp_perox, "Auto Threshold" , "method=Triangle white" ) # Auto Threshold using the Triangle method. White means white objects
onabla ckbackground

tablel = ResultsTable() # Generate a new results table
roiml = RoiManager( True )
ParticleAnalyzer.setRoiManager(roim1) # This is the table that the results will be stored in

pa = ParticleAnalyzer(ParticleAnalyzer ADD_TO_MANAGER +ParticleAnalyzer. EXCLUDE_EDGE_PARTICLES,
Measurements.AREA +Measurements.CENTER_OF_MASS+Measurements.SHAPE_DESCRIPTORS, tablel, 20, 1000, 0.00, 1.0) # Sets parameters for
partic le analyser, excluding objects on the edge. Measurements taken are area, XY centre, and shape descriptors (of which circulari ty is
one)

pa.setHideOutputimage( True )

pa.analyze(imp_perox) # Call particle analyser for image



2.4 Analysing Cell Data

2.141 Introduction

Automated image analysis of cells required a completely different workflow to that of
peroxisomes. Images of cells were acquired using eithendsbeigiifield imaging or by
imaging an untargeted fluorescent protein which was dispersed in the cytosol. As
mNeonGreen was the fluorescent protein of choice for visualising peroxisomes, the
fluorescent proteins used for this cytosolic labelling tteehefd to be a different colour.
mCherry and mRuby2, both red fluorescent proteins, were utilised for this purpose.

The reasoning behind using a fluorescent protein as a cytosolic lati®l cethaisiads

do not give very good contrast in norbrahtfield imaging. Although this is adequate to
identify which cell is which by eye, automated analysis of these images proved problemati
as the contrast was too poor to segment the cells correctly. Using a fluorescent protein, the
contrast betweenwha i s 6cel |l & and what i's backgrc

segmentation of cells was much more accurate.

Automated segmentationaxlls with cytosolic labelling was straightforward, and required
thresholding of the image followed by segmentatiog the particle analyser. However,

the thresholding occasionally required some correction depending on the data. The workflow
of processinghese images is shown in Figut8. 2

2.14.2 Pathway of Analysis

First, the images of the celere converted to ®it imagesThis was necessary for
performing the automatic thresholding. The images of the cells are then thresholded on a
| ocal l evel using the O0Auto Local Thr es|
Threshold) (Figurg.19 top left panel). An exgiation of this command is outlined in
AppendixC.6.This createa binary image.

Images are thenvarted (Edit > Invert) (Figurel® top right panel). In a binary image, this
just swaps white and black around. This is required as the Auto Localdrboesimand
segments objects in the foreground of the image as white. However, the particle analyse

only detects objects in the black section of the image.



Cell Image

If number of particles
detected greaterthan lower

Results (Table of area,

Convertto Auto Local Analyse Jimit . . a
8-bit _* Threshold % Invert % Particles ) CIrCUla”tyf;lds)posmon o
If number of particles detected
does not meet lower limit
Cell Image

l Results (Table of area,

Convertto > Auto Local ; Convert Analyse r s a
8-bit Threshold Invert é to Mask % Particles % circularity and position of

cells)

Figure 218 Cell image processing pathwayimages of cells are first converted-tit8magebefore
being subjected to an automated local thresholding (which is different to normal thresholding
before conversion to mask. Then the particle analyser is called to segment the image into feature
the measurements (area, pasiiiod circularity). If the particle analyser does not detect a certain
of cells, then the program is instructed to discard those measurements and instead return to
image. The prprocessing then follows the same steps prior to chingatticle analyser, but with
addition of convert to mask, which was found to give rise to correct segmentation of the image. T
and terms will be explained in the tefure 2.2 shows an example of the cell image processing fror
to finish.

The particle analyser then is called (Analyze > Analyze Particles) to segment the image ar
extract the measurements (Figut§ bottom panel). This also functions as a checkpoint

for this image processing. It was noticed that occasionaflyAhet o L oc all Th
algorithm segmented the image with the cells as background (when they should be the
foreground). This checkpoint functions by comparing the number of features actually
detected by the particle analyser versus-daiserd reasonbbestimate of the number of
features that were expected to be found. This reasonable estimate is a very conservative low
bound of the number of cells that should be found by the particle analyser in an image, and
exists purely to instruct the programefeeat the prprocessing with an additional step. For
example, for an image that probably contained 30 or so cells, this lower bound would be se
at 10. The reason that this number is not zero is that when the particle analyser was calle
on this incorretly segmented image, it would still locate some objects but they would clearly
not be cells.

If the number of features detectedirtbt meet the minimuimit, then the measurements
werediscarded and the processing rettmthe original image. Thecsnd round of pre
processinggss t he same until just before the 6A

was converted to mask to correct for the incorrect thresholding
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Figure 2.19 Processing of cell imagesTop left) Resultant binary imade@Auto Local Threshol
met hod, O6Meand algorithm with r a@TopsghtlLefimag
after inversion. Bottom) Image from top right with an overlay of detected particles, as denoted t
outline surrounidg the object.

(Process > Binary > Convert to Mask). This normally cedvent image to binary.
However, in an image that is already binary it inverts the values of each pixel. This gave ris
to a correctly segmented image.

As when segmenting the pesoxnal images, the Analyze Particles command is given an
area and circularity of objects to look for. The area and circularity specified are different as
cells arelearly larger than peroxisorbas are also generally less akin to a circle and more
ovoid n shape (so a lower restriction on the minimum circularity is set).

The end point of this processing is a results table of ROIs with area, position and circularity
measurementBigure2.20 gives an example of this entire image processing procedure for

processing and segmenting cells on a section of E@ewataining only a few cells.



Figure 220. Section of Figure 2.9 showing processing of cell
images starting from raw image data(a) Raw image. (b) Cell char
has been extracted and subtract badkd@md Zprojection steps hav
been performed (Figul0, right). (c) Resultant binary image ¢
Auto Local Threshold met hods
applied to (Figure.IB, top left). (d) Image from (c) after invers
(Figure2.19, top tight). (e) Image from (d) with an overlay of dete
particles, as denoted by the blue outline surrounding the object
2.19,bottom).

2.14.3 Python Code for Cell Image Analysis

Below is the Python code written for this purpose that can beeexed-1JI that performs
the processing steps from background subtraction through to calling the particle analyser

Comments in green explain each Tihe.whole program is shown in Appendix D.2.

def CYTCPLASM C_PROCESSI NG run, | mageTi t | e, whi ch_channel ) :

1J.run(i np_cyto, "Subtract Background...", "rolling=50 sliding stack") #Subt ract Background command, with radius of rolling
parabol i od of 50, for every image in Z stack

inp_cyto = 1J.sel ect Wndow(| nageTitle+" - C=%"%whi ch_channel))
1J. sel ect Wndow( | nageTi tl e+" - C=%l"%whi ch_channel ))

IJ.run(inp_cyto, "Z Project...", "projection=[Sum Slices] copy") # Z project, sumslices nmethod
SUMimage = str("SUM "+ mageTitle+" - C=%l"% whi ch_channel))

inp_cyto = WndowManager . get | mage( SUM i mage)

IJ.run(inp_cyto, "8-bit", "") # Conversion to 8-bit

1J.run(inp_cyto, "Auto Local Threshol d", "method=Mean radi us=10 paraneter_1=0 paranmeter_2=0 white") # If inmage doesn't segregate well, consider
changi ng the radius

1J.run(inp_cyto, "lnvert”, "") # Inversion of inmage

if runinf[2]: # 2nd attenpt converts to mask and sol ves
probl emof strange threshol di ng

IJ.run(inp_cyto, "Convert to Mask", "")

tabl el = Resul tsTabl e() # CGenerate a newresults table
roi ml = Roi Manager ( Tr ue) # This is the table that the results will be
stored in

Particl eAnal yzer . set Roi Manager (roi ni)

pa = Particl eAnal yzer (Particl eAnal yzer. ADD TO MANAGER+Par t i cl eAnal yzer . EXCLUDE_EDGE PARTI CLES, Measur enent s. AREA+Measur ement s. CENTER_CF_MASS,
tabl el, 500.00, 10000.00, 0.35, 1.0) #Set paraneters for particle analyser. Measurenents are area and XY centre

pa. set H deQut put | nage( Tr ue)

inp_cyto_max = W ndowManager . get | mage( SUM i mage)
pa. anal vze(inp cvto nax) # Call particle anal vser on sel ected i maae
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Chapter3: Re-evaluation of Vesicle Fusion
Model of Paoxisome Biogenesis in

S. cerevisiae

3.1 Introduction

This chapter will address the vesicle fusion model as propuaeddrZand et al., 2012
using the techniques of heell imaging and image analysis as outlined in GR&p2et4

The vesicle fusion model isfidescribed in Chapter 1.3.4 alongside the maturation model
it evolved fron{van der Zand et al., 2018@0d the more longstanding growth and division
model(Hettema and Motley, 2009; Motley and Hettema, 2007; Nuttall et al.Ti2911)
claims made by the vesicle fusion model will be evaluated in contrast to thos¢heade by
growth and division modédlhe two models will be explained in a little more detail in this
introductory section, amathe subsequent sections ¢3.2) thediscrepancies between the

two models will be addressed.

The first and more established tigem the literature is that peroxisomes proliferate
principally by growth and division of-sgsésting peroxisoméslotley and Hettema, 2007)

The ER provides membrane lipids and a subset of peroxisomal membrane proteins (Pex:
and Pex22) via vesidleat bud from the ER and fuse with-psésting peroxisomes (Figure

1.4). All other PMPs are inserted directly into the membrane (see Chapter 1.3.1) and al
matrix proteins are imported from the cytosol via the action of Pex5 and Pex7, which are
recycled rbm the peroxisomal membrane by the AAA+ ATPases Pex1l and Pex6 (see
Chapter 1.3.2). The dynashated proteins (DRPs) Dnm1 and Vpsl perform fission on
maure peroxisomesmportantly, peroxisomes only fod@ nofoom the ER when there

are no peroxisorsepresent in the cell. In the absence okxisting peroxisomes, the

vesicles that bud off from the ER mature slowly into peroxisomes.

Contrasting with this growth and division modilasesicle fusion modétanderZand

et al., 20)2igure3.1). In this model, Igberoxisomal membrane proteinsert first into

the ER (Figur@.1(@). These sort into two distinct groups of prot@ne containing the
RING finger complex proteins (Pé4®'12) and Pex11; the other containing members of
the docking compldPex1814 17). Thesebud off inseparateesicles from the ER (Figure



3.1(b)). These vesicles undergo heterotypic fusion via Pex1 and Pex& JE)}yNetably,
thefusion of these heterotypic vesidgmsited to take place under both thetreduction

of peroxisomesn cells that are lacking them and in in the presence -exigireg
peroxisomegTabak et al., 2013; vderZand et al., 2012; van der Zand and Tabak,;2013)
consequently thede noveynthesis foperoxisomes is always occurring under normal
conditions The peroxisomastructure posheterotypic fusion has a fully functioning
impatomer complex, and can therefargort peroxisomal matrix proteifrem the
cytosol. DRPBnm1 and Vps1 act to perfoffission after this heterotypic fusion but before
the peroxisomal structure has matured fully into a peroxisome BRid{ifabak et al.,
2013; vadlerZand et al., 2012; van der Zand and Tabak, 2013)

(a)
/ All PMPs insertinto the ER
Peroxisome
(d)

Pex2, Pex10,

Pex12 and Pex11

Fusion of heterotypic

Vesicle vesicles via action of AAA+ . ‘F,'SSI'S" b}]’
budding ATPases Pex1and Pex6 Vesllcle ps/bnm
requires (b) ’ with _’
Pex3 and importomer

bud from ER in
\iistinct vesicle (c)
Pex19 l
Pex13, Pex14,

and Pex17 bud
from ER in

distinct vesicle
Imp0|_'t matrix Peroxisome
proteins from
cytosol, requiring
Pex5/7 in cytosol and
Pex2/10/12&

Pex13/14/17 in
membrane

Figure 3.1Vesiclefusion model of peroxisomebiogenesis.(a) All peroxisomal membrane proteins
insert into the ER. (b) These PMPs are sorted into distinct vesicles containing either RING finge
Pex2/Pex10/Pex12 and Pex11 or docking conmgfldédex13/Pex14/Pex17 and bud off from the,E
requiring Pex3 and Pex18)Heterotypic fusion between vesicles occurs requiring the activity of
ATPases Pexl and Pex6, forming a vesicle with a fully functioning importomer complex, mea
import matrix proteins from the cytosol. (d) Fisgign/ps1l and Dnmaccurs after the Pex1 and Pe¢
mediated vesicle fusion event. This figure isadetailed version of Figure.1.6

Clearlyhere are sevedifferences between the two mogdedsvhich tmeein particular are
addressed in chapter. These asammarised in Tab&Ll Investigating the apparent
disparity between the two models is perfobyeyaluation of the methods and conclusions
in vanderZand et al., 201dsing livecell imaging and image quasdtion All of the

research forming this investigation is contained WMttiey et al., 201(See Appendix F)
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Table 3.1 Key contrasting points between thgrowth and division model and

the vesicle fusion nodel.

Process

Growth and Division
Model

Vesicle Fusion Model

Role of Pex1 and
Pex6

Fission by Vps1 and
Dnm1l

De novo synthesis of
peroxisomes

To recycle Pex5 from the
peroxisomal membrane
only

Mature peroxisomes only
undergo fission

De novo synthesis of
peroxisomes only occurs
in absence of pre-existing

peroxisomes

Perform heterotypic fusion
of vesicles containing
Pex2, Pex10, Pex11 and
Pex12 with vesicles
containing Pex13, Pex14,
and Pex17
Fission occurs on pre-
peroxisomes that have
not yet imported matrix
proteins from the cytosol

De novo synthesis of
peroxisomes occurs
continuously even in
presence of pre-existing
peroxisomes




3.2 Reevaluation of the Role of Pex1 and Pex6 in

Peroxisome Biogenesis

According to the vesicle fusion model, Pex1 and Pex6 are required for the fusion of the
heterotypic v&cles after they leave the @BnderZand et al., 2012\ majority of the
evidence in the literature instead points to tltidueof Pex1 and Pex6 as being involved

in the recyling of Pex5 from the membrane (see Figure 1.3 for reminder).

The role of Pex1 and Pex6 in peroxisome biogevesisvestigated lopmparinghe
extent to which the colocalisation of Pex11 and RedBPMPsthat are repedy in
differentER-derived vesiclegcording tate vesicle fusion model (Figudb3¥ was altered
in pex1pex@ndpexl/@nutant backgroundghen compared Wit T cellsThe experiment
and expected results are summarised in Table 3.2 below.

Table 32. Proposed role of Pex1 and Pex6 in vesicle fusion model, how this was tested, and the
results expected in line with either the v&@cle fusion or growth and division model.

Proposed R ole of
Pex1 and Pex6 in
Vesicle Fusion
Model

Result Expected in
line with Vesicle
Fusion Model

Result E xpected in
line with Growth
and Division Model

Experiment

Evaluate to what extent
vesicle fusion is

Perform heterotypic
fusion of vesicles
containing Pex2,
Pex10, Pex11 and
Pex12 with vesicles
containing Pex13,
Pex14, and Pex17.

disrupted by absence of
Pex1, Pex6 or Pexl
and Pex6 by measuring
the colocalisation of
Pex11-mRFP and
Pex13-GFP using

Significant difference
should be observed in

colocalisation of Pex11-

MRFP and Pex13-GFP
between WT cells and
knock-out mutants of

pex1, pex6 and pex1/6.

No significant
difference should be
observed in
colocalisation of Pex11-
mRFP and Pex13-GFP
between WT and
knock-out mutants.

computerised image
analysis.

Images were acquired gsan100x magnification lens in single slices in both red and green
channels (Figui®2).These images were analysed using a program written in Python code
for FIJI which is included #ppendixD.1.This program measured the distances between

each PexXhRFP spot and its nearest neighbouring FekP3spot.

The results of thecomputational image analysis are displayed as the box plot iBFigure
The median distance between the centres of fluorescent spots ehRER1andhe
nearest neighbouring P&@FP are 160113, 113, and 160 nmWiT, pex1pex6 and
pexl/pex@ackgroundsrespectively. This is below the minimum resolution of the
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microscope setup that was used (i.e. less than the minimum distance required for two object
to be resolved separggedf ~180nm(see Appendik for explanatiof resolution limits)

If, as the vesicle fusion model states, Pex1 and Pex6 were imtodvprbcess of localising

Pex11 and Pex13 to the same comparirtteart one would expect to sediscernible
differencein colocalisation between the WT and the mutants. No such difference can be

seen anthereforehis evidence points to Pex1 and Pex6 not being inuohésiprocess.

This, alongside evidence from several different studies showing that matrixypartei

but not PMP import was affected in the absence of Pex1, further supported the current
evidence that Pex1 and Pex6 are factors involved in the import of matrix (prebalyy

et al., 2011; Miyata and Fujiki, 2005; Miyata et al., 2012; Platta et al., 2064yth@05)
evidence is providedMotley et al., 201&herebyex1ImRFP and PexiGFP are shown

to colocalise over the extent of elongated peroxisoupasdidnml/pex1/atgBatant cells,

and galactosenducible PextGFP is shown to localise with jepasting PexiiCherry

in mutantpex1/pex6ells. Altogethethis evidence points to Pex1 and Pex6 being involved

in the import of matrix proteins and not in the fusion of heterotypaeEf®d vesicles

predicted in the vesicle fusion model
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Pex11-RFP Pex13-GFP Merged

WT
- - -
pex6 '. 2
%
" - -

Figure 3.2. Colocalisition of Pex11 and Pex13 W7, pex1, pex6 ad pexl/pexécells. These cells ar
expressing PexRIFP and PexiGFP from endogenous promoters on plasmids. Imaging was per
after 3 hours growth in logarithmic phisages are single slicgsale bar indicates 5 um. (Figure 6A 1
Motley et al., 2015

600

500
400
300

o0 [

100

WT pext1 pex6 pex1/6

Distance between Pex11-mRFP and Pex13-

GFP fluorescent spots (nm)

0

Figure 3.3. Box plot representing the measured dances between the centref each fluorescent
Pex11RFP andthe nearest neighbouring?ex13GFP spotfor each of the strainsThe pale green lin
across each box indicates the median. Whisker length is 1.5 interquartile ranges (IQR) outside o
(ie. Q1- 1.51QR and Q3 + 1.5IQR); dots are outliers that do not fit in that range. Number ofsd
plotted was 259, 88, 90, 180 for Wax1pexGandpexl/6respectively. Figure produced using matpl
2D plotting library for Python 2.7. (Figure &BrfMotley et al., 2015



3.3 Fission of Peroxisomes in Bsence of Dynamin

Related Proteins Vpsl1l and Dnm1l

According to the vesicle fusiomael, the DRPs Vpsl and Dnml perform fissiopre
peroxisomal vesiclés give rise to multiplenature peroxisomegvanderZand et al.,
2012fFigure 3.1c)n the growth and div@ model, Vpsl and Dnnpkerform fission on

mature peroxisomesly (Motley and Hettema, 2007)

Previous observations gbs1l/dnminutans show that most cells only contain a single,
enlarged peroxisor(otley and Hettema, 200%X$ the vesicleision model states that the
synthesis of per@ames is occurring continuously it is difficult to explain this observation
unless only one enlarged peroxisome per cell is formed that does not segregate to daught
cells in the absence of DRB8s scer is outlined in Figuredd. By forcingvpsl/dnml

mutant cells that lack peroxisomes to make tleenoythis could be investigated. The

experiment and expected results are summarised in Table 3.3.

(Sinale,trge peroxisome Figure 3.4. Possible course of event
> of de novosynthesis in vps1/dnmi
cells according to the vesicle fusior
model. Cells devoid of peroxisom
(top left) form a single larg
peroxisome bgle nowynthesis, whicl
subsequently ogs not divide o
segregate to daughter cells u
cytokinesis, leaving them without

peroxisomes.

Single
peroxisome
matures and does
not divide

Daughter cell
is left with no
peroxisomes

I Single
peroxisome does
not segregate to

bud on cell
division

Table 33. Role of Vps1 and Dnm1 in peroxisomal fission in the vesicle fusion model, how this w
tested, and the results expected in line with either the vesicle fusion or growth and division mod

Propos al in Vesicle

Fusion Model
regarding fission of
peroxisomes

Fission occurs via
action of Vps1 and
Dnm1 on pre-
peroxisomes to give
rise to multiple mature
peroxisomes.

Experiment

Use time-lapse live-cell
imaging to investigate
the number of
peroxisomes formed by
de novo synthesis in
vpsl/dnml mutant cells
lacking pre-existing
peroxisomes by using a
conditional Pex19
promoter.

Result expected in
line with Vesicle
Fusion Model

Only one large
peroxisome per cell will
form by de novo
synthesis that does not
divide or segregate to
daughter cells upon
cytokinesis (as Figure
3.4).

(o]
I3

Result expected in
line with Growth
and Division Model

Multiple peroxisomes
will initially form by de
novo synthesis that will
segregate out over
several cell divisions
eventually resulting in
one large peroxisome
per cell.



Mutantpex1Sells are devoid geroxisomes and persomal membrandsee Chapter
1.3.1) By swapping the PEX19 promoter with the GAL1 promoter, the expression of the
Pex19 protein can be made conditionajpgl/dnmihutant strain was produced with its
Pex19 expression under control of the galactose teromdahe absence of galactose the
promoter is inactive and therefore cells lack peroxisomes.

Thesevpsl/dnmdells with conditional Pex19 expression were transformed with a plasmid
expressintHcRedPTS1 (via onstep transformation, see Chapter 2.Tt®se cells were
grown on raffinose prior to switching cells to galacdsgeowth onraffinose does not
actvely suppress the GAL1 promatetikegrowth onglucose. This reduces the time one

must wait to see results of the expression from the GAIb{&no

The cells were grown on raffinose to exponential phase prior to switching to galactose
medium and loaded into the flow cell for-tielk imaging (see Chapter 2.9.4). As the
minimum length of time required to see peroxisomesd®move 3.5 hourgHoepfner et

al., 2005; Motley and Hettema, 2007; Tam et al., @@0bhaging only commenced 4.5
hours after first exposure to galactose. Elevenisligespaced 0.5um apart were taken
every 10 minutes after imaging commenced in both transmitted light (byightliett
fluorescence channefelected frames from this Jo&l imagingideo are displayed in

Figure 3.5Time in minutes is after comntement of imagingpt of exposure to galactose.

In the first frame shown, at 0 mirsjtthere are no peroxisomes (althgaeghaps hint of

110 180 220 250 280 320 330 350
minutes minutes minutes minutes minutes minutes minutes minutes

*
*

Figure 3.5. Stills of a timelapse video ofvps1/dnmicellswith galactoseinducible Pex1%xpressing
HcRed-PTS1from a plasmid Images were taken every 10 minutes. Top panel is red channel
outlines in blue; bottom panel is brightfieddge. Peroxisomes that are formecdovia these cells
segregated upon cell division, until a single enlarged peroxisome remained. Asterisks indicate c¢
away during video capture due to the action of the flow cell. Arrows indicateewHmrdsnare forming
Cells grown on galactose to induce expression of Beal®bar indicates 5 um. (Figure 2C Klotiey
etal., 2015

0 minutes

one can be seen in the 6 o00cl ockPTBlosslli t i o1
scattered in theytosol According to the vesicle fusion maaf&dr this stage only one large
peroxisome should forde nowo this cell.
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Instead, as can be seen frobmftame at 110 minutes, multjgeoxisomes form lde novo
synthesis. Over sevetall divisionshe number operoxisomes decreases in this Broth

cell and their size increaaeshey segregate between mother and daughter cells. In the frame
at 220 minutefour peroxisomes are equally segregated between mother ahdheaves

two peroxisomes neaining in the mother cell. By 320 minutes a new bud has formed and
the remainingvo peroxisomes are shared between the two cells so that by 350 minutes only
one peroxisome remains in the mottedl. This lone peroxisomesit upon cytokinesis
betweemmother and daughtéfigure 3.6).

650 660 670
minutes minutes minutes
680 690 700
minutes minutes minutes

Figure 3.6. Stills of a timelapse video ofvpsi/dnmicells with galactoseinducible Pex19same as
Figure 3.5) showing division of single large peroxisome upon cytokinesig.he cell containing th
enlarged single peisome is the same cell from the previous figure. The peroxisome is pulled
mother and bud between minutes, before splitting into two by cytokinesis at 700 minutes.
were taken every 10 minutes. Cells expressing-PTR&ged) Brightfield in grey. Images anaximum
intensity projectian Scale bar indicates 5 um.

This experiment demonstrates that the single, large peroxisomepsdédrnimdells is not
produced in that form e nowynthesias predicted by the proposalthefvesicle fusion
model (see Table 3.®)steadt resulted from thenultiple peroxisomesiginally present
being inherited over several cell divisions, leavilupéperoxisome per cellhe dsence

of DRPs does not affect the initial formation aftiple peroxisomes. This, along with that
observation that after the initial set of peroxissh@asned byde nowynthesis, no further

de nowynthesis can be seen, is in line with the expectation of the growth and division model
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whereby peroxisomds not formde nowo the presence of pexisting peroxisomes, and
that the DRPs Vpsl and Dnm1 are involved in the fission of mature peroidotiess
and Hettema, 20Q7)

Further evidence to support this conclusion could be performed by cdwntiomber of
peroxisomes over time pgrsl/dnmiell utilising image quantificaition techniques: this
would show that the average number of peroxisomes per cell starts high but decreases ove
time until only one per cell remains over the course of dapiseeliveell imaing
experiment.
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3.4 Asymmetric Division of BiFC Marker and
Peroxisomal Matrix Marker

In order to demonstrate that there are two distinct vesicles that bud off from the ER,
vanderZand et al., 2012sed bmolecular fluorescent complementatioR@Bimarkers.

The BIiFC technique utilises the green fluorescent protein Venus, which is split into N and
C terminal halves (VN and VC). Each half on its own luarescent, so fluorescence

only occurs when the two halves are brought together. Fusimg hlaéves to two different
proteins can be used as an indicator that the two proteins interact, or are at least present i

the same compartment within the cell.

In vanderZand et al., 201%/T haploidS. cerevisials expressing PeXR or Pex13VN

with a galaabseinducible CFAPTS1 were grown on galactose mieeliare switching to
glucose. These cellsntained a pool of peroxisomes that wexéabelled with CFPTS1.
These cellwere then matealith cells expressing the other half of ¥dluorescent protei
(Pex1evC/Pex14VC). All combinations of Venus fluorescent protein halves (Pex2 with
Pex10/14, and Pex13 with Pex10/14) produced green fluorescent complexes. However,
none of these puncta colocalised with the-€dARaining peroxisomes. The conclusion of
vanderZand & al., 2018vas that anygroxisomes fornaeby fission during this experiment
would contain CFRs theywouldbe derived from theopl of preexisting peroxisomes;
therefore the greammly peroxisomes wepart of a newly formed pool of peroxisomes that
arosede nowter mating the cells.

This conclusion is not in line with the more dstagding growth and division model where
peroxisomes do not forde nowo the presence of pexisting peroxisomédettema and

Motley, 2009; Motley and Hettema, 2007; Nuttall 20&l) For Motley et al., 201%his
conclusion ovanderZand et al., 2@was explored by first repeating their experiments
before expressing the BiFC in other configurations. Initially, repeating the same mating
experimentbetween WT strains expressing ¥h VG tagged proteins and HcRR@S1

showed resulis agreementithh vanderZandet al., 201,2vhereby some peroxisomes did

not contain both green and red fluorescent prdteigre 9AMotley et al., 2015

However the same effect was also noticed in hapldidells expressing both Paxsd
and P&l14VC halves in addition tdcRedPTS1. These cells occasionally contained just
HcReal-labeléd peroxisomes (Figure )3.This is unusual as it has been demonstrated



previously that newly synthesised PMPs are receiveeekigiimg peroxisom@sakieh et

al., 2013; Motley and Hetterd@0Q7) Giventhis, andhe evidenca the previous section
demonstrating a lack @é¢ nowynthesis in the presence ofgxisting pexisomes, it was
hypothesised that BiIFC complexes were perhaps instead not distributing equally over
peroxisomes asne would expect and consequently not dividing evenly between

peroxisomes upon peroxisomal fission.

BiFC Green HcRed-PTS1 Merged

Figure 3.7. Images of haploid WT cells expressing PexX2N, Pex14VC, and HcRed-PTS1 froma

plasmid. Red arrowheads indicate where a peroxisome irdasgeying both HCRe®TS1 and Venu

expression does not contain any BiFC green signal. Scale bar indicates 5 um. (Figiveties &bal.,

2015
This was investigated utilisingsXells. The peroxisomes in these cells are phenotypically
similarto those irthe double mutampsl/dnmdells elongated, withenerally only one per
cell If the complex producing tH&iFC signal was not segregating correctly along with the
rest of the peroxisome, it should be more evident in the elongated structpsé&eis.
Images were acquireddiploidvpskells expssing Pex13N andPex14VC fluorescent
halvesand HcRedPTS1andthisunequal distribution was indeed sBéfC sigal was in
punctate structures on an elongated peroxigegwee 3.8

One can understand what might happen when the elongated pe®xisbigure 3.8 are
divided between the mother and bud cells based on the frames at 690 and 700 minutes i
Figure 3;the peroxisome will split upon cytokinesis, leaving the two buds in the frame with
a HcReebnly labelled peroxisome, while the motHirweuld have a peroxisome that was
labelled both with HcRed and the BiFC green signal.
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BiFC Green HcRed-PTS1 Merged

Figure 3.8. Images of diploid vpsIcells expressing Pext¥N, Pex14VC and HcRedPTS1.Red
arrowheads indicate where part of a peroxisome with {#d8dddoes nobatain any BiFC green sigr
White arrowhead indicates where the BiFC sigiadalses with part of an elongated peroxisome.
bar indicates 5 um. (Figure 9E frigiotley et al., 2015
Utilising livecell imaging showed that this was indeed the case. The samgdipiotent
cells expressing PeXIN and Pex14VC fluorescent halvesyd HcRedPTS1were grown
on glucose to log phase. They were then loaded into the flow celcit ilmaging (see
Chapter 2.9.4 for techniquE)even slices in Z spaced 0.5um aparé taken every 2
minutesafter imagig commenced ibrightfield greenand red fluorescence channels
(microscopy setup is described in Chapter Z&énal cell divisions demonstrateat on
multipleoccasionshe BiFClabelled punctate structures failed to segregate with the rest of
the peroxisome on division via cytokinesgsulting in some HcRedly labelled
peroxisomegFigure3.9).

In conclusionthe evidence above presents a convincing case that the peroxisomes labellec
exclusivelyith BiFCgreen signals seen by valerZandet al., 2012 in their experiments

are likely to have arisen by asymmetric division of th€ TFPmatrix content and the
BiFCGlabelled structure, and notds/nowynthesis

Futher quantitative evidence could be provided by measuring the total ingerlapp
percentage of the two fluorescent protein markers ovewpsmutant cells: this would
demonstrate that the green BiFC complex signal does not overlap with a majority of the
HcRedPTS1 signal, and is not distributed over the whole peroxisomejasdby the

vesicle fusion model.



Figure 3.9. Video stills taken from a video ofpsIdiploid cells expressing Pex1-3N, Pex14VC and
HcRed-PTS1.White arrowheads show colocalisation of the green and red signals. Red arrowhee
where a pesdsome without green signal has split from the white arrowhead. Scale bar indicate
(time) is in 20 minute intervals; t=3 is 60 minutes after experiment has started.
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3.5 Reexamination of the Vesicle Fusion Model

Three of the kegspects of theesicle fusion modas$ proposed lwanderZand et al., 2012
have been addressed in the preceding section and it has been showndihaicthey
reconcile with the evidence gathered during this gdlidizge above evidence backs up
previous studies and other evidehageroxisomes multiply by growth and division under
wild-type conditiongMotley and Hettema, 200This section illustrated the usefulness of
live cell imaging and computational image anfdysexamining questions related to
peroxisomes.

Addresing the KPPC model was a more challenging application of these techniques. The
next chapter will outline the further improvements to the live cell imaging system and
developments in image analysis necessary to acquire and examine data to evaluate the KP
model.
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Chapter4: Developmentof Live Cell Imaging

and Image Analysis

4.1. Introduction

As set out in Chapter 126the main aim of this thesis was to observe and analyse cells and
their peroxisomes over time in order to address the points raree&RPC model. Like
addressing the vesicle fusion model, this required imaging cells across multiple generation:s

When addressing the vesicle fusion modedathpling frequenayas 10 minutes and 20
minutes respectively for taeperiments in Chaptei3 and Chapter4 This was adequate

for the purposes of watching peroxisomes segregate over several cell divisions and observir
the asymmetric separation of the BiFC complex with the rest of a peroxisome upon cell
division, as those events occurred lorey periods of timé&.o follow and hopefully track
individual peroxisomes in cells requaradifferent set of experimental conditicestion

4.2), which necessitated a series of improvesestisrigl.3 and 4.4). Discussed at the end

of this chapteare the methods used to analyse thisdiVeénaging datagctior4.5).

4.2 Experimental Requirements

To follow peroxisomes over time requinedngrease in sampling frequency to one image
ewery few minutes, but the desired target was undenioun.There were also desired
requirements for the other experimental factors (see Figure 1.14 for a reminder):

1 Resolution in Z0 peroxisomes 5. cerevisa@e small objects (0.1pn®.2um
(Sibirny, 201%)and in order to track individual ones a high spatial resolution is
needed to distinguish between them throughout Asdtie limit of resolution in
Z on a widefield microscope is roughbuth (explained lppendix B, thee is no
point sampling more often than tl¥scerevisiegls are roughly 5um in diameter
and therefore sampling every 0.5um for 7um (fifteenrsi&pstotal) was thought
to be necessary to see all the peroxisomes throughout the cell and get a much 3D
resolution as possible.

1 Experimental Duratiod the experiment needed to last at least long enough for
several cell divisions at one divisionyermrghly every 5 hours to have taken

place (around-8 hours in total).



7 Signal Streng@ldeally in livecell imaging one wants the strength of the signal to
be as low as it possibly can be whilst still being able to see and distinguish betweer
objed¢s. However, due to the variable intensities of signal that come from
peroxisomes, setting a robust lower limit is problematic as one still wishes to detect
even the weakest intensity peroxisorbs. light intensityfor each imaging
experimentvas basednotaking a few sample pictyrgarting at the lowest light
intensity and working upward, until it was decided that all the peroxisomes in cells
were visible.

The final experimental setup might have to be some compromise betweeactdirshe f
Trialswere run to see what would happen when the sampling frequency was increased.

These early forays in attempting to reach the desired parameters resulted in image se
containing many dying or dead cells. This was cdraialysef phototoxicity(explained

in Chapter 1.5.9n the cells. Therefote,acquire data closer to the parameters desired it
was patently necessary that further improvements to tbellliveaging setup should be
soughtto better facilitate the growth and longevity of cells iaxjperiments. Improving

the viability of cells was the major obstacle in terms of improving the quality of the live cell
imaging data. In order to increase the cell viability, there needed to be a decredak in the
light exposure. SectiorBdliscussethe strategies that were used to achieve this. A smaller
but nevertheless important issue that arose during optimisation ofdék iiwaging was

the tendency @&.cerevis@ls not to express proteins when they are encoded on a plasmid.
This alsaffected the quality of the image data. This is addressed iMgkction



4.3 Decreasing Total Light Exposure

Decreasing total light exposure is the predominant way to reduce phototoxicity and therefore
increase cell viabiliffjo decrease total lightposure, one must alter one or more of the

four factors governing it: imaging frequency, total duration, number of images in Z and signal
strength from the fluorophore.

As outlined irl.2, there were targets to reach for the number of Z slices, imagiegdye

and eperimental duration. Therefdhe only remaining factor that could be optintised
decrease the total light exposure was to change the strength of the signal from the fluorescer
protein. There is a still a lower limit on the strength sfghab it mustbe at least strong

enough to distinguish peroxisomes from each other and from the background. How can the
signal strength be maintained at the minimum amount necessary whilst decreasing the tot:
light exposure? Signal strength is govelmedgh three aspects: the intensity of the
excitation light from the light source; the exposure time (the length of time that the sample
is illuminated with lighd usually between a dozen and a hundred milliseconds); and the

changes to thfluorophoretself (Figure 4)1

Experimental ., 3> R orinZ
Buration ~ i
N A
(a)
A 4 v
g 9 € > Strength of Signal
(b)
A 4
Light Intensity =~ «€=3» Exposure Signal from Flucrophore
(c)
Physical Properties Amount Present

Figure 4.1 Signal strength as the only remaining aspect to optimis®efer to Figure 1.14 fonet
original image displayifartors of a liveell imaging experimeld) As there were targets to reach
experimental duration,résolution and sampling frequency, the only factor that could be altered w
strength. (b) Theignal strengtis affected by light intensity, exposure time and the signal frc
fluorophore.€) Sgnal from the fluorophore is influenced by thesigial properties of the fluorophaed
how much fluorophore is present when imaged.
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The intensity of the excitation light and exposure time are two linked factors. In general, one
can achieve the same amount of signal by increasing the intertsitgnaf tigcreasing the
exposure time or vieersa. Different tissues and cells react to this in different ways
however, and with practice it has become evideBtteatvis@dls are much more tolerant

to a low light intensity and a longer exposume Againthere is a lower bound as to what
extent these factors can be pushed. There is an actual physical limit to the minimum amoun
of power that a fluorescence light source can put out; and the longer the exposure time, the
more confusion there benes between objects if they are motile in different planes in Z.

4.3.1Locating a New Fluorescent Protein

The signal from a fluorescent protein is dependent on its inherent physical characteristics
and the number of fluorescent protein molecules lodalisgglarticular area. HcRed was

the fluorescent protein that was used in thediN@énaging experiments in sections 3.3 and

3.4. This fluorescent protein was quickly abandoned for the much brighter protein EGFP
(Table 2.6 compares their propertiest wiese properties mean is explained in the next
section).

EGFP (enhanced green fluorescent protein) was the brightest fluorescent protein available
at the start of this study. EGFP is already optathised protein for fluorescence imaging.

It was prodiced from the original GFP by a series of point mutations; a notable change being
the amino acid change at position 65 from Ser tCbnmack et al., 1998hich had the

effect of moving its peak excitation wavelength from 395nm (neaiolgt)ato 488nm

(cyan), which is less phototoxic to ¢&lgen, 1998; Yang et al., 1996)

Many new fluorescent proteins have becomelderailace EGFP was first produced. One

of these newer fluorescent proteins was sought that was superior in its inherent physica
characteristics. The characteristics being searched for here but also generally desirable f
any fluorescent protein are:égistance to photobleaching; 2) low maturation time; 3) high

extinction coefficient and 4) high quantum yield. These are explained below:

1) Resistance to photobleaching. A fluorescent prilebrecomalamage over the
course of the experiment to the poihat it will no longer be fluorescent.
Photobleaching iselieved to be due tbe interactions between fluorophores in
their excited states and molecular oxygenwithin the cell, along with the
formation of errant covalent bonds within the proteaif{Diaspro et al., 2006)

Resisting this damage is clearly a desirable property.
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2) Low maturatiortime. After being released by a ribosome and folding, a fluorescent
protein undergoes a series of stages of maturation (including torsional
rearrangements, oxidation etc.) to become fluore¢Bemiington, 2006)
Depending on the fluorescent protein, this maturation time can vary. Having a low
maturation time means that a fluorescent protein becomes visible closer to the time
it actually started being transcribed, which is useful if one wishes to observe the
moveament of a fluorescent protein through stages in a cellular process, for example.
Lower maturation time also affects the signal strength coming from the sample as
any photobleaching that is occurring is being counteracted by the addition of freshly
maturedorotein.

3) High extinction coefficierithe extinction coefficie(EC)is how strongly an object
absorbs photons at a given wavelength; ergo a high extincfioieobefeans that
a fluorescent proteia more efficien representative high EC is 750@0000.

4) High quantum yieldQuantum yieldQY) is a measure of the efficiency of photon
emission of a fluorescent protein. It is the probability of one photon being emitted
from a fluorescent protein for each photon absorbed, and is expressed as a ratio
beween Oand 1(Lakowicz, 2006 A high quantum yield generally a desirable
property of a fluorescent protein across all imaging applications. Values generally
range between 2.7, altbugh there are several examples of fluorescent proteins

both below and above those bounds.

EGFP already has a reasonably high quantum yield, extinction coefficient and resistance t
photobleaching. However, it should be noted here that photobleachingatig\agopeared
to be a major issue with these experiments, and cells death via phototoxicity often occurrec

before there was loss of signal.

Bearing these factors in mind, the literature was searched for another fluorescent protein tha
could better EGP in some of the above factors. The results of this were that a new yellow
green fluorescent protein called mNeonGreen was ld&heder et al., 2013
comparison to EGFP, mNeonGreen has a higher QYawer folding time and similarly

high resistance to photobleaching. A comparison between thet®os is detailed in

Table 41.
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Table 4.1. Comparison of EGFP and mNeonGreen fluorescent proteindaturation speed is half
maximal value after expastw oxygen at 37°C. Brightness is the product of EC and QY.

Protein <ex Zam EC QY Brightness Maturation Time to References
(hm)  (nm) Speed(mins)  Photobleach(s)
mNeonGreen 506 517 116000 0.8 92.8 10 158 (Shaznoelrg‘it al,
(Cormack et
EGFP 488 507 56000 0.6 33.6 25 174 al., 1996; Lam
et al., 2012)

4.3.1.1 Creating a New Plasmid with mNeonGreen

An mNeonGreefexpressing plasmid was obtained from a commercial vendor (Allele
Biotechnology)The first step was to clone the sequeértoea plasmid that could express
in S.cerevisizee Chapt&.10.1)

With its higher QY and EC, mNeonGreen did provide a stronger signal than EGFP under
the same imaging conditions. This meant that the intensity of the light could be reduced
when imaging thisew fluorescent protein over EBFand therefore deaseng the total

light exposure.

4.3.2 Increasing the Amount of Fluorescent Protein

In addition to changing the fluorescent protein itself, the strength of the signal can also be
upped by increasing the amount of fluorescent protein present. The nutanbersaient

protein molecules depemtedominantlpn how much is being translated at any given time.
This in turn depends on how much of that specific mMRNA present in the cell, which in turn
depends on how often the gene in question is being tranddnégnscription of genes

is based on the activity of promoters. The GAL1 promoter has betoned previously

in Chapter 3. This promoter is only active in the presence of galactose, which is an unusual
case. Many promoteprseasieom|l way&c dmntdi t( a thi
are O0stronger® than others; they cause tF
a particular time frame than others. In this study, the promoter first used on most of the
plasmids to express mN&reen was the HIS3 promoter.

The HIS3 promoter shows moderate constitutive expression, and is normally the promoter
for the enzyme involved in the sixth step of histidine biosynthesis. Using a promoter that

was stronger would produce more fluorescergiprand in turn this would provide more
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signal. The generally used {aghressing promoters f8r cerevisiaeleculabiology are

the TEF1 promoter or the TPI1 promoter. In their natural genomic function these are
promoters for the highly expressed tianive proteins Translation Elongation Factor 1
and glycolysis enzyme Trig¥®sphate Isomerase respectively. TPI1 was utilised in this
study as it was readily available to be cfmradther plasmids in the Iathe steps taken

to do this areutlinal in Chapter 2.10.2.

The increased activity of the TPI promoter compared to the HIS3 promoter ni¢hesetha
Is more fluorescent protein present (Figi@eThis in turn allows for a decrease in the total
light exposure whilst maintaining the same signal strength.

pAUL3
(HIS promoter)

PAUL15
(TPI promoter)

Figure 4.2. Comparison between pAUL3 plasmid (HIS promoter) and the pAUL15 plasmid (TP
promoter). Both plasmids are expressingauitreerPTS1, and imaged with the sanposure time
and light intensifybrightfield image in blualthough it does not appear that the image on cells wi
TPI-containing plasmid (right) is that much brighter than thedtitaining plasmid (left), the brightn
of the green channeh left imagéiad to be adjusted so that the peroxisomes ate.\isibe two image
used the same brightness scale then the peroxisomelefinintege would not be visible. The abso
intensity values of the pixels in the peroxisomesiigtiheanageare roughlydx as large as the ones in
left imageMorewer, one can see how large the peroxisomes appear in the right image, suggest
much brighter (anshturatinghe pixels in theamera) than the ones on the left.

4.3.3 Summary

To summarise the above sectiba,resultvas a brighter fluorescent pnotéhan the one
that was used originally, expressed downstream of a more powerful promoter. Both these
factors allowed for a decrease in the total light exposure whilst maintaining the amount of

signal needed to distinguish peroxisomes from each othiee dadkground.
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4.4 Fluorescent ProteinExpression

Although not directly related to achieving any of the parameters described earlier, ensuring
a uniform expression of the fluorescent protein across the yeast population was a small bu
significant part ithe development of a robust system for live cell imaging.

When working witls. cerevisitee predominant way of expressing a gene of interest is to
transform the yeast with a plasmid containing the gene. If it is a fluorescent protein checking
the expession of the gene simply requires one to look at the yeast population using
fluorescence microscopy. However, when imaging a population of yeast containing a
plasmid, it is clear that not all yeast will be expressing the gene equally. Some oflthe yeast w
not be expressing at all, and some will be expressing to a much higher level than other:
(Figured.3.

Figure 4.3. Variable levels of mNeonGreefPTS1 expressed (from plasmid pAUL15) in diploid W7

cells grown on glucose for 4 hoursthe cells in theop left of the image are not expressing at all, wh

the cells in the bottom left of the image are expressing at a stronger level than those on the right

brighter). Image is maximum intensity projection. Scale bar indicates 5um.
A complee lack of expression is usually due to the plasmid being lost upon cell division
(about 1 in every 100 cell divisigthsslot and Gaillardin, 199 Higher levels of expression
can be due to yeast having multiple copies of the plasmid. This varying expression is ¢
problem when mcessing images, as it affects the thresholding and segmentation steps of

image processing (see Chahtef. Another practical consideration for imaging is that any



cells not expressing the protein provide no information; acquiring images of them is a
fruitless exercise. Additionally, the growth and proliferation of thessgnessing cells can

push cells which are expressing the fluorescent protein out of the frame of image capture
which further reduces the amount of information one is receivingafrommaging

experiment.
4.4.1 Ensuring Uniform Expression

Instead of expressing from a plasmid, genes can be integratedSnteetbeisipamome,
and be expressed from there. The prime candidate for genomic integratioplasmsithe
expressing mNe@reenPTS1 behind the TPI promoter (pAUL15).

Tointegrate the fluorescent protein into the genome, the sequence of interest should contair
a selectable mark&o preserve the already existing selectable markers and make the process
more efficient (i.e. dbere is less background when screening for successful integration),

selectable markers for genomic integration are usually antibiotic resistance markers.

The antibiotic used for selectiorSofcerevisizgs clonNAT. clonNAT, the trade name of

the anibiotic nourseothricinis used in the selection of bothtbdaa and eukaryotic cells; it
induce the miscoding of mMRNA and therefore leads to the inhibition of protein synthesis
(Kochupurakkal and Iglehart, 20T8)e clonNAT resistance gene (natMX) is derived from
the original bacterial species that produce®tiiseothricir{Streptomyces naseaiel et

al., 1993nhatMX codes fonourseothricin Nacetyl transfera@dAT), which acetylates one

of the groups of thaourseothricirmolecule, rend&g it inactiveCells cannot grow on
clonNAT-containing media without also possessing the natMXTdensteps taken to
integrate the TRNNeonGreerPTSIclonNAT sequence ta the genome are explained in
Chapter 2.10.3.

Theresultans. cerevisiabswith the mNeonGreen expressing from the gemgeme much

more useful for imaging and automated processing, andi¢heme concerns regarding
imaging yeast that were not expressing any fluorescent dio¢eaells had much more
uniformlevel of expssion (as there svanly one copy of thege being transcribed), and
allwereexpressing (as cells lacking the clonNAT resistance gene cannot grow in the presenc
of clonNAT)(Figuret.4).

Howeverjt was noted that due to the integration the overaibitytef light used to image

theS. cerevidiad to increase slightly, from 1% intensity to 7% intensity, because the overall
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expression level of the mNeonGreen protein was lower compared with the cells transformed
with the pAUL15 plasmidgain,this siuation highlights the tradéfs and compromises
that must be sought when doing prolongedapse live cell imaging.

Figure 4.4 Example of WT S. cerevisiaecells expressing mNeonGreetPTS1 (green) from the
genome.Note how all cells are expragsit a relatively uniform level (compare with F@)reBrightfield
in blueImage is maximum intensity project®cale bar indicates 5um.
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4.5 Computational Analysis of Live Cell Images

4.5.1 Introduction

Once the parameters and techniques required to keep thereetsdatlheir peroxisomes
visible over many generations were developedmautational method of tracking
peroxisomes over a titegpse experimemias requiretb describetheir behaviourover
these multiple generations

Instead of writing a program in Ryt to perform this, onef the plugins includedlith

FIJI was sought for this taskithough usewritten scriptssuchas those described in
Chapter are useful as they provide complete control over the analysis and can be adaptec
for specific needs amitcumstances, it seemed more sensible to use a program that was
already available and adapting it if necessary rather than building a script from the ground u
to track peroxisomes.

4.5.2 TrackMate

There exist multiple plugins for FIJI that seek to meri@cking of objects in tirl@pse
imagesAs with previous descriptions of image analysis (CBppiae tracking program

does not suit all purposes. Different ones use different methods of detecting objects and
then linking these objects together ®exeral frames to form tracks. A few were trialled
based on an evaluation in the litera{@eenouard et al., 2014)cluding one called
MOSIAC (Sbalzarini and Koumoutsakos, 20@%)ch showed some promise. In the end,

the one that was used in this study was TrackMia¢eez et al., 2016 it wathe most
userfriendlyandprovided the best numerical output for subsequent analysis.

In F1JI, TrackMate can be accessed via Plugins > Tracking > Tradkijtsis ofmages
in TrackMate is performed in two stages beforeaataen be extracted (Figuf.4irst,
objects (in this case, peroxisomes) are detected after a small amoymtooégsiag.
Second, these objects are linked together to form tracks. Theta tben be extracted.

Object Detection

No previous prprocessing of an imade requiredbefore starting the plugin, as
conveniently one of its methods to segment an imagjifesence of Gaussians filter. This
has already been shown to be a rehiadtieod ofsegnenting peroxisomal imag€sdpter
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2.12. The user can then provide an estimate of Raw Image

the diameter of the objects that TrackMate

should seek to extract, along witthrshold 1. Pre-processing via
value After this, objects are detected and Dogeatggn%‘!’?fe“

extracted.

v

Detected objects
Object Linking into Tracks

The plugin then attempts to link the objects it has 2. Linking of objects
] ] ) via LAP tracker
detected in each frame of the tiaygse imaging
into tracks (Figure 4.6. There are multiple v
6tr acker &dn within the irackMate Detected objects linked
into tracks

plugin that execute different algorithms. In this

study, the LAP tracker of TrackMate was used. 3. Objects and

This is based on the Linear Assignment Problem assigned tracks
extracted

mathematical framework adapted fid@gaman )

et al., 2008 Data outputted as table

The LAP tracker has functionality for fraame Figure 45. Schematic of TrackMate
workflow. Raw image is pmrocessed usin

frame linking, gap closing and tragkterence of Gaussians filter, followed

merging/splitting. Only the first two option<Piect detection (1). The LAP tracker d
attempts to link objects into tracks (2). T

were utilised in this study, as the tragkta concerning object positions and tr:

fﬁg be exacted(3) Figure4.7 shows an

example of the results table.

number of erroneous tracks that the algorithm

merging/splitting led to a massive increase in

detected. Frarte-frame linkingattempts tdind anassociatiobetweeran object in frame

N with another object in frame N+1 based ars@rdefined maximum distance between

the two objects, and also any pthstricting criteria the user has selected. These caiteria

make this process more robust by adding weight to parameters that should be similar
between the twoobjects t he par ameters used in this s

its position n theZ dimension.

The gap closing part of the algorit-hm al
defined) frames; if an object in frame N cannot be linked to one in frame N+1, the algorithm
will attempt to link it to an object in frame N+2., eip until frame N+X (where
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Frame 1

Frame 2
Frame 3
Track 1 — ee—
Track 2
Frame 4 i —

Figure 46. A schematic diagram of the linking of objects together to make track©bjects that are
similar from one frame to the next will be joined into a track. Object 8 was not considered to be simi
to any ofthe objects in frame 3 to link them, but was found to be similar to Object 13 in frame 4, st
joined. Thi s i s aofthies spéiom s digablen thendhis aqut of dinkingsdoes goto
This has left Object 10 without ankdinHowever, the way TrackMate records data means that ever
has to be placed into a track, even though the track might only contains one object. Technicall
Object 10 is part of ©6Track 506, which begin:

X is the usr-defined limit on the number of frames the tracking can skip).

The end point of this is a table containing parameters abouttggety(i.e. peroxisome)

that the program has identified and its characteristics (position, intensity, etc.) and the tracl
that the algorithm had placed it ifR@ured.?). It rapidlybecame clear that the tracking of

the peroxisomes would be a much more difficult task than first appreciated at the outset of
this studyue to the restrictions placed on the temporal resoaitine data and behaviour

of peroxisomes themselv@&se problems encountered surrounding tracking peroxisomes

and the description of the behaviour of the peroxiseregplored in the next chapter

Label 1D TRACK_IDQUALITY X Y z T FRAME ~ RADIUS VIS
1013525 13525 215.691 14,282 6.105 3.902 0.000 @ 6.3;

1013543 13543 394,210 15.473 6.372  3.972  300.838 1 8.325

1013588 135080
1013687 13687
1013627 13627
ID13576 13576
1013593 13593
1013568 13560
ID13643 13643

Figure 4.7. Example of output from the TrackMatealgorithm. Columns with important informatic
are; ID of the detected object; Track ID, the track the object has been assigned to; position in :
in Y; position in Z; Frame number; Mean intensity; and Total intensity.

v: MANUAL_COLOR MEAN_INT MED_INT MIN_INT MAX_INT TTL_INT STD_DEV EST_D  CONTRAST SNR

1 -10921639 2556.193 2471 1361 4486 345886 835.306 1.160  0.066  0.330
1 -10321633 2586867 2635 595 5471 345227 1973.6851.883  0.824  8.115
346.848 14.561 6.571 2.485 G08.876 2 8.325 1 -108321639 2152.163 1879 959 6126 298542 922.697 1.235  0.864  8.232
421.830 14.874 6.507  2.355  968.114 3 8.325 1 -10321635 2115.867 1757 ] 6438 285534  1150.7531.093  0.184  8.347
350.885 15.358 6.662  3.486  1200.1524 8.325 1 -18321639 1810.344 1437 771 4797 244464 851.930 1.834 0.643  9.194
253.048 14,678 5.151 2.597 1500.1905 8.325 1 -10321639 2031.244 1818 759 5334 274218 756.019 1.104 -0.003 -8.015
311.230 14,763 5.004 2.749  1800.2286 8.325 1
331.579 14,443 4.317  2.186  2100.2667 8.325 1
165.270 13,384 4.5380  5.481  2400.304 8 8.325 1

-10921633 1883.215 1636 ] 5456 254234  948.687 1.074 -0.0882 -8.008
-10921639 1991.844 1804 590 5340 268899 885.323 1.124  0.813  0.885
-10921633 1854.556 1833 656 4271 250365 681.674 1.072  0.082  0.808

Wm s W
sscesssse

104



4.5.3 Manual Cell Segmentatn

In order to follow the lineages of the peroxisomes over multiple cell generations, the lineages
of the cells also had to be identified. This meant defining the cells and tracking which cell
was which from frame to frame, something that wassgéomenarually. The reasoning

behind doing thisemimanually was twold. Firstly, these images were not of cells that
were expressing a cytosolic label and therefore computational segmentation would have bee
problematicThe reason behind not using a cytosathel was to keep the amount of light

to which the cells were exposed to an absolute minimum.

Secondly, a really accurate outline of each cell was required, especially when new buds we
forming This is not always obvious, even to thefaytemated segentation of cells that

have buds forming does not often segment the mother and bud cell as two separate objects
something that waeeded here with some accuracy.

To segment the cells using FIJI, the centsiitg of the brigHield image of the cellsas

first extracted using Image > Duplicate, and selecting the correct channel and Z position.
The central Z slice is where the cell wall of the yeast cell is thelrtefinedand is used

as a guide to outline the cell. The outlining of the cglenfasmed using the segmented

line tool, which can be accessed on the FIJI menu bar. With the tool selected, cheking on t
screen will put down a point. One can then click a number of points around the perimeter
of the celland clicking on the startipgint again will finish the line. This object can then

be added to the ROI Manag€ools > ROI Managerpfter outlining the same cell across
all frames, the ROIls are first renamed t
then saved to ddito be accessed lgteégure4 8). The main downside of this samanual
approach was that it took several hours to outline a group of a dozen or so cells correctly. A
few useful bits of information that would have been useful to know beforehandgregardi

segmenting cells semanually are documented in Appendix B.3.
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Show All
Labels

Figure 4.8 Manual cell outlining in FIJI. The segmented line tool (FIJI menu bar, top) is used tc
the outline of a yeast cell. Clicking once on the screen will place thatfishgsubsequent clicking v
continue the line. Clicking back on the starting point will finish the line. This can be added tc
manager (right). Then one can move onto the next frame and continue outlining the same cell.

4.5.4 Matching Peroxisomes to Cells

After outlining all the cells in an image, the peroxisomes detected by Trackkidte need
be matched to the individual cells. Wasdone usingsmall Python program. It first read

in theXY positional information of the peroxisorfresn the TrackMateesults table into

a Python dictionary. It then opendlte set of ROIs describing the positionsthaf
segmented cells and matchesl XY coeordinates of the peroxisomes to the cells. This
programoutputtedthe original results table of theackMate program describing the
properties of the peroxisomes, but with the addition of another column describing which
cell that peroxisome is(iRigure4.7, but with the addition of an extra column containing a
cell letter that the peroxisome has l@ssigned toYhe code for this Python program is
included below.

import  glob, string, time, sys, os, fnmatch, math
from ij import 1J, ImagePlus, WindowManager, ImageStack

from ij.plugin import  ImageCalculator, Duplicator, ChannelSplitter
import  ij.plug in.frame

from ij.plugin.frame import  RoiManager

from ij.plugin.filter import  ParticleAnalyzer, MaximumFinder
from ij.measure import  Measurements, ResultsTable

from java.lang import  Double

from ij.gui import  PolygonRoi

from ij.process import  ImageProcessor

from loci.plugins import  BF
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# Program to match peroxisomes from TrackMate output to cells

def get_perox_info (spot_filename ): # get peroxisome information e.g. co - ordinates
ppoints =[]
for line in open("%s' %spot_filename)).readlines()[ 1:]:
f = line.split()
traj_id =int (f[ 3]) #

perox_id = str (f[ 1])
i_frame = int (f 9])
x = int (round (float (ff 5]) *12.5))
y = int (round (float (f[ 6]) *12.5))
ppoints.append([perox_id,x,y,i_frame,line])

ret urn ppoints # return list of peroxisome points

def roi_bit (spot_filename , cell_filename , ROI_filename , results_filename ):
ppoints = get_perox_info(spot_filename)
filename = (cell_filename)
1J.run( "Bio - Formats Importer" , "open=[ %9 autosc ale split_channels color_mode=Composite view=Hyperstack

stack_order=XYCZT" %filename))

imp = WindowManager.getCurrentimage()
roip =imp.getProcessor()
1J.run( "ROI Manager..." )

rm = RoiManager.getinstance()
if  (rm ==None):
rm = RoiManager()
rm.runCommand( ‘Open’ ,ROI_filename) #open list of ROIs and associated data regarding cell co - ordinates
rois = rm.getCount()

# Extract Rois

cell_path
cell_file

(results_filename)
open (cell_path,

= W' )
for roin in range (0,rois): # for each cell in image, see if any peroxisomes match to it
rm.select(roin)
roi = rm.getRoi(roin)
frame = imp.getFrame()
roi.setPosition( 1, 1,frame)  #channel, slice, frame

# lterate ove rcell X,Y co - ordinates and if peroxisome matches,
# mark that peroxisome as belonging to that cell and then delete so it can't be matched to another cell

poly_roi = roi.getPolygon()
x_points = (str (roi.getPolygon().xpoints)[ 12: - 2]).split( V)
y_points = (str (roi.getPolygon().ypoints)[ 12: - 2]).split( V)
roiframe = roi.getTPosition()

name = roi.getName().split()

for 'y in range (int (‘min(y_points, key =lambda x: int (x))), int ( max(y_points, key =l ambda x: int (x)))):
for x in range (int (min(x_points, key =lambda x: int (x))), int ( max(x_points, key =lambda x: int (x)))):
if  poly_roi.contains(x,y):
for point in ppoints:
if pointf 1] == int (x) and pointf 2] == int (y) and pointf 3] == int (roiframe):
print  >>cell_file, point[ 4]: - 1], name[ 1]
ppoints.remove(point)

rm.runCommand( 'Delete’ )
print  len (ppoints)

ppoints =[]

print  ‘Done’

1J.run( "Close All" , ™) #Close all FIJl windows
rm.reset()

# roi_bit(spot_filename, cell_filename, ROI_filename, results_filename)

roi_bit()
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Chapter5: Evaluating the KPPC Model
Using One Cell

5.1 Introduction

Evaluating the KRP model required a systemlieé-cell imagingo follow peroxisomes

over multife generationand then analyse thaeseages as described in Chaptérhib
introductionand the followingection(5.2) describe the data that was gathered for this
purpose. Due to the overwhelming amount of data to be dealt with here, the analysis and
presentation of the data will be split across two chaptersemidiader of this chapter after

5.2 will examine the behaviour of peroxisamgsst one cell, and Chaptenvid move to

looking at whole cell clusters.

Chapte#t.2outlined the ideal paratees of the liveell imaging for investigating the KPPC
model.Emphasisvas placed on the need to increase the sampling fregrad@@blyto
underone image every minute, whilst keeping good Z resolution (gwarfod.fum) and
imaging for at least®urs to allow for multiple cell divisions at one divisioi2 héurs.

It transpired that notll of theseparameters werachievabledue to the effects of
phototoxicity Attempts were made to image cells every 30 seconds, evernnthaudeya

2.5 miutes. In althese scenarios, the cells were clearly not growing and dividing as much
as they should be over the course of-laou8 experimenexamples of imaging every 30
seconds and 2.5 minutes are shoviaigre 51) Over an &our experiment one ahid

expect to see roughiyur cell divisionat one division/1-2 hours Even at 2.58ninute
intervals between frames, cells would manage to complete one odiwsi@edl at most,

before growth stopped and signals from the peroxisomes veoolcheb ommer and
dimmerAs there was no further optimisation possible with the fluorescent protaiite

had to benade herto increase the cell viability and get images of dividing and growing cells
over 8 hourseither the number of Z slicead tobe deceased or the time between frames

had to be increasdd(a decrease the sampling frequency).

It was decided th&d ensure that all peroxisomes throughout the cells were being detected
the number of Z slices should be maintained to keep theioesimiut, and therefore the
time between framegasincreased. As at le&stir cell divisions were expected over-an 8

hour period,and only one or two cell divisions were occurring dmi2use sampling
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0 minutes 240 minutes 480 minutes

Figure 5.1. Examples of cells growingub-optimally due to the effects of phototoxicityvhen imaged
at 30 or 150 second intervals for 8 houf@ne would expect roughly four cell divisions overlauB
period, given roughly one cell division/2 hours. However, when growing under conditioosliatare
imaged every 30 seconds only one cell division is observed, and cells growing under conditions \
every 150 seconds manage to compietdullcell division and have just started another. Note ho
intensity of the fluorescentrsad) has dropped significantly in both experiments by 480 minutes. C

expressing mNeonGre®&TS1 (green), brightfield in blue, and are grown in the cell culture chan
images are maximum intensity projestdi5 slices, taken every 0.5uraleSuar indicates 5um.

Imaging
Frequency
every 30
seconds

Imaging
Frequency
every 150

seconds

intervalshalving the sampling frequency to eBamjinutes seemed a sensible assumption
to make. This enabled the capturing of data sets containing multiple cell fesions,
some cases, which is close to what is optimally expected culiqed90 min per division

in liquid culturers.100 mi in the cell culture chamber).

The final parameters for imaging were thus:

1 15Z slices (every Q& for 7um)
1 Sampling Frequency of every 5 minutes

1 Total Experimental Durat of 8hours 15mins (100 frames)

Data sets were gathered of syjok yeast with genomically integrated mNeon&ESh
expressing downstream of the TPI promoter in both green and brightfield channels at 100x

magnification.
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5.2 Data Acquisition and Handling

S. cerevisiadls expressing genomically nategl mNeonGreeRTS1 were imaged in the
chamber witin the flow cell (Chapter 2. pusinghe parameters described in the previous
section. A functi obBosaft itomes dmiadrl msvedp & oaa
different places in the cellachber in one experimehiine positionswereassigne@nd
imagedThe images of each of these positions were then examined for groups of cells whose
lineage could be traced back to one or two cells irsttieviiframes. This was so thair
peroxisomeg could be followed more easi§yng the TrackMate plugin. The parts of the
image<ontaining these clusters were

] ) Table 5.1. Image data acquiredassigned name in
excised from the larger imageghat  anaiysisand filename in external media.

they were easier to work wiifigure Position in  Cluster Name Filename in

52). Tatle 51 shows the five cluste Acquisition  in Analysis External Media

. Position 1 Cluster 3 Cluster3.avi

that will be analysed @hapter @nd  position2  Cluster 2 Cluster2.avi

. .. - Position 3 Cluster 1 Clusterl.avi
which position they originated frdin.  pgsition 4

also gives the filename of the timeboSition>  Cluster 4 Clusterd.avi
Position 6
lapse video which can be accessed f@sition 7
Position 8

the external media for refereriaer  Position 9 Cluster 5 Cluster5.avi

Frame 1 Frame 100

Raw images of
one position
e.g.P3

Images of one
cell cluster e.g.
Cluster 1

Images of one
cell e.g.Cell A

Figure 52. Acquisition and cropping of data. Nine positions were assigned and imaged. The image
each of these positions were examined for clusters of cells whose lineage could be easily followed.
shows image data from position 3. These clusters were then croppeddiigmaheaw images, and assig
names e.g. Cluster 1. In the following seatiothés chaptera cropped area of Cluster 1 containing only
cell, Cell A, the original mother cell present in frame 1, will be used to evaluate the TrackMatendl(
peroxisomal behaviour.
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in this chapter, Cell A from Cluster 1 is excised from those images sdottzd\iom of
the peroxisomesuld be examined in detail.

Not every position had suitable clusters of cells that could be follovirkeslyrelasily over
the whole course of the experiment. The names of the clusters were assignethbased on

order in which theyeave analysed.
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5.3 Analysis of thelmages

The computationalnalysiof these cell clusters wdmneusingthe TrackMate plugin in
FI1JIfor peroxisomeandcell definition was performedparately bpanudy outlining cells
(described i€hapted.5.

Peroxisome Detectionin TrackMate

The parametersetfor the detectiorstage of th@rackMatealgorithm(see4.52, Object
Detection)varied slightly on the cell cluster being analysed to account for the relative
intensities of the peroxisomes in eacktaiu Although the purpose of the genomic
integration of the mNeonGre&TS1 was to give a more uniform level of expression, which

it does, variability in peroxisomal intensity still exists, especially between the peroxisomes il
the older and younger cétfisa populatiorfas peroxisomes accrue fluorescent protein over
time) Thereforethe threshold of detection was set on almasase basis. The maximum
radius was set at betweemquf.Bnd 0.6fm, again to allow for differences in peroxisomal
intensity. Judging whether the parameters were correct eagpaicalundertaking and

was based on whethalthe peroxisomes in a few frames were being detected correctly,
without the algorithm identifying areas of noise as peroxisomes. Areasséskatectin

of peroxisomes by TrackM#&egerfomed in section.&
Peroxisome Linking into Tracksin TrackMate

For the trackingtage of the TrackMate algoritfs®et.52, Object LinkingYhe maximum
distancethe algorithmcould link two djects was set &um. This isbased on the
observations iiKnoblach et al., 20¥8garding movement speed of peaxiesin their
Figure 7D, peroxisomes are documented as having movemenfrepe®usn/s toin
excess of 30nm/s. Therefore, with Baeinutesampling frequency used hangeroxisome
could feasibly mowver 10000nm (fuén). This is much larger théimeaverage diameter of

a fullygrown yeast cell of arounghk Given hat a peroxisome could theoretically move
the entire diameter in betwefeames séting the maximum distance as the avefage
cerevisiaell diameter seemed reasonalids accommodadefor the (probably rare)
possibility of a peroxisome moving from the far side of a mother cell into a newly forming
bud.

The maxi mum number of frames that the al

was set at 5. The reasoning behind thidomgise provision for when peroxisomes are
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initially moved into a newly forming bud cell where they cannot be distinguished against eact
other. Within the tracking, the algorithm was directed togyeater weight to creating
linkages betwegreroxisomethat had similar total intensity or position in Z.

Cell Outlining

The cells in each cluster were manually outlined to give good definition between cells anc
newly forming buds and allow for analysis of peroxisomal number and distribution on a cell
by-cel basig4.53) Peroxisomes were matched to cells using a Python program written for
that purpose4(54).

The remainder of this chapter documents in detail the behaviour of peroxisomes in one
budding cell (Cell A) in Cluster 1. This is to examine tha@cof the detection atiten

linking of peroxisomes intoacks by thealgorithm over the course of what should be a
particularly active part of the cell cycle as the peroxisomes are divided and moved into the
daughter cells. It is also an exercisedomhat kind of descriptions can be placed on the
movement of peroxisomes when they are scrutinised in muckeetiaih 5.9 outlines the
conclusions from the analysis of this data with respect to the claims put forward in the KPPC
model.
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5.4 In-depth Analysis of One Cell

One cell in Cluster 1 waslected foanin-depth analysighis cell, Cell A, is the original
mother cell from which the rest of the cells in the cluster (lmrtt@m panel, Figui®e2,
Figure5.3). Cell A budded a total 6ftimesover the course of the experimeirother6
buddings occur between the daughter cell§ eglts move away from the cluster due to

the action of the flow, so there &@eells in total in thienal grouping (Figured.

Frame 1 P Frame 25

Frame 50 Frame 75

Frame 100

Figure 53 Progressionof t he growth of Cluster 1 f rTotah
experimental duration is 8 hours 15 minutes. All cells are derived frAn{liGedige is shown in Tak
6.1). Letter labelling is based generally on when cells originally appsaredhat Cell E is absent
frame 75 and 100, and Cell F and K are absent in frame 100. They were moved away due to 1
flow in the flow cell after separating from their respective mother cells.

Peroxisomal channel is green and is a maximemsity projection. Brightfield image has been colc
blue and is the central slice from the Z stack of images. Manual cell outlines are in yellow. Per
brightness and contrast of the images has been adjusted manually. No other lpasdassingerforme
on these images. Scale bar indicatas 5

11«



Figure 54. Montage of Cell A between frames 22 anil.During this period the cell is finishing c
budding event and starting another. The peroxisomes are mobile over this duratiowsuieitie Cell
A fluctuates between six in frame 22 and nine in frame 31. Processing and display tghiss i
same as for Figure35All 100 frames of this mtage are included as Appendix G

Instead of trying to comprehend all the peroxisaaress th&00framedor this cell and

its budsan indepth analysis was performed of the movement of peroxisomes in Cell A over
only a small section (frames422 of the entire experimental duration. This was chosen due
to the marked difference in theroxisomal arrangement over the course of the twenty
frames, and covers the end of a budding and the start of anothe5@#igbueing this

period, Cell C is just finishing budding off from Cell A, and the bud Cell E starts forming
about halfway thrmh.
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5.4.1 Evaluation of Peroxisome Detection and Trackingn One
Cell

By overlaying the detected TrackMate objects on to the peroxisomal data, one can start tc
get a sense of how accurate or otherwise the plugin wdstettgeroxisomes arg)

linking peroxisomegto tracks Understanding this is key to evaluating to what extent the
KPPC modetan be addressed using these methodevHuations done with reference

to Figureb.8that showafive-pagdrameby-frame breakdown of framez£1.An example

of one of these frar®-frame breakdovens shown in Figuresb

rojectonl Proectonol Projection o

Peroxisome Peroxisome Peroxisome
(from raw data) (from raw data) (from raw data)

Peroxisome Track Peroxisome Track
Number (from Number (from
TrackMate) TrackMate)

Manual Cell Manual Gell EmphasisedCell
Outline Outline Outline (from raw
data)

Figure 5.5. Example of frameby-frame breakdown used to evaluate peroxisome tracking ability

the TrackMate algorithm. Left) Manual cell outlines, with cell identdieund the edge, and the tre

identifier that peroxisome has been assigned in TrackMate. Centre Left) Same as previous pe

the overlay of a maximum intensity projection of peroxisomes. Centre Right) Maximum intensity

of peroxisomegRight) Brightfield image with cell outline emphasised in red, overlaid with the m

intensity projection of the peroxisomes.
The track identifier used in these images is the track number that a particular peroxisome ha
been assigned to in that mard@ar frame, and is referred to in the text below to distinguish
individual peroxisomes in framesislimportant to realisthat the track ID does not
consistently identify the same peroxisome from frame to frame (although that is clearly one
of the aim®f thisexercisdda per oxi some | abell ed 65008 ir
same peroxi some as t hEhemasens forahls will be eliscuséed 0 6

in sectiorb.6.
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5.5 Peroxisome Detection

Evaluating to what extent any alfoni detects all the objects that amghest to is either

done by a comparison to a manual examination of the data (i.e. computer attempt vs. humat
attempt) or by creating simulated data when one already knows the number of objects tha
the algorithm shdd detect. Whesevaluating the ability of the TrackMate algoritithatert
peroxisomes in this datbis done by comparisanth amanual examination.

Across the twenty frames analysed in detail here, the TrackMate plugin had detected 15
objects in €ll A and its bud, Cell Hhe following section describes instances when
peroxisomeglentified by eye were missedhgyalgorithm; instances when the algorithm

had erroneously detected peroxisgraes cases when the situatios amabiguous.
Missed Pepxisomes ldentifiable by Eye

After examination by eye, there were eight peroxisomes that were readily visible yet no
picked up by the TrackMate plugin: one in each of frames 26 and 33, and two in each of 34
35 and 41, these are highlighted malgentaiccleson the peroxisomal only image of the

relevant framin Figure BB.

The peroxisome in frame @t TrackMate failed to detect is clearly the same peroxisome
labelledd 110 the preceding and succeeding frame, it does not appear to have become
smaler or reduced in intensity; it is therefore not clear why TrackMate has failed to pick this
up. In frame 33, the peroxisome not detected by TrackMate is on the boundary between Cel
A and its bud Cell E, its appearance is similar to the peroxisomg lalielB9 6 i n t h
frame; it is therefore unclear why ffl@soxisome idetected and the other peroxisome is

not.

I n both frames 34 and 35, a peroxisome c.
is likely the same peroxisome astheloneaedete d i n t he area in t
in frame 33), but has now fallen below the threshold level for detection. A different
peroxisome can be seen straddling the Cell A/Cell E border in frame 34 (directly above
peroxisome 0306k, land amotpreoxi some ©4205
the same peroxisome, and also presumably the same one as the one not detected
TrackMate in frame 33 that has progressed from the edge of Cell A and into Cell E. In both
instances it might be toairit to be detected against the other larger peroxisome in its
vicinity, or has been counted as part of that peroxisome.
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Lastly, in frame 41 there are two peroxisomes that are visible to the eye that are not detecte
by TrackMate. Omesiti an dfthet He oped @xiks o me
Cell E above the peroxisome labelled 42. It is unclear why the algorithm has not picked up

the peroxisome next to 6786. The other pe.]
Erroneous Detection

There is onastance where the TrackMate algorithm has detected an object that is not visible
totheeydt he 6166 in frame 31. On close insp
present there, or at least something resembling a peroxisome that is digimdtaanou

the other three peroxisomes in close proximity.

Ambiguous Peroxisomes ldentifiable by Eye

A distinction has been made here between
their detection by the algorithm, and those that are ambiguous.irBtesees of
Oambi guousd peroxisomes are situations w
there is some suspicion tpathapghere arenore peroxisomgwesent. These are not as
clearcut as t he O0mi ssi ng andigtiectothe eyesas wed.$nstdnoes e v ¢
of this carbe seen in frames 29, 30, andt&3e arareas of intense sigiiat actually

consist of more individual peroxisomes than TrackMate has dBleefékbd circles have

been added tthe peroxisomal only imegjinthese frames Figure Bto show how the

larger objects could possibly be broken down into other peroxisomes.

Using the 3D projection feature of FIJI allows one to view the stack of images from different
angles. Viewing these frames invithalirection can allow for more detailed dissection of
the images. This has been performed for fram@8 (B&yure %), and frames 32 and 33

(Figure ).

In frames 29 and 30, TrackMate has identified two peroxisomes as part of a particularly
intense area oigmal. Examination @inYZ projection of these frames shows that this area

of high intensity can be broken down further. In the previous frame, 28, there are five

peroxisomes in the same area, and they can be distinguished in the maximum intensit
projecton and in therZ direction (see Figurebp In frame 29, looking at the maximum

i ntensity pr oj ec veidsappedrant Lookirtgdndthg atirection,6itl 6 6 |
appears that the peroxisome that was | a
peroxi some 62486 and therefore become indi
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eye using a maximum intensityjgution (central panel Figur@ 5This situation continues

in frame 30. It is very difficult to see another peroxisome in thisteigity area. It is
possible that the peroxisome 61686 is al sc
into the bud (it is possibly peroxi some

definitive answer in this instance.

Manual Cell Outline + YZ Projection of Peroxisomes YZ Proiection of Peroxisomes
Track ID with Manual Outline J

28

29

Figure 56. YZ projection of frame 2830. The images on the left are the maximum intensity proje
of the peroxisomes overlaid with the manually defined cell outline. The central image is an YZ pr
the peroxisomal images across the 15 slicanavithally outlined peroxisomes. The original Z direct
on the Xaxis, going from the 1st slice on the left to the 15th slice on the righfxikdsythe same (v
are looking down the-xis). FIJI has interpolated the images to fill in the gasehehe slices to ma
the image appear 3D. Image on the right is the same as the middle without manual outlines ov
how elongated peroxisomes appear intls is due to the signal from peroxisomes being sprea
several Z slices.
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Manual Cell Outline +
Track ID

vz Prgjectlon of Pero.X|somes YZ Projection of Peroxisomes
with Manual Outline

32

33

Figure 57. YZ projection of frames 32 and 33The order of the images is the same as F@uiEhe
putative peroxisome | abelled 6?28 in frame

whether it is a bona fide peroxisome or not.

In frame 33, the area of high intensity could also contain another peroxisome that TrackMate
has not accounted for (Figurtd5. Thi s coul d be a peroxi sol
other peroxisomes present in frame 32 are accounted for. It ileghasithe object in
frame 33 is the pe3r2o xtihsaotmeh aésl 6ndo vferdo nt |forsa
peroxisome | abelled is 0160 iHowedver,amost 33 i
of the peroxisomes have moved a great deal in bétames 32 and 38)d thefact that

this putative peroxisome cannot be seen¥Y& projection oframe 34 (not shown), its

status remains unresolved.
Summaryof Peroxisome Detection

On the whole, the detection of the TrackMate plugin is nearly as goodraual inspection

- the few peroxisomes it failed to detect were faint or in close proximity to other more intense
peroxisomes; the other cases that were ambiguous were also difficult to distinguish by eye
It detected 151 particles in taraellsA and E of which one was erroneous, and missed
eight others. This inform@n is summarised in Tablg.5

One thing to take away from this table is that the total number of peroxisomes detected for

Cels A and E togetheis not consisterd even takingnio account peroxisomes that the
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algorithm missed and cases of ambiguous peroxisomes. This can partially be explained
peroxisomes in the bud not being visible against each other due to the smaller volume, a
least at first. Otherwise, it indicatesleabxisomes often move close enough to each other

that they can no longer to distinguished either by the computer or by eye.

Frame
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Total Number of
Peroxisomes
Detected By 6 6 6 6 6 7 8 6 8 10 9 9 7 8 7 7 5 6 5 6
TrackMate in
Cell A
Total Number of
Peroxisomes
Detected By 1 1 2 2 1 2 2 2
TrackMate in
Cell E
Additional
Peroxisomes 1 1 2 2 2
Visible By Eye
Erroneous -1
Peroxisomes
Ambiguous
Peroxis omes 1 1 1
Total Number of

Peroxisomes in
e 6 6 6 6 7 7 8 67 89 9 9 1011 10 11 9 9 6 8 7 10
E

Table52. Summary of TrackMateds det ect i onwentfframes
examined in detail(Figure 5.8). Included are any peroxisomes that are visible to the eye that Track!
not detected, one case of a peroxisome being identified where there is none, and cases of
peroxisomes. Then there is an estimate based of the total numbexisdmes existing in both of the c¢
based on those numbers. Cases of missing peroxisomes, the erroneous peroxisome and ambiguou
are discussed in the text.

Figure 5.8. (following 5 pages). Frames 221 of Cell A in Cluster 1Figure % describes what eac
panel from left to right is displaying. Hollow magenta circles on peroxisbniesges show peroxisorn
that the TrackMate Plugin has missed but are visible to the eye (frames 26, 33, 34, 35 and 41)
on peroxisomesnly mageshow instances when the number of peroxisomes is ambiguous (fram:
and 33).
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