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Thesis Abstract

The contribution of yeast strain backgrousgecificaly auxotrophic markers, to
stability and fidelity oimtDNA replication was investigated. In summary, #uke2,
his3£200, andhaplmutations have complex effects on mitochondrial functions, the
severity of which appeato depend on other comporern the genetic background of
the strain. These results are important as many commonly used laboratory strains are
related to the respiraty hampere@&288c strain and are used for studies of orthologous
human mutations associated with various mitoch@hdrseases. These observations
have added to our understanding of fungal mtDNA replication and have informed the
mitochondrial community of problematic strains that need to be considered when using
this model organism.

The function of the yeast mitochdmal DNA polymerase (Miplp) carboxyl
terminal extension (CTE) was investigated biothivo andin vitro by genetically
engineering various truncations of the CTBe respiratory competencemfplOL75
andmipl1.205cells, in which Miplpacks the Gterminal 175 and 205 residues
respectively, are indistinguishable from that of wt§ge. In contrast, strains harbouring
MiplpD351, Mip1@279, Mipl241, and Mip1lp222 rapidly lose mtDNA. At a low
frequencymipl216cells grow poorly on glycerol. Fluorescenoéroscopy and
Southern blot analysis revealed lower levels of mtDNA in these cells, and rapid loss of
mtDNA during fermentative growth. Therefore, only the polymegasximal segment
of the Miplp CTE is necessary for mitochondrial function.

To determinemore precisely the defects associated with polymerase truncation

variants, these proteins were overexpressed in yeast and used in a nenaelioactive



MtDNA polymerase assay. The threat61 and alanin®61 variants, shown by others

to be responsiblior the increased mtDNA mutability of various laboratory yeast strains

at increased temperature, were examined in combination witht@ifiEationsThese
experiments suggest thexonuclease functiois not effectedn the alanines61 variant at
37°C wheeas polymerase activity is, and this higher relative level of exonuclease activity
could be a contributing factor to mtDNA instability in S28@tated strains. Lastly,

iIsogenic CTE truncation variants all have less DNA polymerase activity than their
parerial wild-type. Based on these results, several possible roles for the function of the

CTE in mtDNA replication are suggested.
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CHAPTER 1 Literature review

This review will discus$Saccharomyces cerevisias a model for studies of
human diseas®NA polymerasesvith anemphasis on the catalytic subunit of
mitochondrial DNA polymeraseand finally mitochondrial DNA replication and
organization. These topics form a comprehensive background for the stodes this
thesis. These studies inckieffectsof yeast auxotrophic markers and the carboxyl

terminal extension of the mitochondrial DNA polymerasemtDNA maintenance.

1.1Yeast as a model organism to study human mitochondrial disease

Much of our understanding of mitochondrial biology cormes studies using
yeast.Saccharomyces cerevisigea commonly used model eukaryote tudying
various apectof mitochondrid processes such astochondrial fusiondivision, protein
import,and mitochondrial DNA (mtDNA) replicatiorHpoppinset al,, 2007, Neupert and
Herrmann, 200,7/Lecrenier and Foury, 2008chmitt and Clayton, 1993These
mitochondrial processes have been studied in detail due to the ease of yeast genetic
manipulation. In particulal$. cerevisiaés easily transformed3ietz and Woods, 2002
and collectiondaving genomavide coverage are available hweh includeORF plasmid
libraries, ORF deletion strains and gene fusion libraries using GFétlagdtags
(Gelperinet al, 2005 Winzeleret al,, 1999 Huhet al, 2003 Ghaemmaghansgtal.,

2003. Additionally, in yeast respiratory growth may be bypassed when a fermentable
carbon source is providetihis makes yeast a powerfatganism to study the processes
of mtDNA transactions, wherebyrautationin a gene for mtDNA replication or

maintenancen an obligate aerabwould be lethalWild-type yeast contain mtDNA



(rho*) and grow on nonfermentable carbon sources. Mutations may arise in cells which
can result in large mtDNA deletions or point mutatiof®'(), or complete loss of
mtDNA (rho®). Theserho' andrho® cells are termed cytoplasnpetitesas defined by
Boris Ephrussi, while wildype,rho®, are defined agrande(Ephrusset al, 1969.

Is Saccharomyces good model for human studi@sumans are obligately
aerobic and contain one hundred to teruttamd circular copies of a 166 mtDNA
genomeper cell Stuartet al, 2009. In contrast, yeast are facule anaerobes and
contain twenty to one hundred predoantly linear copies of a 858 mtDNA genome
(Fouryet al, 1999. However, although thsizes of mtDNAs arédifferent between yeast
and man the coding capacity is simigexr both genome=ncoae: components of the
electron transport chain and the mitochondriahslation machineryreast are believed
to have a different mechanism or mechanism(s) of mtDNA replicéd@as below)and
contain a single mtDNA polymerase subunit (MipJghile the human polymerase
possesses a catalytic core (goand a processivitfactor (p55).Nonetheless, ihologs,
or homologs that have resulted from speciatiomurhandiseaseassociatd genes are
found in yeastThirty to forty percenpf the knowrhumandiseaseassociated genes
share significant sequence identity with yegestes Foury, 1997. In fact more recently,
yeast has been used to screen for candidate mitochondrial genes associated with human
diseases3teinmetzt al, 2003. In this screera library of yeast deletion mutants was
screened forespiratory deficiencgndeighthuman orthologs were identified that were
known to be associated with diseases for which a mmitedrial pathophysiology was
plausible but hal not been proven. Additionallthis screeralso identifiectwenty-one

orthologsknown to be mplicatedin mitochondrial diseas&.hesegenesandsix other



orthologsassociated with human mitochondrial disgase listed in Table 1.Einally,
the power of using yeast to identify genetic and pharmacological suppressors of
orthologousamitochondrialdiseaseassociated mutations halsobeen suggestedde
below, Schwimmeret al, 2006. These genetic similarities shared between yeast and
human mitochondria make yeast a powerful model to study mitochondrial disease.
1.1.1Examples d yeast orthologs of human mitochondrial disease

Varioushuman diseases aassociated with genes encoding componentiseof
machnery that carry out themitochondrialprocessedescribed abov@Hoppinset al,
2007, Neupert and Herrmann, 200Copeland, 2008 A specific examplef a gene
encodinga componendf the mitochondrial fusion and division machingyuman
MFN2 (mitofusin 2) which isorthologous to yea$tZO1 (Hoppinset al, 2007. FZO1
encodes anitochondrialouternembraneGTPaseor dynaminrelated protein (DRR
which contribute to mitochondrial fusion and fission dynamig¢$oppinset al, 2007
Sesakkt al, 2003. Mutationsin this gene arassociated with defects in long peripheral
neurons irthe neurodegenerativgharcotMarie-Tooth (CMT) diseaseCMT diseases
area genetically and clinicallgssorted group dfereditary sensory and motor
neuropathiesKijima et al.reportedpatients with either CMRA2, or unclassified CMT
hadmutations located within or immediately upstream ofNt#eN2 GTPase domajn
critical for mitofusin 2 functionandwithin two coiledcoil domainscritical for
mitochondrial tageting(Kijima et al, 2003. These authors stated that formation of the
mitochondrial network would be required to maintain functional peripheral nerve axons.

MFN1 is another human ortholog ¢ZO1thatexists in thehuman genome.



Table 1.1Yeast orthologs to known human mitochondrial disease genes

Yeast | Human | Pathophysiologic | Disease
gene gene al defect
SDH1 | SDHA RCC Il subunit Leigh syndrome; Deficiency of succinate
dehydrogenase
SDH2 | SDHB RCC Il subunit Familial extraadrenal Pheochromocytoma
BCS1 |BCSI1L |RCC Il assembly | Tubulopathy, encephalopathy, and liver failure d
to Clll deficiency
SHY1 | SURF1 |RCC IV assembly| Leigh syndrome
SCO1 |SCOo1 RCC IV assembly | Hepatic failure, earipnset, and neoiogic
disorder due to cytochrome c oxidase deficiency,
SCO1 | SCO2 RCC IV assembly | Fatal infantile cardioencephalomyopathy due to
Cox deficiency
COX10 | COX10 | RCC IV assembly | Deficiency of complex IV; Leigh syndrome
LAT1 | PDX1 pyruvate DH Pyruvate dehydrogase E3binding protein
deficiency
PDA1 | PDHAl | pyruvate DH Pyruvate dehydrogenase deficiency; Leigh
syndrome
PDA1 | BCKDH | AA catabolism Maple syrup urine disease (MSUD)
A (DH)
PDB1 | BCKDH | AA catabolism Maple syrup urine disease (MSUD)
B (DH)
KGD2 | DBT AA catatplism Maple syrup urine disease (MSUD)
(BH)
LPD1 |DLD pyruvate/AAa- Dihydrolipoamide dehydrogenase deficiency;
KGDH Leigh syndrome
MIS1 MTHFD1 | AA metabolism Deficiency of MTHFD1; associated with an
increase in the genetically determined risk that g
woman will bear a child with a neural tube defec
GCVv3 | GCSH AA metabolsm Non-ketotic hyperglycinemia, type Il (NKH3)
YHM1 | SLC25A1| smaltmolecule Deficiency of ornithine translocase;
5 transport hyperornithinemighyperammonemia
homocitrullinuria (HHH syndrome)
PET8 | SLC25A1| smalkmolecule Deficiency of ornithine translocase;
5 transpot hyperornithinemighyperammonemia

homocitrullinuria (HHH syndrome)




Yeast | Human | Pathophysiologic | disease
gene gene al defect
FUM1 | FH TCA-cycle Deficiercy of fumarate hydratase; lewyomatosis
enzyme and renal cell cancer
MIP1 POLG maintenance of | Progressive external ophthalmoplegia with
MtDNA mitochondrial DNA deletions (PEO); Involved in
male infertility (MI); Alpers syndrome; ataxia
neuropathy
HEM14 | PPOX heme biosynthesig Porphyria varigata (VP)
YTA12 | SPG7 ATP-dependent | Hereditary spastic paraplegia (HSP)
protease
CCC2 | ATP7B | coppertransport | Wilson disease (WD)
ATPase
TAZ1 | G45 Inner Barth syndrom@
mitochondrial
membrane lipid
remodeling
MGM1 | OPA1 dynamin related | dominant optic atropy diseasg
GTPase,
mitochondral
division and fusion
FZO1 | MFN2 dynamin related | neurodegenerative Chareblarie-Tooth disease
GTPase, 2A2 (CMT-2A2)
mitochondrial
division and fusion
TIM8 DDP1 Mitochondrial Mohr-Tranebjaerg syndrorfie
protein import
tL(UAA | tRNA mitochondrial mitochondrial encephalomyopathy, lactic acidos
)Q Leu translation and strokelike episodes (MELAS syndrofe)
(UUR)
YFH1 | FRDA mitochondrial iron | Friedreich ataxia

accumulation

®The table is adapted frorBteinmetzet al, 2002 with the exceptions of b, ¢, d,feand g
which wee taken fromN§a et al, 2009, (Sesakket al, 2003, (Hoppinset al, 2007, (Paschen
et al, 2000, (Feuermanret al., 2003, and Chen and Kaplan, 20D@espectivelyRCC,
respiratorychain complex; DH, dehydrogenase; AA, amino acid; KG, ketoglutarate.




In vivosingle knockout mutantsof eitherMFN1 or MFN2in mouse embryonic
fibroblastscan maintain mitochondrial fusion while double mutants catfoppinset
al., 200%.

Another exampl®f aDRP is themitochondrialinner membraneMGML1 of yeast
orthologous tdhumanOPA1(Hoppinset al, 2007. Mutations inOPAlareassociated
with defects in retinal ganglion neuronsdaminant optic atrophgliseaseOptic atrophy
is characterized by an early childhood onset of visual impairmentawihge of
moderate to severe loss of visualiy, temporal optic disc pallor, colour vision deficits,
and centrocecal scotonf@localized defect in the visual field bordered by an area of
normal vision of variable density\(otrubaet al, 1999. OPAlmutations are believed to
affect the integrity of mitochondrigsulting intheimpairment ofATP generatiorand
over time this impairment could affect the survival of retinal ganglion calesxanderet
al., 200Q.

The yeast ortholog of humd@DP1, encodingdeafness dystonia polypeptideid,
TIM8, a mitochondrial intermembrane space protein, which mediates imglirtsantion
of mitoctondrial inner membrane proteifldeupert and Herrmann, 200Th humans,
lossof-function mutatiors of DDP1 areassociated wittMohr-TranebjaerdMT)
syndrome a progressive neurodegenerativeodilerassociated witkdeafness, visual
disability leading to cortical blindness, dystonia, fractures and mental deficiency
(Tranebjaerget al, 1995 Neupert and Herrmann, 2007 herefore, MT syndrome is
likely caused by a defect in mitochondrial protein import.

The human mtDNA polymerase (pgplencoded by?OLG) is orthologous to yeast

MtDNA polymeraseMiplp (encoded byIP1). This enzyme bears the sole



responsibility of replicatingntDNA, therefore, it is probably n&urprising that

mutations in this gene are associated with human mitocladdiseaseNearly ninety
pathogenic mutations have been foun®@LGand are associated with diseases such as
progressive external oplaimoplegia(PEO) Alpers syndromeataxianeuropathyand

male infertility (Copeland, 2008and the Human Polymerase Gamma Mutation Database,

http://dir-apps.niehs.nih.gov/po)g

PEO isa disease that typically has a later onset in patients between 18 and 40
years of age. Patients exhibitDNA depletion and/or accumulation of mtDNA
mutations and deletion€6peland, 2008 Symptoms include p&is(drooping of upper
eyelid9 andprogressive weakening of external eye muscles, resulting in
ophthalmoparesis (paralysis of the extraocolascleswhich are responsible for eye
movement) Genetically,PEO may be sporadic, autosomal dominant (ad) msamal
recessive (ar)With one exceptiorthe mutations associated wadPEQare all located in
the region oPOLG encoding the polymerase doma#arkinsonism has also been
documented to coccur with adPEOMost mutations are arPEO forpand often
patients with PEO have two differentutant alleles oPOLG (compound heterozygote).

Alpers syndromeés associated with more than 25 mutations inR@%.G gene
(Copeland, 2008 Thisautosomal recessivdiseasas rare but nonethelesdevastating
having arearly onsetwhereby patienttypically die within the first decade of life.
Symptoms of the diseaggclude mtDNA depletion, deafness, progressive cerebral
degenerationspastic quadriparesfaieakness of all four limbsplindnessandliver

failure.


http://dir-apps.niehs.nih.gov/polg

Ataxia-neuropathy syndrome is an audo®l recessive disease associated with
nonsense and missense mutatiorB@LG. Synptoms includemtDNA depletion,
damage to nerves of the peripheral nervous system, speech disorder, cognitive
impairment, involuntary movements, psychiatric symptoms, intafyrtwitching of
muscles, and seizureSgpeland, 2008

Alterations of gpolymorphic CAG repeatof1©® o d o n s -emnd of theR@LG 3 0
gene has been reported to be associated with loss of sperm quality and contribute to 5
10% of the male infertility cases in European populat{oegiewed n Copeland, 2008
However, other indpendent studies have not been able to reproduce this association
(Copeland, 2008
1.1.2Human ortholog complementsa yeastmutant with mitochondrial dysfunction

S. cerevisiadas been employess a modetio quickly study and characterize a
number of mitochondrial disease gemesivo. Forexample Ma and coworkeshowed
by complementation analysis that the huri&x gene complementsie mitochondrial
dysfunctionof a yeast mutant harbouring a deletiormTéiZ1(Ma et al, 2004and Table
1.1). Mutations inthe humanTAZ geneare assaated with Barth syndromé&ymptoms
of this disease includgbnormal mitochondriazgardiomyopathy (weakening of the heart
muscle) skeletal myopathy, and low amounts of neutrophil granulocytes (type of white

blood cell) Barthet al, 1983.

1.1.3Geneticand chemicalsuppressors of orthologus disease genes identified in
yeast

In a study by Feuermaret al, the equivalent humamtDNA tRNA-Leu
mutations associated with the neurodegenerative disBHSEAS were constructed in

the orthologus yeast mtDNA gerfeeuermanret al, 2003. The resulting mutants
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showed respiratory defects, accumulated mtDNA deletadra high frequency, and
displayedabnormal mitochondrial morphologiterestingly, these mitochondrial
dysfunctions could bgeneticallysuppresselly overexpression of EFu (encoded by
TUF1), a mitochondriaklongationfactor. MELAS is characterizedy mitochondrial
myopathy (muscle diseasejcephalopathy (disease of the bralakticacidosis (build
up of lactic acid in the bodyandstroke-like episodegFeuermanret al, 2003.

In a similarscreenCCC1, encoding a ptative vacuolar Ca&/Mn?* transporter
was foundo suppress mitochondrial dysfunction in a yeast model of Friedresch At a x i a
(aYFHL1, yeastFrataxinhomolog,deletion mutantpy limiting the accumulation of iron
in the mitochondria@hen and Kaplan, 2000YFH1 encodes Frataxjiwhich regulates
i ron accumulation in the mitochondria. Fri
in the first intran of the human Frataxigene FRDA, and this disorder is lethal affecting
the nervous system and hedrhe resulting mutarERDAmMRNAs are decreased and
patients exhibit increased iron deposits in heart biopsies and in mitochondria of
fibroblasts Chen and Kaplan, 2000In the absence of Yfhlp in yeast, iron accumulates
in the mitochondria and mtDNA mutations accumulate.

Baruffini etal. studied two orthologuBOLG mutations associated with adPEO
and arPEO, Y955CY757C in yeastand G268A G224A in yeastyespectively
(Baruffini et al, 2006. Themip1'">"“haploid strain completely lost mtDNAHQ®),
while 79% ofthe mip1®?***haploidcells maintainedespiratory competenc8imilar to

1""*"“showed a dominant negative

the phenotypes in humans, the diploid stMIP1/mip
phenotype in comparison MIP1/MIP1 (68% and@9% of cells maintained respiratory

competencerespectively) while theMIP1/mip1°#**diploid displayed a recessive



phenotypg> 95% respiratory competengeseneticsuppresionof theMIP1/mip17°"¢
diploid and mip1®?***haploidpetitephenotypes, was demonstrated by insieg the
pool of dNTPs via ribonucleotide reductas®NR) overexpressioand bydeletion of its
inhibitor (SMLJ) from the yeast genom€hemical supprason of these phenotypes was
also demonstrated using the amtidant agent dihydrolipoic aci@Baruffini et al., 2006.
These authors therefore proposed that patients suffering from PEO may benefit from the
development o&ntioxidant therapy.
1.1.4Yeast as model to study th@athophysiologyof orthologous human mutations

The last exampkof chemical and geetic suppression afrthologusPOLG and
tRNA-Leu mutations validates yeast as a model to characterize the cellular consequences
of human mutations of mitochondrial diseasgerestingly mutations in other
components of the human mtDNA replication maehy and a gene encoding an
ATP/ADP transporter are also associated with PEO. These inttladenes encoding
thepol gaccessory subuniPQLG2), the mitochondrial DNA helicaseTWINKLE) and
theadenine nucleotide transport&NT1) (Copeland, 2008 In a study by Fontanest
al., S. cereisiaewasemployedo characterizenutations inANT1associateavith adPEO
(Fontaneset al, 2004. In haploid yeast the equivalent human mutatiorthe yeast
orthologAAC?2 caused growth defects on rtermentable arbon sourcesgeductions in
cellular respirationmitochondrial cytochromesndcytochrome ¢ oxidase activjtgnd
led todefects in ADP versus ATP transport compared to-tyiite AAC2 This study also
examined the heterozygous conditions of the Atk AAC2with adPEO mutant
variants ofAAC2 The controlAAC2strainsharboured eithehAC20r A humani zed

t ype vaenraceatromeioplasmidnd were referred to as homoallelic
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(homozygous)while the heteroalleliqheterozygouspAC2strains harburedthe
equivalentANT1adPEO mutationen the plasmidorneAAC2 Dominant traits of
reduced cytrochome content and increased mtiMsfability were observed in the
heteroallelic strain®ther sudies ofPEOQ and AlpersPOLG-associated mutations were
analyzedin yeast modalby Stuartet al. and Baruffiniet al. (Stuartet al, 2006 Baruffini
et al, 2007q.

In summaryanalysesn yeastare now common place to quickly assess the
molecular consequences of mitochondrial disess®@ted mutationgn vivo. These
observations are pentially relevant to understanding the pathologies observed in human
patients afflicted with these disordé&tuartet al, 2009. However, the model organism
itself must be weltharacterized for these analyses and comparisons among them to
valid.

1.1.5 Choosing the best yeast strams amodel of human mitochondrial disease

Recent work from several labs has revealed critical differences in common
laboratory strains. For examparuffini et al. reportedhat a single nucleotide
polymorphismin the yeasMIP1 changes an evolutionarily conserved threonine at
postion 661(T661)to an alanindA661) in S. cerevisiastrains related to S288&/303
1B, BY4741, BY4742, and BY4743Baruffini et al, 2007). They showed that an
alanineresidue at position 66% responsible foan increase in point mutations and
deletionswithin the mibchondrial genomerheS288c strain haalsobeen documented
as being inappropriate for mitochondrial studies due to the mute&@d locus
(Sherman, 2002 HAP1 encodes transcription factor thaenses cellular heme status

and increases expression of aerobic genes in respmoggden Ter Linde and
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Steensma, 2002Also, thecontribution of auxotrophic marker genes to the interpretation
of respiratory phenotypes is exemplified by studies utilizing strains bearitgsBer00
allele. This allele harbours a 10Bé&sepair deletion that removes the entite&S3gene
and a bidirectional promoter required for transcriptioM&M1 (Chapter 2), which
encodes a mitochondrial sigpecific ribose methyltransferasgt(uhl, 1985 Sirum
Connolly and Mason, 199Riegeret al, 1997. As a resulthis3-L200strains display
respiratory deficiencieZpanget al, 2003 SirumConnolly and Mason, 199Riegeret
al., 1997. The vast majorityf the examples mentionedoveof complemering,
gengically and chemically suppressing, and studying the pathopbgsi@f human
orthologs in yeastmployedS288¢, W3031B- or W303related straingChen and
Kaplan, 200Gand Table 2.)L Due to tleseobservatios, in Chapter 2ve evaluate
combinations oflifferent auxotrophic markers in two separate genetic background
strains In addition,the two Miplp variants harbouring either the AGBII661 residue

are also examined in Chapter 4.

1.2 Seven families oDNA polymerases

The remainder of the work carried out in this thesis focused on a novel région o
the yeast Miplp enzyméhecarboxytterminal extensionTherefore, drief introducton
to DNA polymerases will be presented, followed by details of mtDNA polymerases,
mtDNA replication, and mtDNA organization into nucleoids.

All organismgequire enzymes to replicate theneticinformation stored itheir
genomeand to pass this inforrtian on totheir offspring. DNA polymerases are fourd
all domains of life (Eukarya, Eubacteria, and Archaeayvell as are encoded tiyuses,

phages, and pémids. Currently, sxteen DNA polymerases have been identified in
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humanswhile five and ninéhave been recognized i coli andS. cerevisiae
respectivelyBebenek and Kunkel, 20p4T he evolution of the DNA replication
apparatus is complex and probably involved numerous gene duplications, gese los
and lateral gene transfers between viruses, plasmids and theirFilegtst(al., 2002.
Due to this complex evolutionary histognd the widespread distribution of DNA
polymerasesa wified classification of DNA polymerases was established in 1881
and Braithwaite, 1991 This classification systewrganizedover forty DNA
polymerases knowat that timeinto four families, Family A, B, C and )Since this
analysisthe classification has expanded to a total of seven families with the newly added
familiesD, Y, and reverse transcripta@éleeet al, 2002 Kempeneergt al, 2005.
1.2.1Family A DNA polymerases

Family A DNA polymerases af@eNA-dependent DNA polymerases, which share
amino acid sequence homology witte firstdiscoveredNA polymeraseE. coliDNA
polymerase | encodday the polA gene(Lehmanet al, 1958. These enzymes include
subfamilies of bacterial, baceriophagekaryoic and mitochondrial DA polymerases
(gamma(g) subfamily although this group was initially classified as Rid&pendent
DNA polymerasesGraziewiczet al, 2006). Also grouped into this family werefew5 6
t o 30 easagexnTh arld T7 exonucleasabat sharesequence homology with.
coli DNA polymerase [Braithwaite and Ito, 1993Representativesf this family such
as the Klenow fragment &:. coli DNA polymerase ITagDNA polymeraseBacillus
steanthermophiludDNA polymerase |, and T7 DNA polymerase have been crystallized
with variousDNA substratesindhave contributed to our overall understanding of the

DNA synthesigeaction Beeseet al, 1993 Eomet al, 1996 Kiefer et al, 1998 Doublie
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et al, 1999. Two newly identified human family A polymeras€&so | d (t hnet a)
(nu), are predicted to be involved in interstrand ctods repair based on homology to
Drosophilamus308(Bebenek and Kunkel, 20D4amily A polymerases are resistant to
the drug apfiicolin but are very sensitive to dideoxynucleotide inhibitors
1.2.2 Family B DNA polymerases

Family B DNA polymerases are DNdependent DNA polymerases, which share
amino acid sequence homology wihcoli DNA polymerase Il encoded by tpelB
gene.The family B enzymes comprisgamma protelacterial, bacteriophage,
archaebacteriakukaryotic celleukaryoticviral, andeukaryotic linear DNA plasmid
encodedNA polymeraseg¢Braithwaite and Ito, 193). Two categories of polymerases
can be distinguished in this family duetkeir DNA priming properties. Category one
includes RNA/DNA-priming polymerasesf Archaea, Eukaryota, Enterobacteria and
various eukaryotic and prokaryotic viruséxamples islude the three eukaryotic
polymerasea (alpha) d (delta) ande (epsilon) which are involved in the bulk of the
nuclear DNA replicationin addition,the eukaryotic polymerase(zeta) which performs
translesional DNA replicatidbypasses DNA lesiong also part of thisategory
(McCulloch and Kunkel, 2008 Category two includeproteinpriming type polymerases
encoded by linear plasmids of mitochondria (fungi and two plants), bacteriophages, and
of the eukaryotic Adenovirug-(leeet al, 2002. Most, if not all, Family B DNA
polymerases are sensitive to aphidicolin and relatively resistant to dideoxynucleotide

inhibitiors.
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1.2.3 Family C DNA polymerases
Family C DNA polymerases arbacteriaDNA-dependent DNA polymerases

representative of therimarybacterialchromosomeeplicative DNA polymerases arktl
coli dnaQ(MutD, E. coliDNA polymerase llle subuni). Members of this familghare
amino acid sequence homology witte E. coliDNA polymerase Il a-subunitencoded
by thepolC gene Enzymes of this family also includeyptic phages as well as plasmid
encoded DNA polymeraseBr@ithwaite and Ito, 1993F-ileeet al, 2002. No eukaryotic
or archaeal representatives have been disedwet for this family
1.2.4 Family D DNA plymerases

Family D DNA polymerasefolD) arearchaeaDNA-dependent DNA
polymerases, which share amino acid sequence homologywibicoccus furiosus
DNA polymerase Ibf the Euyarchaeota subdomain of the Archg@reenet al,, 2004.
PolDs are omposed of two subunits: a large DP2 catalytic subunit and a small DP1

subunit, which has low but significant homology to the eukaryotic DNA polymekase

1.2.5 Family X DNA polymerases

Family X DNA polymerasesre DNAdependent DNA polymerases, which share
amino acid sequence homology with eukaryotic DNA polymebabeta)(lto and
Braithwaite, 1991 Mammalianenzymef this familyare relatively small and
inaccurate enzymes involved in DNA repair processes such as such as base excision
repair(BER) and repair of doubistrand breaksdoon et al, 2007. Within eukaryotes
two types of family X paralogs seemltepresenin a wide variety of metazoans 1)
DNA polymeraséb and 2) terminal deoxynucleotidyl transferase (T¢Hileeet al,

2002. TdT is a templatéendependent polymerase that catalyzes thetiaddof random
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dNTPs t-lydraxyhtermiBué of DNAThis process occurs at the junctions of
immunoglobulin genes during V(D)J recombinat{®iregions) which results in
increased immunological diversityhe family X polymerases have members in the
Archaea, Eukaryot@ndEubacteriaMore recently discovered eukaryotic members
include Pol (lambda), Pom(mu), and Po$ (sigma).Both Polb andl have DNA
pol ymer ase -debkyr tplgosphaeddrB)dyase activity required for
BER.Polsl| , mand TdT all have a BRCT domain (similar to BRQAC-terminal
proteinprotein interaction domain) associated with nonhomologougaenithg of
doublestranded DNA breaks induced by DNA damage and/or during V(D)J

recombinatior(Moon et al, 2007.

1.2.6 Family Y DNA polymerases

Family Y DNA polymeraes are DNAdependent DNA polymerases, which share
amino acid sequence homology wihcoli DNA polymerase IV (DinB) and DNA
polymerase VI{muD&C). Thesefamily Y enzymes are found in the three domains,
Archaea, Eukaryota, and Eubacteatawell as in sme bacteriophages and plasmids
(Fileeet al, 2002. The Y family polymerases are characterized by their ability to bypass
the stalling ofareplication fork during DNA replication. This dity to synthesize DNA
past a DNA lesion is referred to as translesion synthesis, Jdt8szt al, 2007.
Eukaryotic polymerases includie(eta),k (kappa) and (iota). Revl, a template
dependent deoxycytidyl transferase is also part of the Y fgBédipenek and Kunkel,

2004).
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1.2.7 Family reverse transcriptase (RT) DNA polymerases

Family RT DNA polymerases are RNdependent DNA polymerases, which
share amino acid sequence homology with retroviral reverse transcriptaskargogc
telomerasesempeneeret al, 2005 Nakamuraet al, 1997. Because these enzymes
are RNAdependent, they are typically analyzed separately from the-@®pdndent
enzymes.

In summary, the known DNA polymerasgave beemrganized into seven
families A, B, C, D, X, Y, and RTNine DNA-dependenpolymerase have been
identified inSaccharomycesnd are representative of family A (Miplg))( family B
(Pollp @), Pol2p €), Pol3p ¢) and Rev3)), family X (Poldp () and Trf4p §)), and
family Y (Rad30p i) and Revlp)In addition, &amily RT representative is also present
in yeast Est2p(reverse transcriptase subunit of the telomerase holoenzyngméret

al., 1997)).

1.3Mitochondrial DNA polymerases (g-subfamily)
1.3.1 History ofmitochondrial DNA polymerases, specificallyyeastMiplp

MtDNA polymerases make upé g-subfamily of family A DNA polymerases.
Formammalst has been estimated that mtDNA polymeresmprises one to five
percentof the total cellular DNA polymerase activity and mtDNA accounts for one
percent of the total cellular DNAGfaziewiczet al, 2006. Thelow naturaloccurrence of
these molecules fascinatigp asmtDNA maintenance is essential for the life of obligate
aerobes anchutations in thd?OLG gene are associatedtivvarioushumangenetic
diseasesThe firstcloned and sequencedtDNA polymerase wasolated fronS.

cerevisiagMIP1 (MltochondriaDNA PolymeraseFoury, 1989. Foury noted sequence
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similarities between Miplp and eukaryotic as well as viral DNA polymer&sesy(,
1989. This studyalsoshowedthat the carboxyterminal region of Mip1p harbosga
motif, which has sequence similarity with reverse transcriptases angdipitaining
fractionshad reverse transcriptase activity i.e. the ability to copy adenylate
ribohomopolymer templates (poly (rA)igo(dT)) aswasdemonstrated for higher
eukaryotic mitochondrial DNA polymerasesthe 1970sreviewed byKaguni, 2004.
Subsequently, the coding sequencesionan,mouse chicken,Xenopus
Drosophilg Schizosaccharomyces pombadPychia pastorigpol gwere determined
(Graziewiczet al,, 2006. In addition, a database search in 2006 fawehty additional
fungal homologs oMIP1 (Younget al, 200§. The animal polymerase gammas possess
two distinct subunitd) a catalyticcore cont ai ni ng DN-AOGpol ymer ase
proofreading examclease activities and 2) an accessory subunit that enhances catalytic
activity and serves as a processivity fagteanet al,, 2006. Processivity is defined as
the extent of DNA polymerization i single binding eventpury and Vanderstraeten,
1992. Carrodeguast al.solved the threelimensional structure of the mouse gol
accessory subunit, demonstrating tti&t subunit crystallized as a diméafrodeguast
al., 200). Accessory subunits share striking sequence and structural similarities with
class lla aminoacyiRNA synthetased-anet al, 1999; however, residuecritical for
ATP binding and anticodon recognition in tRNA synthetases are not present in the
accessory subuniCarrodeguast al, 200)). The relatedness of accessory subunits to
tRNA synthetases is apparent in surface loops involved in tRNA recognition by tRNA
synthestasethat alscappear to be important for the interaction of the mouse smoes

subunit with ssDNACarrodeguast al, 200). To date no homolog @n animal
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accessory subunftas been found in the yeast gare andhe Mip1p catalytic subunit
has been shown to function as a processive mondtoery and Vanderstraeten, 1992
In addition, a portion othe carboxytterminal extension (CTE) of Mip1pyhich is
conserved in ten Saccharomycetaladlocatedproximal to the polymerase domais
essential for mtDNA maintenan¢€ounget al, 2006 Chapters 3 and 4, Figure 1.1

As part of this work exmined the fagalspeciic CTE of Mipl1p (Chapters 3 and
4) as well as the Mip1p[S] and MipI§j[variants that exist in many commonly used
laboratory strainghis review will focus on thesequence organization anglecular

structuralmodel of the polymerase catalytic sublomty.

1.3.2Sequence organization of peg catalytic subunit

TheMiplp polypeptideharboust hr ee c o5& eg wemdu Blbease mot
three conserved DNA polymerase motifs sharethhyily A DNA polymerasegFigure
1.1,1to and Braithwaite1990. Interestingly,Ilto and Braithwaitesuggested that this
finding is consistent with the endosymbiotic theory. Briefly, this theory staaés th
mitochondriaevolved from endocytosis of an ancienttegium by an ancient anaerobic
cell and a symbioticelationship was developediheoretically, theerobicbacterium
could handle the toxic oxygen for the anaerobic cell and the cell would protect and ingest
food for thebacterium(Margulis, 1968. Support for this theory comes from the
observation that yeast mitochondrial RNA and DNA polymerases are homologousto T
odd (T3 and T7) bacteriophage RNA and DNA polymerakdesatd Braithwaite, 1990
Fileeet al, 20029. Recently, ithasbeensuggested that is possible that some of the
genes encoding componentglaod replication machinery may have been acquired as part

of protomitochondrial genome, in the form of integratedgehgenes, which were then
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transferred to the nucleuslthough there is no evidence thato@ld phage genes laterally
transferred into mtDNAhis theory is supported by the finding that some pHikge
genes exist in alphproteobacterial genoméeviewed inShutt and Gray, 2006
Alternatively, perhaps the phage genes were acquired by the nucleusrgphcating
phagegenomein an infectecendosybiotic bacteriunWhatever the case, tlr®rganism
shouldprobablybe considered for the establishmentrafochondrialendosymbiosis
host, bacterium, and pha@@hutt and Gray, 2006

In addition to the exonuclease and polymerase motifs shared among the family A
polymerases, six conserved elemédgilsto g6) among theypolymerases have bee
identified Kaguni, 2004 Chapter 3and Figure 1.1l Most d the gammeaspecific
elementsdl tog4) are found withira g-polymerasespaceregion which is almost twice
as long as thepacerregion in other family A polymerase&Kaziewiczet al, 2008. It
has been suggested thiag spaceregion of mtDNA polymerases may be involved in
subunit interaction (for animal polymerases), DNA binding, and/or functional coupling
between activities of the polymerase and exonuclease dorhamand Kaguni have
shown that mutations in threeut of four of these elementgl( g3 andg4) alter
polymerase activity, processivity, and/or DNA bindafjnity of purified mutant
holoenzymedrom Drosophila(Luo and Kaguni, 2005 Deletion mutants lackingl and
o had weak interactions with the accessory subunit while all three detattamtshad
low DNA polymerase activityWarious sitedirected missense mutations in all three
elements caused reduced processiiiditionally, uman mutations in thepacer
region have been linked to various diseases including PEO, Alpers, and ataxia

neuropathylike syndromegLuo and Kaguni, 2005
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Figure 1.1Fungal mtDNA polymerase#é. Schematic diagram of Miplp. I, I, and IlI

i ndicate the |l ocation of three &06nserved e
exonudease domain, while A, B, and C indicate the location of the three conserved
polymerase motifs that define the polymerase domain. Boxes numbéredlitate the

positions of the mtDNA polymeraggespecific sequences. Tl sequence is shaded

black to delineate it froglandg3. A CTEO i ndicates 1+ he Il ocati
terminal extension unique to fungal polymerases. Targeting signal refers to the amino
terminal region of the protein requiréat proper targeting and import into the

mitochondrionB. Conservation among fungal mtDNA polymerases. An alignment of

full length mtDNA polymerases was generated using PRALISIEN¢ssis and Heringa,

200, and conservation scores are presented
amino acid is found at a given position in the final multiple alignment and 4in pre

processed alignment blockbi€ringa, 1999 In the 18point consistency scale, zero

(blue) indicates the least conserved alignment position, wliied) indicates the most

conserved position. Gamma specific sequengkes ¢6) and polymerase motifs A, B,

and C (Pol A, Pol B, and Pol C) are indicated by boxed residues on the alignment. Sc,
Saccharomyces cerevisié®288c) Spa,Saccharomyces paradoxuba,Saccharomyces

bayanus Cgl, Candida glabrata Kwa, Kluveromycesvaltii; Debaryomyces_ha,

Debaryomyces hansenhicr, Neurospora crassaEgo, Eremothecium gossylactis,
Kluyveromyces lactjsGze,Gibberella zeagPan,Podospora anserinagr,

Magnoporthe griseaHca, Histoplasma capsulatunCalb,Candida albicansSca,

Saccharomyces castejli\ni, Aspergillus nidulansYarrowia_lipoly, Yarrowia

lipolytica; Ppa,Pichia pastoris aspfumAspergillus fumigatysSku,Saccharomyces
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kudriavzevii Accession numbers for all of these mtDNA polymerase sequences can be

found n Table 3.2
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1.3.3Molecular modeling of polg catalytic subunit

Currently, anX-ray crystal structure of a mtDNA polymerase catalytic subunit
does not eist. Howeveras mentioned abovearious crystal structures of family-#pe
polymerases bound to DNA have been sofi2dublieet al, 1998 Eomet al, 1996
Kiefer et al, 1998 Beeseet al, 1993. Additionally, one study developed a homology
model of the human mtDNA polymerase catalytic domain in complex with DNA
(Graziewiczet al, 200%). All of thesestudiessuggest thathe molecular architecturef a
polymerase domaiis conserved. All of theolymerase domain crystal structuraadthe
homology model of theumang-polymerase domaimesembleaii r i-lgehtd 0 wi t h
Afingersandifipalmmd s ubdA joge andStefta-198ur e 1. 2
Kaguni, 2004 Graziewiczet al,, 2009. A cleft is formed between the polymerase and the
exonuclease domains of the Klenow fragment and has been shown to bind duplex DNA
in a DNA-Klenow editing compleXFigure 1.2B., Beeseet d., 1993.

The palm subdomain is the location of the polymerase catalytid bite.
polymerase active site harbours three conserved carboxylates and other polar residues at
the base of the polymerase cléftthe humarg-polymerase homology model these
residues are equivalent to D11@3enow D882) E1136(Klenow E883) and D890
(Klenow D705), which are located in the Pol A motif (D890) and the Pol C motif (D1135
andE1136)and are absolutely conserved among mtDNA polymerdsegechanism of
phosphoryl tansfer for catalysis of the polymerase reaction has been proposed. This
reaction involves nucleophilic attaack by

phosphate, with the subsequent release ofH&ure 1.3Joyce and Steitz, 1995
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Figure 1.2Klenow fragment oE. coliDNA polymerase IA. TheKlenow fragment

pol ymerase domain. The str uchtaunrded0 owi tthhi s

Afingerso, it humb o a-kehcds arié depittad as cylindérsllettenedi n s .

from the fragment Nerminus (starting at H) artetstrands are depicted as arrows. The
exonuclease domain is not depicted to clearly delineate the polymerase ddmeain.
approximate position of the exonuclease donmrepresented by a dotted cirdge.

Space filled model of the Klenow fragment with bound duplex DNA. Notice that the
DNA is bound in a cleft between the polymerase domain and the exonuclease domain.
T h e-end 6f the primer strand is bound in the exxdease active site (All panels were
taken with permission from the following sources: panel A was taken ffopc¢ and

Steitz, 199%, panel B was taken fronP(leskyet al, 1990.
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Figure 1.3Pent acoval ent transition state in
polymerase reactiorn this model catalysis mediated by two divalent magnesium ions
(Mg?"). Carboxylate ligands (CO¥are in generic positions as not to represent any
particular DNA polymerase. In Klenow the side chains harbouring these conserved
carboxylates are D705, D882, and E883 (Taken pattmission fromJoyce and Steit

1995).
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In thismodel he three conserved carboxylates anchor two magnesium ions. One
magnesium promotes deprotonation of the pr
facilitates formation of the petacovalent transition state attpkosphate of the dNTP

and the release of PRIrystal structures of DNA polymerases suggest that as the nascent
primer strand elongates via DNA polymerase actj¢ityh eendcan shuttle between the
polymerase active site and the exonuclease activé=gere 1.4 Joyce and Steitz,

1995).

As was mentioned above a homology model of humaug patlalytic domain in
complex with DNA waglevelopedased on the sequences of solved family A
polymerasesThermus aquaticuUBNA polymerase IBacillus stearothermophiludNA
polymerase IE. coliDNA polymerase | Klenow fragment, and T7 DNA polymerase)
and was shown to display welefined fingers, thumb, and palm subdomains (Figure 1.5,
Graziewiczet al, 2004. This model has proven to laeuseful tool in predicting the
potential effect of disease mutations as is the casethgtiivo autosomal dominant
mutations that cause PEO encoding the amino acid substitutions Y995C and RB43H.
pol gmodel predicts that the R943H mutation would i the interaction betweehe
R943side chairand the two oxygen atoms of tgg@hosphate of the incoming dNTP
thereby interfering with the nucleotididansfer reactiofFigure 1.5) In vitro this
substitution caused a decrease 0.2% of wildtype pdymerase activity and replication
stalling. The Y995, E895, and Y951 side chains of @firm a hydrophobic pocket that
harbours the incoming dNTFhe Y955C mutation is predicted to significantly disrupt
this interaction anth vitro the Y955C enzyme eithits the most severe biochemical

defects with respect to polynase activity, processivity, and incorrect nucleotide
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Figure 1.4 Cartoon of the Klenow fragment &t coli DNA polymerase | shuttling

between editing and polymerization modes i P 0 i enpblynterdzatiensactive lsite
while AEO0O indicates the exonucl dayzandact i ve
Steitz, 199%).
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Figure 1.5Homology model of human DNA paglpolymerase domairA. Model of

residues 871 to 1145 of the human gpblymerase domain. Side chains ofidess that

are mutated in autosomal dominant PEO are coloured green. The side chains of other
residues involved in catalysis are depicted in white. Residues D890, D1135, and E1136
harbour the conserved carboxylates suggested to be required for polyreaciss r

(Figure 1.3)B. The T7 DNA polymerase ternary complex. In both panels, the thumb,
fingers and palm subdomains are magenta, yellow and blue, respectively. The template
and primer strands are coloured gray, the incoming ddGTP is coloured red and the

magnesium ion is shown as a purple sphere.
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seletion Graziewiczet al,, 2004. PEO mtients with the Y995 mutation also exhibit the

most severe clinical phenotype.

1.4 Yeast mtochondrial DNA replication

No definitive model of mtDNA replication exists for either yeast or rhayeast,
onemodel is that of the bidirectional origin modekcrenier and Foury, 20p0while
othe models of rolling circle replication and recombinataependent replication via
DNA primi n g -iovadin BNA havebeen proposed_gcrenier and Foury, 2000
Maleszkaet al, 1991 Shibata and Ling, 2007For human mtDNA replicatioftwo
modelshave been proposethereby mtDNA replication is eithdr) asymmetric (strand
displacement model) or it B) symmetric, semidiscontinuous DNA replication with
coupled leading and lagging stand DNA synthéstisandcoupled modelGraziewiczet

al., 2009. Only the yeast mtDNA replication models will descussed here.

1.4.1Yeast mtochondrial DNA

The yeast mitochondrial genome has been sequenced from the laboratory strain
FY1679(isogenic derivative of S288and has been determined to be 8&h8n size
(Fouryet al, 1999. Unlike the intronlesshuman mtDNA the sequencegeast mtDNA
contains 13 intronsomed whi ch are foptional 6 or presert
others (exthe Omegaintron, Lambowitz and Belfort, 1993 The coding capacity of
yeast mtDNA is similar to that of human (the main difference being yeast mtDNA does
not encode components of cplex ). The yeast mitochondrial genome encodes three
subunits of cytochrome c oxidase compllex(COX1, COX2 COX3, three subunits of
the ATP synthaseomplex V(ATPG ATP8 ATP9, apocytochromé (COB) subunit of

complex IlI, a ribosomal proteinARD), several introrrelated ORFslarge (21S) and
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small (15S) ribosomal RNAs, 24 tRNAs that canognize all codons, and a 9S RNA
component of RNase {Fouryet al, 1999. Yeast mtDN/A alsocontainseven oeight
origin-like (ori) elementsof which three or fouarethought to beactivebidirectional
sites of DNA repltation initiation(Lecrenier and Foury, 20D0Additionally, theseori
elements have been proposed tacfion with Hsp60in nucleoid division, which is likely

dependent on membrane association of mtDKaufmanet al., 2003.

1.4.2 Yeast mitochondrial DNAbidirectional mtDNA model

Hmilp is a mitochondrialbcalized helicase required for BIWA maintenance;
however, its helicase activity is not essential for maintaining the mitochondrial genome
(Monroeet al, 2005. It has been suggested that Hmilp may be required to bind DNA
and assemble replication proteins on either ape#d replication fork or #te origin of
replication 6ri). The mtDNA ori sequences are approximately 300dopy and are
formed by three GC clusters separated by AT stretches (Figurd da6¥criptionof the
r strandis hypothesized to bmitiated from ther promoterlocated upstream of the three
GC clusters, by the mitochondrial transcription apparatus (Rpd-A polymerase,
and Mtflp transcription factor for promoter binding and specificity of Rpg4Ap
RNase MRRactivity would then processits transcriptinto a primerfor initiation of nor
r strandsynthesisising ther stand templateia Miplp (Lecrenier and Foury, 2000
Graveset al, 1999. RNase MRP is a sitspecific endoribonuclease found in yeast and
man. In mammals a pion of RNAse MRP has been shown to localize in mitochondria,
but this has not been shown in fungivitro RNAs initiated at mtDNAoris from yeast
and mammals were cleaved by RNase MRP and could then be extended by DNA

polymerase
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Figure 1.6 The bidirecional model of the yeast mitochondrial DNA replication fdrk
Hmilp may bind to the replication originr{) and assemble replication proteins (circle
with a question mark). A, B, and C represent the three GC clusters separated by AT
stretches andrepresents the promoter. The mitochondrial transcription apparatus
(Rpo41p, mitochondrial RNA polymerase and Mtflp, TF) is shown bound to the
promoter. Singlestranded DNA binding proteins (SSBs, Rimlp, depicted as black dots)
bind to and stabilize singlgtranded DNA during mtDNA replicatiofl. The

mitochondrial transcription apparatus extends a new RNA that would be cleaved by an
RNase MRPlike activity to form a primer for the mitochondrial DNA polymerase,

Miplp. Likewise, a primase activity on the AomtDNA strand could form a short

primer for Miplp.lll. Separate Miplp enzymes extend the primers on dimel norr

strands while Piflp may unwind the replication fork ahead of mtDNA synthesis in both
situations. Before the polymerase reaches@enlo f a p r3iomeRNaas e5 6H wo u |
have to degrade the RNA primer and Mip1p would fill in the remaining DNA.
Mitochondrial Cdc9p ligase would then seal the nick completing replication (modified

from Lecrenier and Foury, 2000
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activity (reviewed inLecrenier and Foury, 2000These observations suggest an
involvement oRNase MRP in mitochondrial primer generation.
The Piflp mtDNA helicasbas been shown to associate with mtDNA and either
protects mtDNA from doublstranded breaks garticipates in the repair of double
stranded break® i f 1 p-3lba ODNAOG hel i case activity and m
secondary structures in the regions that form during mtDNA replica@iber(get al,
2007). Therefore, Piflp may be the replicative helicase that unwinds mtDNA ahead of
the replication forkalthough this function has not been proven
Primersynthesin the norr strand has been hypothesize begeneratedy a
primaseactivity upstream of the promoter(Lecrenier and Foury, 2000Subsequently,
Miplp would use this primer to replicate a nestrand in the opposite direction as fron
strand synthesi@-igure 1.6)Before Miplpr e ac he-end hef 5©he RNA prir
RNase H would have to degrade the RNA primer. Miplp could then replicate mtDNA up
to the first deoxyribonucleotide incorporated in the nascent chain followed by ligation of
the first and last deoxyribonucleot&ethis chainby the bona fide mtDNAigase

Cdc9p(Donahueet al,, 200)).

1.4.3 Yeastolling circle mtDNA replication and vegetative segregation

Due to the location of mtDNA near the electron transport chain, which generates
reactive oxygen species, mtDNAcaenulates oxidative damage at a higher rate than
nuclear DNA.One might expect than that mtDNA would lieterogeneou®r
heteroplasmicylue to the high copy number and mutation rate. Howewthin a single
cellmtDNA copies araypically identical, a ste referred to as homoplasnhy.yeast,

homoplasmy is achieved by a heteroplamic cell during mitotic cell division. After ten to
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twenty cell divisions most progeny of the heterspie cell are homoplasmic. This
process osegregatindqiomoplasnc cells(buds)from a heteroplasmimothercell during
mitosisis defined as vegetative segregatiBecently Shibata and Ling have proposed a
model whereby vegetative segregatioi®sircerevisia®ccurs by partioning of

monomeric mMtDNA intagrowing daughter budsia rolling circle mtDNA replication

from the mother cel|Shibata and Ling, 200Q7Rolling circle replication of mtDNAnN
variousyeass has also been suggested based on pulse field gel electrophoresis analysis of
linear tandem repeats of mtDNodncatameras well as electron microscopic analysis of
mtDNA in a lariat form Maleszkaet al,, 199]). Similarly, Bendich observed that
mtDNAs isolated fronS. cerevisiagverelinear molecules ranging in size from-gb to
several hundreds of kilobasd¥efidich, 199%

Analyses ofho" andrho” mtDNA from mother cells indicated theite major
MtDNA species areoncatamersrhered monomersvereminor speciesin contrastthe
majority of mtDNA in daughter buds were found to be circular monomeang(and
Shibata, 200R Evidence supporting a rolling circtgpe replication model, came from a
pulsechaseexperiment of {*C]deoxyhymidine ([**C]dTTP)labelled mtDNAduring
mitosis Because mtDNAs replicated continuously throughout the mitotic cycle in yeast
(Senaet al, 1975, andnuclear DNA is replicadonly during the S (synthesis) phase of
the cell cycle, mtDNA can be selectively labellgbden yeastre arrested @ahe G1 phase
of growth withthe mating phermone-factor.In cells arrested at G1C]dTTPwas
incorporated intantDNA concatamerat a much higher density tharo mtDNA
circular monomersAfter removal of *C]JdTTPand addition of excesfeoxythymidine

cells were grown for another hopirior to rekase from G1 arrest and synchronous
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growthfor 1.5 hoursThenmother cells and budsere separate The daughter buds of
dividing cells contaied monomers as the major species at a simditivedensity of
[**CJthymidine as theconcatamer# the mothe cells. This result indicated that
concatamerg1 mother cells are precursors of monomers in laudssupports a rolling
circle-type replication modgFigure 1.7Ling and Shibata, 2004In this model mtDNA
is transmitted into budding daughter cells etancatamergesulting in anumber of clonal
mtDNA copies within a buding daughter cellConcatamerare selectively partitioned to
daughtercell buds by a putative terminase and are processed into circular unit sized
mMtDNAs. Selective partitioning odoncatamerformed on a limitd number of mtDNAs
could explain the quick segregation of homoplasmic cddterved in yeast

Interestingly mtDNA maintenanceeems to be dependent amniologous
recombinatiorasdoubleMHR1 CCEldeletion mutants are completely devoid of
mtDNA (Ling and Shibata, 2002MMHR1encodes a mitochondrial matrix proteinttha
pairs singlestranded DNA and homologossperhelicatlosed circuladoublestranded
DNA to form heteroduplex joints the absence of ATR vitro. Homologous pairing
and formation of the heteroduplex joiatessential to homologous DNA recombination.
CCElencodes a mitochondrial cruciform cutting endonuclease that cleaves Holliday
junctions formed during recombination of mtDNKleff et al,, 1992. Cells harbouring
only a mutantmhrlallele show a temperatusensitive phenotype with respect to
maintenance of mtDNA. When cultured at a nonpermissive tempesatone cells
becomerho® but some areho, indictingrho mtDNA can be maintained in the absence
of Mhrlp, albeit at reduced levdlShibata and Ling, 200.7Cellsthatharbour only a

deletionfor theactive CCEJ, exhibit little, if any, increase in the generation of rtells.
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Figure 1.7 The rolling circle replication model of yeast mitochondrial DNpA

heteroplasmic motheell is represented as having two different forms of mtDNA,

indicated by solid and dashed circles. A few mtDNAs are randomly selected as templates
for rolling circle replication to form concatamers (solid circle). Concatamers are
transmitted to the dautdr bud by putative terminadi&e machinery and monomeric

mMtDNA circles are formed during transmission resulting in a homoplamic daughter cell

(modified fromShibata and Ling, 2007
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It has been suggested that Mhrlp functions in the initiation of rolling circle
MtDNA replication(Shibata and Ling, 20Q7Support for this assumption is lealson the
observations that Iphrl mutants display decrease in intracellulaoncatamec
mMtDNA while 2) overexpression dflhrlp increased the intratular concatamergéLing
and Shibata, 20041In this model Mhrlp would catalyze the heteroduplex joint formation
between a singlstranded regionf one mtDNA( a 3 &-strandedl tail derived either
from a doublestranded breakage or a singleanded gap) anshotherintact clesed
circular doublestranded mtDNA to form a joint moleculglitochondrial Piflp helicase
might participate in the stabilization or resolution of such mtDNA recombination
intermediatesChenget al, 200). The pai r e dcoultl hericieas ayirimeun fer
mMtDNA synthesis of the doubEranded mtDNAmMDNA synthesis would continuagnd
replace the entirstrand, which woul@éventually beeleased as a sing&randDNA.

Rolling circle replicatiorcould theninitiate and corihue while the lagging strand
could besynthesized as Okazaki fragmerhipata and Ling, 2007Thisis an
interesting proposition to explathe quickvegetative segregatiaf mtDNA in yeast;
however, future experimentation will have to be carried out to add support to this model.
Future work could adéss if other proteins, in addition to Mhrlp, are required to initiate
rolling circle replicationlf there is @ initiation complex perhaps chemical crosslinking
followed by ceimmunoprecipitation with Mhrlp could identify other rolling circle
replicationinitiation factors Another question is do yeast havplagelike terminase
enzyme which use concatameras substrates to packagmpies of mMDNA into buds?
Perhaps a Garrest and release type of experiment could be employed followed by

formaldehyde msslinking to trap terminasdéke subunits ormtDNA concatamer,s
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similar to the experiments done to identify protein constituents of the mitochondrial
nucleoid(Chenet al, 2005.

Rolling circle replication is amxciting areaf mitochondrial research and may
have relevance to understanding human mtDNA replication, which is also not fully
understoodMtDNA recombination in human cells has been controvers@kever,
recent examples dliis procesfiave been reporte®{Aurelio et al, 2004 Kajanderet
al., 200). Vegetative segregation occurs in mammals during oogenesis, whereby healthy
progeny of a heteroplamic mother are homspia (reviewed irfShibata and Ling,

2007). Therefore, an interesting questiarises, do human mtDNAs fortoncatamerby
rolling circle replicationRecently reconstitution of a minimal human mtDNA replisome
in vitro, consisting of polymeragg(catalytic and accessory subunitByVINKLE
helicaseand mtSSB (mitochondrial singirandedNA binding protein), on double
stranded minicircles consisting of a-B0oligonucleotide annealed to a-MOssDNA
minicircle, permitted rolling circle DNAythesis of singlestranded DNA products
greater than 15,000 nts logigorhonenet al, 2004. T-odd bacteriophages generate
genome concatmers during DNA replication. Perhaps rolling circle replication to
generateoncatamersf mtDNA is reminiscent bthe T-odd bacteriophage origin of
mtDNA replication machinery like theomologous/east and human mtDNA

polymerases and mtRNA polymeras&sitt and Gray, 2006

1.5 The mitochondrial nucleoid
Mitochondrial nucleoids aretDNA-protein complexes that exist the
mitochondrial matrix and arde heritake units of mtDNA Kaufmanet al, 2003. It has

been estimated that an average of three to fo¢DNA moleculegMiyakawaet al,,
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1987 and twentytwo different proteinsGhenet al, 2009 are present per mitochondrial
nucleoid Various observations have led to the hypothesis that an inner nresfianand
MtDNA segregation apparatus exidtéegusen and Nunnari, 2008zpiroz and Butow,
1993. First, within the mitochondrial reticulum of thg=astcell cortex nucleoids are
distributed regularlyas visualized byluorescence microscopy &IAPI-staired punctate
mtDNA suggesting discret@nchorage point§Nunnariet al, 1997 Meeusen and
Nunnari, 2003 Second after fusion of two haploid yeauring mating punctate
mtDNA remained localized to onebe of the zygotic cell lunnariet al,, 1997. In
contrast, when mitochondrial protemerelabelled with diferent fluorophoregrior to
mating,the mitochondrial proteins rapiddiffused throughout the mitochondrial
reticulum of the zygoteTherefore, during mating, mitochondria fuse and mitochondrial
proteins intermixwhereas mtDNA appear to have a regulstrithutionwithin the
mitochondrial reticulunthat ensures distribution to daughter céMsinnariet al,, 1997%.
Although a bona fide inner membrane component oftti2NA segregation
apparatus has not yet been discoveagduter membrane compondmas, Mmmlp
Meeusen ad Nunnari have defined this segregation machine as the two membrane
spanningautonomous mtDNA replisom{@MS, Meeusen and Nunnari, 2003 he TMS
comprises 1) Mgm101p, a component of the mitochondrial nucl€tidriet al, 2009
that isessential for mtDNA maintenance and is required for repair of oxidatively
damaged mtDNANleeuseret al, 1999 2) Mmm1p, a tran®utermembrane protein
required for mtDNA maintenance that coimmunoprecipitates with Mgm101p and has a
role in mitochondrial morphology, 3) potentially Mip1p, as shown by colocalization of

Mip1p-GFP with a MmmlgdsRed fusion protein and 4) replicating mtDNA, as shown
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by associion of Mmm1pGFP and Mgm10146FP foci with BrdU foci Figure 1.8
Meeusen and Nunnari, 2003Extraordinarily, the TMS components (MipIpFP,
Mgm101pGFP, and MnmlpdsRed persist and remain colocalizedthe absence of
mtDNA (rho° cells)and TMSs arise through seiéplication of existing TMSs, which are
then faithfully inherited into daughter budd€eusen and Nunnari, 200%elt
replicationwas shown by timéapse analysis of fusion proteins with associated
fluorophoresn rho® andrho® cells. These analyseshowedthat TMSs arise through self
replication of existing structures which are then faithfully inherited into daughter buds
regardless of the presence or absence of mtNeusen and Nunnari, 2003
Presimablymembraneboundnucleoids harbouproteins needed for mtDNA transactions
such as DNA replication, repair, and recombinatiodeedB u t o w 6 giscgveredu p
examples of proteins involved ingbe processes thaind yeastmtDNA (Figure 1.8,

Table 1.2 Kaufmanet al, 200Q Chenet al, 2005. For example Rimlpghesingle
strandedntDNA binding protein Yan Dycket al, 1992, Mgm101p, mentioned above
for its role in repair of oxidative damage to mtDNatnd Abf2, a higimobility group
protein involved in recombination of mtDNA¢lenayaTroitskayaet al., 1998 were all
found tobe constituents of the nucleoidgufmanet al, 200Q Chenet al, 2005.

Perhaps the most interesting finding fr@mu t o w 6 svasghataost pf theprotein
constituents of the nucleoid are not obviously related to mtDNA transadions
example Cheet al.defined three functional categories of laaid proteins with

functions other than mtDNA transactioag protein import andhitochondrial biogenesis
b) citric acid cycle and upstream glycolytic steps and c) amino acid metabolism (Table

1.2 and Figure 1.8 henet al,, 2005.
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Figure 1.8 Conceptualization of the yeast mitochondrial nucle&ir simplicity only

one circular mitochondrial DNA (mtDNA) is shown with associated proteins. The two
membrane spanrg(TMS) complex is depicted interacting with Mgm101p as indicated

by a thin solid arrow and potentially with Mip1p indicated by a thin dashed arrow. Purple
shapes represent proteins that are implicated in mtDNA repair, replication, recombination
and mainteance. Green shapes represent proteins that are required for mtDNA
replication, recombination, repair and maintenance and have been experimentally shown
to bind mtDNA. Orange shapes represent proteins that are implicated in protein import
and have been egpmentally shown to bind mtDNA. Blue shapes represent enzymes of
thetricarboxylic acid (TCA) cycleand upstream glycolytic steps experimentally shown

to bind mtDNA.Yellow shapes represeahzymes for amino acid metabolism that have
been experimentallyh®wn to bind to mtDNA with the exception of Arg5,6p. Mnplp is a
putative mitochondrial ribosomal subunit and is coloured brown. See Table 1.2 for details

of each nucleoid protein and references.
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Table 1.2Nucleoid proteins and proteins implicated inguhondrial DNA
transactions

Gene

| Protein

|Funcﬂons

Category I: mtDNA Replication, recombination, repair and maintenance

ABF2* Abf2p mtDNA packagingrho+ genome
maintenance, high mobility group protein
MGM101* | Mgm101p Maintenance ofho+ and oriless mtDNA,
mtDNA repair, Putative replication initiator
RIM1* Singlestranded DNA | mtDNA replication
binding protein
RPO41* | DNA-directed RNA Mitochondrial transcriptiorntho+ mtDNA
polymerase maintenance
MTF1** Transcription factor Structural similarity® S
adenosylmethionindependent
methyltransferases and functional similarit)
to bacterial sigmdiactors, interacts with
mitochondrial core polymerase Rpo41p
SLS1* Slslp rho+ mtDNA maintenance, Inner membral
protein, implicated in mitochondrial
translaton
YHM2* Mitochondrial carrier Mitochondrial DNAbinding protein,
protein, suppressor of | involved in mtDNA replication and
abf2 segregation of mitochondrial genomes;
member of the mitochondrial carrier proteil
family
NUC1* Major mitochondrial RNAse and DNA endoand exonucleolytic
nuclease activities; has roles in mitochondrial
recombination, apoptosis and maintenancg
polyploidy
MIP1** DNA polymerasey Catalytic subunit of the mitochondrial DNA
polymerase; conservedté€rminal segment
is required for the maintenance of
mitochondrial genome
CCE1** | Cruciform cutting cleaves Holliday junctions formed during
endonuclease recombination of mitochondrial DNA
CDC9** DNA ligase found in the nucleus and mitochondria, an

essential enzyme that joins Okazaki
fragments during DNA replication; also act
in nucleotide excision repair, base excisior
repair, and recombination
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Gene Protein Functions
HMI1** DNA helicag Required for the maintenance of the
mitochondrial genome; not required for
mitochondrial transcription; has homology
E. colihelicase uvrD
MHR1** | Mhrlp, mitochondrial | Implicated in recombination of mtDNA and
homologus suggested to ingie rolling cirlcle replication
recombination
MSH1** | MutS homolog DNA-binding protein of the mitochondria
involved in repair of mitochondrial DNA,
has ATPase activity and binds to DNA
mismatches
OGG1** | 8-oxoguanine Excises 7,8lihydro-8-oxoguanine reidues
glycosylase/lyase located opposite cytosine or thymine residj
in DNA, repairs oxidative damage to
mitochondrial DNA
PIF1* DNA helicase involved in telomere formation and
elongation; acts as a catalytic inhibitor of
telomerase; also plays a role in repair and
reconbination of mitochondrial DNA
Category IlI: Protein import & mitochondrial biogenesis
HSP60* | mtHsp60p Mitochondrial chaperonin, heat shock prot:
60
HSP10* | mtHsplOp Mitochondrial chaperonin, heat shock prot:
10
SSC1* mtHsp70p Protein import, heat slo& protein 70,
subunit of Endo.Scel
ECM10* | mtHsp70p Heat shock protein of the Hsp70 family,
plays a role in protein translocation, interaq
with Mgelp in an ATRdependent manner;
overexpression induces extensive
mitochondrial DNA aggregations
ATP1* a-Subunit of F1 ATP synthesis, protein import
ATPase
Category llI: Citric acid cycle and upstreamiygolytic steps
ACO1* Mitochondrial aconitase Citric acid cycle
ALD4* Aldehyde Ethanol metabolism
dehydrogenase

66



Gene

Protein

Functions

IDH1*

NAD+-dependent
isocitrate
dehydrogenase, subuni
1

Citric acid cycle

IDP1*

NADP+-dependent
isocitrate dehydrogenag

Oxidative decarboxylation of isocitrate

KGD1*

2-oxoglutarate
dehydrogenase, E1
component of KGDC

Citric acid cycle

KGD2*

2-oxoglutarate
dehydrogease, E2
component of KGDC

Citric acid cycle

LPD1*

Dihydrolipoamide
dehydrogenase, E3
component of PDHC,
KGDC, and BCADC

Citric acid cycle, catabolism of branched
chain amino acids

LSC1*

SuccinateCoA ligasea
subunit

Citric acid cycle

PDA1*

Pyruvate

dehydrogenase, Ed-
subunit of PDHC

Oxidation of pyruvate

PDB1*

Pyruvate

dehydrogenase, Ht
subunit of PDHC

Oxidation of pyruvate

Category 1V: Amino Acid metabolism

ILV5* Acetohydroxyacid Biosynthesis of Val, lle, and Leu
reductoisomerase

ILV6* Acetolactate synthase | Biosynthesis of Val, lle, and Leu
regulatory subunit

CHA1* L-serine/l:threonine Catabolism of hydroxyl amino acids, Serini
deaminase and threonine ammonigase

ARG5,6* | acetylglutamate kinase | Protein that is processed in the

ard N-acetylgamma
glutamytphosphate
reductase

mitochondrion to yield acetylglutamate
kinase and Nacetylgammaglutamyt
phosphate reductase, which catalyze the 2
and 3rd steps in arginine biosynthesis
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Gene

| Protein

| Functions

Category V: Mitochondrial translation

MNP1*

Putative mitochondrial
ribosomal subunit
(similar toE. coli
L7/L12)

Required for normal respiratory growth

* - Bona fide nucleoid componeritExperimentally demonstrated Bhoet al,
1998 Kaufmanet al, 200Q Miyakawaet al, 200Q Satoet al, 2002 Umezaki and
Miyakawa, 2002Sakasegawat al, 2003 Sato and Miyakawa, 200€henet al,
2005 Chenget al, 2007 Hall et al,, 2004

** - Other mtDNA interacting protem(reviewed irNoseket al, 2009
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Out of seventeenproteiBut owds gr o u ptheadlemfacoratase o st ud)

(ACOJ) as a bifunctional nucleoid protei€lienet al, 2005. MtDNA is very unstable in
acolDcells. MtDNA stability was investigateth yeast null mutants of citrate synthase
(citlD, cit2D andcit3D) to block the metabolic flux through thecarboxylic acid (TCA)
cycleupstreanof aconitaseand in threecal mutants harbouring separate muias to
alter each of the tbe cysteingesiduesiecessaryor coordinaton ofthe ironsulfur
center required foenzymecatalysis These experiments proved that Acolp contributes to
mtDNA stability independefyt of the rate of flux through the TCA cycéad of
aconitase activityGhenet al, 2005. When Acolpandthe three cysteemutants thereof
wereconstitutively expressesepaatelyin a mtDNA unstableabf2Dmutant they all
could rescu¢he mtDNA unstalle phenotypeTherefore, Acolp is an example of a
mitochondrial TCA cycle enzyme that moonlights in mtDNA maintenance function.
Recently, it was suggested that perhaps Acolp provides mtDNA stability during
condtions of oxidative stressShadel, P05 and that Acolp may be involved in
mitochondrial nucleoid remodellingquireddue to changes in cellular metabolism
(Chenet al, 2005. For example during spiratory growth reactive oxygen species
generated by the electron transport cltmimplexes | and llare known to damage
mitochondrial lipids, proteins andutagenize thentDNA (Wallace, 200Y. Perhaps
oxidation of aconitase results in reallocation from the TCA cycle to the nucleoid to allow
stabilization of mtDNA via a type of protectivemodelling Shadel, 2006 In thisway
aconitase could suffer the brunt of the ROS thereby protecting the valuable genes
encoded by the mitochondrial genorfidearly, the intricate details of the mitochondrial

nucleoid and mtDNA replicatioare just beginning to be understood

69



1.6 Thesis olfectives

As was discusseat the beginning of this revieweast is a commonly used model
organism for studies of humamitochondrial disease aisany orthologousnitochondrial
diseaseassociated genegist between these two species. Because of the-spicdiad use
of yeast as a modetganismthe first major objective of this thesis was to determine the
cortributions of several logicalenes shown to contribute lt.tss ofmtDNA maintenance
and/or stability.The genes examined in chapter 2 i1, HAP1, ADE2, and
HISIMRM1 The effect ofvariousgenes on mitochondrial function was asse&sédo
different parental background strains (eithdP1[S] or MIP1[S]) harbouring all
combinations of either wildype or mutant forms diAP1, ADE2 andHIS3 We
montkored respiratory competenoéyeast culturest 30 and 3%C. Fidelity of mtDNA
replication was monitored by the erythromycesistance assay and stability of mtDNA
was monitored by fluorescence microscopy di-digdnidino-2-phenylindolestained
yeast ells.

One difference between yeasidamanthat was the focus of this researclhiat
of fungal specific CTE of MiplpBecause yeast is a commonly used model for
mitochondrial studies it is necessary to fully comprehend the details of mtDNA
replication ircluding the function of the CTE in this process. To this erith the
abundance of genomic sequence data available on the-widdedveb we searched for
phylogenetic relationships among fungal mtDNA polymerases. The mamtgyalvere
1) to determinef other fungal mtDNA polymerases harbour CTEd0 determingf
they dohave CTESs there any conservation within the amino acid sequence and

potentially any putative structural regigm@sd 3)to determinghe function of the CTHn
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vivo. To specificaly address goals 1) and 2) phylogenetic analyses were carri€icbout.
address goal 3) various truncation mutants wenstcocted and analyzed for thability
of cells harbouring thero respire andnaintainmtDNA.

Based on the obsations from chapters @&1d 3 polymerase activities of Mip1p
variants overexpressed and partially purified from yeast mitochondriacharacterized.
The main goals here wetgto determine ithe CTE contributes to DNAolymerase
activity and 2)o determine ithe alanines61 substitution in Mip1lp[Stietrimentally

effects DNA polymerase activity compared to the threortd version of Mip1dp].
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CHAPTER 2 Contributions of the S288c genetic background and common
auxotrophic markers on mitochondrial DNA maintenance inSaccharonyces

2.1 Abstract

Saccharomyces cerevisigean excellent model system for the study of many
eukaryotic processes, including mitochondrial DNA (mtDNA) maintenance. Work from
several laboratories has shown that the sequenced strain S288c carries al@lesabf
genes that have a negative impact on mitochondrial DNA maintenance. The first of the
genes considered in the current studyli®1 that encodes the mtDNA polymerase.
MIP1[S], found in strain S288c, is associated with increased mtBiN#fation and
deletion @aruffini et al, 2007l and encodes a polymerase in which a conserved
threonine at psition 661 is replaced by an alanite contrastMIP1[S], found in strain
S1278b and harbouring the conserved Miplp T661 residue, is associated with stable
maintenance of the mitochondrial genofBaruffini et al, 20071). Contributions of
wild-type and mutant alleldsIS3 ADE2, andHAP1were then investigated in strains
expressing Mip1p[S] or M1p[S]. Even in theMIP1[S] background, the presence of the
his3L200allele, harbouring deletion of the promoter fdiRM1, is associated with loss
of respiratory competence, but not of mtDNA, at@7n contrast, mtDNA loss, and
errorprone synthesisneasured as the acquisition of erythromymasistance, is highest
in theMIP1[S] background, and is exacerbated byabe2mutation. Thus, a complex
set of genetic factors in commonly used laboratory strains make differential contributions
to mtDNA mainenance, making strain background an important consideration in

establishing and comparing yeast model systems.
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2.2 Introduction

Saccharomyces cerevisiaeone of the most powerful model eukaryotes to study many
fundamental biological processes, througithemical and genetic analysé&s.
cerevisiaehas also emerged as an excellent model system for the study of processes in
higher eukaryotes, including those associated with human mitochondrial disease (for
reviews seeRarrientos, 2003~oury and Kucej, 2005 chwimmeret al, 2006

Lecrenier and Foury, 2008hadel, 199P Recent studies have shown that over twenty
known human mitochondrial disease genes have gedstlogs that, when deleted from
the sequenced S288c yeast genome, cause a respaatoignt phenotypeSteinmetzt

al., 2002 Winzeleret al, 1999 Table 1.].

Part of the power of using yeastthe ease of genetic manipulation, which is in part due
to the array of auxotrophic markers that have been engineered into a plethora of strains

(seehttp://wiki.yeastgenome.org/ingghp/Commonly _used_straiandTable 2.). One

of the most common backgrounds is that of S288c, the strain that was used for
determining the first yeast genome seque@afeauet al, 1996. S288erelated strains
have been used subsequently for making ORF libraBefpérinet al, 2003, whole

genome deletion studiekt{p://sequence

www.stanford.edu/group/yeast_deletion_project/deletions3)tiWkihzeleret al,, 1999,

GFPRtagging the proteomédhet al, 2003, TAP-tagging the proteome
(Ghaemmaghanst al, 2003) as well as studying human mitochondrial disease
(Steinmetzt al, 2002 Ma et al, 2004 Stuartet al, 2006 lida et al, 1999. Other strain
backgroundsnclude W303 Baruffini et al, 2006 Chen and Kaplan, 2008arrientoset

al., 2002 which has been stated to be closely related to SE8affini et d., 2007k
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Table 2.1Yeast strains used for mitochondrial studies

Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied
aGH1 MATa galldeltal52 leu3 HAPVYLR256W, Zinc Becerraet al, 2002
leu2-112 trp1289 finger transcription factor
aWw303d | MATa ade21 his311,15 W303/S288¢ | COX10/YPL172C, Heme | >gnl|UG|Hs#S1732347 functioral complementation of a yeast cox10 Glerum and
eltaCOX | leu2-3,112 trpt1 ura3-1 like A:farnesyltransferase Homo sapien€0X10 mutant Tzagoloff, 1994
10 cox10::HIS3 (yeast) homolog, yeast
class IIf
BJ3345 | MATalpha ade2101 his3 S288c Derived from
delta200 leudeltal lys2 S288c, John
801 trpldeltal01 ura352 Woolford personal
communication
BWG1- MATa ade1200 his4519 HAP1/YLR256W, Zinc Mattoonet al, 1990
7a leu2-3,112 ura352 finger transcriptiorfactor
BY4741 | MATa his3deltal leu2delta S288c Brachmanret al,
met15delta0 MIP1[S] 1998 Baruffini et
ura3delta0 al., 2007b
BY4742 | MATalpha his3deltal S288c Brachmanret al,
leu2delta0 lys2delta0 1998 Baruffini et
MIP1[S] ura3delta0 al., 2007b
BY4743 | MATa/MATalpha S28c ATCC 201390,
his3deltal/his3deltal Baruffini et al,
leu2delta0/leu2delta0 2007b

lys2deltaO/+ metl5deltaO/+
MIP1[S]/ MIP1[S]

ura3deltaO/ura3delta0
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Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied
CG379 MATalpha ade5 his2 leu2 | S288c CG379 is closely
3leu2112 trpk289amber related to S288c,
ura3-52 [Kil-0] Craig N. Giroux
personal
communication
COP161 | MATalpha ade lys ura3 SirumConnolly and
u7 [rho+] Mason, 1993
COP161 | MATalpha ade lys ura3 SirumConnolly and
U7 F11 [rho-] Mason, 1993
(or just
F11)
D273 MATalpha mal [rho+] Sherman, 1964
10B/Al MIP1[sigma] Baruffini et al,
2007b
DL1 MATalpha his811,15 leu2 | isogenic or CRD1/YDL142C, hypothéical protein Studied interactions dfis3delta200andCRD1 Dunstaret al,
3,112 ura3251,328,372 congenic to Cardiolipin synthase (LOC54675), mRNA, with respect to temperature sensitive phenotyp| 1997 Zhanget al,
D27310B yeast class IlI in yeast 2003
DY150 MATa ura352 leu23 leu2 W303/S288¢
112 trpk1 ade21 his311 like
canl100
E134 MATalpha lys2insEA14 CG379 MIP1/YOR330C, Catalytic| >gnllUG|Hs#S1727412 Studied progressive external ophthablegia isogenic with
ade51 his?2 leu23,112 (S288c) subunit of the Homo sapienpolymerase | associated mutations in yeast CG379Jinet al,
trp1-289 ura352 mitochondrial DNA (DNA directed), gamma 2003 CG379is
polymerase (POLG), nuclear gene closely related to
encoding mitochondrial S288c, Craig N.
protein, mMRNA, yeast clas| Giroux personal
11l communication,
Stuartet al, 2006
EM93 MATa/MATalpha Paent of S288c
SUC2/SUC2 GAL2/gal2 contributes ~ 90%
MAL/MAL mel/mel of the S288C
CUP1tuplFLO1/flo1, genomeMortimer
heterozygous foMIP1 A and Johnston, 1986
and G at position 1981 Baruffini et al,
2007b
FGY2 MATalpha ura352 lys252 | isogenic with | TAZ1/YPR140W, Lyse human G4.5 encodinga | The humarTAZgene complements Ma et al, 2004
lys2i 801 ade2101 trpk FGY3, phosphatidylcholia putative acyltransferase mitochondrial dysfunction in the yeaatz1Delta
deltal his3delta200 leu?2 CG990/YPH2 | acyltransferase mutant. Implications for Barth syndronva et

deltal crd1::URA3

74 (S288c)

al., 2004
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Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied
FGY3 MATalpha ura352 lys252 | CG990/YPH2 | TAZ1/YPR140W, Lyse human G4.5 encoding a | The human TAZ gene complements Maet al, 2004
lys2 801 ade2101 trpk 74 (S288c) phosphatidylcholine putative acyltransferase mitochondrial dysfunction in the yeast taz1Delt{ FGY3 is a pore
deltal his3delta200 leu2 acyltransferase mutant. Implications for Barth syndronva et derived from
deltal CRD1/YDL142C, al., 2004 CG990Jianget al,
Cardiolipin synthase 1997, CG990 is Phil
Hieter's YPH274,
personal
communication
from Craig N.
Giroux
FGY3 MATalpha ura352 lys252 | CG990/YPH2 | CRD1/YDL142C, Homo sapiensypothetical | Absence of cardiolipin results in temperature | Zhonget al, 2004
lys2i 801 ade2101 trpL 74 (S288c) Cardiolipin synthase protein (LOC54675), sensitivity, respiratory defects, and mitochondri FGY3 is a spore
deltal his3delta200 leu2 Zhonget al, 2004 mRNA, yeast class Il| DNA instability indepent of pet56 (mrm1) derived from
deltal Steinmetzt al, 2002 CG990Jianget al,
1997 CG990 is Phil
Hieter's YPH274,
personal
conmmunication
from Craig N.
Giroux
FL100 MATa MIP1[sigma] http://wiki.yeastgen
ome.org/index.php/
Commonly used st ™~
rains Barulffini et
al., 2007b
HMD22 | MATa ura352 leuZ 3,112 D27310B CRD1/YDL142C, Homo sapienfiypothetical | Cardiolipin is not required to maintain Zhanget al, 2003
lys2 his3deltaHindlII Cardiolipin synthase protein (LOC54675), mitochondrial DNA gability or cell viability for Dunstaret al, 1997
arg8::hisG cox2::ARG8m Zhanget al, 2003 mMRNA, yeast class llI Saccharomyces cerevisigeown at elevated
Steinmetzt al., 2002 temperatures
HSD2 MATa ura3 52 leuZ 3,112 D27310B CRD1/YDL142C, Homo sapienfiypothetical | Cardiolipin is not required to maintain Zhanget al, 2003
lys2 his3deltaHindllI Cardiolipin synthase protein (LOC54675), mitochondrial DNA stability or cell viability for
arg8::hisG cox2::ARG8m Zhanget al, 2003 mMRNA, yeast class llI Saccharomyces cerevisigeown at elevated
crdldelta::HIS3 Steinmetzet al, 2002 temperattes
JWY146 | MATa canl his3lelta200 S288c Derived from S288c
6 leu2-deltal lys2801 trpl John Woolford
deltal01 ura352 personal
communication
KSY24 MATalpha ade lys pet56:: | COP161 U7 SirumConnolly and
F11 URAZ3 [rho] F11 [rho] Mason, 193
KSY35 HIS3 strain, MATa ade2 MM1403 SirumConnolly and
101 leu2D1 lys2801 trpl Mason, 1993

D101 ura352 [rho+]
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Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied
MB2 MATa/apha ADE2/ade2 crossing MB1 | Tim8/YJR135WA , DDP1 (deafness/dystonia | It is demonstrated that import of human Tim23 | Maarseet al, 1992
101ochre his3/his8elta200 | and YP102 Mitochondrial peptide 1) gene, associate| into yeast and rat mitochondria is dependent orf Pascheret al, 2000
leu2/leu2deltal lys2 Maarseet al, intermembrane space with Mohr-Tranebjaerg high membrane potential. A mechanism
801lamber/lys8B0lamber 1992 protein mediating import | syndrome explain the pathology of MTS is discussed
trp1-289/TRP1 ura3 and inselibn of polytopic
52/ura352 inner membrane proteins
MCC12 | MATa ura352 ade2 karil tL(UAA)Q, Mitochondrial | Human tRNALeu (UUR) | The yeascounterparts of human 'MELAS' Feuermanret al,
3 tRNA-Leu mutations cause mitochondrial dysfunction that| 2003
can be rescued by overexpression of the
mitochondrial translation factor EFu
MM140 | Mata/Matalpha ade201/+ | BJ3345 and Genotype, Thomas
2 canrl/+ his3delta200/ JWY1466 L. Mason personal
his3-delta200 leu2 (S288c) communication,
deltal/leu2deltal lys2 MM1402 was
801/lys2801 trpk derived from the
deltalO1/trptdeltalOl partent strains
ura3-52/ura352 BJ3345and
rpll6a:: TRP1/+ JWY1466, John
rpl16b::LEU2/+ Woolford personal
communication
MM140 MATa ade2l01 his3D200 MM1402 PET56/YOR201C, Ribose| >gnl|UG|Hs#S3438785 Cells reduced iMRM1 activity (his3delta200) Haploid derived
3 leu2D1 lys2801 trpk:D101 | (S288c) methyltransferase Homo sapiendypothetical | were deficient in formation of functional large | from MM1402
ura3-52 [rho+] protein FLJ22578 subunits of the mitochondrial ribosome Thomas L. Mason
(FLJ22578), mRIA, yeast personal
class lllSteinmett al, communication
2002 Sirum-Connolly and
Mason, 1993
RM11- MIP1[S]-like allele but has Baruffini et al,
la Thr661 2007b
Sigmal2 | MIP1[sigma] directly Winzeleret al,
78b related to 2003 Baruffini et
S288c al., 2007b
S288c MATalphaSUC2 gal2 mal http://wiki.yeastgen
mel flol flo81 hapl ho biol ome.org/index.php/
bio6, probablyMIP1[S] Commonly used st
rains Barulffini et
al., 2007b
W303 W303/S288¢ | YFH1/YDL120W, >gnl|UG|Hs#S1726774 CCC1 Suppresses Mitochondrial Damage in th| Chen and Kaplan,
isogenic like Frataxin, regulates Homo sapiensriedreich Yeast Model of Friedr| 2000
strairs mitochondrial iron ataxia (FRDA), mMRNA, Mitochondrial Iron Accumulation

accumulation

not class Il
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Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied

W303 MATa/MATalpha ({eu2- directly SHY1/YGR112W, >gnl|UG|Hs#S1727967 Shylp is necessary for full expression of Winzeleret al,
3,112 trpt1 cant100 ura3 | related to Mitochondrial inner Homo sapiens surfeit 1 mitochondrialCOX1in the yeast model of 2003
1 ade21 his311,19) [phi"] | S288c membrane protein require| (SURF1), mRNA, yeast Leighdés syndr ome http://wiki.yeastgen

for assembly of class llI ome.org/index.php/

cytochrome c oxidase Commonly used st
rains Barrientoset
al., 2002

W303 MATa/MATalpha ({eu2- W303/S288¢ | TAZ1/YPR140W, Lyse human G4.5 encodes a The humarTAZ gene complements Vazet al, 2003 Ma

Dtaz 3,112 trpt1 cant100 ura3 | like phosphatidylcholine putative acyltransferase mitochondrial dysfunctio in the yeast taz1lDelta| et al, 2004
1 ade21 his311,15) [phi'] acyltransferase involved in phosphlipid mutant. Implications for Barth syndrome
tazldelta biosynthesis

W303 MATa leu23,112 trpt1 W303/S288¢ | MNP1/YGLO68W, Protein | >gnl|UG|Hs#S1727713 null mutation ofMNP1led to a respiratory http://wiki.yeastgen

1A canl-100 ura31 ade21 like associated with the Homo sapiens deficient phenotype ome.org/index.php/
his3-11,15 mitochondrial nucleoid; mitochondrial ribosomal Commonly used_st|

putative mitochondrial protein L12 (MRPL12), rains Sato and
ribosomal protein mRNA, not class IlI Miyakawa, 2004

W303 MATalpha leu23,112 trpt1 | W303/S288¢ | MIP1/YOR330C, Catalytic| >gnl|UG|Hs#S1727412 Genetic and chemical rescue of the http://wiki.yeastgen

1B canl-100 ura31 ade21 like subunit of the Homo sapiens polymerasg Saccharomyces cerevisiphenotype induced by| ome.org/index.php/
his3-11,15 MIP1[S] mitochondrial DNA (DNA directed), gamma mitochondrial DNA polymerase mutations Commonly used st

polymerase (POLG), nuclear gene associated with progressive external rains Baruffini et
encoding mitochondrla ophthalmoplegia in humans al., 2006 Baruffini
protein, mMRNA, yeast clas| et al, 2007b
1}
YGM12 | MATalpha ural ura2 tL(UAA)Q, Mitochondrial | Human tRNALeu (UUR) | The yeast counterparts of human '"MELAS' Feuermanret al,
8 leu2::KanR,CanR tRNA-Leu mutations cause mitochondrial dysfunction that 2003
can be rescued by overexpression of the
mitochondrial translation factor EFu

YH747 MATa lys2A14 ade51 his# | isogenic to Stuartet al, 2006
2 leu23,112 trp2289 ura3 | E134 (S288c)

52

YJIM789 | MIP1[S]-like allele but has Baruffini et al,
Thr661 2007b

YPH274 | MATalalpha (ura3-52 lys2 | Derived from Sikorski and Hieter,
801lamber aded0lochre YNN216 1989
trpl-deltal his3delta200 (congenic
leu2-deltal} with S288c)

YPH499 | MATaura3-52 lys2 Derived from | CCC2/YDR270W, >gnl|UG|Hs#S1726319 Analysis of functional domains of Wilson diseay Sikorski and Hieter,
801lamber aded0lochre YNN216 Cu(+2)transporting Rype | Homo sapiens ATPase, protein (ATP7B) inSeccharomyces cerevisiae | 1989 lidaet al,
trp1-deltab3 his3delta200 (congenic ATPase Cu++ transporting, beta 1998
leu2-deltal MIP1[S] with S288c) polypeptide (Wilson

disease) (ATP7B), mRNA,

yeast class Ill
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Strain Genotype Background Relevant Yeast Gene Human Ortholog Experiment Reference
Name Relation Studied

YPH499 | MATaura3-52 lys2 Derived from | APT20/YPRO20W, Profiling Phosphoproteins of Yeast Mitochoradri| Sikorski and Hieter,
80lamber aded0lochre YNN216 Subunit g of the Revealed a Role of Phosphorylation in Asseml] 1989 Reinderst
trpl-deltab3 his3delta200 (congenic mitochondrial F1FO ATP of the ATP Synthase, 80 phosphorylation sites| al., 2007
leu2-deltal MIP1[S] with S288c) synthase 48 different proteins were identified. These

mitochondrial phosphoproteins are involved in
critical mitochondrial functions, including energ
metabolism, prain biogenesis, fatty acid
metabolism, metabolite transport, and redox
regulation. By combining yeast genetics and in
vitro biochemical analysis, it was found that
phosphorylation of a serine residue in subunit ¢
(Atp20) regulates dimerization of the
mitochondrial ATP synthase.

YPH500 | MATalphaura3-52 lys2 Derived from | CRD1/YDL142C, Homo sapiens hypothetica Cardiolipin is not required to maintain Sikorski and Hieter,
801amber ade201ochre YNN216 Cardiolipin synthas protein (LOC54675), mitochondrial DNA stability or cell viability for | 1989 Zhanget al,
trpl1-delta63 his3delta200 (congenic mRNA, yeast class IlI Saccharomyces cerevisigeown at elevated 2003
leu2deltal with S288c) temperatures

YzZD2 MATalphaura3-52 lys2 YPH500, CRD1/YDL142C, Homo sapiens hypothetica Cardiolipin is not required to maintain Zhanget al, 2003
80lamber ade201ochre Derived from | Cardiolipin synthase protein (LOC54675), mitochondrial DNA stability or cell viability for
trpl-delta63 his3delta200 YNN216 mRNA, yeast class llI Saccharomyces cerevisigeown at elevated
leu2deltal crdldelta::HIS3 | (congenic temperatures

with S288c)

YzZD5 MATalpha his811,15 leu2 | DL1 (isogenic | CRD1/YDL142C, Homo sapiens hypotheticg Cardiolipin is not required to maain Dunstaret al,
3,112 ura3251,328,372 or congenic to | Cardiolipin synthase protein (LOC54675), mitochondrial DNA stability or cell viability for | 1997, Zhanget al,
crdldelta::HIS3 D27310B) mRNA, yeast class llI Saccharomyces cerevisiae grown at elevated | 2003

temperatures

ZGY1 MATalpha ura352 lys252 | isogenic with | TAZ1/YPR140W, Lyse human @&.5 encoding a The humarnTAZgene complements Maet al, 2004
lys2' 801 ade2101 trpk FGY3, phosphatidylcholine putative acyltransferase mitochondrial dysfunction in the yedaiz1Delta
deltal his3delta200 leu2 CG990/YPH2 | acyltransferase mutant. Implications for Barth syndrome
deltal tazl::KanMX4 74 (S288c)

®Yeast class Il are genes that when deleted cause defects in élss fifSBaccharomyces cerevisiadien grown on nonfermentable carbon sou@tesnmetzt al, 2002
PMIP1 alleles are either S288elated, MIP1[S], or Sigmal1278ielated MIP1[sigma], and have been sequenced and defind&habyffini et al, 2007bor by us in the case of YPH499.
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Winzeleret al, 2003. In many cases only the relevant genotype, but not the background
of the strain is known or reportéd@able 2.1).

Two issues arise with the use of different strain backgrounds. First, the selectable
markers therein may influence sonfelee traits under study. Secondly, the classical
yeast genetics used for early strain development involved crossing and backcrossing to
transfer markers from one strain into anot
baggageodo t hat mtlgpaniculartrdite studiedt i ous un

The contribution of auxotrophic marker genes to the interpretation of phenotypes
is exemplified by studies utilizing strains bearing liES- L2200 allele. This allele
harbours a 1036ase pair deletion that removes tintire HIS3gene and a bidirectional
promoter required for transcription BIRM1(PET56 Figure 2.), which encodes a
mitochondrial sitespecific ribose methyltransferas&tiuhl, 1985SirumConnolly and
Mason, 1993Riegeret al, 1997. As a resulthis3 L200strains display respiratory
deficiencies Zhanget al, 2003 Zhonget al, 2004 Figure 2.2. Zhanget al.(2003)
studied the deletion of the cardiolipin synthase g&RX]) in D27310B (MRM1) and
YPH500 (mrmXhis3£200) backgrounds. Ultimately, the authors concluded that
mitochondrial DNA (mtDNA) instability, loss of cellular viability, and respiratory defects
exhibited at high temperatures were due to the presence oftikallele and the
synergistic effect ofrd1lOandmrm, butnotthecrd1Dalone. In contrast, Zhoret al.
(Zhonget al,, 2009 reported that deletion @RD1caused temperature sensitivity,
respiratory defects, and mtDNA instability, independentlygnahl Interestingly, the
crd1Dstrains that maintain the best respiratory competence at the end of both of these

studies are both prototrophic fADE2(a DL1/D27310B derived strain
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Figure 2.1Region of theHIS3locus ofS. cerevisiaeh i s B gnlallele containingma
internal 187bp deletion of thédlS3gene (663 bp) where&isi s2BGpontains a 1040p
deletion of the entiréllIS3gene as well as the poly (edN) upstreanpromoter element
(17 bp) box with arrowheadsThispromoter acts bidirectionally to activatanscription
of both genesthe direction of transcription is indicated by the arr¢®isumConnolly

and Mason, 1993
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Figure 2.2 Comparson of respiratory competendgata from this work (37C, S150 and
YPH499) are compared with those from DL1, YPH%B@C, Zhanget al, 2003),
BY4741(37°C), FGY3 (39C, Zhonget al, 2004 and D27310B/A1, BY4742and

W303-1B (36°C, Baruffini et al, 20070. Data are grouped according to the experimental
methods, as described in the text. Respiratory competenuenih(his32200) variants

are indicated by hatched bars, and the competence of the isbtjeNit variants are
indicated by the total heighf the solid and hatched bars. Relevant genotypes are
indicated below each straiQuestion marks indicate thde indicated allele has been
inferred from whether or not the strain is known to be derived from S2884.(

MIP1[S]) or S1278b (in the case &150,HAPlandMIP1[9)).
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(Zhanget al,, 2003 and a BY4741 strairzhonget al, 2009. In contrast the strains that
did not maintain respiratory competermwell (YPH500 ¢hanget al, 2003 and
FGY3/YPH274 Zhonget al, 2009) are botrade2101ochreauxotrophs (Figure 2.2).
Thus, synergistic effects may result from the use of multizekers.

Thei ssue of fAgenetic baggageo has al so
mitochondrial function. Th&288c strain has been documented as being inappropriate for
mitochondrial studies due to the mutatédiP1locus Sherman, 2002HAPlencodes
transcription factor that senses cellular heme status and increases expression of aerobic
genes in response bxygen Ter Linde and Steensma, 200Zhe effect ohapl
mutations varies from a slight increase in mtDNA instabilibo{) (Mattoonet al, 1990
in aBWG1-7abackground, to petitephenotype and diminished respiratory capacity in
strainaGH1 Becerraet al, 2002 Table 2.1).

One possible explanation for this apparent discrepancy could come from a recent
example providedby Baruffiniet al. (Baruffini et al,, 2007h. It wasshown that a single
nucleotide polymorphisnm the yeast mtDNAoolymerasegene(MIP1) changes an
evolutionarily conserved threonine at pio$ 661in MIP1[S] to an alanine irs.
cerevisiaestrains related to S288wIP1[S] (W303-1B, BY4741, BY4742, and
BY4743) They showed that aalanineresidue at position 66% responsible foan
increase in point mutations and deletiovithin the mitochondrial genome

Due to the discrepancies in the literature noted above concerning respiratory
competence and the wide spread use of S288c,-exataated some of the issues
pertinent to choice of yeast background strain on respiration and stability of the

mitochondrialgenome. The auxotrophic marksate2101ochreis common to the YPH
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series of strains§ikorski and Hieter, 199%nd is usd for colorimetric determination of
respiratory competenc&lkadel, 199p In this current studyhis marker was examined
alone and in combination with ties3- 2200 (mrm21) mutation discussed abova,
backgrounds containing wittype and mutantAP1alleles. Finally, the role of th&lIP1
allele was considered by examining these marker alleld® B288crelated strain
YPH499(MIP1[S]), andin S150 MIP1[S]), Table 2.2Shermaret al, 1986. The
resultshereindemonstrate that multiple factors contribute to the maintenance of
mitochondrial function, and that strain background is an important consideration in both

designing experiments and comparing results obtained by different reseangb. grou

2.3 Materials and Methods

2.3.1 General methods
Restriction digestions were carried out

General molecular biological procedures were carried out accordignbrook and
Russell, 2005nd yeast transformations were carried out accordi@jetz arnl Woods,
2002 Linear DNA fragments obtained from restriction digestion of plasmids or PCR
amplification and used for yeast transformation or cloning were gel extracted/purified
using the QIAquick Gel Extraction Kit (QIAGEN Inc., Mississauga, ON). When
necessary yeastellswere screened to ensure they were haploid using the rapid

assessment &. cerevisiaenating type by PCRHuxley et al,, 1990.

2.3.2 Media, growth cmditions, and genetic methods.
Yeast were grown on various media including: YPG (1% yeast extract, 2%
peptone, 3% glycerol); Y&r (2% yeast extract, 3% glycerol, 50 mM potassium

phosphate, pi#.5, 4 g/Lerythromycin); YP2D (1% yeast extract, 2% pept@9%,
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Table 2.2Yeast srains used in this study

Source or
Strain Genotype reference
YPH499 MATaura3-52 lys2801amber aded01ochre trpi Sikorski and

63 his3 200 leu20L hapf MIP1[S]°, Derived from  Hieter, 1989
the diploid strain YNN216, which is congenic with

S288c
YNN216 MATa/ U +52/uma352 lys2801lamber/lys? Sikorski and
80lamber aded01lochre/adeA01lochre Congenic to  Hieter, 1989
S288c¢
S288¢c  MATUSUC2 gal2 mal mel flol fleg hap1 ho biol Mortimer and
bio6 Johnston, 1986
S150 MATaleu2-3,112 his30L trp1i 289 ura352 MIP1[9° Stegeret al,
HAP1 1990
DACS1 [S150]URA3 This study
DACS2 [S150]his3- 200 This study
DACS3 [S150]ade210lochre URA3 This study
DACS4 [S150]ade210lochre This study
DACS5 [S150]his3- 200 ade2101ochre This study
DACS6 [S150]his3-L200 URA3 This study
DACS7 [S150]his3-L200 ade2101lochre URA3 This study
DACS8 [S150]his3- 200 ade2101ochre hapl::caURA3 This study
DACS9 [S150]hapl::caURAS This study
DACY1 [YPH499]ADE?2 This study
DACY2 [YPH499]HIS3 This study
DACY3 [YPH499]HIS3 ADE2 This study

*HAP1or haplalleles were determined in YPH499 and S150 by ettreepresence or absence of a
PCR product generated with CloneHAP1F/CloneHAP1R primers

®MIP1 alleles were identified by sequencing and are from either SR88A[S], or S1278b,MIP1[S],
background strain as defined Bgruffini et al, 2007b

‘caURA3is theCandida albican®rtholog ofS. cerevisiae URASheff and Thorn, 2004
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dextrose); YP10D (1% yeast extract, 2% paptdl0% dextras); SGURA (0.67%
Difco™ nitrogen base without amino acids, 4% dextrose, all amino acids except uracil,
pH 5.6, amino acid concentrations used were as describ@hbyman, 1991 SGADE
(0.67% Difcd™ nitrogen base without amino acids, 4% dextrose, all amino acids except
adenine, pH 5.6); SEIS (0.67% Difcd™ nitrogen base without amino acids, 4%
dextrose, all amino acids except histidine, pH 5.6jluSroorotic acid (SC+FOA) (0.7%
Difco™ nitrogen base without amino acids, 2% dextrose, 0.1% FOA, 0.007% uracil, and
all required amino acids). All components were obtained from Fisher Scie@tifeng,
Ontarig except for erythromycin and FOA which were obtained from Research Products
International Corp(Mt. Prospect, lllinoisand ZYMO RESEARCH (Orangé&JSA)
respectively. Percentages indicate weight per volume and all solid media contained 2%
Bactd" agar.
2.3.3Strain construction

S. cerevisiastrains used in this study are listed in Table 2.2. Primers used to
construct and confirm all strains are listed'able 2.3.

The DACS?2 strain, used to construct DAQSS, was constructed using a
transplaement vector and a method modified fr@®echerer and Davis, 19/Bigure
2.3A). pBS:URA3was constructed bieather MclntosltiUniverstiy of Manitoba)
Briefly, the Bglll fragment from pFL34 was insert@uto theBanH]I site of pBluescript
to make pBSIWRA3 An ~1.1 kb region of thhis3-L200allele was PCR amplified from
YPHA499 genoric DNA using the HUS/HDS primer set (Table 2.@striction digested,

gel purified and insertedirectionally into theecaRI andKpnl sites of pPBSURA3
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Table 2.3Primers used in this study

Primer Name Primer Sequenceg( 56 * o 3 Tm Gene Target
(°C)

ADE2DS AAAGGTACCATGAACTGTATCGAAAC 50 ADE2
G

ade2DSE AAAGAATTCATGAACTGTATCGAAAC 50 ADE2
G

ADE2US AAAGAATTCTATTACAGCTATGCTGA 50 ADE2
C

CaURA3F CATCAATTGACGTTGATACC 56 caURA3

CaURA3R TAATCCAACTCCAGGTGTC 56 caURA3

CloneHAP1F AAA GGATCCTTAGCAAACCACAGTAC 62 HAP1
GAGC

CloneHAP1R AAAGGATCCCAACTTCTTCAACCTCC 62 HAP1
AATTAT

DHAPF TTAGATGTCGAATACCCCTTATAATTC 56 caURA3of
ATCTGTGCCTTCCATTGCATCCATGAC pKT209
CTGAGTTTAGCTTGCCTCGTCC

DHAPR ATGTCCCTTTCTATTTATACATAAACA 54  caURA3of
AACCGCATCACTCCCATATTGGAAAAT pKT209
C TCGATGAATTCGAGCTCG

DScrMIPF GAGGACATGCTGTATCGG 56 MIP1

DScrMIPR AGCTAACGAGAAGATGCAG 56 MIP1

GenomicMIP_Se GCACATTCATAGAACGCTTC 58 MIP1

qlR

HDS AAAGAATTCTTCAGTTCATCGACTAT 50 HIS3
C

HUS AAAGGTACCTCTGTGATTGGTTCAGG 50 HIS3

MIPDSofERev GAAGATGTAGATAATCCACTC 58 MIP1

MIPSeq2R CTGGACTTGCATCGCAAG 56 MIP1

MIPSeqg3bR ACACCTGTGCATTGCAATCC 60 MIP1

MIPSeq3R CTTTTAAGTAACTGACTCGC 56 MIP1

MIPSeqg4bR GTTGATTTATCTGTGGAAGC 56 MIP1

MIPSeg4R CTCCTTCGACCATATTACGG 60 MIP1

MIPSeq5R GTTGTATTCTTCGAGAACCC 58 MIP1

URA3_INT_FO AAACGAAGATAAATCATGTCG 56 URA3

R

URA3_R TTGTGAGTTTAGTATACATGC 56 URA3

XMA TCTGTGCTTGTCCACC 50 HIS3

XMB TTGCACAGGTGTTGGC 50 HIS3

*Primer sequences that anneal to the target gene are in bold. Restriction endonuclease recognition sites
engi neer e-énddf primers ate urelerlbdithile normal font only represents regions engineered

i nt o -ehdhoeprineds for recombination into yeaBBA, represents a stop codon engineered into
DHAPF.
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Figure 2.3 A.Transplacement vector strategyjhe mutantllele of your favorite gene
(MYFG) was PCR amplified from an approprigenome usinghe MUS and MDS
primer set (purple) then ligated into the pBRSRA3vector. This insert is drawn as two
wavy arrows connected by a depresenting either a point mutation or tiele. 1) The
recombinant pBSURA3+MYFGplasmid was transformed inaccharomyces
cerevisiage harbouring YFG (whitdox) and the single crossover was selected on SC
URA plates|l) The singlerecombinatio event between the plasmrigyht sidewavy
arrow,and the correcYFG chromosomal locusjght sidesolid arrow was screened by
PCR. The left recombination junction (LRJ) was identified by ChrF (top strand) and
MDS (bottom strand) primers and the right recombination junction (RRJ) was confirmed
by and MJS (top strandand ChrR (bottom strand) pringefll) Strains harbouring the
integrated plasmid at thé=Glocus were plated ontofluroorotic acid plates to select
for Ura colonies which survive by crossing out théRA3gene for uracil biosynthesis
(grey box) via a second recombination event upstream of the dingthe lefthandside
arrow of both the plasmid and the chromosolg In the resulting straithe presence of
the MYFG point mutation or deletion at thé=G locus was identified by PCR ugjrthe
following primer se$: ChrF and MDS; ChrF and ChrR; MUS and ChrR; MUS and MDS.
B. his3-L200strains, harbouring the 103 deletion, were confirmed by Southern
blotting. Yeast genomic DNA was digested wiboR| andXba to identify the genomic
3439bp band in three separate isolates harbourisg Z200 (lanes 1 3). As a control
the isogenic parent S150 was included to panmhis3-L2200to his3- DL (4288bp
fragment lane 4). Three, four, and fivkb are indicated on the lelftandside of the blot.

Forade210lochremutants, the nonfunctionatle2gene was confirmed by red pigment
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production on YPD as well as adenine auxotrophy or the inability to grow oADEC

plates.
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to make the transplacement vector pBRA3:his3 200 This plasmid was comfmed

by restriction mapping and sequencing and then transfoimte&150using the standard
lithium acetate transformation protod¢@ietz and Woods, 2002nd plated onto SC
URA. Integration of the plasmid at thS3locus in the uracil ptotrophs was

confirmed by PCR acrogke sites of chromosomal plasmid insertion using the
HUS/XMB (1.2 kb amplicon) and XMA/HDS (2 kb amplicon) primer sets (Figure 2.3A
and Table 2.3). The confirmed strains were then grown for two days-wRsCbroth to
anODgoo Of ~1. To screen for colonies in whithe cassette had been removed by
recombination, 1 ml of the SORA cultures was centrifuged at 6000 rpm for 2 minutes
and then 90@r of supernatent was discarded followed by plating of the cells in the
remaning 100m onto a SC+FOA plate and incubated at@0After four days, FOA
resistant colonies were picked and streaked onto fresh SC+FOA plates, asontdl as
YPG plates to test for the ability of the colonies to respire. ff€stant colonies were
then screened with XMA/XMB and HUS/HDS primer sets, which should yield either a
1.2-kb or a 1.1kb amplicon, respectively, if tHas3- Ol allele is replaced withis3

£200. Southern blot analysis usingH#S3-specific probe wasarried out to confirm the
colony PCRresults(Figure 2.3B). This strain was designated DACS2.

To createade2versions of S150 an ~2.2 kb region containingaitte2101ochre
locus was PCR amplified from YPH499 genomic DNA using the AUS/ADSE primer set
(Table 2.3) and restriction digestl, gel purified and cloned into thHecoRlI site of
pBluescript creating pB&de210l1ochre The pBS:ade210l1lochreplasmid was then cut
with EcoRl and theade210l1ochrefragment was gel purified and subcloned into the

EcaRl site in the multiple cloning stof pBS:URA3such that th&JRA3ORF was not

93



disrupted, creating the transplacement vector pFSA3tade2101ochre The
transplacement vector was then transformed into S150, DACS1, and DACS2 and
transformants were plated onto-&RA. Approximately twentyracil prototrophic
colonies were inoculated into FOA broth and allowed to grow for 48 hour$@tv@th
shaking to ar®Dggo Of 2.5 followed by plating for isolated colonies on SC+FOA plates.
Red colonies, indicative of successful recombination to rertiea&DEZ2allele (Figure
2.3A), appearedt a low frequency after four days within the F@&sistant population
andthesewerepicked to YPD plates and streakeat for isolated colonies. Single isolate
adenine auxotrophs from YPD plates were confirmedbyriability to grow on SC

ADE drop out media.

URAS3prototrophs were constructed by transformation of S150, RACACS4,
and DACSS5 with a 0.8&b gel purified PCR product amplified from pBSRA3using
the primers URA3_R/URA3_INT_FOR (Table 2.8)RA3transformants were selected
on SGURA dropout media.

TheHAP1gene was disrupted by a P@Rediated gene disruption. TR&andida
albicansURA3(caJRA3 gene was PCR amplified from the pKT209 plas(@deff and
Thorn, 2004 using the DHAPF/DHAPR primers (Table 2.3) followed by gel
purifi cat i on. E n g irends ef the ptimearsiwere 55 nutleotide@sbof homology
for recombination at thelAP1locus to remove most of the ORF. Within primer DHAPF
a stop codon was introduced just after amino acid 17 dfi&l ORF to avoid
engineeringa primer within a large A¥ich region just upstream of the start codon. The
purified PCR product was transformed into P 1 wild-type strains S150 and DACS5

and transformants were selected or#HRA. The double crossover recombination event
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was screeed using the CLONEHAP1F/CAURA3R and CAURA3F/CLONEHAP1R
primer sets (Table 2.3) which cover the upstream and downstream region for both
crossovers.

The YPH499 background strain was transformed@& 2 prototrophy by
replacing theade2101ochrelocus with te wild-type ADE2locus.ADE2was PCR
amplified from S150 genomic DNA using ADE2US/ADE2DS primers (Table 2.3) and
gel purified. The PCR product was then used for yeast transformation and YRBE29
prototrophs were selected on-30E plates. Thdis3-L200allele was replaced with the
wild-type HIS3 gene including the bidirectional promoter from the plasmid
pBluescript:HIS3(BS50, a gift from W. Neupert, Urersity of Munich). The 1.76&b
BamHI genomic fragment harbouring thB#S3gene was cut out of tH&S50 plasmid and
gel purified as described above, followed by transformation into YPH499 and DACY1
and HIS+ colonies were selected for onB8IS plates to create DACY2 and DACY3
respectively. Due to the position of the deletion athis& L200allele (-205 to 835
relative to the first ATG of thelIS3ORF,
http://lwww.yeastgenome.org/alleletable.shtmg;ombination of théllS3fragment

would have to restore the bidirectional promoter as well aslk88 ORF.

2.3.4Assesment of mtDNA maintenance replication fidelity and respiratory
competence

Slides for f 1l uor e damidinocZphenyliroledD®\Rl,o py o f
SigmaAldrich, St. Louis, MO, USAstained cultures were prepared to monitor the
presence of mtDNACulturesgrown for 96 hous at 30C or 37C as described for
respiratory competenagere diluted to 0.DDspoin 5 ml of YP10D broth and DAPI was
added to a final concentration of Zx§/ml. Cultures were incubated for 40 minuéés
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30°C with shaking followed by washingf 1.6 ml of cellswith 1 mlddH,O and
resuspasion in 1501 ddH,O. 40m of the DAPltstained cells wereombined with an
equal volume of 0.7% low gelling agarose (Mah Guelph, ON) made in ddB,
transferred to a slide for observationasiss Epifluorescent microscopy.
Erythromycinrresistance was monitored accordingdYounget al, 2006 Hu et
al., 1995. Briefly, 5x10°i 1 x10° cellswere spread onteach of two YGETr platesrom
an overnight culture grown id3ml of a 50:50 mixture of YPG:YP2D. Appropriate
dilutions were also spread onto YPG plates to determine the actual number atoegpir
compeéent cellsspreadon the YGEr plates.
Respiratory competence was monitored over 96 hours. Yeast weredinst igr
YPG broth for 48 hours to ensure a 100% respiring culture. Cultures were then diluted to
0.01 OQyoin YP1OD broth for growth wh shaking at 3 or 0.160Dgoo for growth
with shaking at 3%C. Cultures were diluted down to 0.01 @B(for 30°C) or 0.160Dg0o
(for 37°C) every 24 hours and glucose levels were continually monitpfedng and
Court, 2004 to ensue sufficient (> 1%) glucose to avoid selectafrespiratory
competent cells. At 24, 72, and 96 hours of growtiitures were diluted down and then
spread plate to give significant plate counts on YP2D plates. Respiratory competence was
determinedby@dignosi ng respiration deficiency bas:¢
coloniesfollowing growthon tetrazolium plates are unable to respire whereas red
colonies are respiratory competé®guret al, 1957. YP2D plates grown at 3G for
two days were overlaid with 2,3tEiphenyl tetrazolium chloride (TTC) top agar (1%
Bacto agar, 0.06W phosphate buffer, pH 7.0, 0.1% TTC) as describefOguret al,,

1957. Plates weréncubated in the dark for at least dneur and percent respiratory
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competence was calculated as the number of red colonies divided by the total number of

colonies multiplied by 100.

2.4 Results

2.4.1 YPH499 based strains and thieis3-£200S150 strains show temperature
sensitive loss of respiratory competence.

To investigate the contributions ADE2 MRM1 promoterhis3- 2200 HAP1, and
MIP1, cells harbouring different combinations of these alleles (Table 2.2) were grown in
YPD for fourdays. Cultures were transferred to fresh media each day to ensure sufficient
glucose, thereby preventing selection for respiratory competent cells. Due to the
variability in the datgTable 2.4) median values are presented to show tréRdsire
2.4). Repiratory competence of YPH499 ranged from 52.2 to 92.9% by the fourth day of
growth at 36C (Table 2.3. All other strains examined in the study maintained at least
89% respiratory competence over four days growth 4 80able 2.4). As a more
sensitive asay, we also examined differences in respiratory competence of the various
strains at 37C. The S150 background strain and two mutants made thereof, DACS4
(aded and DACS9 llapl), maintained greater than ninety percent respiratory
competence over the foday period at 3C (Figure 2.4and Table 2.4). In contrast, the
presence of thkis3-L200allele in the same background strain (DACS2) caused a slight
decrease in respiratory competence by day three and a more dramatic decrease was
observed by day four where the median value was 50%. The I8&E#function in

DACSS5 @de? in a S15tis3 L200background was not associated with any further loss

of respiration compared to DACSRDE?2, his3-L200). Interestingly, when thelAP1
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Figure 2.4Respiratory competence of various yeast strains grown for four daysCat 37

in YP10D. Respiratory competee was determined as described in Materials and

Methods, day 1 (D1), day 3 (D3), and day 4 (D4). The relevant genotypes for each are
shown below strain names/abbreviations. Y1 (DACY1), Y2 (DACY2), Y3 (DACY3), S2
(DACS?2), S4 (DACS4), S5 (DACS5), S8 (DACSa@nd S9 (DACSIYA representative
experiment is shown for S150, DACS4 (S4) and DACS9 (S9) as all strains maintained
median respiratory competence greater than 90% over four days growth in YP10D (Table

2.4).
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Table 2.4Percent respiratory competence Yarious laboratory strains

Respiratory Competence (%)

Temp.
(number
of Incubatio Standard
Strain replicates) n (Days) Median  Average Deviation Range
YPH499 30°C 1 98.7 98.3 2.0 96.1- 100
3) 3 86.3 76.7 19.5 89.5-54.3
4 81.9 75.5 21.4 522-92.9
YPH499 37°C 1 93.1 87.9 11.3 74.9-95.7
(3) 3 40.2 35.4 179  15.7-50.4
4 25.6 29.7 20.8 11.3-52.2
DACY1 30°C 1 98.7 99.0 0.6 98.6-99.7
3) 3 97.9 97.3 1.8 98.6-95.2
4 96.5 94.8 3.6 97.3-90.7
DACY1 37°C 1 81.0 79.6 13.4 65.5-92.2
3) 3 36.6 30.1 26.0 1.5-52.2
4 15.5 26.9 29.8 45-60.7
DACY2 30°C 1 96.1 95.6 2.8 92.6-98.2
3) 3 92.0 92.0 1.2 90.8-93.1
4 89.6 90.4 1.5 89.4-92.1
DACY2 37°C 1 79.9 79.9 49 75.0-849
(3) 3 47.9 47.8 8.7 39.0-56.4
4 46.9 38.5 18.4 17.4-51.2
DACY3 30°C 1 99.6 99.5 0.7 98.7- 100
(3) 3 99.0 99.0 0.5 98.0-99.5
4 98.8 98.4 0.9 97.2-98.9
DACY3 37°C 1 95.2 95.4 3.3 92.3-98.9
3) 3 24.3 27.8 26.8 3.0-56.3
4 11.0 15.3 104 7.7-27.2
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Respiratory Competence (%)

Temp.
(number
of Incubatio Standard
Strain replicates) n (Days) Median Average Deviation Range
S150 30°C 1 99.4 99.5 0.5 98.7- 100
3 3 99.2 98.6 1.0 97.4-99.2
4 98.9 98.6 1.4 97.0-99.8
S150 37°C 1 98.7 99.0 0.7 98.7- 100
4 3 92.3 91.7 8.2 82.5-99.7
4 97.0 93.9 7.4 82.9-98.9
DACSZ? 30°C 1 99.5
1) 3 99.5
4 98.9
DACS1 37°C 1 99.4 98.7- 100
2 3 98.6 97.5-99.7
4 98.2 97.4-98.9
DACS2 30°C 1 99.6 99.4 0.6 98.7-99.8
3 3 98.0 97.3 0.9 96.5- 98.7
4 98.0 96.6 0.9 92.5-99.3
DACS2 37°C 1 96.4 96.4 3.1 93.3-99.6
3 3 83.4 84.1 6.1 87.4-90.5
4 50.0 48.9 8.3 40.1- 56.5
DACS3 30°C 1 96.3 94.7-97.9
2 3 93.9 89.2- 96.5
4 93.8 88.7-98.9
DACS3 37°C 1 96.3 94.7-97.9
2 3 92.9 89.2- 96.5
4 93.8 88.7-98.9
DACS4 2
30°C 1 replicates  99.0 1.0 98.399.6
3 3 97.7 97.9 1.2 96.7-99.2
4 99.5 99.0 0.0 97.9-99.6
DACS4 37°C 1 99.6 98.2 2.6 95.3-99.8
3 3 97.4 91.7 11.4 78.5-99.1
4 98.1 89.6 15.0 72.3-98.4
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Respiratory Competence (%)

Temp.
(number
of Incubatio Standard
Strain replicates) n (Days) Median Average Deviation Range
DACS5 30°C 1 99.6 99.6 0.0 99.1- 100
3) 3 99.4 99.3 0.6 98.6-99.7
4 96.9 95.6 5.2 89.9- 100
DACS5 37°C 1 97.7 97.4 1.1 97.7-98.3
(3) 3 75.2 66.4 171 46.7-77.3
4 52.2 46.7 21.0 23.5-64.4
DACS7 30°C 1 95.2
Q) 3 100.0
4 99.3
DACS7 37°C 1 98.2
Q) 3 85.6
4 75.8
DACSS8 30°C 1 99.8 99.8 0.1 99.7-100
3) 3 99.3 99.0 0.6 98.4-99.5
4 98.7 98.7 1.3 97.3- 100
DACSS 37°C 1 98.9 98.8 0.7 98.1-994
(3) 3 24.0 30.4 16.9 17.8-49.6
4 17.2 12.9 11.4 0-21.7
DACS9 30°C 1 100.0 99.7 0.5 99.7-100
(3) 3 98.2 98.0 0.4 98.3-97.7
4 97.4 96.9 1.2 95.6-97.8
DACS9 37°C 1 99.8 99.3 1.1 98.0- 100
(3) 3 95.5 96.4 1.5 95.5-98.0
4 94.8 95.1 0.7 94.6-95.9

%0nly one or two replicates were performed for strains highlighted
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gene was disrupted in ti&150his3-L200 ade2 hapstrain DACSS8, respiratory
competence was reduced by thfekel on days three arfdur in comparison to DACS2
and DACSS.

After four days at 3°C YPH499, DACY1, and DACY3 only maintained median
levels of 26, 16, and 11% respiratory competence while ~50% of DACY?2 cells were
respiratory competent (Figure 2.4). While it may appear that YJAkas an increased
ability to maintain respiratory competence ai@# is important to note that all YPH499
backgrounds ranged from ~5 to 61% respiratory competsanggesting reduced levels

for all YPH499 derivatives (Table 2.4).

2.4.2 Loss of respiatory competence is accompanied by loss of mtDNA in the
YPHA499 but not in the S150 background.

The loss of respiration ability in the YPH499 strain is correlated with a loss of
mtDNA (Figure 2.5median of 0 and average of 0.6 punctate mitochondrial nalslgr
cell) as indicated by DAPI staining of the cultures grown over four days’@t 8vY
contrast, the loss of respiratory competence in the S150 background strains (DACS5 and
DACSB8) was not accompanied by the loss of mtDNA (Figure 2.5) suggestingdiffe
mechanisms may be responsible for the loss of respiratory ability in the two genetic

backgrounds.

2.4.3 Low levels of point mutations were detected in all S150 background strains,
DACY1, and DACY3 while higher levels were detected in YPH499 and DACY2

Erythromycinresistance (ER) was used as an indication of the level of point
mutations in the mitochondrial genome. Due to the loss of mtDNA& Bithe
YPHA499 background, erythromyenesistance could only be tested in cells grown at

30°C. All strains constructed in the S150 background produced on average 2.2
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Figure 2.5mtDNA maintenance in cells grown at €7 for four daysA. DAPI stained
puncta were counted in thirty DARStained cells of each strain, and the median for each
strain is shown aslae. B. DAPI staining. After four days growth in YP10D at°G7
cultures were stained with DAPI for 40 minutes as described previpisinget al,

2006 M, punctuate mitochondrial staining; N, nuclear staining.

104



=

mtDMA puncta per cell

O = kB h D = 00

LR 2

LR 2

LR LT

LR 2

L]

L L

LR 2

105

ettt SEEE NN s
4h LT T * *
o * P -
* ¥ ¥ ™
EEE N EIl. NIl HH-
=180 DACSS DACSE YPH499
fls3af Als3a200  his3az200  Ris3a2o0
ANEZ aria? aciaZ acias
HAPT HAPT hapf hapt




erythromycinresistance cells/1x2@ells Figure 2.6 and Table 2.5YPH499 produced
the highest levieof erythromycinresistant cells, 15x1¢ on average (Figure 2.6). In this
background, restoration of tARdE2gene in DACY1 anddACY3 (HIS3 ADEZ2 caused

a decrease (0.5/1x4and 2.81x10 respectively) in erythromycinesistant cells
compared to YPH49®Restoration of only thIRM1promoter in DACY2 did not have
an effect on the frequency of point mutations when compared to the YPH499
background, indicating that thE2locus is the contributing factor in decreased

erythromycinresistance in DACY3.

2.5Discussion

Recent descriptions of respiratory defects associated with S2Bfted strains,
specificallythose harbourinyllP1[S] (Baruffini et al, 2007t andhapl(Sherman,
2002 alleles, impelled us to evaluate the effects of these alleles in combination with
potentially influential anotrophic markers, namebde2101ochreandhis32200

(mrm3).

We observed a temperatesensitive phenotype at 7 for the S288¢elated
(YPH499)MIP1[S] strains used in our study. Although different experimental
approaches were used (see below), legs4b& respiratory competence was detected in
YPH500, presumablilIP1[S] (Zhanget al, 2003. In comparison, the S19@IP1[S]
strain maintained a high level of respiratory competence (>90%) throughout the
experiment (Figure 2.2). Similarly, greater than 90% of DL1 cells (iSoggrcongenic
to D27310B, Zhanget al, 2003, presumabiMIP1[S], and D27310B/A1 MIP1[S],
Baruffini et al,, 2007b) maintained mitochondrial function after prolonged treatment at

37°C. These data reinfae the conclusion daruffini et al, 2007bregarding the

106



Figure 2.6 Point mutations in mtDNARelative fidelity of mtDNA replication was
assessed as described previo@glyunget al, 2009. Each of three independent
transformants for each strain was replicated three tifderages are shown as open

bars, with the tandard deviation for each, and the median for each strain is displayed as

solid black bars. O6AI Il T BACTSD(Dable22).er s t o
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Table 2.5ErythromycinResistance per f0ells

Strain Number Median Average Standard Range

of Deviation
Replicates

YPH499 9 18.0 15.0 8.1 3.9-25.2
DACY1 13 0.2 0.5 0.6 0.1-23
DACY2 9 5.8 10.0 88 1.8-245
DACY3 10 1.0 2.8 3.8 0.1-10.4
S150 8 2.2 2.6 2.7 0.2-8.6
DACS1 7 2.1 2.2 2.3 0.2-6.6
DACS2 9 1 3 3.2 04-8.2
DACS3 7 3.1 3.3 1.8 0.1-5.6
DACS4 6 1.4 2.3 2.6 0-71
DACS5 4 0.6 1 1 0.24-24
DACS6 6 1.7 2.4 2.3 0.34-6.2
DACS7 8 1.7 2.1 1.4 0.5-3.7
DACSS8 3 11 1.1 04 0.7-1.6
DACS9 3 0.2 0.2 0.2 0-0.2
All

S150 60 1.3 2.2 2.2 0-8.6
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contributionof theMIP1 allele to the maintenance of mitochondrial function.

However, BY4741, BY4742, and W3d3B, all harbouringMIP1[S], displayed
greater than 85% respiratory cortgrece (Figure 2.2) suggesting that MBM1allele
drastically reduced the effect of tMEP1[S] allele in these strains. This is supported by
the YPH499 data and the S130IP1[S]) strains harbouring thearmZlallele, that
showed decreased mitochondrial function after four days°a 3¥owever, replacement
of themrml1with MRM1in YPH499derived strains did not restore respiratory
competence to levels observed in S150. Zketray also complemented YPH500 cells
with MRM1on a plasmid£hanget al, 2003, which resulted in an increase in
respiratory competence from about 34% to @8%osuggesting a role for other factors
(see below)A similar approach was taken by Zhoeigal (Zhonget al, 2009, in the
S288ecrelatedstrain FGY3 (parent straiviPH274, Table 2.1). In this case, almost all of
the cells retained respiratory function after incubation for 96 and 194 hour*Cain37
both themrmlandMRMI1-complemented strains. The reason for this discrepancy is not

clear.

TheHAP1gene, which encodes a hewhependant transcription factor, has
obvious links to mitochondrial status, and it has been suggested by ShermaARkat
strains such a®273-10B be used for mitochondrial studieSherman, 2002
Nonetheless, strains with the S288c backgrdmagl) are widely used for this work
(Table 2.1). The effect of thHdAP1lallele may be enhanced by thP1[S] allele that is

present in the S288derived strainsRaruffini et al, 2007h. In theMIP1[S] strain used

in the current study, respiratory incompetence was not observed in DAGRHE).

110



However, there was a thréeld drop in respiratory competence in DACSS8, with
MIP1[S] in combination withmrm1,haplDandade210lochre in comparison to
DACS2(mrmJ) and DACSS5 ihrm1, ade2101ochr@. This drop likely reflects negative

synergism betweelaplDand other genes required for respiratibisd 2200/mrm}).

The other important consideration is the method used to estimate levels of
respiratory competencén the curent work, and that ddaruffini et al, 20071) cells
were maintained in a replitee state of growth, wherein they were repeatedly
subcultured Young and Court, 20Q4r replicaplated Baruffini et al,, 2007§). In
contrast, the methods @honget al, 2009 andZhanget al, 2003 involve
chronologically aging the cultures for at least four days in YPD or YPG before plating to
determine the number pgktites Growing these strains into the patuxic and
stationary phases of growth would select for respiration, due to the fact that cells survive
by consuming nonfermentable-pyoducts of glucose fermentatiowérnerWashburne
et al, 1996. Respiring cells may also have a selective advantage when in or entering
stationary phasésiven the similar levels of respiratocpmpetencebetween BY4741
(Zhonget al,, 2009 and BY4742 Baruffini et al,, 2007, these methodological
difference cannot explain the FGY3 resyfgure 2.2,Zhonget al, 2004. The FGY3
respiratory competence levels were expected to resemble those of YHP499/808ebec
all three of these strairmse derived, through multiple crosses, from YNN216, which is
congenic to S288@iscussed biKumaret al, 2003. Thus, it would be expected that
FGY3 is abo MIP1[S] andhapl However, it has been shown by Kunjgumaret al,
2003, that the parents of YNN216, namely YNN214 and YNN215 are not isogenic, and

are polymorphic for th&CM38gene that encodes theglutamyl transpeptidase
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enzyme. Thereforet is possible that other polymorphisms have been differentially
propagated in the lineages leading to YPH499/YPH500 and K@¥BI274), and that

some of these differences may contribute to respiratory competence at high temperature.

The lack of respiratory competence could reflect a continuum of mutations, from
the accmulation of point mutations to the complete loss of mtDNA. All strains
constructed in the S150 background maintained approximately the same level of point
mutations in the mitochondrial genome, as indicated by the acquisitergtbfomycin
resistancé€Figure 2.6). YPH499 and DACYH(S3 ade2101ochré had high levels of
erythromycinresistance compared to the S150 strains, and to YPH499 strains in which
the ADE2allele had been restored, DACYAREZ2 p < 0.0 and DACY3 HIS3ADE?2
p < 0.®). Thus, at 3%C, theade2101ochreallele contributes to the mutational load on
the mitochondrial genome in the YPH499 background strain. This defect is therefore
linked to theMIP1[S] allele because there was no obvious difference in erythromycin
resistance in the arof the S15Gde2101ochreMIP1[S] strains Presumably the less
effective polymerase is more sensitteereduced levels of dATP in mitochondria

thereby contributing to the moderate increase in point mutations.

In addition, the allele at thdIP1 locus cantributes to the degree of mtDNA loss
associated with the loss of respiratory competence. IMtR&[S] S150strain,17% of
cells arerho® after four days at 3T; this value is increased to around 30% when the
mrm2lallele is introduced, singly, or in owination withade2and/orhapl1D(Figure 2.5).
In contrast, we did observe a dramatic decrease in Bfséted mtDNA in YPH499

background strain (Figure 2.5). Only 23% of the DARlined YPH499 cells grown at

112



37°C on day four maintained mtDNA, which istae level of respiratory competence
generally observed on the same day (Figures 2.4 and 2.5). In the WE3S],

MRM1) background ~40% of cells werko' and 24% wereho® after five days at 386
(Baruffini et al, 20078H. These observations again suggest synergistic or additive effects

of mrml1with MIP1[S].

An interesting observation was neackgarding red/white screening using the
ade2allele. When six DACS8 white colonies were picked, from YPD plates from the last
day of the respiratory competence experiment, to YPG plates, these colonies were able to
grow. In combination with the DAPesLts, this suggests that visible red colour

development irade2strains depends on a threshold level of mitochondrial function.

In conclusion, the maintenance of mitochondrial function in two diffeésent
cerevisiaestrains, S150 and the S28&dated stram YPH499, is affected, to different
degrees, by several genetic factors includimgnl, hapl, MIP1[S], andade2101ochre
With the accumulation of more stragpecific DNA sequence data, such as that from the
yeast genome resequencing project
(http://lwww sanger.ac.uk/Teams/Team71/durbin/sgrp/index.ghtinig likely that other
strainspecific alleles will be identified that may contribute to mtDNA maintenance. It is
already clear that this pQoatamiesandRicard,ui r es
2000. With such information strains can be chosen on the basis of robust maintenance of
mitochondrial function, or strains withrm1/his200 hapl, MIP1[S], andadeZ2alleles
could be used for studies of more subtle effects. Increased knowledge of the genomes of
individual strains will also enhance comparisons of experimental results obtained by

different research groups. All yeast strains were not engineered equally!
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CHAPTER 3 The carboxylterminal extension on fungal mitochondrial DNA
polymerases: Identificationof a critical region of the enzyme fromSaccharomyces
cerevisiae

Contributions of authors

Most of the work in this Chapter has been published in

Young, M.J., Theriault, S.S., Li, M., and Court, D.A. (2006) Y&3s101-116.

Steven Theriault and Mingyii began this project, and were responsible for designing the
original truncation mutantsw(ip1OL75 mipL216 mipL279 mipLB51) and generating the
mutant version of th#1IP1 gene. Initial trials of expressing these variants in yeast were
made by these stadts, but issues with strain construction were not resolved. This work

is described in their M.Sc. theses.

All of the yeast strains expressing the truncated polymerases, and the subsequent
laboratory and bioinformatic analyses were carried out as ptre ¢th.D. work
described in this thesi$he last unpublished mutants were analyzed with the assistance

of Suman LakhiriplZ205 mipL222 mipLR47]).
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3.1 Abstract

Fungal mitochondrial DNA (mtDNA) polymerases, in comparison to their
metazoan counterparts, harbour unique carbtetyhinal extensions (CTESs) of varying
lengths and unknown function. To determine the essentiane@f the 279esidue
CTE of the yeast enzyme (Mip1p), several Gflncation variants were expressed in
Saccharomyces cerevisidgespiratory competence ofiplOL75andmipl.205cells, in
which Miplplacks the @Germinal 175and 205esiduesespectivelywere
indistinguishable from that of wiltlype. In contrast, strains harbouring Mip351 and
Mip1pD279 rapidly lose mtDNALikewise mip12241andmipllR22transformants
lacked the ability to respirdpproximately one in sixniplZ216transformantgrew on
glycerol, albeit poorly. Fluorescence microscopy and Southern blot analysis ceveale
lower levels of mtDNA immipl1216cells, and the rapid loss of mtDNA during
fermentative, but not respiratory growth. Therefore, only the polymgrasemal
segment oftie Miplp CTE is necessary for mitochondrial function. Comparison of this
essential segment with the sequences of other fungal mtDNA polymerases revealed novel
features shared among the mtDNA polymerases dd#oeharomycetales.

3.2 Introduction

Mitochondia are the sites of oxidative phosphorylation in eukaryotic cells. These
organelles harbour mitochondrial genomes or mitochondrial DNAs (mtDNAS) that
encode subunits of the respiratory chain, rRNAs, tRNAs, and in some cases, ribosomal
proteins. In obligatly-aerobic organisms, such as humans, &sasstitution, deletion,

and duplication mutations in mtDNA result in a variety of degenerative diseases. These
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mutations most likely result from errors in mtDNA replication (reviewedaguni,
20049).

The ascomycetous fung@sccharomyces cerevisibas been used extensly
for studies of mtDNA replication, due in part to its ability to bypass the need for
respiration in the presence of fermentable carbon sources. Haploid yeast cells typically
contain 4050 copies Grimeset al, 1974 of an 86kb mtDNA with a circular genetic
map Fouryet al, 199§. Studies of mtDNA replication in this organism have revealed a
complex process that likely includes bidirectional replication from origins (reviewed in
Lecrenier and Foury, 20p@nd/or rollingcircle type regtation (Maleszkaet al,, 19979,
which may be involved in creating concatamers that are transmitted to developing buds
during asexual reproductiohifig and Shibata, 2002; Ling and Shibata, 2004

Mitochondrial DNAs in yeast aréound in nucleoids, membrat@essociated,
DNA-protein complexesWilliamson and Fennell, 1978liyakawaet al, 1987, that
have been implicated imitochondrial segregatiogpiroz and Butow, 1993\ unnariet
al., 1997 and are the sites of mtDNA replicatidiéeusen and Nunnari, 2003t least
20 differen proteins can be crosslinked to mtDNKaufmanet al, 2000, including the
soluble DNA binding proteins, Riml1p (singé&randed DNA binding protein) Abf2p, a
high-mobility group protein involved in maintenance, segregation, recombination and
copy number control of mtDNAQ|ffley and Stillman, 199]1ZelenayaTroitskayaet al.,
1998 MacAlpineet al,, 1998 and Mgm101p, which may be involved in repair of
oxidative damage to DNAeeuseret al, 1999. An intriguing subset of mtDNA
associated proteins are bifunctiongéa(fmanet al, 2000, including Ilv5p, an

acetohydroxyacid reductoisomerase, that links amino acid starvation to nucleoid number
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(ZelenayaTroitskayaet al, 1995 MacAlpineet al, 1999 and mitochondrial aconitase, a
protein that may be a key link between mitochondrial metabolism and mtDNA
mai nt enance, in addition t oChenetal, 200§z y mat i c
Nucleoids are physically associated with the mitochondrial inner memlimaine,
nucleoid specific, inner membrane component has yet to be identified. A subset of
nucleoids are associated with the integral outer membrane protein Mriiolipsét al,
200) suggesti ng sap afintnwon gmecnobkigelisesadd N(nhak,S |
2003. A mtDNA binding protein, Mgm101pMeeuseret al, 1999 and Miplp, the
mitochondrial DNA polymerase, are also associated with the TN#®(sen and
Nunnari, 203). Recently, a second outer membrane protein, Mmmz2p, was identified that
is also associated with nucleoids, but appears to be part of a complex distinct from that
harbouring MmmZ1pYoungmaret al, 2009.
Miplp is a member of the subclass of gamg)a( mtDNA polymerases within
the family A group of DNA polymeraselid and Braithwaite, 199@lancoet al, 199)).
Within the polymerase domain of these enzymes exist three conserved sequence motifs:
Pol A, Pol B and Pol Clto and Braithwaite, 1990eviewed inKaguni, 2004 Figure
31A) and a prbobo ferxeoanduicnige a3sbe do mai n character
sequence motifs, namely Exo I, Exo Il, and ExoBé(nadet al, 1989, all of which are
present in the mitchondrial enzymes (reviewed ikaguni, 2004 Figure 3.1A. MtDNA
polymerases can be differentiated from other members of family A based on four
conserved signature sequenaglsi(gd) t hat are | ocated within
the exonuclease and polymerase domains, and two regibasdgo) that flank the

carboxytterminal polymerase motif (Pol €jgure 3.1A. Conserved sequence
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Figure 3.1 Schematic diagram of tiveild-type Miplp (top line) and four truncation

variants I, Il, and Il indicate the location of the three conserved exonuclease motifs that
define ot ekexonaucl ease domain, while A, B, an
conserved polymerase mistihat define the polymerase domain (Kaguni, 2004). Boxes
numbered 1 through 6 in the witgipe Mip1p indicate the positions of the mtDNA
polymeraserspecific sequences. The locationgbig4 are taken from Luo et al., 2005;

g andg6 comprise residues 8@y 6 and 90859, respectively, of the Miplp preprotein

(L.S. Kaguni, personal communication). Tggesequence is shaded black to clearly
delineatet from gl andg3 . ACTEO indicates +emenall ocati on
extension unique to fungal polymerases. Variants with truncations in this s¥gion

i ndicated belowo dbkeuimf Redpc&oep t he per c
and 67 independh transformants of each strain that were able to respire after transfer

fromthe initial SGHI S pl ate to YPG plates. The AMiplj
relative levels of the Miplp variants, determined as described in Materials and Methods.

The valuefor wild-type Miplp was arbitrarily set to onB) Fluorescence of Mipt®BFP

variants. The leftand righthand panels show Mipi1FP (G) and dsRED (R)

fluorescence, respectively, from the same field of view. Truncation variants are indicated

by the numbeof amino acid residues removed from thée@minus; WT indicates wild

type cells. Images obtained from O slices are presented.
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11l Il SPACER AB C CTE Comp  Levels
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Mipip 100 100 +f- 31

Mip1pA175 100 98 +/- 35
MipipA216 26 89 +/- 50
MipipA279 0  65+/-24
MipipA351 0 63 +/-17
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elementgyl, g3, andg4 may function as part of the polymerase catalytic domain; the roles
of g5 andg6 have not beemvestigatedl(uo and Kaguni, 2005.

In comparisn to the othegpolymerases, there are two remarkable features of the
yeast enzyme: the apparent lack of an accessory subunit (for ex&apderstraetent
al., 1999, and he presence of a long extension to theefninal side of the6 region
(Foury, 1989Figure 3.). gpolymerases frorbrosophila(Olsonet al, 1995, Xenopus
(Insdorf and Bogenhagen, 1988nouse Johnsoret al, 2000 and humansGray and
Wong, 1992 consistof a catalytic core and an accessory subunit, which stimulates
catalysis and increases the processivity of the catalytic core (reviewegdumi, 2004.
The carboxyterminal regions of the accessory subunits resemble class lla amioacyl
tRNA synthetases, suggesting a role for RNA primer binding during initiafiotDNA
synthesis Carrodeguas and Bogenhagen, 2000; Carrodegusds 1999; Carrodeguast
al., 200z Fanet al, 1999 Fan and Kaguni, 20Q1yengaret al., 2002.

The Gterminal extension (CTE) on the fungal enzymes has remained enigmatic.
The only clue to its function was the analysis of a yeast mtDNA polymerase harbouring a
single amino acid substitution at residue 1001 of the prepradteiet(al, 1999. Cells
harbouring this mutant, form respiratory incompetagtitesat increased levels and have
a 5060 fold increase in the frequency of erythromyoasistant cells, indicative of
mMtDNA point mutations in the 21S rRNA gendu et al, 1995.

Using the genome sequence data now available, we have carried out a more
comprehensive search for CTEs in mtDNA polymerases, analyzed the distribution of
these sequences and examined them for conserved features. Based on ttg resultin

information, Gterminal truncation variants of Miplp were generated and the ability of
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cells harbouring these mutant polymerases to replicate and maintain mtDNA was
analysed.

3.3 Materials and Methods

3.3.1 Strains and growth conditions
S150 (eu23,112 his3- [, trp 1:289 ura 3-52, Stegeret al,, 1990 was the wild

type strain used for expressiohMiplp truncation variants in this study. Yeast were

grown on various media including: YPG (1% yeast extract, 2% peptone, 3% glycerol);
YG-Er (2% yeast extract, 3% glycerol, 50 mM potassium phosphate, pH 6.5, 4 g/L
erythromycin); YP2D (1% yeast extra®o peptone, 2% dextrose); YP10D (1% yeast
extract, 2% peptone, 10% dextrose); YPL (1% yeast extract, 2% peptone, 2% lactic acid,
pH 5.2); SGHIS (0.67% Difcd™ nitrogen base without amino acids, 4% dextrose, all

amino acids except histidine, pH 5.6).

3.32 Strain Construction
Mutant versions of the mtDNA polymerase gene were generated firgitted

mutagenesisunkelet al,, 1987 using the MutaGene kit from BieRad (Mississauga,
Canada). Base pairs and amino acid residue numiffersto the 1254esidue protein

that would be encoded from the start codon downstream of the transcriptional start point
identified by Foury (1989). The template DNA was obtained from plasmid
pBluescript:MIP1-F3, which contains basepairs (bp) 2538 76 30of the coding

sequence for the Mipljpreprotein and extends 31 bp past the stop codon. Primers were
used to introduce a stop cod@®@OLD] followed by aBglll site [underlined]for insertion

of the selectable markétiS3into theMIP1 gene. The stop cods were introduced at
positions 3114, 2925, and 2709 of &1 coding sequence to create the genes

mip1D216, mip1D279, andmip1D351, respectively. The primers used for the-ditected

121



mutagenesis were synthesized by Canadian Life Technologies ladingBon, Canada)
and are as follows:

formplID351: 56 GCGAAAPGAICTOASAGCTGCTATGG;

for miplD2 7 9 : 50AT CAAT TAGATITGATAMATCCAATAG and
formplD2 16: 506 GGCTAGRAGASIETGEGSGGAGTGTAC.

The sequences of the regions to be expressed ad pagtrautated polymerases
were confirmed by DNA sequencing. After mutagenesisBijig site was used for the
insertion of aBanHI fragment containing thellIS3gene. The mutated sequences were
released from pBluescript SKy double digestion witiXba and Pvul, followed by gel
purification using the QIAquick® Gel Extraction Kit (QIAGEN Inc, Mississauga, ON).
Mutated fragments were then transformed into S150 yeast cells using the lithium acetate
method Gietzet al, 1997. Insertion of the truncation cassette at the correct position was
first confirmed by colony PCR according $@mbrook and Russell, 2004xcept that the
colony was first resuspended in water, and then diluted into a standard PCR reaction
mixture containing 3.1 mM MgSQThe primers used correspond to bases #2685
2605 of theMIP1 open reading frame for the upstream primer an@ILbase pairs
downstream of the wildlype stop codon for the downstream primer. Southern blot
analysis using MIP1 specific probe was carried out to confirm correct isolates ifiksht
by colony PCR.

To create the coding sequenceruiplD175, aHIS3marker was ligated into the
BamH site (position 3232 bp of tHdIP1 gene) inMIP1-F3 cloned in pAS1Gietzet
al., 1997. The resulting disruption constituwas transformed into S150 yeast and

confirmed as described above. Thgl1D175 construct encodes an additional ten C
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terminal amino acids (AARSCSLACT) due to the extension of the reading frame into the
HIS3 cassette.

ThemiplO175andmiplR16yeast mutdons were reconstructed and additional
mutations mip12241, miplL222 andmipl205 were introduced into yeast using a one
step gene replacement strategy. D175 209F, D216 _PONF,209F, DA2_209F, and
D205 _209Forimers (Table 3.1) were engineered to afg@icaURA3gene from the
plasmid pKT209 (EUROSCARFheff and Thorn, 2004vhen each was used separately
in a PCR reaction with theAll_209R primer. In addition, the D175 209F, D216 _209F,
DAl 209F, DA2_209F, and D205 _208®Fmers contain stop codons to truncate the
ORF encoding Nplp at 175, 216, 241, 222 or 205€&minal residues respectively. The
1566-bp PCR products were transformed intd@according t¢Gietz and Woods,

2002 and transformants were selected onl#EA and SGlycereURA.
MIPDSofE/CaURA3R and DdiScrMIPRev/CaURA3F primer sets were used to confirm
upstream and downstream recombination junctions respectively via colony PCR of
potential transformants as described.

GFP (green fluorescent proteinMiplp fusions were created as described by
(Sheff and Thorn, 2004The templat for PCR was the pKT128 vector containing the
yEGFP open reading frame and SgHIS5marker, obtained from EUROSCARF. The
following MIP1-specific sequences were included in the primers; [F5] and [R3] refer to
the template specific segments of the prini8tseff and Thorn, 2004
MiplpD3 5 1 CCABGATGAGATTAGATTTTTGGTGAGCGAAAAGGACAAA[FE]

MiplpD2 7 9 CATBCETCATGGGGAGGCGCTTGATATCAATCAACTGCTA[FS]

Mip1pD2 1 6 CCAGTECAGATAAGCGCGATGTGAATCGGCTAGAAGATGAGIF5]
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Table 3.1 Primers usedh this study

Primer Primer Sequence 53' Tm Gene/Target Description

Name (°C)

D216_209F | TCTTGCGATGCAAGTCCAGTCAG 56 pKT209 Bold = sequence for recombination at t
ATAAGCGCGATGTGAATCGGCTA MIP1 locus;italics = engineered stop
GAAGATGAG TAGGTTTAGCTTGCC codon to creat®IP1D216 normal =
TCGTCC primer for anplification ofcaURA3gene

from pKT209

DA1_209F | ATATGCCTATAACTACAGAGAAC 56 pKT209 Bold = sequence for recombination at t
CTGTATTTGAAGAATATAATAAAT MIP1 locus;italics = engineered stop
CTTATACT TAGGTTTAGCTTGCCTC codon to creat®IP1D241 normal =
GTCC primer for amplification otaURA3gene

from pKT209

DA2_209F | AGAGTTCTTAAAATATTTTCTTGC 56 pKT209 Bold = sequence for recombination at
GATGCAAGTCCAGTCAGATAAGC MIP1 locus;italics = engineered stop
GCGATGTG TAGGTTTAGCTTGCCTC codon to creat®IP1D222 normal =
GTCC primer for amplification otaURA3gene

from pKT209

D175_209F | CTATATAAAGGATGTCGAGAAGG 56 pKT209 Bold = sequence for recombination at {
GCAAAAGGACTAAAGTACGTATT MIP1 locus;italics = engineered stop
ATGGGATCC TAGGTTTAGCTTGCCT codon to creat®IP1D175 normal =
CGTCC primer for amplification otaURA3gene

from pKT209

D205_209F | TGTGAATCGGCTAGAAGATGAGT 56 pKT209 Bold = sequence for recombination at {

ATCTGCGGGAGTGTACATCCAAA
GAATACGCT TAGGTTTAGCTTGCCT
CGTCC

MIP1 locus;italics = engineered stop
codon to ceateMIP1D205 normal =
primer for amplification otaURA3gene

from pKT209
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Primer Primer Sequence 53' Tm Gene/Target Description
Name (°C)
DAII_209R | TATTATAATGTGCTGTATATATAA 54 pKT209 Bold = sequence forecombination at thg
ATACAAATGCGAAAGCTAATGCA MIP1 locus; normal = R3 primeSheff
GATTTTGC TCGATGAATTCGAGCT and Thorn, 200¢for amplification of
CG caURA3gene from pKT209
CaURA3R | TAATCCAACTCCAGGTGTC 56 caURA3 use with MIPDSofE to screen upstrean
recombination junctions afIP1 locus
CaURA3F | CATCAATTGACGTTGATACC 56 caURA3 usewith DeltaScrMIPRev to screen
downstream recombination junctions a
MIP1 locus
DeltaScrMIP | AGCTAACGAGAAGATGCAG 56 MIP1 Use with CaURA3F to screen
Rev downstream recombination junctions a
MIP1 locus
MIPDSofE | GAGTGGATTATCTACATCTTC 58 MIP1 Use with CaURA3Ro0 screen upstream

recombination junctions aIP1 locus
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MiplpDl 7 5 CGABAAGGGCAAAAGGACTAAAGTACGTATTATGGGATCCIF5]
Mi p 1 BGTHPRAGCTGGAAAGGGACATTACTATTTCTAGAGAGTACIF5]
Miplp Reverse (used for all constructions)

5 DPAATGTGCTGTATATATAAATACAAATGCGAAAGCTA ATGIR3].

The resulting PCR products were transformed into-tyifte S150 cells according
to (Gietzet al, 1997. Colony PCR was used to confirm the upstream and downstream
recombination junctions and the absence of the -type& MIP1 allele. Maintenance of
respiratory function was indistinguishable in the wtijge cells and those expressing
Miplp-GFP, as observed by otheMdeusen and Nunnari, 20030 visualize
mitochondria, the resulting cells were transfedhwith VT100, which encodes a

mitochondriallytargeted dsRED fluorescent proteMdeusen and Nunnari, 2003

3.3.3Fluorescence microscopy of cells harbouring Mip1{i5FP fusions
A Zeiss Axio Imager Z1 was used for fluorescence microsempyimages were

collected with an AxioCam Mrm camera. For each fieldtacks of four 0.2m slices

were obtained. The fluorescence of the My@BP variants was normalized to the

emission from the mitochondrial dsRED, which is imported into mitochondria in the
absence of mtDNAWonget al, 200Q. To avoid bias toward mitochondria with GFP
fluorescence, 20 mitochondrial puncta, in at least three different cells, were chosen

based on dsRED fluorescence only. Fluorescence was then measured in the red and green
channels sepately, corrected for exposure time, and summed for the entire stack. These
values were used to calculate a ratio of M@EP (green) to mitochondrial (dSRED)

fluorescence. The ratio for the witgipe cells was set to 1.
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3.3.4Assessment of mtDNA mainteance and replication fidelity
Respiratory competence was monitored over 96 hours. Yeast were first grown in

YPL broth for 48 hours to ensure a 100% respiring culture. Cultures were then diluted to
0.01 OQyyoin YP10D broth for growth with shaking at %0 Subsequently, cultures were
diluted to 0.01 Oy every 24 hours and glucose levels were continually monitored
(Young and Court, 20040 ensure sufficient (> 1%) glucose to avoid selection of
respiratorycompetent cells.

Slidesforf uor escence mdandooc2prenlindoR (DARI)G , 6
stained cultures were prepared to monitor the presence of mtDNA during growth.
Cultures were diluted to 0.7 QB in 5 ml of YP10D broth and DAPI was added to a
final concentration of 2.85g/ml. Cultures were incubated for 40 minutes with shaking at
30°C followed by washing with dd#® and resuspension in a 1/5 dilution of YP10D. The
DAPI-stained culture was combined with an equal volume of 0.7% low gelling agarose
(FMC, sold byMandel, Gugdh, ON) made in dd§D, followed by visualization using
Zeiss Epifluorescent microscopy. At the indicated time points, cells were removed,
diluted appropriately and spread onto YP2D plates to determine the number of viable
cells. The resulting colonies weoverlayed with 2,3;%iphenyl tetrazolium chloride
agar according toJguret al, 1957). Respiratory competence was calculated as the
number of red, respiring colonies divided by the total number of colonies multiplied by
100.

Southern blot analysis was used to estimate relative content of intact mtDNA.
Cells were harvested by centrifatgpn from the same cultures used for DAAIning
and frozen at 60°C until used for genomic DNA preparatioPh(lippseret al, 1997. A

980-bp region of the mitochondrialgncodedCOX2locus (bp 52 of th€ OX20RF to
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275 bp past the stop codon) wasnad into pBluescript SKand used as a template for
generation of a digoxigenilabelled DNA probe (Roche, Laval, PQ). A KB Hindlll
genomic fragment harbouring the nucl@M1 gene (a generous gift of F. Foury,
Université Catholique de Louvain, Balgn), was gel purified and used to generate a
nuclear DNA probe. Hybridizatiowas carried out according tbe DIG DNA Labeling
Kit manual Roche Laval, PQ)

Erythromycinresistance was monitored accordingHu et al, 1995 with the
following modifications. 3.3 13.3 ORQyo units (~1i 4 x1@ cells) were spread onto ¥G
Er plates from an overnight culture grown in 20ah& 50:50 mixture of YPG:YP2D.
Appropriate dilutions were also spread onto YPG plates to determine the actual number
of respiratorycompetent cells on the Y-&r plates. This step was necessary due to the

generation of a high number of spontanepeiitesby mip1/216 strains.

3.3.5Phylogenetic Analyses

A total of 25 sequences (Table Bwere aligned with ClustalXThompsoret al,,
1997 and alignments were manually edited with GeneDoc v 2.50itbdlas and
Nicholas, 199Y. The amineterminal sequence$( cerevisiagesdues 137), containing
the putative mitochondrial targeting signals, and most of the CTEs (residues 1007 to
1254) aligned poorly and were removed. In addition, short gaps were introduced by
ClustalX to several sequences to maintain the overall aligntientesulting non
informative positions were also removed. These positions correspond to residu@s, 61
204, 388, 476, 531 537, 548, 551, 596 638, and 98i7 988 of theS. cerevisiaentDNA
polymerase. Parsimony, maximum likelihood (ML), and neigkbaring (NJ)

phylogenetic analyses of the mtDNA polymerase sequences were carried out using the
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Table 3.2Sources of mitochondrial DNA polymerase primary sequences used for
phylogenetic analyses

Organism | Accession Numbe?

Metazoans

Drosophila melanogster AAF53338

Homo sapiens AAH50559

Basidiomycetes

Cryptococcus neoformans var | AAC0O01000141

grubii translation of nucleotides 185165183051,
183048 182818 and 182815181122

Phanerochaete chrysosporium | proteinld 23153
Phanerochaete chrysosporium:gw.121.2.1

Ascomycetes

Aspergillus fumigatus contig41 at
http://www.genedb.org/genedb/asp/
665938 662894

Aspergillus nidulans EAA65359

Candida albicans AAC0Q01000065
translation of nucleotides 7733181017

Candida glabrata CAG58839

Debaryomyces hansenii CAG89264

Eremothecium gossypii AAS52277

Gibberella zeae EAA74646

Histoplasma capsulatum HISTO_LF.Contig359 at
www.genome.wustl.edu/blast/histo_client.c
translation of nucleotides 55504658543

Kluyveromyces lactis CAG97904

Kluyveromyces waltii AADMO01000080
translation of nucleotides 544658145

Magnaporthe grisea EAA46570
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http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=7298099
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=29791648
http://www.ebi.ac.uk/cgi-bin/sva/sva.pl?query=AACO01000141&search=Go&snapshot=
http://pedant.gsf.de/cgi-bin/wwwdbp.pl?Db=Phanerochaete_chrysosporium&Name=dynrep&String=186&Title=Phanerochaete_chrysosporium&Cmd=Fetch
http://www.genedb.org/genedb/asp/
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA65359
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=46438312
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAG58839
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAG89264
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=44983074
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA74646
http://www.genome.wustl.edu/blast/histo_client.cgi
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=49644333
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=45444597
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=EAA46570

Table 3.2continued

Neurospora crassa AAD21034.1
Pichia pastoris AAB17118.1
Podospora anserina contig_824 ahttp://podospora.igmors.u
psud.fr; translation of nucleotide39941 7461
Saccharomyces bayanus AACA01000477(Partiaf)
translation of nucleotidesi33749
Saccharomyces castellii AACF01000124(Partial)
translation of nucleotidesi23316
Saccharomyces cerevisiae CAA99652.1
Saccharomyces kluyveri AACEQ01000598(Partial)

translation of nucleotides 13802267
Saccharomyces kudriavzevii | AACI01000043(Partiaf)

translation of nucleotide28111 34
Saccharomyces paradoxus AABY01000003

translation of nucleotides 136186132363
Schizosaccharomyces pombe | CAA88012

Yarrowia lipolytica CAG78428

#accession numbers refer to predicted angioim sequences, with the exception of those

that were generated by conceptual translation of the indicated nucleic acid sequence and
are therefore indicated as Atransl ation of
putative stop codon.

® the indicated contig, when translated, contained thegenents detected by TBLASTN

as being similar to known mitochondrial DNA polymerases. Each of the three segments

was in a different reading frame; hence a putative mtDNA polymerase reading frame was
estimated by introducing twol2p deletions as indicated.

¢ partial indicates that a reading frame encoding only part of the expected sequence of a
MtDNA polymerase was identified. Partial sequences were only used in the analysis in
Fig. 2A if thebeaxomeclpeadasae  amred 3@ol ymer ase
identified

YtheS.kluyvers equence data was used only for the
sequence including the polymerase domain and the CTE were available
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http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=AAD21034.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=AAB17118.1
http://podospora.igmors.u-psud.fr/
http://podospora.igmors.u-psud.fr/
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=29364882
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30987983
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=CAA99652.1
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30986938
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=30995292
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=29362608
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=1129171
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=49651489

appropriate programs contained within PHYLRIsenstein, 2002PROTDIST was

used in combin@on with NEIGHBOR to generate the tree presentdéignire 3.2 The

data were then processed through the bootstrap procéalserfstein, 1985

SEQBOOT, 1000 replicates). The resulting bootstrapped replheatd phylogenetic
estimates were evaluated using PROTDIST, NEIGHBOR and finally CONSENSE to
obtain the level of support for the nodes in theifdd. Likewise, the bootstrapped dataset
was analyzed with PROTPARS and PROML to obtain support for parsimony and ML

phylogenetic trees.

The PRALINE online servehftp://ibivu.cs.vu.nl/programs/piatwww/;

Simossis and Heringa, 200&as employed for the multiple sequence alignment and
secondary structural predictioastlined inFigure 3.2

3.4 Results and Discussion

3.4.1Phylogenetic analysis of fungal mitochondrial DNA polymerases
Carboxytterminal extensions were first noted on the mtDNA polymerases of

Saccharomyce@u et al, 1995 andNeurosporaKo, T. and Bertrand, H., psonal
communication, see Table 3.2Vith the wealth of new genome sequence data, it was
possible to botlimvestigate the phylogenetic relationships among mtDNA polymerases
and determine the presence of CTEs among the taxonomic groups. The focus of this
study was the Ascomycota, including members of the pyrenomycetes, the plectomycetes,
and yeastike represatatives. Mitochondrial DNA polymerase sequences froacthb

fungi (the Basidiomycotaand the metazoanBfosophila melanogasteandHomo

sapieny were used as outgroups. The latter two enzymes do not postassigal

extensionsKigure 3.2\); therefae, the core regions of the polymerase sequence,
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Figure 3.2 Phylogenetic analysis of mtDNA polymeras@s) Phylogenetic analysis of

the ficored polymerase region including the
Analysis was carried out as described iatkfials and Methods. Taxa are colacoded:
metazoans (mz, redychizosaccharomyces pon{gesen),SaccharomycetaldSa

grey), plectomycete fungi (pl, blue), pyrenomycete fungi (py, purple) and basidomycetes
(b, brown). Nodes that received support froootstrap analysis, when combined with

NJ, ML and Parsimony analyses above 95% are indicated by an asterisk (*), above 85%
by a number sign (#) and above 75% by a plus sign (+). For lower levels of support, NJ
values are indicated; ML and parsimony valaes presented in square brackets and
parentheses, respectively. A schematic map to the right of the phylogenetic tree shows
the lengths of the CTEs for the various polymerases. The CTE has been designated as the
sequence 26 residues past the end of theigited polymerase domaiBléncoet al,

1991); this encompasses residues 975 to 1254 dbtloerevisia@reprotein. The contig
containing thes. kudruavzevivIP1 gene contains thengre sequence used for the

alignment, but ends before the coding sequence for the CTE; hence the length of the CTE
is listed as unknowr{B) Comparative analysis of predicted CTE sequences. An

alignment of the CTEs was generated using PRALISIE¢ssis and Heringa, 200&nd
conservation scores and predicted secondary structures for various yeast CTEs are
presented. Consistey refers to how consistently an amino acid is found at a given

position in the final multiple alignment and in gveocessed alignment blockd€ringa,

1999. In the terpoint consistency scale, zero (purple) indicates the least conserved
alignment position, while * (red) indicates the most conserved positions. Only the first

150 positions of the 32&:sidue alignment are shown, because theatia&milarity
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among the @erminal segments is very low. The solid and dashed lines indicate long and
short structural features that are predicted in at least 8 of 10 sequences. The positions of

the various truncations are indicated at the top of therakgt.
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encompasshonge xtohneuc3dlétease and pol ymer ase doma
analyses (see Materials and Methods).

ClustalX alignment of unambiguous positions, followed by parsimony,
neighbouyjoining and mostikelihood analyses, revealevolutionary relationships
among the mtDNA polymeraseiSigure 3.2\) that mirrored those shown by similar
analyses of both larg®@jonet al, 2009 and small CavalierSmith, 200) rDNA
sequences. Notably, the metazoan enzymes are most distant from those of the fungi and
those of the Basidiomycetes group separately from the Ascomycetes.

The CTEs of the various polymerases were defined as all resaltles €
terminal side of the core enzyme (residues 975 to 1254 &.tberevisiadiplp
preprotein). The Nerminus of CTE therefore is 26 amino acids from the end of the
predicted polymerase domaiBléncoet al, 199) that terminates at residue 949 and
includes the pol C motifHigure 3.}. The CTE also extends 16 residues pastghe
region described by Kaguni (2004). The lengths of resulting CTEs are plotted alongside
the phylogenetic tred-{gure 3.22). Remarkably, the lengths of the CTEs do not correlate
strictly with the phylogenetic positions of the organisms. For exampl&Theon the
mMtDNA polymerase oNeurosporas almost twice as long as that of the other
pyrenomycete fungi. Similarly, within the tight groupingRi€hia, Debaromycesand

Candida,the lengths of the CTEs vary from 68 to 328 residues. Overall, several size

classes are apparent: i | o nNporosdbieeldsomef a b o u
yeastl i ke fungi ; Amedium | engtho CTEsC.of abou
albicans andEremothecium and fAshorto CTEs of | ess than

ascomyetesYarrowia, SchizosaccharomyasdPichia, as well as the basidiomycete
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CryptococcusCTEs in the polymerases from humBmpsophilaand the whiteot
fungusPhanerochaetare less than 22 residues in length.

BLAST searches of fungal CTEs do not rev&ghificant similarities with any
known proteins (data not shown). Therefore, in an attempt to identify important features
of CTEs, a multiple alignment of all CTEs was performed. No obvious conservation was
observed across all polymerases. However, v@iERs from ten representatives of the
Saccharomycetalesere aligned with PRALINESimossis and Heringa, 200&
gradient d sequence relatedness was observed, with most similarity near the polymerase
domain (residues 1069 of the alignment ifrigure 3.8). Some conservation is
observed between residues 70 and 100, and the remaining sequences are unrelated
(residues 104150in Figure 3.8 and data not shown). Only three residues are absolutely
conserved, namely arginine at position 29 of the alignment (R1001 of the Mip1p
preprotein), glutamine at position 52 (Q1024), and lysine at position 99 (K1070). Once
the function of theCTE is known in more detail, the precise role(s) of these residues can

be addressed through the analysis of singégdue variants.

3.4.2Truncation variants of SaccharomycemtDNA polymerase
As an initial approach to determine the importance of the €TE cerevisiae

Miplp, a series of truncation variants was generdt@life 3.). The largest deletion, in
MiplpD351, leaves only five amino acids to théegZminal side of the conserved

HDEIRFLV motif in the Pol C domainkaguni, 2004. The segment removed includes

71 wellconserved positions, including the mtBbolymerasespecific regiong6, and
therefore is likely to disrupt part of the polymerase domain. The truncation removes all of

the CTE in Mip1p279, and its terminus corresponds to the last residues shared between
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the fungal and metazoan mtDNA polymerasMip1D216 retains most of the highly
conserved region in fungal CTEs, while Mifq¥5 lacks only the highly variable-C
terminal 63% of the CTE (sdagure 3.8). Mip1pD205 contains all of the 1fesidue
helix while it is absent in Mipl[p222. Finally, Mp1pD241 lacks althe predicted helices

in the conserved part of the CTEgure 4.1A) The genes encoding the truncation

variants were transformed into haploid S150 yeast to replace théypd11P1.

3.4.3Respiratory competence of Miplp variants
Following selection for insertion of thmipltruncation mutations on SBIS

plates, single colonies were tested for respiratimplB51 cells rapidly lost respiratory
competence; all of the 14 colonies taken directly from the transformation plates from two
separate experiments did not grow on glyceamhtaining mediumKigure 3.).

Furthermore, mtDNA was not detected in these cells by BsA&lhing (data not shown).
These results confirm that the entire polymerase domain, inclgjigrequired for

MtDNA polymerase function. The initial cells used for the transformation could respire,
as indicated by the respiratory ability of transformants in whicliti&8 marker in the
mipltruncation plasmids had successfully recombined intdig®O1 locus (data not

shown). In general, the$#iS" cells produced large colonies on the transformation plates,
while recombination into th®IP1 locus gave rise temall colonies. Similarly, all of
mip1L279 miplr41, andmipllR22 colonies obtained from theansformations we
respiratory incompetentE{gure 3.1and data not shoymand mtDNA staining was not
detectedor miplL279(data not shown). The MipD279variant retains all of the

residues conserved between fungal and metazoan polymerases, indicating that all or part

of the CTE is required for mtDNA maintenance in yeast.
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To confirm that Mip1p279and Mipl@351variant polymerases were imported
into and maintained in mitochondria, fluorescence microscopy of cells harbouring fusions
of GFP to the truncated-términal end of these polymerasegas performed. These
transformants lacked the ability to respire, as did gl 279 andmipl851
counterparts. In both MipTp279-GFP and Mip1P351-GFP strains, green fluorescence
co-localized with red fluorescence from mitochoiatly-targeted dsREDRigure 3.1B.
Assuming that any reduction in mitochondrial imporpetitecells would affect the
import of both proteins equally, the ratios of GFP and dsRED fluorescence were used to
estimate the mitochondrial levels of the Miplgriants relative to that of the wilype
protein Eigure 3.1A. The average levels of both truncation variants were lower than that
of wild-type protein, but given the standard deviations in each dataset, these differences
are not statistically significanThus, the defects mip1279andmiplB851cells are not
likely the result of severely reduced levels of mtDNA polymerase; a stabilizing effect of
the GFP moiety cannot be ruled out.

miplL216transformants were of two types: those unable to respiréhasd that
showed weak growth on glycerobntaining plates; the polymerase levels were again
similar to those in wiletype cells Figure 3.1A. Therefore, the inclusion of residues 975
to 1038 only partially compensates for the lack of function in Mi}2I49, and the €
terminal GFP fusion does not affect the phenotype. To further analyze the poorly
respiringmipl216 cultures, respiratory competence was assessed after growth in
glucose, which is noselective for mtDNA function. Under these conditiomépl /216

cells rapidly lost respiratory competence; after 24 hours growth, approximately 2% of the
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colonies could respire. In contrast, about 99% of the-tyjpe cells were respiratory
competent (data not shown).

mipl1O1L75andmiplL205transformants producddrge, respiratorcompetent
colonies. After four daygrowthat 30C in glucose, almost all cells retaineskpiratory
competence (98.2%nd 95.9% respectivelyFormiplOL75 cellsmtDNA stainirg
(100% of 77 cells), and levels of Mippl 7G3P were similato those of Mip1pGFP
in wild-type cells Figure 3.1A. Therefore, replacement of the terminal part of the CTE
with another protein does not alter the wiijghe phenotype. AsiplOL75andmipll205
cells were indistinguishable from wilype, the entire TE is not required for mtDNA

maintenance, and further truncations in thee@ninal region of the CTE were not made.

3.4.4Mutator phenotype of mip1lL216 cells
Themipl216 mutant was ideal for further analysis because it was capable of

long-term respiratry growth on media containing ndermentable carbon sources,
indicating that it maintained functional mitochondrial genomes. Therefore, it was
possible to assess the defects associated with this truncated polymerase. There are several
possible reasons fdthe loss of respiratory competenceriipl216 cells: complete loss
of mtDNA, major deletions and rearrangements of the mitochondrial genome, or multiple
point mutations.

Becausemip1L216 cells can maintain mtDNA under selective pressure, fidelity of
mtDNA replication can be investigated usifg terythromycirresistance assaii( et
al., 1995. Cultures of wildtype S150 cells produced between 2 and 8 erythromyc
resistant colonies per 46ells Figure 3.3, in the same order of magnitude as observed

by Huet al (1995) for W3031B. ResistanmiplOL75cells appeared at the same

139



Figure 3.3 Point mutations in mtDNAThe relative fidelity of mtDNA replication in
wild-type (S150) anthip1lDL75(175) cells was assessed as the frequency of
erythromycinresistant colony formation per %6ells, as desdoed by Huet al, 1995.

Each strain was analyzed in triplicate and averages and standard deviations are presented.
Data obtained for three independent isolatesipf216 (216-1, 2162, 2163) are

presented.
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frequency, indicating that the 175t@minalresidues are not involved in replication
fidelity. Erythromycinresistance of thenip1lZ205mutant was on average in the same
order of magnitude as S150 amip1DO175 When performed with three separate isolates,
the erythromycirresistant colonies per 4@as 2.9, 6.9, and 3.8 (average 4.5, standard
deviation 2.1)However, each of three independampl/216transformants produced
highly variable levels of resistant cells in replicate experiments; overall there were
between 10 and 100 times more resistafis than seen for the witype control Figure

3.3). These observations suggest that the M2l polymerase is more erfprone

than the wildtype enzyme. The level of erythromyaiesistance acquired logip12216

cells was similar to that observed fotDNA polymerases with point mutations in the
proofr dddi g odhd c | lduetsak 19850 Forthe hatte¢ miants high
variation between experiments was also observed. In the cagpldR16 cells, this

variation likely reflects the reduced mtDNA copy number (see below). Assuming most
mutations occur in the YPD culture of each isolate prior to plating on erythromycin, cells
with a low number of mtDNA molecules would have an increasedapitity of

transmitting an erythromyciresistant genome to their progeny cells. Therefore, the
number of resistant cells in the culture would be greatly influenced by when the mutation
occurred early or late. The variation in total mtDNA levels among idolates (see

below) would compound this effect.

3.4.5Loss of mitochondrial DNA in mipl216cells
Mitochondrial DNA maintenance byip1£216 cells was investigated during non

selective growth on glucose, using both DAPI staining of whole cells and Southern blot

analysis Figure 3.4. Cultures were first grown in lactate to ensure respiraotiyity at
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Figure 3.4 Time course analysis of mtDNA maintenangach experiment was

performed with three independanipl2160r S150 isolates and a representative
experiment is showrfA) DAPI staining. S150 anchip1216 cells were grown under
nonsekctive conditions (YP10D). The presence of mtDNA was assessed by DAPI
staining of cultures at the indicated time points, which include the 40 min of the staining
procedure. M, punctate mitochondrial staining; N, nuclear staining. Nuclear staining is
relatively weak in cells with strong mitochondrial signgB) Southern blot analysis.

Whole cell DNA was isolated from S150 (right) amgp1.216 cells (left) immediately

after transfer to YP10D (O hrs) and following 0.67, 2.7, 5.4, 8.3, and 21.9 hrs growth in
YP10D. DNA was then digested wittindlll and Sadl and analyzed by Southern blot

using probes for mtDNAGOX2 and nuclear DNARIMI).
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the start of the experiment. DAPI staining is most effective in glugosen cells (data
not shown); therefore all cells were exposed to glucose for 40 min during staining. After
staining, almost all wildype andmip1.216 cells taken directly from th¥PL culture
showed strong, punctate mtDNA staining in the periphery of theFaglife 3.4).
However, thanip1216cells usually contained fewer nucleoids (one to three per focal
plane) than did the wildype (at least five). For the wiltype cells, thestaining pattern
remained virtually unchanged through almost 22 hours of growth in gluEmped
3.4A). However, the number ahipl216 cells with DAPI mtDNA staining was
drastically reduced (to 29.3%) after only 5.4 hours of growth and none of the cell
showed staining after 22 hours (Fi§tA and3.5A). This trend was observed in the
three strains, each derived from an independepi/216transformant. In similar
experiments, wildype andmiplDOL75cells maintained high levels of mtDNA staining
during 96 hours of growth in glucose (data not shown).

The loss of intact mtDNA was confirmed by Southern blot analy&igi(e 3.48)
of wild-type andmip1£216 cells. Following initial growth in YPL, whole cell DNA from
both strains contained a sin@adl fragment detected by a probe for the mitochondrial
geneCOX2 However, compared to the signal for the nuclear ¢RMEL, the relative
amount of intact mtDNA in thenip1Z216 cells was about orghird of that of the wild
type (Figs. 4B and 5A), in agreememith the DAPtstaining. During notselective
growth on glucose, the three independam1,216 strains rapidly los€COX2
hybridization Figure 3.8 shows a representative). These results also indicate that the

miplL216 cells had not acquired suppressor atoins during their initial growth in YPL.
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Together, the DARStaining and Southern blot data revealed mtDNA loss that
paralleled the growth of theip1Z216 culture Figure 3.1). After 0.67 hours of growth
in glucose, the cells were in early lag phasethis point, mitochondrial staining was
observed in about 95% of thepl/216cells, but theaCOX2hybridization signal was
reduced from 34% of wildype levels to only 22% (Fig8.4B and3.5B). Similarly,
wild-type cells maintained 100% DAPI staining, angimilar reduction of about 30% in
the relative level of mtDNA was observed. Thus, both cell types appear to undergo a
reduction in relative mtDNA levels upon transfer to a fermentable carbon source. The
cells were in stationary phase following growth¥iAL, and upon transfer to fresh media,
nuclear DNA replication during lag phase would result in a reduction in the ratio of
MtDNA to nuclear DNA, if the rate of nuclear DNA replication exceeds that of mtDNA.

After 2.7 hours of growth in glucose, the cellere just beginning to emerge from
lag phase; mtDNA staining was observed in only 74% ofriplL216 cells, in contrast
to its presence in virtually all wittlype cells Figure 3.3\). In comparison to the 0.67 hr
timepoint, the relativ€OX2hybridization signal was reduced from 22% to 15% of wild
type levels in the mutant cells, and remained unchanged at about 70% of the initial level
in the S150 cells (Fig8.4B and3.5B). Smearing of th€OX2hybridization band was
not observedKigure 3.8 and data ot shown), suggesting that large scale DNA
rearrangements do not accompany mtDNA loss, buEX2signal is weak in the
mipl1L216 DNA, and minor alternative forms may not have been detectable.

In the exponential growth phase, the loss of mMtDNA continued in parallel to the
loss of DAPI staining imip1£216cells Figure 3.8), suggesting a defect in replication

rather than in ni2NA distribution. In the latter case, one would expect the maintenance
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Figure 3.5 Quantitative analysis of mtDNA loss and growth réfe The percentage of
cells with mtDNA DAPI staining (solid line) and the relative levels of mtDNA (dashed
lines) are pesented for the S150 andp1/216isolates shown in Fig3.4. Comparative
MtDNA levels were estimated from the ratio of @X2to theRIM1 signals (see panel

B of Fig. 34). The ratio for the S150 cells grown overnight in YPL was set to 1 and used
to standardize relative mtDNA leefor both S150 (filled squares) amip1.,216 (open
circles) cells during the time course. (B) mtDNA loss during cell division. The solid lines
indicate the growth of the cultures used for Big, and dashed lines the relative mtDNA

levels. Growth was agsssed spectrophotometrically at 600 nm.
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of a few cells with multiple nucleoids resembling those observed at the 0.67 hour
timepoint. However, a reduction in the number of nucleoids per cell is obvious by 5.4
hours Figure 3.4\). Throughout the remaindef the experiment, cells were maintained
in log phase (see Materials and Methods) and a dilution effect was observed, in that the
MtDNA levels inmip1£216cells decreased by about half with each cell diviskigure
3.5B). For example, in the representative experiment showigure 3.4, after 5.4
hours, themip1Z216cells had doubled, and the levels of mtDNA dropped from 15% (2.7
hrs) of wild-type kvels to 8.7%Kigure 3.8). Likewise, the fraction of cells with DAPI
stained mitochondria fell from 74% (2.7 hrs) to 2%ig(re 3.3\). These results suggest
an almost complete failure of mtDNA replicationnmip1l216cells. In contrast,
throughout the x@eriment (21.9 hrs), multiple nucleoids were visible in all of the-wild
type cells, and mtDNA was maintained, albeit at reduced leveldq%8 Figs.3.4B and
3.5A). Similarly reduced levels of mtDNA in glucegeownS. cerevisiaeells has been
describedpreviously Pujon, 198).
3.4.6mtDNA maintenance bymipl216cells in nonfermentable carbon sources
ThemiplLR16cells have very different mtDNA maintenance profiles when
grown in fermentable vs neflermentable carbon soces: rapid mtDNA loss vs
maintenance of low levels of mtDNA in all cells. This effect is not related to glucose
repression, as similar rates of mtDNA loss are observed upon growth in the non
repressing, fermentable carbon source raffinose (data not shona explanation for
this observation is derived from the growth rates of the-tyiled andmip1/216 mutant
cells. In liquid culturemip1216cells grow more slowly when respiring (doubling time

of 5.3 +£ 0.6 hours in YPG) than do the witgipe cells (3.6 +/0.1 hr). In glucose, both
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cell types grow rapidly, with doubling times of 2.2 #/3 and2.4 ++ 0.3 hours,

respectively. The reduced respiratory growth ratmipfl.216 cells reflects lower

respiration and energy production due to the intrinsically lower levels of mtDNA.
Interestingly, mosmip1216cells arerho” during growth on glyceroRigure 3.4, 0.67

hr timepoint), suggesting efficient transmission of mtDNA to daughter cells. Perhaps the
slower growth rate during respiration allows for sufficient replication by the
compromised polymerase to ensure high enough mtDNA levels for tramsntiss

daughter cells. In contrast, the rapid growth rate in glucose may be insufficient for
replication and partitioning of limited amounts of mtDNA. Investigation of this question
usingin organellomeasurements of mtDNA replication rates is not pradirawo

reasons. First, the mutant cells appear to harbour neatypidevels of Mip1p216

(Figure 3.1B, but have lower levels of mtDNA={gure 3.4and3.5); thus the ratios of
mMtDNA to polymerase are different than in wilgbe cells. Second, thelative levels of
mtDNA are variable in different YPL cultures derived from a single isolate. For example,
three cultures derived from a singiepl/216isolate contained 345% of wild-type

levels of MtDNA, as determined by Southern blotting (data not ishoAg a result, the
polymerase to template ratio is not constant in the mutant cells and valid comparisons
with the wild-type can not be made. Therefore, future approaches to this question will
involve biochemical characterization of ovexpressed, puiéd Miplp variants on

standardized templates.

3.4.7Possible functions of the CTE
The data presented herein demonstrate that onlytpeoximal 7 residue®f

the CTE (residues 975 to 1@are sufficient for wilekype polymerase function. This
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region, maintained in MipIp205 but not in Mip1p279, is the most highly conserved
CTE segment among mtDNA polymerasesSatcharomycetalg§igure 3.8 and
Figure 4.1A, but it is not welconserved among more distantglated organisms. The
sequence of this region does not contain any known motif or predicted secondary
structure that reveals its potential function. Given the lack of predseigaence
similarity between the CTE and the accessory subunits of metazoan mtDNA
polymerases, is unlikely that the CTHEunctions in polymerase loading at primer
template junctions in the same manner as the metazoan proteins.

Examination of the fungal TE sequences did reveal several salient features. All
CTEs are very polar (471%) and their isoelectric points are 9 or higher, with exception
of the CTEs fronBchizosaccharomycé4.4), S. castellii(5.0) andEremotheciun{4.5),
suggesting that thesetersions could be involved in n@pecific mtDNA binding. An
arginine residue equivalent to R1001 is also present in all ascomycete CTEs examined.
Hu et al (1995) determined that cells harbouring a point mutation converting this
arginine to isoleucine poucedrho cells at increased frequency (20% at@g8 This
polymerase also displayed a moderate mutator phenotype (50 erythraesistant
colonies/18cells). Mip1fD216 includes this arginine, but produces a more severe
phenotype, indicating that resigls Gterminal to 1038 also contribute to mtDNA
maintenance and fidelity of replication.

Secondary structure predictions for the conserved segments of the ascomycete
CTEs fFigure 3.B) reveal three potential-helical regions, one of which contains the
conserved glutamine residue, Q1024. This putative helix is very hydrophobic, while the

15-residue helix Figure 3.8B) contains 13 polar residues and theeZidue helix is
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amphipathic. In Mip1p216 the putative Esesidue helix is interrupted and the smaller
C-terminal one is completely removedip1pD205 truncates following the putative-15
residue helixThese cells are indistinguishable from wijgbe, indicating the importance
of this region.

In addition to DNA binding, there are several other possibletiums of the CTE.
First, it may be required for folding or stability of the mtDNA polymerase. It was
difficult to use temperature sensitivity of the Mil316 polymerase to assess stability
because mtDNA loss occurred so rapidly #(CG3&nd was complet&fter 24 hours at
either 36C (Figure 3.4\) or 37°C (data not shown). In contrastjp10175andmipl12205
cells grew and maintained respiratory competence indistinguishably from theypelct
37°C, indicating that the €erminal segment of the CTE is neuired for stability of
the polymerase at 3Z. An argument against a possible role in folding or stability is that
the all of the Mip1pGFP fusion variants efmcalized with mitochondrial dSRED-F{gure
3.1B), indicating that these proteins are stabbimtained in mitochondria. However,
stabilizing effects of the GFP moiety cannot be ruled out.

The CTE may be involved in proteprotein interactions with the mtDNA
replication machinery, the nucleoid structure or the-tmembrane spanning complex.
Seveal yeast twehybrid screens using Miplp as baitetzet al, 200Q Ito et al, 200Q
Li and Court (unpublished results)), have not revealed any putative mitochondrial
interaction parers. An interaction with Bur2p was detected, but it is a cytosolic RNA
polymerase Il binding protein, so the nature of the interaction is not elaab(net al,
2003. A bacterial twehybrid screen revealed a more relevant interaction, with Sed1p,

which was subsequently shown to be required for maintenance of normal levels of Miplp
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and mitochondrial genome integritiytfadnis and Ayres Sia, 200Miplp has been
shown to colocalize with the TMS protein Mmm1p by fluorescence microscopy
(Meeusen and Nunnari, 2003®u a direct interaction between the two proteins was not
demonstrated. Future studies in our lab will include suppressor screens to identify
putative interactions between the CTE of Miplp and other components of the

mitochondrial DNA replication machinery.
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CHAPTER 4 Deleterious effects of various Mip1p carboxyterminal truncations
and the Mip1p alanine661 variant on DNA polymerase activity

4.1 Abstract

In chapter 2 it was demonstrated that various genetic factors in commonly used
laboratory strains makaifferential contributions to mitochondrial DNA (mtDNA)
maintenance. Similar to Baruffiet al. (2007b)we observed temperatusensitive
MtDNA loss and erreprone mtDNA synthesis in strains related to S288c, when
compared to strains related$4278b. S288¢elated strains encode a variant form of
Miplp wherein a conserved threonine, presel8lia78brelated strainsMIP1[S]), at
position 661, is replaced by an alaniMiR1[S]). In chapter 3 it was demonstrated that
truncations of the yeast BINA polymerase (Miplp) carboxyerminal extension (CTE)
are associated with mtDNA loss and in one cd&®1L216) mtDNA instabilityin vivo.

To investigate whether or not mtDNA instability and loss in these strains results directly
from altered DNA polymease activity, Miplp variants were overexpressed and partially
purified from yeast mitochondrial membrane fractions. A-rextioactive DNA

polymerase assay was used to detect the activity of these enzymes. These results suggest
that threonine 661 contrilbesg to more robust DNA polymerase activity of Mip&pin
comparison to Mip1p[S] at 30 and 87 In addition, these results may also suggest that
exonuclease function is not affected by the alabibk variant at 3C whereas

polymerase activity isand this higher ratiof exonuclease activity could be a

contributing factor to mtDNA instability in S288elated strains. Lastly, isogenic CTE
truncation variants all have less DNA polymerase activity compared to their parental
wild-type polymerases. Based on these results several possible roles for tha foinctio

the CTE in mtDNA replication are suggested.
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4.2 Introduction

Carboxytterminal extensions (CTESs) of fungal mitochondrial DNA (mtDNA)
polymerases were first noted$accharomyce@u et al, 1995 andNeurosporaKo T,
Bertrand H, pesonal communication however, the function of the CTEs was unknown
We have previously shown that mtDNA polymerases from ascomycetogis fu
including yeastike fungi, pyrenomycetes, and plectomycetes, contain variable length
CTEs (Younget al, 2006 Chapter 3). We showed that the 2€8idue CTE of the
mitochondrial DNA polymerase (Miplp) froBaccharomyces cerevisiaeessential for
respiratory growth and maintenance of mtDMAvivo. An interestng mutant with 216
C-terminal residues deleted from Miplp (encodedvitp1.216 Figure 4.1 A)
maintained mtDNA at lower levels when compared to the-tyiteb, during respiratory
growth, but could not maintain mtDNA during fermentative growth. Therefore, this
mutant defined a region essential for mtDNA maintenance between ticaticuns
Mip1pD279 and Mip1p216 (residues 975 to 1038 of Miplp, ChapteY@unget al,
2006and Figure 4.1 A). Likewise, tHdIP1.216, mutant in combination with another
truncation mutantMIP1.205, encoding a polymerase lacking®2Q-terminal residues,
also defined a region that contributes to mtDNA maintenancéiaeldy, asMIP1.205
cells maintained wildype levels of respiratory competence and mtDNA poiatations
(residues 1038 to 1084f Miplp, Chapter 3younget al, 2006and Figure 4.1 A).

A PRALINE alignment of CTEs from ten representatives of the

Saccharomycetales predicted three conserved-tiglieal regions whin the amine
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Figure 4.1 A. CLUSTALW (http://align.genome.jp/alignment of Miplp sequences
(1254 amino acid residues) obtained from S150 and YPH499 laboratory.strans

black triangle at the amirtermini represets the MitoProtll predicted cleavage site,
between residues 41 and 42, of thkochondrial targeting sequence (probability of
export to mitochondria 0.9927 and 0.9946 for S150 and YPH499 respedierlys and
Vincens, 1998 Bold residues in the alignment represent polymorphisms identified by
sequencing that have been previously defined by Barffial. (2007b) Sequencing
revealed that S150 has th#P1[S] version of the gene while YPH499 has ME1[S].

The strictly conserved thoaine 661 residue is indicateég a bold number. Exonuclease
(Exo) and polymerase (Pol) motifs (white boxes) are as defined by Ito and Braithwaite
(Ito and Braithwaite, 1990and gamma specific sequencgbi( g6, black line under both
sequences) are as defined by Luo and Kag200%,and personal communication from
Laurie S. Kaguni). The consed residues ig4, SYW, that when substituted with AAA

in Drosophilapolymerase gamma caused an increase in exonuclease activity, are
highlighted by a black bar above this sequehe® @nd Kaguni, 2005 Within the
carboxytterminal extension (CTE, carboxtidrminal 279 amino acid residues) black bars
between the two sequences are predicted digheal regions defined by Youraj al.
(2006) Various truncations are represented as Miplp and the number of carboxyl
terminal amino acid residues deleted from the CTE. The two unlabeled arrows above and
bebw the sequences delimit the region encoded by the PCR product generated from S150
genomic DNA using the primeiMdIP4_F PolyFixandRevPolyFix This PCR fragment
was used to replace the region betwaerl and Pst restriction endonuclease sites

within the pMIPS28 plasmid; the equivalent region of these restriction sites on the Miplp
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sequence are shown (see text for detdisfConceptual translation of the two possible
Miplp N-termini and that of the sitdirected mutant Miplp[Long I]-yEGFP. The
five amno-terminal methionines of the 1288sidue conceptual trdasion ofMIP1 are
highlighted in bold. The four isoleucines that replaced methionines in thdirgitéed
mutant are higlighted in bold italics. pMIP1[Longjepresents the fierminus of the
Miplp variant encoded bywiP1[Long]-yEGFP, pMIP1[Shortfepresents that of

pMIP1[Short}yEGFP, and pMIP1[LongM I] representdiplp[LongMA I]-yEGFP.
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pMIP1[Long]
pMIP1[Short]

Pol Il [0 3
MCLEGTKNEGTDLHTKTAQILUGCSRNEAKIFNYGRIY BAGAKFASQLLKRFNPSLTDEETKKIANKLYENTKGKTKQSKLFKKFWYGGLEEEHSMERDE(TPKTPVLGCGITYSLM

MCLEGTKNEGTDLHTKTAQILUGCSRNEAKIFNYGRIYGAGAKFASQLLKRFNPSLTDEETKKIANKLYENTKGKTKRSKLFKKFWYGGSESILFNKLESIAEQETPKTPVLGCGITYSLM

Pol Il 1 B

KKNLRANSFLPSRINWAIQSSGVDYLHLLCCSMEYIIKKYINLEARLCISIHDEIR/SEKDK RAAMALQISNIWTRAMFCQQMGI‘NELPQNCAFFSQVDIDSVIRKEVNM CITPSNK
KKNLRANSFLPSRINWAIQSSGVDYLHLLCCSMEYIIKKYINLEARLCISIHDEIRFLVSEKDKYRAAMALQISNIWTRAMFCQQMGINELPQNCAFFSQVDIDSVIRKEVNMDCITPSNK

Miplp D216
Mip1p D279 Miplp D241 Miplp D222 Mip1p D205 Mip1p D175

TAIPHGEALDINQLLUDKPNSKLGKSLDIDSKVSQYAYNYREPVFEEYNK$YTPEELKYFLAMQVQSIDKRDVNRLEDEYLRECTSKEYARDGNTAEYSLLDYIKDVEKGKHRTKVRIMGSN
TAIPHGEALDINQL D}|SNSKLGKI15|\|LDIDSKVSQYAYNYREPVFEEYNK YTPEFLKYFLAMQVQSIHKRDVNRLEDEYLREGCTSKEYARDGNTAEYSLLDYIKDVEKGKRTKVRIMGSN

978 986 Pst |

CTE

FLDGTKNAKADQRIRLPVNMPDYPTLHKIANDSAIPEKQLLENRRKKENRIDDENKKKLTRKKNTTPMERKYKRVYGGRKAFEAFYECANKPLDYTLETEKQFFNIPIDGVIDRYLNDKS
FLDGTKNAKADQRIRLPVNMPDYPTLHKIANDSAIPEKQLLENRRKKENRIDDENKKKLTRKKNTTPMERKYKRVY GRICARKPLDYTLETEKQFFNIPIDGVIDDVLNDKS a

NYKKKPSQARTASSSPIRKTAKAVHSKKLPARKSSTTNRNLVELERDITISREY
NYKKKPSQARTASSSPIRKTAKAVHSKKLPARKSSTTNRNLVELERDITISREY

MDYERTVLKKRSRWGLYVVVEQRGIKE WRSEGLRWRRRPLRVQFCARWFSTKKNTAEAPRI
MTKLMVRSECMLRMVRRRPLRVQFCARWFSTKKNTAEAPRI

pMIP1[LongM A 1] MDYERTVLKKRSRWGLYVVVEQRGTS | TKLI VRSEC LRI VRRRPLRVQFCARWFSTKKNTAEAPRI



terminal 100 residues of¢lCTEs Younget al, 2006 Figure 4.1 A). All three of these
helices are removed in the respiratatgficient mutant lacking 279-@rminal residues,
MIP1LR79 (Figure 4.1 A). Interestingly, within the ORF BiiP1.2160nly the predicted
elevenresiduehelix is maintained, while nearly twihirds of the largest predicted-15
residue helix is truncated and the smallest segeidue helix is completely removed
(Figure 4.1 A). Further genetic evidence for the requirement of tiiesiGue helix was
gained from 1) MIP1.222mutant expressing a truncation of 222e@minal residues,
MiplpD222, that deletes the entire-fgsidue helix and was unable to grow on ghpd
containing media and MIP1.205andMIP10175 in which Miplp retains that helix in
both truncations, and both mutants maintained -yifee levels of respiratory competence
and low levels of point mutations in the mtDNA (Chapter 3 and Figure 4.1 A).

To further investigate the mechanisms for the maintenance otyykllevels of
mtDNA and fidelity in Mip1@175 and Mip1p205 and also the loss of mtDNA in
mutants lacking either all three of the predicted helices (MIRZP and Mip1lp241),
two of the helies (Mip1@222) or a truncation within a helix (MipR16), we
overexpressed the wiliype and truncation polymerase variants in yeast. There were two
additional points to consider. First, during the course of this work a study by Baetffini
al. (2007b)identified a single nucleotide polymorphism in i&P1 gene of strains
related to S288c that changes a strictly conserved threonine BBP1iS] to alanine
(MIP1[S], see Chapter 2). They showed that this change causes an increase in mtDNA
deletions and pat mutations. As all of our plasmid variants encoding various truncation

mutants were initially constructed withMdP1 gene cloned from BY470@elperinet
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al., 2005, an S288aelated straifMIP1[S], Baruffini et al, 2007, each variant was
changed to the wiltlype S1278bMIP1 form (MIP1[S]).

The second consideration was that yeasiearencoded mitochondrial proteins,
like Miplp, are translated in the cytoplasm. Proteins destined for the mitochondrial
matrix typically contain an Nerminal signal sequences in the peptide, which is initially
recognized by a translocase of the mitondrial outer membrane (TOM) for import
through the mitochondrial outer membrahe@pert and Herrmann, 200'N-terminal
signal sequences specific for targeting proteins to the mitochonthtal are also called
matrix targeting sequences (MTSs). These MTSs in most situations are proteolytically
cleaved by a mitochondrial processing peptidase (MPP) within the mitochondrial matrix.
TheMIP1 ORF contains five methionine codons located withmfirst 40 codons
encoding the Nerminus of the predicted 1280 amino acid Miplp (Figure 4.1 B). Foury
demonstrated that transcriptionMfP1 occurs after the first putative translational start
codon of the ORIn vivo, resulting in a predicted 125mino acid residue Miplp
preprotein, preéMiplp (Foury, 1989. Similarly, the MitoProt Il computational method

(http://ihg.gsf.de/ihg/mitoprot.hil, Claros and Vincens, 199@redicts that when Miplp

is translated from the second ATG of the ORF there is a probability of 0.9946 for
targeting of the mzyme to mitochondria and a cleavage site is predicted between sesidue
41 and 42 (Figure 4.1 B). In contrast, when translation begins from the first ATG of the
MIP1 ORF a probability of 0.2294 for targeting is calculated and no MPP cleavage site
was predited by the program. To confirm these predictions, short (1254 amino acids)

and long (1280 amino acids) versions of Miplp were created and analyzed for import into

mitochondria.
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Here we examine overexpressed mitochondrial DNA polymerase variants for the
following: 1) targeting to mitochondria, 2) association with a mitochondrial membrane
fraction, and 3) DNA polymerase activity of mitochondrial membrane fractions obtained
from yeast oveexpressing wildype and truncation variants of bdiP1[S] and

MIP1[S] forms.

4.3 Materials and Methods

4.3.1 General methods
Restriction digestions were carried out

General molecular biological procedures were carried out accord{Sgtobrook and
Russell, 200Land yeast transformations were carried out accordifGiaiz and

Woods, 2002 Linear DNA fragments obtained from restriction digestion of plasmids or
PCR amplification, and used for yeast transformation or cloning, were gel purified using
the QIAquick Gel Extraction Kit (QIAGEN Inc., Mississauga, ON). Plasamd PCR
product sequencing was carried out accordi
BigDye® Terminator v1.1 Cycle Sequencing Kit Protocol manual (Applied Biosystems,
Foster City, CA. Unless otherwise stated, all centrifugation steps weresdawrit in a
SORVALL® pico microfuge (MANDEL,Guelph, Ontarip SDSPAGE gels were made
and set up according to the MIRROTEAN® Il Electrophoresis Cell Instruction Manual
and Western blotting was carried out according to the-MROTEAN® 3 Cell

Instructon Manual, both of which were obtained from BR2AD (Hercules, CA.
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4.3.2 Media
Escherichia colcells were grown in LuriBertani medium (LB, 1% Bacto

tryptone, 0.5% Bactgeast extract, 1% NaCl and 1.5% Baetgar when LB plates were
made). When transfmed with betalactamassncoding plasmids ampicillin was added to
LB broth or plates at a final concentration of Xfiml.

Yeast were grown on various media including: YPG (1% yeast extract, 2%
peptone, 3% glycerol); Y&r (2% yeast extract, 3% glycerd) mM potassium
phosphate, pi8.5, 4 g/Lerythromycin); YP2D (1% yeast extract, 2% peptone, 2%
dextrose); YP10D (1% yeast extract, 2% peptone, 10% de}ineious synthetic
complete media including, STRP, SGTRP-URA, SGTRP-LEU, SGLEU (0.67%
Difco™ nitrogen base pH 5.6 without amino acids, 4% dextrose, all amino acids except
the ones i ndi ca-TRPJURA fahddEU irtiSatdhe abbeace ef
tryptophan, uracil, and leucine respectively, and the amino acid concentrations used were
as desdgbed by(Sherman, 1991 SRaffLEU (0.67% Difcd™ nitrogen base pH5.6
without amino acids, 2% raffinose contaalsamino acids except leucine; raffinose was
made as a filtesterilized 20% stock solution and was added to media after autoclaving to
prevent conversion to glucose); 3xXYPGal (3% yeast extract, 6% peptone, and 6%
galactose; galactose was made as a-fiterilized 20% stock solution and was added to
the solution after autoclavingdRaff TRP-LEU/2% galactos€0.67% Difcd™ nitrogen
base without amino acids, 2% raffinose, all amino acids except tryptophan and leucine,
pH 5.6; raffinose and galactose wenade, filter sterilized, and added to media as
described above). All components were obtained from Fisher Scie@ifawa, Ontarip

except for erythromycin which was obtained from Research Products International Corp.
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(Mt. Prospect, lllinois). Percentag indicate weight per volume and all solid media
contained 2% Bacty' agar.
4.3.3 Isolation of yeast genomic DNA

Yeast cultures were grown in 5 ml YP10D for 19 to 20 hours %@ 86th
shaking to approximately 15 Qg. 1.4 ml was placed into each ofdwicrofuge tubes
and centrifuged at 5,000 rpm for 2 min followed by removal of the supernatant. Each
pellet was washed with 1 ml 1.2 M sorbitol/50 mM EDTA pH 8.5, vortexed briefly and
centrifuged at 5,000 rpm. The supernatant was removed and the tvis pelle
combined in 1 ml 1.2 M sorbitol/50 mM EDTA pH 8.5/0.113 mg/ml lyticE&s&s
units/mg,SigmaAldrich, St. Louis, MQ, followed by incubation at 3C for one hour
with gentle shaking. Next, cells were spun for 2 minutes at 5,000 rpm, the supernatant
was removed and cells were resuspended in 1 ml of 50 mM EDTA, pH 8.5, 0.2% SDS,
followed by heating at 6& for 15 minutes. 1061 of 5 M potassium acetate was added
and samples were mixed and cooled on ice for 10 minutes. Tubes were centrifuged at
13,000rpm at £C for 10 minutes and then approximately 50@f supernatant was
transferred to new microfuge tubes. 1 ml of 95% ethanol amd 3™ sodium acetate,
pH 7.0 was then added to each 5®8ample and tubes were mixed and incubated at
20°C for 1 hour or overnight. Microfuge tubes were centrifuged at 13,000 rpriCafos
15 minutes, and the supernatant was discarded. Pellets were washed with 70% ethanol

and then dried. Each pellet was dissolved imi30DE (10 mM TrisCl, pH 8.0/1 mM

EDTA) + RNaseA50 nmg/ml).
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4.3.4 Strain and plasmid construction
Primers used to construct and confirm strains and plasmids are listed in Table 4.1.

Plasmids are listed in Table 4.2.

The TRPHdsRedyenedisruption cassette was cloned in two steps. First,
pUC19:TRP1was created. ile TRP1gene from BS7@a gift from Walter Neupert,
Universitat Minche)) was cut out wittSst (Sad) andSal as an 897p fragmentThe
TRP1fragment was then ligated to pUC19cut with the same enzymeblote, TRP1in
BS70 is polymorphic@mpared tadhe S288c genomic sequence available at the
SaccharomyceGenome [@Atabase (SGD, appendtigure 6.). To create the plasmid
pUC19: TRPXdsRedharbouring the disruption cassetie plasmid pvVT100UdsRed
(a gift from Jali M. Nunnari, Universiy of California, Davis) was cut wit8pH to
release the 1696p dsRedyene flanked bthe ADH1p r o0 mo t eADHaterminat®ro
pUC19:TRP1was also cut witlspH, which doeshot disrupt thefRP1gene, and gel
purified. The 169%p dsRedragment was ligieed to pUC19TRP1and a clone with both
genes oriented i®6)hevasamel dict edt-macnth=06t e
mediated gene disruption in yeast.

To create a strain in which tiMIP1 geneis replaced bgsRED encoding a
mitochondrial targeteded fluorescent protein, the gedisruption cassette was PCR
amplified frompUC19:TRPHdsRedusing the US_Sstl/DS_Sphl primer set, followed
by transformation into the laboratory strain S18MATa leu2-3,112 his30L trpli 289
ura3-52 MIP1[S] HAPL). Transfamants were selected on SRP plates and colonies
were screened for disruption EfiP1 by: 1) screening recombination junctions using the
DeltaScrMIPFofDeltaScrREDRey1213bp P CR pr oductnd fl anking
recombination junction) andsRedFoflDeltaScMIPRev(1099b p, f | andnd ng t he
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Table 4.1Primers and oligonucleotides used in this study

Primer Primer Sequence 53' m Gene/Target Description

Name (°C)

US_Sstl GGGTGACCTCGGGCGCACTTTTAGCC | 56 pUC192:TRP1+dsRe( Bold = sequence for recombination
GATACTCAGTAAACAACAATAGGT_ GC the MIP1 locus; normal = primer for
CAGTGAATTCGAGCTC amplification of TRP1+dsRed

DS_Sphl | TAATGTGCTGTATATATAAATACAAAT 56 pUC19:: TRP1+dsRe( Bold = sequence for recombination
GCGAAAGCTAATGCAGATTTTGC_ AC the MIP1 locus, normal = primer for
AGCTATGACCATGATTAC amplification of TRP1+dsRed

DeltaScrM | GAGGACATGCTGTATCGG 56 MIP1 ScreemiplD:: TRP1+dsRedbcus

IPFor

DeltaScrM | AGCTAACGAGAAGATGCAG 56 MIP1 ScreemiplD:: TRP1+dsRedbcus

IPRev

DeltaScrR | TGTCATTGCGGATATGGTG 56 dsRed ScreemiplD:: TRP1+dsRedbcus

EDRev

DsRedFor | CAGTTCCAGTACGGCTCC 58 dsRed ScreemiplD:: TRP1+dsRedbcus

NtermMIP | GTCAAGGAGAAGGAATTATCAACAAGT pBG1805:MIP1 IRO for modification of 5end of the

FixUS TTGTACAAAAAAGCAGGCTACAAACTC MIP1 gene relative to transcriptional
GAGATGACGAAATTGATGGTTAGATC ATG,; italics =Xhd site engineered

into IRO

NtermMIP | CATCGAGCACAAAACTGCACACGCAGC pBG1805:MIP1 IRO for modification of 5end of the

FixDS GGCCGCCGCCGCACCATTCGCAGCATG( MIP1 gene relative to trangptional
ATTCAGATCTAACCATCAATTTCGT ATG

BG1805L | AATTTTTTTGATTCGGTAATCTCCGAA 58 LEU2of YEp13 Bold = pNTBG1805:MIP1 sequence

EU2F CAGAAGGAAGAACGAAGGAAGGAGC for recombination to remove the

ACAGACTT _CCTCGAGGAGAACTTCTA
G

URAS3gene and replace it wiltEU2,
normal = primer for amplificabin of
LEU2from YEp13
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Primer Primer Sequence 53' Tm Gene/Target Description
Name (°C)
BG1805L | TACAATTTCCTGATGCGGTATTTTCTC 58 LEU2of YEp13 Bold = pNTBG1805::MIP1 sequenct
EU2R CTTACGCATCTGTGCGGTATTTCACA for recombination toeamove the
CCGCATA_GTCGACTACGTCGTTAAGG URA3gene and replace it wiltEU2,
normal = primer for amplification of
LEU2from YEp13
MIPDSofE | GAAGATGTAGATAATCCACTC 58 MIP1 Sequencing plasmids derived from
Rev pBG1805:MIP1
MipSeqlR | AGCATAATCAGGAACATCG 54 HA-epitope tag in Sequencing plasmids derived from
pBG1805:MIP1 pBG1805:MIP1
MIPSeq2R| CTGGACTTGCATCGCAAG 56 MIP1 Sequencing plasmids derived from
pBG1805:MIP1
MIPSeq3b | ACACCTGTGCATTGCAATCC 60 MIP1 Sequencing plasmids derived from
R pBG1805:MIP1
MIPSeq3R| CTTTTAAGTAACTGACTCGC 56 MIP1 Sequencing plasmids derived from
pBG1805:MIP1
MIPSeqgdb | GTTGATTTATCTGTGGAAGC 56 MIP1 Sequencing plasmids derived from
R pBG1805:MIP1
MIPSeq4R| CTCCTTCGACCATATTACGG 60 MIP1 Sequencing plasmids derived from
pBG1805:MIP1
MIPSeq5R| GTTGTATTCTTCGAGAACCC 58 MIP1 Sequencing plasmids derived from

pBG1805:MIP1
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Primer Primer Sequence 53' Tm Gene/Target Description
Name (°C)
ADH1_For| CATCATCATCACCATCATGGTAGAAT 56 ADH1 terminator Bold = pBG1805:MIP1-derived
CTTTTATCCATACGATGTTCCTGATTA from pKT128, Sheff | sequence for recombination to
TGCTTGA CGCCACTTCTAAATAAGCG and Thorn, 2004 remove the Protease 3C site and th
Protein A ZZ domain from the-&nd
of the geneGelperinet al,, 2005;
italics = stop codon engineered into
IRO; normal = primer for
amplification and addition oADH1
terminator
GFP_Rev | CGGCCAGTGAGCGCGCGTAATACGAC |56 ADH1 terminator Bold = pBG1805::MIP1derived
TCACTATAGGGCGAATTGGGTACCCC from pKT128, Sheff | sequence for recombination; norma
GGCGCGCC_GAGGCAAGCTAAACAGAT and Thorn, 2004 primer for amplification and addition
C of ADH1 termindor
MIP_TAG | TTGGTTGAGCTGGAAAGGG 58 MIP1 Sequencing plasmids derived from
_For pBG1805:MIP1, to confirm
modifications made to the-8hd of
the gene
GFP_For | AGCACTACAAATAGAAATTTGGTTGA 56 pKT128 Bold = pBG1805::MIP tderived
GCTGGAAAGGGACATTACTATTTCTA sequence for recombination; norma
GAGAGTAC_GGTGACGGTGCTGGTTTA primer for inframe fusion to yEGFP
and addition of ADH1 terminator
OLIdtM_f | GTCGAGATGGGGATTATATGTAGTTGTT pBG1805:MIP1- IRO for chaning the 2nd, 3rd, and 41
or GAGCAACGAGGGACAAGTATTACGAAA yEGFP+LEUZ2 methionines to isoleucinekold
TTGATAGTTAGATCTGAATGCATCC italics = mutations introduced into
IRO
OLIdItM_r | GGAGAACCATCGAGCACAAAACTGCAC pBG1805:MIP1- IRO for chaning the 3rd, 4tfand 5th
ev ACGCAGCGGCCGCCGCCGCARBATTCG YyEGFP+LEUZ2 methionines to isoleucinekpld

CAGGATGCATTCAGATCTAACTATCA

italics = mutations introduced into

IRO
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ATAAATCTTATACTAACCCAGCTT

Primer Primer Sequence 53' Tm Gene/Target Description
Name (°C)
Truncation | Truncation_Scrn_R 56 ADH1 terminator Sequencing primer that binds in
~Scrn R ADHL1 terminator of
pNTBG1805:MIP1-
ADH1Term+LEU2 variants, to
confirm various truncation mutants
BG_deltal | GTACAGCCTCCTAGACTATATAAAGGAT pNTBG1805:MIP1- | IRO for MIP1D175truncation of 3'
75_F GTCGAGAAGGGCAAAAGGACTAAAGTA ADH1Term+LEU2 end of theMIP1 gene; attB2, HIS,
CGTATTATGGGATCCAACCCAGCTT and HA-epitope remain
BG_deltal | AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D175truncation of 3'
75 R ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+LEU2 end of theMIP1 gene; attB2, HIS,
AAGAAAGCTGGGTTGGATCCCATA and HA-epitoperemain
BG_delta2 | GGACTGCATAACCCCCTCGAACAAAAC pNTBG1805:MIP1- | IRO for MIP1D279truncation of 3'
79_F CGCCATTCCTCATGGGGAGGCGCTTGAT ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
ATCAATCAACTGCTAAACCCAGCTT and HAepitope remain
BG_delta2 | AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D279truncation of 3'
79_R ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
AAGAAAGCTGGGTTTAGCAGTTGA and HAepitope remain
BG_delta2 | GTTCTTAAAATATTTTCTTGCGATGCAA pNTBG1805:MIP1- | IRO for MIP1D216truncation of 3'
16_F GTCCAGTCAGATAAGCGCGATGTGAAT ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
CGGCTAGAAGATGAGAACCCAGCTT and HAepitope remain
BG_delta2 | AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D216truncation of 3'
16 R ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
AAGAAAGCTGGGTTCTCATCTTCT and HAepitope remain
BG_delta | CAGCAAAGTATCACAATATGCCTATAAC pNTBG1805:MIP1- | IRO for MIP1D241truncation of 3'
alphal_F | TACAGAGAACCTGTATTTGAAGAATATA ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,

and HAepitope remain
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Primer Primer Sequence 53' Tm Gene/Target Description

Name (°C)

BG_delta | AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D241truncation of 3'

alphal R | ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
AAGAAAGCTGGGTTAGTATAAGAT and HA-epitope remain

BG_delta | TAAATCTTATACTCCAGAGTTCTTAAAA pNTBG1805:MIP1- | IRO for MIP1D222truncation of 3'

alpha2_F | TATTTTCTTGCGATGCAAGTCCAGTCAG ADH1Term+.EU2 end of theMIP1 gene; attB2, HIS5,
ATAAGCGCGATGTGAACCCAGCTT and HAepitope remain

BG_delta | AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D222truncation & 3"

alpha2_R | ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+HEU2 end of theMIP1 gene; attB2, HIS5,
AAGAAAGCTGGGTTCACATCGCGC and HA-epitope remain

D205F GTCAGATAAGCGCGATGTGAATCGGCT pNTBG1805:MIP1- | IRO for MIP1D205truncation of 3'
AGAAGATGAGTATCTGCGGGAGTGTAC ADH1Term+.EU2 end of theMIP1 gene; attB2, HIS5,
ATCCAAAGAATACGCTAACCCAGCTT andHA-epitope remain

D205R AAAAGATTCTACCATGATGGTGATGATG pNTBG1805:MIP1- | IRO for MIP1D205truncation of 3'
ATGTCTAGACACATCAACCACTTTGTAC ADH1Term+EU2 end of theMIP1 gene; attB2, HIS5,
AAGAAAGCTGGGTTAGCGTATTCT and HAepitope remain

MIP4_F P | CGTAATATGGTCGAAGGAG 56 MIP1 for PCR amplification of the

olyFix polymorphic region including the

conserved threonine 661 codon of
MIP1[sigma] from S150
RevPolyFi | TTCGTTGATCAGCTTTGGC 56 MIP1 for PCR amplification of the

X

polymorphic region including the
conserved threone 661 codon of
MIP1[sigma] from S150
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Table 4.2Plasmids utilized and constructed in this study

Name Description Plasmid cut with which R.E. to | Relevant IROs or | Reference
create Primers
BS70 pBluescript harbouringRP1 pBluescript cut wittBanmHI and a| N/A a gift from W.
Bglll TRP1fragment was cloned Neupert,
into this site University of
Munich
pUC19:TRP1 TRP1subcloned from BS70 as | puC19 cut withSst (Sad) and N/A This work
Sst (Sad)-Sal 897-bp fragment, Sal
pVT100U:dsRed dsRed luorescent protein gene N/A a gift from Jodi
can be cut out as a cassette wi M. Nunnari,
Sph University of
California,
Davis
pUC19:TRPXdsRe | dsRedsubcloned from pUC19: TRPZXut with SpH N/A This work
d pVT100U:.dsRed; template for
one step gene replacement
pBG1805:MIP1 Open Biosystems Miplp N/A N/A Open
expression plasmid Biosystems
(Huntsville,
AL)
pNTBG1805:MIP1 | N-terminus adjusted relative to| pBG1805:MIP1with SpH NtermMIPFixUS/Nt | This work
first ATG of transcription ermMIPFixDS
pNTBG1805:MIP1 | Replacement dJRA3with PNTBG1805:MIP1 cut withStd | BG1805LEU2F/BG | This work
+LEU2 LEU2 1805LEU2R
pBG1805:MIP1+ Replacement dJRA3with pBG1805:MIP1cut with Stu BG1805LEU2F/BG | This work
LEU2 LEU2 1805LEU2R
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Name Description Plasmid cut with which R.E. to | Relevant IROs or | Reference
create Primers
pNTBG1805:MIP1- | Addition of ADH1 terminator PNTBG1805:MIP1+LEU2 cut ADH1_For This work
ADH1Term+LEU2 | and removal of the Protease 3( with Asd IGFP_Rev
(or pMIPS28) site and the Protein A ZZ
domain from the 3&nd of the
gene
pBG1805:MIP1- Addition of ADH1 terminator pBG1805:MIP1+ LEU2cut with | ADH1_For This work
ADH1Term+LEU2 | and removal of the Protease 3( Asd IGFP_Rev
site and the Protein A ZZ
domain from the 3&nd of the
gene
pMIP1[Short} In-frame carboxykerminal PNTBG1805:MIP1+LEU2 cut GFP_For/GFP_Rev| This work
yEGFP fusion ofMIP1 to yEGFP and | with Asd (Remy
addition of ADH1 terminator Martin's
project)
pMIP1[Long} In-frame carboxyterminal pBG1805:MIP1+ LEU2cut with | GFP_For/GFP_Rev| This work
YEGFP fusion ofMIP1to yEGFP and | Asd (Remy
addition of ADHL terminator Martin's
project)
pMIP1[LongM-->1]- | Site directed mutation of the pBG1805:MIP1-yEGFP+LEU2 | OLIdItM_for/OLIdIt | This work
YyEGFP 2nd, 3rd, 4th, and 5th cut with SpH M_rev (Remy
methionines to isoleucine Martin's
project)
pD175S28 MIP1DO175truncation of 3end | pPNTBG1805:MIP1- BG_deltal75 F/BG| This work
of theMIP1 gene; attB2, HIS5, | ADH1Term+LEU2cut withBcll | _deltal75_R
and HAepitope remain
pD205S28 MIP1.205truncation of 3end | pPNTBG1805:MIP1- D205F/D205R This work

of theMIP1 gene; attB2, HISS,

and HAepitope remain

ADH1Term-+LEU2 cut with Pst
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Name Description Plasmid cut with which R.E. to | Relevant IROs or | Reference
create Primers

pD216S28 MIP1.216truncation of 3end | pPNTBG1805:MIP1- BG_delta216_F/BG| This work
of theMIP1 gene; attB2, HIS, | ADH1Term+EU2cut withPst | _delta216_R
and HA-epitope remain

pD222528 MIP1.222truncation of 3end | pPNTBG1805:MIP1- BG_delta_alpha2_F| This work
of theMIP1 gene; attB2, HIS, | ADH1Term+EU2cut withPst | BG_delta_alpha2_R
and HA-epitope remain

pD241S28 MIP1.241truncation of 3end | pPNTBG1805:MIP1- BG_delta_alphal_F| This work
of theMIP1 gene; attB2, HIS, | ADH1Term+EU2cut withPst | BG_delta_alphal_R
and HA-epitope remain

pD279S28 MIP1.279truncation of 3end | pPNTBG1805:MIP1- BG_delta279_F/BG| This work
of theMIP1 gene; attB2HIS-6, | ADH1Term+LEU2 cut withPst | _delta279_R
and HA-epitope remain

pMIPSig Replacement of the S288c pNTBG1805:MIP1- MIP4_F_PolyFix/Re| This work
alanine 661 polymorphic region ADH1Term+LEU2 cut with vPolyFix PCR
with threonine from S150 Avrll and Pst to remove 154®p | product from S150

fragment genomic DNA

pD175Sig Replacement of the S288c pMIPSig cut withBcll BG_deltal75 F/BG| This work
alanine 661 polymorphic region _deltal75 R
with threonine from S150 and
MIP1D175truncation of 3end
of the MIP1 gene; attB2, Hi8,
and HAepitope remain

pD205Sig Replacement of the S288c pMIPSig cut withPst D205F/D205R This work

alanine 661 polymorphic region
with threonine from S150 and
MIP1.205truncation & 3-end
of theMIP1 gene; attB2, HISS,

and HAepitope remain

173



Name Description Plasmid cut with which R.E. to | Relevant IROs or | Reference
create Primers
pD216Sig Replacement of the S288c pMIPSig cut withPst BG_delta216_F/BG| This work
alanine 661 polymorpb region _delta216 R
with threonine from S150 and
MIP1O175truncation of 3end
of theMIP1 gene; attB2, HIS5,
and HA-epitope remain
pD222Sig Replacement of the S288c pMIPSig cut withPst BG_delta_alpha2_F| This work
alanine 661 polymorphic region BG_delta_alpha2_R
with threonine from S150 and
MIP1LR22truncation ¢ 3-end
of theMIP1 gene; attB2, HISS,
and HA-epitope remain
pD241Sig Replacement of the S288c pMIPSig cut withPst BG_delta_alphal_F| This work
alanine 661 polymorphic region BG_delta_alphal R
with threonine from S150 and
MIP1.R41truncation of 3end
of theMIP1 gene; attB2, HISS,
and HAepitope remain
pD279Sig Replacement of the S288c pMIPSig cut withPst BG_delta279 F/BG| This work

alanine 661 polymorphic region
with threonine from S150 and
MIP1L279truncation of 3end
of theMIP1gene; attB2, HIS5,

and HAepitope remain

_delta279 R
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recombination junction) primer sets 2) screening for the absence Mdifiegene via
DeltaScrMIPFof DeltaScrMIPFoprimers, which generates a 3Bp PCR product
whenMIP1 is replaced witif RPHdsRedand 4263bp product from wiletype MIP1 3)

the inability of the PCRonfirmedmiplDstrains to grow on YPG and 4) red punctuate
mitochondrial fluorescence viay Zeiss Epifluorescent microscopyndicating dsRed
expression.

TheMIP1 plasmid that was modified in this study, pBG180BP1 (Figure 4.2,
was purchased from Open Biosystdiidsintsville, AL). The ORF was confirmed by
sequencing using MIPDSofERev and the MipSeq seripsimiers shown in Table 4.1
Variants of pPBG1805MIP1 were constructed using a modification of the elegktitto

perfettomethod developed biyrancesca Stari (Figure 4.3 Storici and Resnick, 2006

pNTBG1805::MIP1

Foury(1989)has previously shown byter@idiofnucl eas
MIP1 transcripts that transcription initiates after the first putative translational start codon
of the ORF (Figure 4.1 A and B) and therefore, results in an enzyme that isrhi2®4 a
acid residues long. However, the pBG18PBE1 was engineered based on conceptual
translation starting at the upstream methionine to yield a 1280 amino acid preprotein.
Therefore, wendoohEVIPLIORRKIN pBA1S0O5MIBL linearized with
SpH (Figure 4.2) to creatpNTBG1805:MIP1. This plasmid has 7B p o f-regiome 5 0
including the first ATG, removed and introducesxdmd site just upstream of the new
start codon (the secondfirame methionine codon see Figure 4.1 B). Integrative

recombinant oligonucleotides (IRONfermMIPFixUSand
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Figure 4.2pBG1805 Gatewayd®ype yeast expression plasmithe plasmid used in this
study was pBG1809vIP1 purchased from Open Biosystems, whegli®1 is the open
reading frame (ORF) flanked laytB sites. attB1 andattB2, Gatewaymodifedatt site
that sitespecifically recombine with onlgittP1 andattP2 respectivelURA3 encodes
orotidine-5-phosphate (OMP) decarboxylasguired for uracil prototrophy in yeasia,
betalactamase gene for ampidaillresistance k. coli; GALL, yeast galactose inducible
promoter.The Gterminal tag consists of the followingixHis, hexahistidinetagfor
protein purification by nickenitrilotriacetic acid chromatographiflA, Hemagglutinin
epitopetag Protease 3(hrotease 3C cleavage site; Protein A (ZZ domal®, t
immunoglobulin G (IgG) binding ZZ domain of protein A frddtaphylococcus aureus
Taken fromyeast_orf_manual.pdfom Open Biosystems with permission from Dr.

Elizabeth Grayhaclwho created the plasthi
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Figure 4.3Yeast recombinatich a s e-dnd mdliécation of pMIPS28 harbouring the
MIP1 gene The restrictiordigested, linearized plasmid was electroporated$its0

mip1D (leu2auxotroph MIP1 gene on chromosome XV removed, represented by a thin
line) with integrative recombinant oligonucleotides (IROs). The yeast homologous
recombination machinery recombines the IROs with pMIPS28 (thin lines between IROs
and pMIPS28) regnerating a circular plasmid and allowing it to replicate via the two
micron origin of replication (@) and to complement th&150mip1D leu2auxotrophy
GAL1p, yeast galactose inducible promoter (arrow shows direction of transcrifiitian);
betalactanase gene for ampicillin resistancekncoli; ori, E. coli plasmid origin of

replication.
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NtermMIPFixDS were annealed and extended first by heating 1€ & 1 minute
followed by incubation at 6€ for 3 minutes in the following reaction mixture: dof
each IRO (0.1 nmatf), 2 m recombinant Taq polymase provided byack Switala
(University of Manitobg 10 m 10x Invitrogen PCR buffer, 41 10 mM dNTPs, with one
of 2, 4, or 6mM 100 mM MgSQ, and ddHO to bring the final volume to 108@. After
extension all three tubes (2, 40BMgSQO,) were combined together and precipitated at
i 20°C overnight with two volumes of 95% ethanol and a final concentration of 0.3 M
sodium acetate pH 5.2. Extended IROs were then centrifuged at 13,000 rpm for 15
minutes, washed with 70% ethanol, dried, and resuspendedindé®,O. 100 ng of
Antarctic phosphatag®EB, Ipswich, MA) treatedSpHh-cut pBG1805:MIP1 was then
added to 11 of extended IROs and brought up to I0followed by ethanol
precipitation andvashing as described above. The plasmid and IROs mix was then
resuspended in® ddH,O and electroporated into S160plDO

Electroporation conditions were modified frohpmpsoret al, 1999 and were
as follows: S150niplDOwas grown overnight in 20 ml YP10D. Cells were diluted down
to 0.35 ODygothe next morning and grown taoi 11.5 ODyo0in 50 ml YP10D. Next, cells
were centrifuged at 5,000 rpm in a Sorvalt®6rotor for 5 minutes and the pellet was
resuspended in 16 ml 0.1 M lithium acetate, 10 mM dithiothreitol, 10 mMQlyipH
75,1 mM EDTA and incubated at room temperature for 1 hour. Cells were collected by
centrifugation at 5,000 rpm in a Sorvall-88 rotor for 5 minutes and resuspended in 16
ml ice-cold ddHO. This wash step was repeated and then cells were suspendechin 6.4
ice-cold 1 M sorbitol and collected by centrifugation. The pellet was resuspendediin 54

of ice-cold 1 M sorbitol (to give a total volume of approximately b60f cell
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suspension) and 44 of the suspension was combined withl®f the plasmid antROs

mix and incubated on ice for 5 minutes. The cell/DNA mix was then transferred to a 0.2

cm electroporation cuvette and pulsed usin
Micropulser. 1 ml of icecold 1 M sorbitol was then added, the solution was mixed,

followed by transfer to a 1.5 ml microfuge tube. The mixture was centrifuged at 6,000

rpm for 2 minutes and 80 of the supernatant was discarded leaving ~#Qfhd the

cell pellet. The cells were resuspended in the remaining2@d 100m was plated in
duplicate on SETRP-URA. After four days of incubation at 30, DNA was collected
fromthe coloniesonthe | at e byandgridadmash ude DNA prepar a

described infloppins, 2005k This DNA was resuspended in BDTE and 6m was

pulsed with 501 electrocompetent DHbEscherichiacolu si ng t he AEc10 pr
the BioRad Micropulser. 1 ml of ieeold LB was added to tHe. coliin the cuvette and
gently mixed, followed by transfer into a microfuge tube andhation at 37C with
gentle mixing for three hours. Cells were centrifuged at 13,000 rpm for 1 minute and
~900m of the supernatant was removed while leaving ~10éhd theE. colipellet.
This remaining 100 was then mixed with a pipette tip and spreato an
LB/ampicillin (AMP) plate followed by incubating overnight at’g7

SmallE. colicolonies were inoculated at the end of the next day into 5 ml
LB/AMP and incubated with shaking overnight al@7The slightly turbid cultures were
diluted earlyin the morning 1 in 4 into 20 ml LB/AMP and allowed to grow for another
four hours. 15 ml of the culture was centrifuged at 12,000 rpm in a Sorvai $8or
and plasmid DNA was prepared using the QlIAprep® miniprepvkggissauga, Ontario)

with the folowing modifications. For 15 ml of culture, the pellet was resuspended in 250
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m of P1 buffer (step 1), the QIAprep® spin column was washed with buffer PB (step 7),
buffer PE was allowed to sit on the membrane for 5 minutes (step 8), arhd 35
prewarmed §5°C) ddH,O was added, instead of buffer EB, and let stand at room
temperature for 8 minutes before centrifugation (step 10).

The potentiapNTBG1805:MIP1 plasmids were initially screened by
linearization of the plasmid witkhd to confirm introduction 6this site via the IRO
NtermMIPFixUS Candidate were then sequenced WHPFSeg5Rto confirm correct
recombi nat-@ndofthasllPlgens.e 50
pPNTBG1805::MIP1+LEU2 and pBG1805:MIP1+LEU2

Thesecond modification to pBG180MIP1 constructs was replacemt of the
URA3gene withLEU2in pNTBG1805:MIP1 and BG1805:MIP1to create
pPNTBG1805:MIP1+LEU2 and BG1805:MIP1+LEU2. LEU2was PCRamplified from
YEp13 @roachet al, 1979 usingBG1805LEU2FBG1805LEUR primers and
recombination was carried out as described abovepNIBG1805:MIP1 and
pBG1805:MIP1 linearized withStu, which cuts inJRA3(Figure 4.2) Approximately
200 ng of purified PCR product was precipitated with 50 ng of purified dephosphorylated
vectorand this mixture was used for electroporation of SHHLO Transformants
harboring recombinant plasmids were selected oiTRE-LEU.
pMIP1[Short] -yEGFP, pMIP1[Long] -yEGFP and pMIP1[LongMA 1] -yEGFP

pMIP1[Short}yEGFP and pMIP1[LongyEGFPplasmidswere constructed to
see if both the short and long forms of Mipyth respect to the amir@rminus, are
targeted to mitochondridn all Mip1p-yEGFP constructs created here, the primer

GFP_Formwas engineered to fuse the last codon oM@l gene, encoding a tyrosine
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residue in-frame with the linker region just uppeam of yEGFP described in Sheff and
Thorn(2004). These constructs therefore lack #tt8 2 s it e as-envel | as t h
encoding the carboxyterminal 6xHisHA tag (Figure 4.2. pNTBG1805:MIP1+LEU2
and pBG1805MIP1+LEU2 were linearized wittAsd, locatel immediately after the
stop codon in the plasmidsnd ayEGFRcontainingPCR product was amplified from
pKT128 Sheff and Thorn, 20Q4vith GFP_For/GFP_Rev for recombination in S150
mipl22 The correct r-endofthéMiPh gebein thenplasnidvas he 30
confirmedby sejuencing with MIP_TAG_For.

pMIP1[LongMA I]-yEGFP was created by cuttipidG1805:MIP1-
yEGFP+LEU2 with SpH (position 111 oMIP1ORF)tol i near i z-endbftheat t he
gene, followed by recombination in yeast with the extended IROs
OLIdItM_for/OLIdItM_rev to create ise-directed mutatiosof the 2ml, 3rd, 4th, and 5th
methionine codonw isoleucinecodons (Figure 4.1 B). This was done to ensure that
translation starts from the first ATGhe correct recombination at thé&nd of theMIP1
gene in the pkmid was confirmetty sequencing witMIPSeq5R.

pMIP1[Short}yEGFP, pMIP1[LongtlyEGFP and pMIP1[LongM¥ I]-yEGFP
were allelectorporated into S15@ip1Das described above and selected for ofT&E-
LEU. Transformants were grown overnight in 20 m-BRP-LEU and the next morning
were centrifuged down at 6,000 rpma Sorvall SS34 rotorand the supernatant was
discarded. The cells were resusged in 10 ml SRafTRP-LEU/2% calactose at 0.3
ODsoo and grown for 34 hours. 1.12 OFyoof cells were washed twicgith ddH,O

followed by resuspension in 159 ddH,O (7.5 OQog). 40mM of this resuspension was

mixed with 40m of 0.7% lowgelling agarose (made in dg®l) on a glass slide and a 22
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x 60 mm coveqglass was quickly added and gently pressed on to get an even layer of
cells. Slides were made in dugdie and sealed with clear nail poligtuorescence was
detected in the green (GFP, Miplp variants tagged with yEGFP) and red (rhodamine,
mitochondrial targeted dsRed) channels usidgiss Axio Imager Z1 egfluorescent
microscopeThis work was perfored with the assistance from an honors project student,
RemyMartin Gratton.
pNTBG1805::MIP1-ADH1Term+LEU2 (pMIPS28) and pBG1805:MIP1-
ADH1Term+ LEU2

To create pMIPS28 anuBG1805:MIP1-ADH1Term+LEUZ2, the next
modification made was the one stefaltion ofa -&A@ADH1 terminatorPCR product
(amplified from pKT128 Sheff and Thorn, 20Q04and removal of DNA encoding the
Protease 3Cleavagssite and the Protein A ZZ domain from thee8d of theMIP1 gene
from both plasmidsKigure 4.2. Both plasmids were separately linearizechwisd
(located immediately downstream of the stop codon) and purified, followed by
precipitation with theADH1 PCR product amplified with theDH1_For /GFP_Rev
primer set, and electroporated into S18P12 The correct r-endombi na:
of theMIP1 gene was confirmed by sequencing with the sequencing primer
MIP_TAG_For. The final plasmid, pMIPS28, is the wilgpbe S288c deriveMIP1 gene
used fonn vitro analyses and used to construct all o®288cMIP1-truncation plasmids

and the Mipl1pf] wild-type plasmid (see below).
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pD175S28pD205S28, pD216S28, pD222S28, pD241S28, and pD279S28

Plasmids were named by deletion in and structure diiid gene i.e.
pD205S28 encodes the Miplp from S288cMi[S]) with a carboxyterminal deletion
(D) of 205 amino acid9D205S28, pD216S28, pD222S28, pD241S28, and pD279S28
were all constructed in a similar manngMIPS28was cut withPst (located in the
coding region of the CTE, Figure 4.2)d IROs engirered forthe coding sequence in
MIP1.205 MIP1LR216 MIP1L222 MIP1L241, andMIP1L279(Table 4.) were
annealedextended, mixed with vectoprecipitatedand electroporated into yeast. The
resulting plasmids were collected froi@ast, electroporated inta coli, and DNA was
prepareds desribed above. All constructs were confirmedAsd/SpH restriction
endonuclease mappimgd sequencing using the Truncation_Scrn_R primer to confirm
t h eend@récombination junction.

pD175S28vas made by cuttingMIPS28, passed through the dan coli strain
GM2163,with Bcll (blocked by dam methylation and this site is also located in the CTE
coding region but further downstream thest) followed by the same method described
above but using thBlIIP10175 specific IROs.
pMIPSig, pD175Sig, pD205Sig, pD216Sig, pD222Sig, pD241Sig, and pD279Sig

pMIPSig containing thé1IP1[S] allele Baruffini et al, 2007 was made by
cutting pMIPS28 withAvrll and Pstl to removethe 1540bp fragmen{see Figure 4.1 A)
followed by recombination i8150miplDOwith theMIP4 _F PoyFix/RevPolyFix PCR
product generated fro®@150(MIP1[S]) genomic DNA The entireMIP1 gene in this

plasmid was sequence@D175Sig pD205Sig pD216Sig pD222Sig, pD241Sig, and
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pD279Sig were created and confirmed exactly as their S@88nterparts described

above, except the pMIPSig was the starting plasmid instead of pMIPS28.

4.3.5 Induction of recombinant Mip1p[S] and Mip1p[S] and variants

Wild-type S150 was chosen over SibiplDas the background strain for
expression of all Miplpariants as it gave the best expression and mitochondrial
membrane protein fractions isolated from untransformed S150 cells gave very little
background polymerase activity (see results).

S150 was electroporated with each of the plasmids encipip[S], Mip1p[S]
and truncation variants described above. Transformants were selected&@uSilates
after three or four days growth at°80 Cells were collected by pipetting 4 ml of SC
LEU onto the first plate, followed by collecting colonies with a sterile gléde &
obtain a homogenous mixture, and then pipetting this mix to the second plate and
repeating the process. The mixture of cells was then aliquoted to two microfuge tubes and
spun at 6,000 rpm. To ensure the same concentration of cells in each aliquot,
approximately 0.8 ml of supernatant was removed from each replicate tube and then the
remaining 0.7 ml plus the pellet was mixed and combined together into one microfuge
tube. This tube was vortexed for 10 seconds to mix cells and then ~0.75 ml wasedliquot
to each of two screw capped microfuge tubes containing 0.2 ml sterile glycerol. These
tubes were vortexed and 260Daliquots were frozen down &80°C.

Induction of transcription of the plasmid borkgP1-variants from th&SAL1p
was carried out accormtj to Gelperiret al. (2005 with the following modifications. One
aliquot of cells from60°C was allowed to thaw at room temperature and then was
inoculated into 50 ml SCEU and allowed to grow approximately 14 hrs atGWith
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shaking at 220 240 rpm.An ODgoo Was taken and approximately 50 g3gof cells was
centrifuged at 6,000 rpm in a Sorvall-3% rotor at room temperature for 10 minutes,
followed by resuspension of the pellet in 50 ml SR&tJ. These cells were grown for

nine hours at 3T and hen subcultured into 500 ml SRafEU to give an Olgyo of 0.1.

The cultures were grown for another twelve hours to ag§id 1 to 2. Induction of
recombinant polymerase was initiated by adding 250 ml of 3x YPGal in the morning and
allowing cultures to grw a final five hours. After induction, the culture was centrifuged

in two 500 ml centrifuge tubes in a Sorvall GSA rotor at 6,000 rpm for 10 minutés at 4
and the supernatant was decanted. Both pellets were resuspended together in 2 ml of 50
mM Tris-Cl, pH 8.0, 30% glycerol (TG) and then cells were aliquoted to microfuge tubes
on ice. Cells were centrifuged for 2 minutes at 6,000 rpnS@RVALL® pico

microfuge, supernatant was remoaet the wet weight of cells in each tube was
determined. Next, 0.5 naif TG was added to each pellet and mixed with a 1 ml
Pipetman" followed by a 10 second vortex. Cells in 0.5 ml TG were immediately frozen

down at-60°C for preparing mitochondrial membrane proteins.

4.3.6 Isolation of mitochondria and mitochondrial membane proteins

Procedures for isolation of mitochondria and mitochondrial membrane proteins
were derived from those of Muellet al. (2004 and Lewandowskat al.(2009. 1to 2 g
wet weight of induced frozen cell pellets were thawed at room temperatutieeand
immediately put on ice and all subsequent steps were carried @t at dn ice. Cells
were centrifuged at 6,000 rpm for 2 minutes and TG was aspirated off without disturbing
the cell pellet. The cell pellets were resuspended in one volume ofeadt breaking

buffer (YBB, 0.65 M sorbitol, 0.1 M Tr€l, 5 mM EDTA, 0.2% BSA, pH 8.0, 1 mM
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PMSF) and pooled together in a-i conical tube. Two volumes of YBB was then

added to the cells in the conical tube (total of three volumes of the initiplediel) and
vortexed for 5 seconds. Next, three volumes of glass b8atsi (0.53 mm) were added

and the tube was vortexed for 1 minute followed by incubating on ice for 1 minute. This
step was repeated five more times. Conical tubes were centrifugegibatrpm for 5

minutes to remove cell debris and the supernatant was transferred into microfuge tubes
and kept on ice (Sup 1). The cell pellet was extracted a second time by resuspending in
2.2 volumes of fresh YBB and vortexing for 1 minute followedrmubation on ice for 1
minute. Vortexing was repeated twice more followed by centrifugation at 3,000 rpm for 6
minutes and the resulting pellet was discarded and the supernatant was transferred into
fresh microfuge tubes and kept on ice (Sup 2). Microfuges containing Sup 1 and Sup

2 were next centrifuged at 12,000 rpm for 8 minutes to collect mitochondrial pellets. The
supernatant obtained from the SujuBes was discarded, while the more concentrated
one from the Sup-fubes was aliquoted to new mofuge tubes (Sup 3). Each
mitochondriacontaining pellet was washed with 580SEM (250 mM sucrose, 1 mM
EDTA, 10 mM MOPS, pH 7.5 with KOH) followed by an additional centrifugation at
3,500 rpm for 4 minutes and the pellets were discarded while the mitochondrial
supernatant was transferred to fresh microfuge tubes on ice. Sobps3xare centrifuged
again at 12,000 rpni.hese mitochondrial pellets weatso washed with SEM and spun

at low rpm as described. All of the mitochondrial supernatants obtained from the 3,500
rpm spins were then pelleted at 12,000 rpm for 8 minutes argBlewas gently

aspirated off. For every 1.2 g of wet weight cells, mitochondria were resuspended in 0.6

ml of hypotonic lysis buffer (20 mM MOPS, pH 8.5, 3 ntivimercaptoethanol, 1 mM
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PMSF, 1ng/ml leupeptine, final concentration was typically 2.3.5 mg mitochondrial
protein per 3501 hypotonic lysis buffer). The volume of mitochondria was estimated by
measuring the total volume of the resuspension with &Ripetman. A 20 aliquot

of mitochondria was mixed with and equal volume of 2x SD&E sample buffer
(0.0625 M TrisCl, pH 6.8, 10% glycerol, 2% SDS, S84mercaptoethanol, and 0.05%
bromophenol blue) for determining the release of mitochondriabo@wteins (see

below) and a 31 aliquot was frozen a20°C for determining the protein concentration

of mitochondria via a Bradford ass&§igmaAldrich, St. Louis, MQ.

The remaining mitochondria were subjected to homogenization with a 27 %2 G
needlethrough eleven cycles of drawing up and expelling the sample. The material was
vortexed for 30 seconds followed by incubation on ice for 30 seconds and then vortexed
and incubated on ice again. The homogenization and vortexing was repeated exactly as
justdescribed. One tenth of the volume of 20 mM MOPS, pH 8.5, 4 M NaCl, mM
mercaptoethanol, 1 mM PMSF, andd/ml leupeptine was added to the homogenized
mitochondria to bring the salt concentration to 0.4 M. The mitochondria were subjected
to homogenization with the same 27 ¥2 G needle through eleven more cycles and then
vortexed followed by incubation on ice. The sample was vortexed and incubated on ice
again. The mitochondria were homogenized through a final eleven cycles, this time
without vortexing. The final volume was measured with a 1 ml Pipétfnand 3m was
taken fora Bradford assay. A 5@l-aliquot was taken and centrifuged at 13,000 rpm for
15 minutes to obtain a supernatant and a pellet fraction to measure the release of
mitochondrial matrix proteins (see below). The supernatant was mixed with an equal

volume of X SDSPAGE sample buffer and an equal volume of 2x STX&E sample
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buffer was added to the pellet. Both were heated % &% 3 minutes and then stored at
-60°C.

The remaining homogenized mitochondria were loaded onto a sucrose gradient
(0.25 ml 60%, @5 ml 55%, 2.25 ml 18% (wt/wt) sucrose in 20 mM T@ikpH 7.4, 0.5
MMEDTA, 5 mM b-mercaptoethanol) and centrifuged in a Beckman TLA 100.3 rotor at
60,000 rpm for 1 hour at’@. 75ni fractions containing mitochondrial membrane
proteins from the interface between 55% and 60% sucrose were collected from the
bottom portion of the tubd_éwandowskaet al,, 2009. For each fraction & and 12m
aliquots were taken for Bradford assay and ST&E respectively. The remaining ~60
m was mixed with 501 sterile glycerol and 1 aliquots were fozen down ai60°C.

4.3.7 Characterization of the association of Miplp with the mitochondrial
membrane

Mitochondria were isolated from 0.5 g wet weight of S150 cells transformed with
pMIPS28 as described above. Approximately 0.1 g of cells was aliquadegioh of
four tubes. After washing mitochondrial pellets in 5OGEM and pelleting
mitochondria at 12,000 rpm for 8 minutes, the mitochondria were resuspendeuqf in 20
SEM each (x 10 pellets) and all tubes were combinedlwés aliquoted out for a
Bradford assay. For each wash conditiom®6f 9.9 ng/m of mitochondria was used.
Each 20n aliquot was centrifuged at 13,000 rpm for 10 minutes and the volume of
supernatant was measured (@pand discarded. Each pellet was resuspended in 1 ml of
either 6 M urea, 1 M NacCl, 1% TritorX00, 0.1 M NaCQs;, or SEM and inubated on
ice for 30 minutes. Samples were then centrifuged at 13,000 rpm for 30 minutes and

supernatants were aspirated into new microfuge tubed. df®2x SDSPAGE sample
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buffer was added to each pellet followed by heating %€ $& 3 minutes and sting

samples ai60°C. Soluble proteins in the supernatants were precipitated with 5% TCA
(trichloroacetic acid) for NaCl and TritorX00 treated samples or 10% TCA for urea

and NaCQO; treatments. Tubes were then incubated on ice for 12 minutes follomeed b
13,000 rpm centrifugation for 15 minutes. Supernatants were discarded and pellets were
washed with 1 ml ice cold acetone followed by centrifugation at 13,000 rpm for 10
minutes. Acetone was aspirated off and pellets wdegl in at56°C for 5 minutes15 ni

of 2x SDSPAGE sample buffer was added to each pellet and pellets were then heated at
95°C for 3 minutes. © of each sample was loaded onto two 12% SD&E gels and

run at 100 mV for 1 hour and 46 minutes followed by Western blotting.

4.3.8 Wesern blotting

12 % SDSPAGE gels were transferred to nitrocellulose membranes overnight at
10 mV/30 mA. For the blot shown Figure 4.6the membrane was stained with Ponceau
S (0.2% Ponceau S/3.15% TCA), scanned and then cut into two parts betweearnte 30
40 kDa molecular weight marker of the BenchM&trotein Ladder (Invitrogen,
Carlsbad, California Next the two pieces of the blot were washed with shaking for 5
minutes in 1x TBS (10 mM THEI, pH 7.5, 150 mM NaCl) and then blocked in
1XTBS/6.5% skn milk for 30 mnutes with shaking. The top pattthe blot, with
molecular markers above 120 kDa, was incubated with a 1 in 1000 dilution eflAnti
Tag mouse monoclonal antibody (Applied Biological Material,|IRichmond, BQ in 1x
TBS/6.5% skim milkd.2% Twee-20 for 1 hour. The bottom pauf the blot was
incubated for the same amount of time with 1 in 1000 dilution of BNl 7p rabbit

polyclonal antibody (a gift from K. Hellniversitat Miinchehin 1x TBS/6.5% skim
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milk/0.05% Tweer20. Next, botlpieces were washed twice with 1x TBS/0.3% TritenX

100 for 25 minutes followed by washing twice withTRS for 8 minutes. The top part

of the blot was next incubated in a 1 in 6,000 dilubdanti-mouse IgG (whole

mo | e c ul e )hbspHatkse antibogerodpced in goatSigmaAldrich, St. Louis,

MO, A-3562) in 1x TBS/&% skim milk and the bottom part of théot was incubated in

a 1in 2,000 dilution goat artabbit IgG (H + L) alkaline posphatise conjugate

(ZYMED, San Francisco, CA) in 1x TBS/6.5%irs milk for 1 hour with shaking. The

wash steps were repeated. Membrameie equilibrated for 2 minutes in detection buffer

(0.1 M TrisCl, 0.1 M NaCl, pH 9.5) and then 1 ml of a 1 in 100 dilution of CRBr

(RocheLaval, QuebecCat. No. 11 685 627 OpImade in detection buffer, was rinsed

over the blot by pipetting five times followed by sandwiching the pieces of the blot in a

page protector. The blot was detected on Kodak Scientific Imaging FIDMAT ™ LS

(Fisher ScientificOttawa, Ontaripor usng theAlpha Innotech FluorChem 8900

according to manufacturersd procedures
For the Western blot shown in Figure 4.7, the membranes were processed exactly

the same as decribed above excepPitieceau S stained membrane was cut into three

pieces, betweeB0 and 40 kDa anbetweer80 and 90 kDa of the BenchMatkProtein

Ladder, and the middigiece (40 to 80 kDa) was probedth a 1 in 1000 dilution of anti

Put2p rabbit polyclonal antibody 1x TBS/6.5% skim milKa gift from Dr. Debkumar

Pain,New JerseMedical School, Newark , NJ

4.3.9 Release of mitochondrial matrix proteins from intact mitochondria
Disruption of mitochondrial membranes was determined by Western blot analysis

of mitochondrial fractions using the mitochondrial inner membrane speciftdim17p
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antibody and the anRut2p antibody, which reacts with the soluble mitochondrial matrix
protein Put2p. 1) Mochondria resuspended in hypotonic lysis before homogenizing and
centrifugationand equivalent amounts 8f mitochondrial pellet dlained after
homogenization and centrifugation and 3) mitochondrial supernatant after homogenizing
and centrifugation were loaded onto a 12% STX&E gel and analyzed by Western
blotting as described above.
4.3.10 DNApolymeraseactivity measurement of mibchondrial membrane protein
fractions using the incorporation of Digoxigeninl11-dUTP
Digoxigenin11-2-deoxyuridine-5- triphosphate, alkaistable(DIG-11-dUTP)
was purchased from Rocheafval, Quebecat. No. 11 093 088 910). A 10x nucleotide
mixture wa made as follows: 1 mM each of dATP, dGTP, dCTP, 0.9125 mM dTTP,
0.0875 mM DIG11-dUTP, 10 mM TrisCl pH 7.5. An approximately-&b plasmid
(MIPF3RI/SallpB®Bam, also called pBluescrigtdiiP1-F3, Younget al, 200§ was
linearized withEcadRl (Invitrogen Carlsbad, Californjpand was used as the template
DNA. This DNA was boiled for 10 minutes at Q0prior to addition to the polymerase
reaction. Polymerase reactions were set up imi@lumes as follows: vy of
mitochondrial membrane protein faction, 675 ng (determined before boiling) linearized,
boiled template, Il 10x hexanucleotide mix (Rochkeaval, Quebe€at. No. 11 277 081
001), 1m 10x nucleotide mix, 0.5 1 mg/ml aphidiolin (a 1 in 10 dilution made in
ddH,O of 10mg/ml aphidicolin in DMSO). Afteb, 10, 15 and 30 minuteat 30°C or
37°C, 2 m aliquots of each polymerase reaction were mixed with 24.25 mM EDTA/10
mM Tris pH 8.0 to stop DNA polymerase and samples were stor@@°at. For each

time point d the experiment il samples were spotted in triplicate onto Hybdhaylon
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(Fisher ScientificOttawa, Ontaripand the dot blot was UV crosslinked for 3 minutes.
Following crosslinking the blot was equilibrated in malic acid buffer (0.1 M malic acid,
0.15 M NacCl, pH 7.5) for 2 minutes and then incubated in 40 ml blocking buffer (malic
acid buffer/1x blocking reageriRochelLaval, QuebecCat. N0.1096176¢/0.015% SDS
with shaking for 30 minutes. AnrDigoxigeninAP conjugate RochelLaval, QuebecCat.
No.1093274) was then added to the dot blot in blocking buffer/0.015% SDS ata 1 in
10,000 dilution and it was incubatedth shaking for 1 hour. Ae blot was rinsed three
times with ddHO and then twice for 15 minutes each with malic acid buffer/0.3% Tween
20/0.015% SDS with shaking (rinsed with ddMHbetween washed}.was equilibrated

for 2 minutes in detection buffer (0.1 M T4@&, 0.1 M NacCl, pH 9.5) and then 1 ml of a
1 in 100 dilution of CDPStar RocheLaval, QuebecCat. No. 11 685 627 001), made in
detection buffer, was rinsed over the blot by pipetting five times followed by
sandwiching the blot in a page protector. Quantitation and detection were carried out

using the Alpha I nnotech FluorChem 8900

4.311 Nickel-nitrilotriacetic acid chromatography of Mip1p[S] D175 6xHis-HA and
Mip1p[S]-6xHis-HA

4.3.11.1 Denaturing conditions

Mitochondria were isolated from 0.19 g wet weight of cells expressing
Miplp[S]D175-6xHis-HA as described above with the following mockfiion. After the
SEM wash and centrifugation at 12,000 rpm for 8 minutes, mitochondrial pellets were
suspended in 5718 SEM, to generate a final volume of 6 b 400m of buffer B (100
mM NaH,PQy, 10 mM TrisCl, 8 M urea, pH 8.0) was added to theaunitondria

followed by vortexing twice briefly to mix. Mitochondria were then homogenized with a
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1 cc, 25G 5/8 needle through six cycles of drawinguug expelling the sampl200m

of a slurry of Nickelnitrilotriacetic acid (NHNTA) resin wasvashed wih 1ml of buffer

B andcentrifuged at 13,000 rpm for 20 seconds followed by aspiration of the supernatant.
The mtochondria in buffer B weradded to the NNTA and mixed at room temperature
for one hour. NINTA resin was pelleted at 13,000 rpm for 20 seisoand the

supernatant was removed but savedutoon an SDSAGE gel. The NNTA was
washedhree times for 5 minutes each with 1 ml of buffer C (100 mM 44, 10 mM
Tris-Cl, 8 M urea, pH 6.3) followed by centrifugation at 13,000 rpm for 20 seconds and
discarding the supernatant. To elute proteimB@f buffer @100 mM EDTA was added

to the resin and the NNTA was mixed for 10 minutes followed by centrifugation at
13,000 rpm for 20 second§wo elutions were obtained; easlas mixed withan equal
volumeof 2x SDSPAGE sample buffer, heated to°@5for three minutes anidaded

onto a 9% SD$AGE gel followed by Western blotting with a 1 in 6000 dilution of

Anti-HA Tag mouse monoclonal antibody in 1x TBS#H.Skim milk as described above.

4.3.11.2 Nordenaturing conditions

Mitochondria were prepared from@dg wet weight of cells expressiMjplp[S]-
6xHis-HA as describe above with the following modification. After the final
homogenizationvith awith a 27 %2 G needle, the approximately 250f mitochondria
were centrifuged at 13,000 rpm for 20 minutes and the superifagftim) was
transferred into a separate microfuge tube from the pellet. Both the supernatant and pellet
tubes were kept on ice. 2@0of 20 mM MOPS/pH 8.5/0.4 M NaCl/M b-

mercaptoethanol/l mM PMSFhg/ml leupeptindan equal supernatant volumeas
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added to the pellet and the pellet was resuspended. Two microfuge tubes of 0.5-ml of Ni
NTA slurry were washed twice with 1 ml of TBG (50 mM F@4, pH 8.0, 2 miVb-
mercapbethanol, and 30% glycerol) followed by centrifugation at 13,000 rpm for 20
seconds and discarding the supernatant. The approximateiy @08ach of

mitochondrial supernatant and pellet were added to separdt@ANtubes and mixed for
one hour at roortemperature. The samples were centrifuged at 13,000 rpm for 20
seconds and the supernatant was discarded. Next-#R& Alivas washed three times

with 1 ml TBG for five minutes with mixing followed by centrifugation at 13,000 rpm for
20 seconds and discandithe supernatant. Protein was eluted off of th&lITNA by

mixing with 50m TBG/100 mM imidazole for five minutes followed by centrifugation at
13,000 rpm for 20 seconds and collectingd®hich was then mixed with 4%l 2x
SDSPAGE sample buffer and heated at®@%or three minutes. This process was
repeated with both TBG/256mM imidazole and buffer C/100 mM EDTA respectively
and then samples were loaded onto a 9%-8BGSE gel followed by Western blotting

with a 1 in 5,000 dilution of AtHA Tag mouse monoclonal antibody in 1x TBS/6.5%
skim milk as described above. This mool was also carried out with homogenized
mitochondria prepared from 0.6nget weight of cells that were not fractionated into

pellet and supernatant fractions.

4.4 Results

4.4.1GAL1p induction of N-terminal variants of Miplp-yEGFP expressed from a &
plasmid

Before a suitable overexpression system could be developed it was important to

test possible MTSs, as five medgbnobtmei ne
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MIP1 ORF. To determine whether or not Mip1p could be overexpressed and taogeted
the mitochondrian vivo, genes encoding Miplp precursors with different potential
targeting signals were constructed (Materials and Methods). pMIP1[ly&@&FP
encodes the 1288mino acid Miplp preprotein (pidiplp) linked at the CTE to yeast
enhancd green fluorescent protein (YEGFP), while pMIP1[ShgE{zFP contains the
MIP1 ORF starting from the second ATG (1254 aminaml gce-Miplp as defined by
Foury, 1989 and Figure 4.1 B) linkeeto YEGFP. The pMIP1[LongM I]-yEGFP
plasmd encodes a yEGFkhked, 1280amino acid residue Mip1p, with the four N
terminal internal methionine codons mutated to isoleucine codons. This construct was
made to ensure translation started from thé ABG only. These plasmids were created
by a yeast recombinatidmased cloning strategy conceptually adapted from Storici and
Resnick (Figure 4.3torici and Resnick, 2006

The pMIP1[Long}lyEGFP, pMIP1[ShortyEGFP, and pMIP1jongMA I]-
YEGFP plasmids were separately electroporated into 80D S150miplDlacks the
ability to respire, because tiIP1 gene is disrupted with thrisREDgene, encoding a
mitochondriallytargeted red fluorescent protein, dsRed. This protein can be used for
fluorescence cdocalization studies of proteins imported into mitochondyiaunget al,
2006 Meeusen and Nunnari, 2008 150mip1Dtransformants, each harbouring separate
plasmids (pMIP1[LongyEGFP, pMIP1[ShortyEGFP, or pMIP1[ongMA |]-yEGFP),
were subjected to galactose induction, followed by fluorescence microscopic analysis of
potential green and red fluorophores (Figure 4.4¢olmtrast to our prediction, all three
Miplp-yEGFP variants, Miplp[LongyEGFP, Miplp[ShortyEGFP, and

Miplp[LongMA I]-yEGFP, formed green puncta thatlooalized with mitochondrially
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targeted dsRed, indicating they were all taedeéb mitochondria. Hower, the
Miplp[LongMA I]-yEGFPtransformantppears to have increased cytosolic staining
relative to pMIP1[LonglyEGFP and pMIP1[ShoryEGFP (Figure 4.4) suggesting that
not all of the overexpressed Miplp[LongM]-yEGFP is correctly targeted.

The finding hat the long form of Mip4yEGFP with the four Nerminal internal
methionines mutated to isoleucines is targeted to mitochowdsanterestings there is
no MTS predicted by MitoProt Il. However, it was decided to engineezxpression
plasmids to €trt transcription fronthe second start codon, as defined by FGL&B9)
by deleting 78p upstream of the second ATG in all of our constr(s#e Materials and
Methods).

4.4.2 Association of Miplp with mitochondrial membranes

Meeusen and Nunnari haveoposed a two membraspanning (TMS),
autonomous mtDNA replisome mod&l€eusen and Nunnari, 2003’ he TMS
comprises 1) Mgm101p, a component of the mitochondrial nucl€tidriet al, 2009
essential for mtDNA maintenance and possibly required for repair of oxidative mtDNA
damage 2) Mmm1p, a traasitermembrane protein required for mtDNA maintenance
that coimmunoprecipitates with Mgm101p and hasl@iromitochondrial morphology,
3) potentially Mip1p, as shown by colocalization with a MmnragRed fusion protein
and 4) replicating mtDNA, as shown by association of Mmi@HP and Mgm10H4&FP
foci with BrdU foci (Meeusen and Nunnari, 2008ased on their observation that
Miplp-GFP colocalizes with MmmZtdsRed of the TMS, and is therefore likely linked to
the mitochondrial inner membrane, the association of Miplp with a mitochondrial

membrane pellet fraction was initially investigated. Tfigiency of releasing
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Figure 4.4 Targeting of Mip1lp amindgerminal variants to the mitochondriaeft- and

right-hand panels show green (Mip¥RGFP,Miplp variants tagged with yEGFRnd

rhodamine (MitedsRedmitochondrialtargeted dsRgdluorescencerespectively, from

the same field of view for S15@ip1Dharbouring eitheA. pMIP1[Short}yEGFP,B.
pMIP1[Long]-yEGFP orC. pMIP1[LongMA I]-yEGFP plasmids. S15@iplDexpresses

a chromosomal copy of mitochondrial targeted dsRed due to disruptdiP@fwith the
TRPI+dsRedcassette (see Materials ane@tkfods) Note that because dsRed was

expressed as a single copy from the genome, red fluorescence was much less intense than
that of Mip1lpyEGFP variantsimages obtained from®nm slicesusing a 100x

objectiveare presented
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mitochondrial maix proteins during the preparation of mitochondria was determined
based on Western blot analysis of the following mitochondrial fractions: 1) mitochondria
resuspended in hypotonic lysis buffer before homogenization and centrifugation, 2)
mitochondrial pdéts and 3) supernatants obtained after homogenization and
centrifugation (Figure 4.5Proteins present in thegernatant fraction (S) includ@ut2p

and it was estimated that 80&0d 60% of Put2p was released from total mitochondria
(M) for theMip1p[S] and Miplp] mitochondria shown in Figure 4.5. Therefore, using
this method, aleast ®% ofthe solublamitochondrialproteins were releasday this

method. Nearly all of Tim17p, translocase of the inner mitochondrial membrane, was
located in the pelletré&ction. Likewise all of the polymerase detected by immunoblotting
was localized only inhe pellet fraction (Figure 45

In an attempt to elucidate the nature of the association of Mip1p with the mitochondrial
membrane fraction, mitochondria isolatednfrgeast expressing the Mip1p[S] wilgpe
version were subjected to various washing treatments (Figure 4.6). Peripheral membrane
associated proteins can typically be released from membranés thedr sensitivity to

salt washes, while treatment of memima with urea and N&O; disrupt proteirprotein
interactions RodriguezCousinoet al, 1995 Horazdovsky and Emr, 1993®etergents
such as TritonXL00 have been used to disrupt dirassociations of proteins with

cellular membranedHorazdovsky and Emr, 19R3The majority of the Mip1p[S] and
Tim17p following NaCQO; treatment was localized in the pellet fractiarmile only a

very faint band of eaclvas visible in the supernatant fraction (Figure 4.6). In contrast,

the mitochondrial matrix protein Heplp, wiasind only in the supernatafmaction
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Figure 4.5Release of mitochondrial matrix proteins from intact mitochondria by
hypotonic lysis and homogenizatioditochondria resuspended in hypotonic lysis buffer
before homogenization and centrifugation (lsiydcorresponding amounts of
mitochondrial pellet obtained after homogenization and centrifugation (P), and
supernatant after homogenization and centrifugation (S) were run on a 12R/EEES
gel. Mitochondrial membrane fractions (Me) isolated via sucrose gmadentrifugation
were also loadednto the gelMolecular weight markers are indicated on the teftd

side of the blatThe blot was cut into three pieces and each piece was separately
subjected to immunodetection by: HtieHA Tag mouse monoclonal einodyto detect
the HAtagged Miplp[S] and Miplj§] (top of blot), 2) the mitochondrial matrix specific
antikPut2o rabbit polyclonal antibod¢gmiddle panel) and 3) the mitochondrial inner
membrane specifiantt Tim17p rabbit polyclonal antibodyower parl). The ratio of

both Put2p to Tim17p (Put/Tim) and Miplp to Tim17p (Mip/Tim) are presented below
the blot. The amount of Putlp and Miplp for each of Mip1lp[S] and M§}ip[the M

fraction was set to 1.
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