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Abstract	
  

	
   The	
  mitochondrial	
  genome	
   is	
  a	
   small	
  unit	
   residing	
  within	
   the	
  mitochondrial	
  

matrix	
   that	
   encodes	
   respiratory	
   chain	
   subunits,	
   tRNAs	
   and	
   rRNAs	
   essential	
   for	
   the	
  

majority	
   of	
   ATP	
   production	
   within	
   most	
   eukaryotic	
   cells.	
   Loss	
   of	
   mitochondrial	
  

genomic	
   integrity	
   by	
   either	
   point-­‐	
   or	
   deletion-­‐mutagenesis	
   can	
   lead	
   to	
   respiratory	
  

defects	
  and	
  several	
  diseases.	
  Mitochondrial	
  DNA	
  (mtDNA)	
  exists	
  as	
  multiple	
  copies	
  

within	
   each	
   cell,	
   allowing	
   for	
   complementation	
   of	
   mutant	
   mtDNA	
   with	
   wild-­‐type	
  

copies.	
   A	
   mixture	
   of	
   wild-­‐type	
   and	
   mutant	
   molecules,	
   termed	
   heteroplasmy,	
   can	
  

lead	
   to	
  mitochondrial	
   dysfunction	
   and	
  disease	
   if	
   the	
  proportion	
  of	
  mutant	
  mtDNA	
  

molecules	
   becomes	
   sufficiently	
   high.	
   Deleted	
   mtDNA	
   molecules,	
   which	
   can	
   be	
  

several	
   kilobases	
   shorter	
   than	
   wild-­‐type,	
   are	
   particularly	
   hazardous	
   due	
   to	
   the	
  

replicative	
  advantage	
  of	
  relatively	
  small	
  molecules.	
   Indeed,	
  the	
  clonal	
  expansion	
  of	
  

deleted	
  mtDNA	
  has	
   been	
   observed	
   in	
   several	
   organisms	
   and,	
   in	
   human	
   tissues	
   its	
  

proportion	
   can	
   increase	
   with	
   age.	
   Therefore,	
   understanding	
   the	
  mechanisms	
   that	
  

govern	
  the	
  generation	
  and	
  clonal	
  expansion	
  of	
  deleted	
  mtDNA	
  may	
  shed	
  light	
  on	
  the	
  

aging	
  process	
  and	
  give	
  insights	
  into	
  treatments	
  for	
  mitochondrial	
  diseases.	
  	
  

	
   In	
  this	
  study,	
  we	
  report	
  that	
  ribonucleotide	
  reductase	
  (RNR),	
  which	
  catalyzes	
  

the	
   rate-­‐limiting	
   step	
   of	
   deoxyribonucleotide	
   triphosphate	
   (dNTP)	
   synthesis,	
  

regulates	
   the	
   replicative	
   advantage	
   of	
   small	
   mtDNA	
   in	
   heteroplasmic	
   yeast	
   cells.	
  

Crosses	
   of	
   parental	
   yeast	
   cells	
   containing	
   wild-­‐type	
   (ρ+)	
   mtDNA	
   with	
   respiratory-­‐

deficient	
   (ρ-­‐)	
   cells	
   containing	
   small	
   mtDNA,	
   results	
   in	
   production	
   of	
   diploid	
   cells	
  

containing	
   a	
   heteroplasmic	
   mixture	
   of	
   both	
   parental	
   mtDNA	
   alleles.	
   Due	
   to	
   the	
  

replicative	
  advantage	
  of	
   small	
  mtDNA,	
   the	
  majority	
  of	
   colonies	
   formed	
   from	
  these	
  

crosses	
  lack	
  mitochondrial	
  function,	
  as	
  demonstrated	
  by	
  an	
  inability	
  to	
  grow	
  in	
  non-­‐

fermentable	
  media.	
  SML1	
  encodes	
  a	
  protein	
  inhibitor	
  of	
  RNR,	
  and	
  RNR1	
  encodes	
  the	
  

large	
   subunit	
   of	
   RNR.	
   Deletion	
   of	
   SML1	
   or	
   overexpression	
   of	
   RNR1	
   significantly	
  

increases	
   the	
   proportion	
   of	
   ρ+	
   colonies	
   during	
   heteroplasmy	
   with	
   small	
   mtDNA.	
  

Reducing	
   RNR	
   activity	
   by	
   overexpressing	
   SML1	
   produces	
   the	
   opposite	
   effect.	
   In	
  

addition,	
   using	
   Ex	
   Taq	
   and	
   KOD	
   Dash	
   polymerases,	
   we	
   observe	
   a	
   replicative	
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advantage	
   for	
   small	
   template	
   DNA	
   over	
   large	
   in	
   vitro,	
   but	
   only	
   at	
   low	
   dNTP	
  

concentrations.	
   These	
   results	
   indicate	
   that	
   dNTP	
   insufficiency	
   contributes	
   to	
   the	
  

replicative	
   advantage	
   of	
   small	
   mtDNA	
   over	
   wild-­‐type	
   in	
   yeast	
   and	
   cytosolic	
   dNTP	
  

synthesis	
  by	
  RNR	
  is	
  an	
   important	
  regulator	
  of	
  heteroplasmy	
  involving	
  small	
  mtDNA	
  

molecules.	
  

	
   Over	
   100	
   genes	
   contribute	
   to	
   mtDNA	
   stability	
   in	
   S.	
   cerevisiae	
   and	
   genetic	
  

requirements	
  for	
  stable	
  mtDNA	
  maintenance	
  depend	
  on	
  growth	
  conditions.	
  In	
  order	
  

to	
   study	
   deletion	
   mutagenesis,	
   we	
   constructed	
   a	
   double-­‐mutant	
   strain	
   that	
  

undergoes	
   rapid	
   loss	
   of	
   respiratory	
   function.	
  ABF2	
   encodes	
   a	
   histone-­‐like	
   mtDNA	
  

binding	
   protein	
   that	
   is	
   required	
   for	
  mtDNA	
   stability	
   in	
   fermentable	
  media.	
  MHR1	
  

encodes	
   an	
  mtDNA	
   recombinase	
   that	
  promotes	
  homologous	
  pairing,	
   a	
   key	
   step	
   in	
  

recombination-­‐mediated	
   repair	
   and	
   in	
   the	
   initiation	
   of	
   rolling-­‐circle	
   mtDNA	
  

replication.	
   Deletion	
   of	
  MHR1	
   causes	
   loss	
   of	
   mtDNA	
   regardless	
   of	
   carbon	
   source,	
  

however	
   the	
   mhr1-­‐1	
   mutation	
   allows	
   for	
   mtDNA	
   maintenance	
   at	
   a	
   permissive	
  

temperature	
   but	
   displays	
   significantly	
   impaired	
   recombination	
   function.	
  We	
   show	
  

that	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  selectively	
  grown	
  in	
  non-­‐fermentable	
  media	
  

are	
  ρ+,	
  but	
  rapidly	
  lose	
  respiratory	
  function	
  when	
  shifted	
  to	
  fermentable	
  media	
  due	
  

to	
   mtDNA	
   deletion	
   mutagenesis.	
   Importantly,	
   exogenous	
   MHR1	
   overexpression	
  

significantly	
   rescues	
   this	
   mtDNA-­‐loss	
   phenotype,	
   suggesting	
   that	
   Mhr1-­‐driven	
  

mtDNA	
   replication	
   and	
   homologous	
   recombination	
   are	
   crucial	
   for	
   prevention	
   of	
  

mtDNA	
  deletion	
  mutagenesis.	
  	
  

	
   Glucose	
   is	
   the	
   preferred	
   carbon	
   source	
   for	
   yeast	
   cells,	
   and	
   its	
   depletion	
   or	
  

substitution	
   with	
   nonfermentable	
   carbon	
   sources	
   results	
   in	
   a	
   vastly	
   different	
  

transcriptional	
   landscape.	
   One	
   major	
   consequence	
   of	
   glucose	
   depletion	
   is	
   an	
  

immediate	
  drop	
  in	
  cytosolic	
  pH,	
  which	
  acts	
  as	
  a	
  second	
  messenger	
  for	
  glucose.	
  We	
  

explored	
  whether	
  depletion	
  of	
  glucose	
  during	
  the	
  vegetative	
  growth	
  of	
  diploid	
  cells	
  

leads	
   to	
   changes	
   in	
   heteroplasmy	
   of	
   wild-­‐type	
   and	
   small	
   mtDNA.	
   We	
   found	
   that	
  

acidification	
   of	
   the	
   cytosol	
   promotes	
   formation	
   of	
   ρ+	
   colonies	
   and	
   increases	
  wild-­‐

type	
  mtDNA	
  content	
  over	
  several	
  generations,	
  while	
  high	
  glucose	
  media	
  or	
  alkaline	
  

cytosolic	
   pH	
   suppress	
   this	
   effect.	
   We	
   confirmed	
   that	
   this	
   mitochondrial	
   genetic	
  

response	
   to	
   cytosolic	
   acidification	
   occurs	
   independently	
   of	
   the	
   general	
   stress	
  

response	
  by	
  MSN2/4,	
  through	
  an	
  as	
  of	
  yet	
  undetermined	
  mechanism.	
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   Together,	
   this	
   study	
   introduces	
   two	
   regulatory	
   mechanisms	
   that	
   influence	
  

the	
   proportional	
   amount	
   of	
   deleted	
   mtDNA	
   over	
   wild-­‐type	
   in	
   yeast	
   and	
  

demonstrates	
   that	
   cytosolic	
   pH	
   influences	
   the	
   rate	
   of	
   ρ+	
   colony	
   formation	
   from	
  

heteroplasmic	
  cells	
  containing	
  ρ+	
  and	
  ρ-­‐	
  mtDNA.	
  Further	
  exploration	
  of	
  these	
  topics	
  

may	
   lead	
   to	
   novel	
   interventions	
   against	
   mtDNA	
   deletion-­‐attributed	
   mitochondrial	
  

dysfunction.	
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Abbreviations	
  

	
  

	
   	
   CFU	
   	
   	
   colony-­‐forming	
  unit	
  

	
   	
   dNTP	
   	
   	
   deoxynucleotide	
  triphosphate	
  

	
   	
   ETC	
   	
   	
   electron	
  transport	
  chain	
  

	
   	
   FAD	
   	
   	
   flavin	
  adenine	
  dinucleotide	
  

	
   	
   HS	
   	
   	
   hypersuppressive	
  

	
   	
   Kbp	
   	
   	
   kilobase	
  pairs	
  

	
   	
   mtDNA	
  	
   	
   mitochondrial	
  DNA	
  

	
   	
   NAD+	
  	
   	
   	
   nicotinamide	
  adenine	
  dinucleotide	
  

	
   	
   nDNA	
   	
   	
   nuclear	
  DNA	
  

	
   	
   NHEJ	
   	
   	
   non-­‐homologous	
  end	
  joining	
  

	
   	
   ori	
   	
   	
   origin	
  of	
  replication	
  

	
   	
   OXPHOS	
   	
   oxidative	
  phosphorylation	
  

	
   	
   Polg	
   	
   	
   (DNA)	
  Polymerase	
  γ	
  

	
   	
   PPP	
   	
   	
   pentose	
  phosphate	
  pathway	
  

RDR	
   	
   	
   recombination-­‐driven	
  (mtDNA)	
  replication	
  

ρ+	
   rho+,	
  phenotype	
  of	
  cells	
  that	
  contain	
  wild-­‐type	
  

mtDNA	
  and	
  have	
  respiratory	
  function	
  	
  

ρ-­‐	
   rho-­‐,	
  phenotype	
  of	
  cells	
  that	
  contain	
  mutant	
  

mtDNA	
  and	
  lack	
  respiratory	
  function	
  

ρ0	
   rho0,	
  phenotype	
  of	
  cells	
  lacking	
  mtDNA	
  and	
  

respiratory	
  function	
  

	
   	
   RNR	
   	
   	
   ribonucleotide	
  reductase	
  

	
   	
   ROS	
   	
   	
   reactive	
  oxygen	
  species	
  

	
   	
   TCA	
   	
   	
   tricarboxylic	
  acid	
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Chapter	
  1:	
  Introduction	
  
	
  

1.1	
   The	
  diverse	
  metabolic	
  functions	
  of	
  mitochondria	
  

	
   Mitochondria	
  are	
  best	
  known	
  as	
  specialized	
  organelles	
  that	
  utilize	
  a	
  proton-­‐

motive	
   force	
   to	
  drive	
   the	
   synthesis	
  of	
  adenosine	
  5’-­‐triphosphate	
   (ATP),	
   the	
  energy	
  

currency	
  of	
   the	
  cell.	
  A	
  double-­‐membrane	
  system,	
  consisting	
  of	
  a	
  highly	
  permeable	
  

outer	
   membrane	
   and	
   a	
   highly	
   impermeable	
   inner	
   membrane	
   allows	
   for	
   the	
  

accumulation	
   of	
   protons	
   within	
   the	
   innermembrane	
   space.	
   Mitochondrial	
  

membrane	
  potential	
   (ΔΨm)	
   is	
  generated	
  through	
  the	
  oxidation	
  of	
  NADH	
  or	
  FADH2,	
  

yielding	
   electrons	
   that	
   proceed	
   through	
   oxidation	
   and	
   reduction	
   reactions	
   and	
  

cytochromes	
   before	
   finally	
   reducing	
  molecular	
   oxygen	
   to	
   water.	
   Energy	
   from	
   this	
  

process	
   is	
  used	
   to	
  pump	
  protons	
   from	
   the	
  matrix	
   to	
   the	
   innermembrane	
   space	
  by	
  

electron	
   transport	
   chain	
   (ETC)	
   complexes	
   I,	
   III	
   and	
   IV.	
   The	
   resulting	
   ΔΨm	
   pushes	
  

protons	
  through	
  the	
  F0	
  subunit	
  of	
  ATP	
  synthase	
  and	
  physically	
  drives	
  the	
  rotation	
  of	
  

the	
   F1	
   subunit	
   to	
   produce	
  ATP	
   (1).	
   From	
   a	
   biochemical	
   perspective,	
  mitochondrial	
  

ATP	
  synthesis	
   is	
  highly	
  efficient,	
  with	
  a	
  net	
  yield	
  of	
  approximately	
  31	
  molecules	
  of	
  

ATP	
  per	
  molecule	
  of	
  glucose,	
  compared	
  with	
  just	
  two	
  net	
  molecules	
  of	
  ATP	
  produced	
  

by	
  glycolysis	
  (2).	
  	
  

Mitochondria	
  perform	
  various	
   indispensible	
   roles	
  aside	
   from	
  ATP	
   synthesis.	
  

Mitochondrial	
  β-­‐oxidation,	
  the	
  process	
  of	
  fatty	
  acid	
  catabolism	
  to	
  yield	
  acetyl-­‐CoA,	
  is	
  

a	
  major	
  source	
  of	
  energy	
  for	
  the	
  heart	
  and	
  skeletal	
  muscle	
  of	
  mammals.	
  In	
  the	
  liver,	
  

β-­‐oxidation	
  of	
   long-­‐chain	
  fatty	
  acids	
  generates	
  ketone	
  bodies,	
  an	
   important	
  energy	
  

source	
  for	
  organs	
  when	
  blood	
  glucose	
  is	
  low,	
  such	
  as	
  during	
  starvation	
  or	
  endurance	
  

exercise	
   (3).	
   Ketone	
   bodies	
   are	
   converted	
   to	
   acetyl-­‐CoA	
   in	
  mitochondria	
   and	
   then	
  

oxidized	
   by	
   the	
   tricarboxylic	
   acid	
   (TCA)	
   cycle	
   to	
   eventually	
   yield	
   ATP	
   (2).	
  

Mitochondria	
  are	
  also	
  essential	
  for	
  the	
  assembly	
  of	
  iron-­‐sulfur	
  (Fe/S)	
  clusters,	
  small	
  

inorganic	
   cofactors	
   that	
   function	
   as	
   electron	
   carriers	
   in	
   redox	
   reactions	
   and	
   are	
  

involved	
  in	
  many	
  cellular	
  processes	
  such	
  as	
  ribosome	
  biogenesis,	
  regulation	
  of	
  gene	
  

expression,	
   respiration,	
   DNA-­‐RNA	
   metabolism	
   and	
   others.	
   Mitochondria	
   are	
  

required	
   for	
   Fe/S	
   cluster	
   assembly	
   in	
   eukaryotes	
   (4)	
   and	
   defects	
   in	
   Fe/S	
   cluster	
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assembly	
   can	
   lead	
   to	
   increased	
   spontaneous	
   nuclear	
   DNA	
   mutations,	
   hyper-­‐

recombination,	
   and	
   the	
   presence	
   of	
   persistent	
   DNA	
   lesions	
   (5).	
   Another	
   crucial	
  

aspect	
  of	
  mitochondrial	
  function	
  involves	
  apoptotic	
  signaling.	
  Apoptosis	
  is	
  a	
  mode	
  of	
  

programmed	
   cell	
   death	
   that	
   plays	
   an	
   important	
   part	
   in	
   the	
   development	
   of	
  

multicellular	
   organisms.	
   During	
   apoptosis,	
   the	
   Bcl-­‐2	
   family	
   proteins	
   Bax	
   and	
   Bak	
  

translocate	
  to	
  the	
  mitochondrial	
  outer	
  membrane	
  and	
  oligomerize	
  to	
  facilitate	
  outer	
  

membrane	
   permeabilization,	
   thereby	
   releasing	
   cytochrome	
   c	
   from	
   the	
  

innermembrane	
   space	
   (6,	
  7).	
  Mitochondrial	
   activity	
   also	
   produces	
   reactive	
   oxygen	
  

species	
   (ROS)	
   as	
   byproducts	
   of	
   ETC	
   subunits	
   I	
   and	
   III,	
   and	
   α-­‐ketoglutarate	
  

dehydrogenase	
  of	
  the	
  TCA	
  cycle.	
  Mitochondrial	
  ROS	
  are	
  notorious	
  for	
  their	
  ability	
  to	
  

cause	
  oxidative	
  damage	
  to	
  DNA,	
  proteins	
  and	
  lipids,	
  and	
  are	
  also	
  important	
  signaling	
  

molecules	
   involved	
   in	
   numerous	
   biological	
   processes	
   including	
   oncogenic	
  

transformation,	
  TNFα-­‐mediated	
  cell	
  death	
  (8),	
  stimulation	
  of	
  tissue	
  regeneration	
  (9),	
  

mtDNA	
  replication	
  (10)	
  and	
  mitochondrial	
  allele	
  segregation	
  (11).	
  	
  

	
  

1.2	
   Mitochondrial	
  quality	
  control	
  

Evolution	
   has	
   produced	
   several	
   levels	
   of	
  mitochondrial	
   quality	
   control	
   that	
  

play	
   crucial	
   roles	
   in	
   maintaining	
   the	
   health	
   of	
   eukaryotic	
   cells.	
   Mitophagy	
   is	
   a	
  

selective	
   mode	
   of	
   autophagy	
   that	
   degrades	
   dysfunctional	
   mitochondria	
   with	
  

characteristically	
   low	
   ΔΨm	
   or	
   ATP	
   levels	
   (12).	
   In	
   yeast,	
   mitophagy	
   requires	
   the	
  

mitochondrial	
  outer-­‐membrane	
  receptor	
  Atg32	
  (13),	
  which	
  interacts	
  with	
  Atg11	
  and	
  

Atg8	
  to	
  recruit	
  mitochondria	
  into	
  autophagosomes	
  for	
  subsequent	
  transport	
  to	
  the	
  

vacuole	
  (14).	
  In	
  metazoan	
  cells,	
  loss	
  of	
  ΔΨm	
  halts	
  the	
  import	
  of	
  the	
  ubiquitin	
  kinase	
  

Pink1	
   and	
   its	
   degradation	
   by	
   the	
   innermembrane	
   protease	
   PARL	
   (15),	
   resulting	
   in	
  

Pink1	
   accumulation	
   on	
   the	
   outer	
   membrane	
   (14).	
   Stabilized	
   Pink1	
   then	
  

phosphorylates	
   ubiquitin	
   to	
   activate	
   the	
   E3	
   ubiquitin	
   ligase	
   Parkin	
   (16).	
   Parkin	
  

ubiquitylates	
  mitochondrial	
  outer	
  membrane	
  proteins,	
  triggering	
  the	
  recruitment	
  of	
  

isolation	
   membranes	
   for	
   the	
   eventual	
   transport	
   to	
   lysosomes	
   (14).	
   Importantly,	
  

mitophagy	
   has	
   been	
   linked	
   to	
   disease	
   and	
   longevity.	
   Hereditary	
   defects	
   in	
   parkin	
  

have	
  been	
  associated	
  with	
  the	
  familial	
  early-­‐onset	
  of	
  Parkinson’s	
  disease	
  in	
  humans	
  

(17).	
   In	
   the	
   nematode	
   Caenorhabditis	
   elegans,	
   animals	
   defective	
   for	
   mitophagy	
  

receptors	
   accumulate	
  defective	
  mitochondria	
   that	
   display	
   lower	
  ATP	
   levels,	
   higher	
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ROS	
  production	
  during	
  aging	
  and	
  the	
  animals	
  have	
  shortened	
  lifespans	
  in	
  ordinarily	
  

long-­‐lived	
  genetic	
  backgrounds	
  (18).	
  

Mitochondria	
   form	
   interconnected	
   networks	
   that	
   continuously	
   undergo	
  

fission	
  and	
  fusion	
  events,	
  collectively	
  known	
  as	
  mitochondrial	
  dynamics.	
  Fission	
  is	
  a	
  

common	
   response	
   to	
   nutrient	
   starvation	
   as	
   a	
   step	
   toward	
   reducing	
  mitochondrial	
  

mass	
  during	
  periods	
  of	
  low	
  energy	
  demand	
  (14).	
  In	
  yeast,	
  the	
  core	
  fission	
  machinery	
  

consists	
  of	
  Fis1,	
  Dnm1,	
  Mdv1	
  and	
  Caf4.	
  Fis1,	
  a	
  receptor	
  on	
  the	
  outer	
  mitochondrial	
  

membrane,	
   interacts	
   with	
   Mdv1	
   or	
   Caf4	
   to	
   recruit	
   the	
   dynamin-­‐related	
   GTPase	
  

Dnm1.	
   Dnm1	
   then	
   nucleates	
   into	
   spiral-­‐like	
   structures	
   that	
   physically	
   constrict	
  

mitochondria	
  upon	
  GTP	
  hydrolysis	
  (19).	
  Orthologs	
  of	
  several	
  of	
  the	
  fusion	
  and	
  fission	
  

proteins	
  are	
  present	
   in	
  human	
  cells	
   (20).	
  Whether	
  mitochondrial	
   fission	
   is	
  required	
  

for	
  mitophagy	
  in	
  yeast	
  is	
  unclear,	
  as	
  it	
  was	
  found	
  that	
  the	
  absence	
  of	
  fission	
  proteins	
  

does	
  not	
   limit	
   rapamycin-­‐induced	
  mitophagy	
  and	
   instead	
  the	
  process	
   is	
  dependent	
  

on	
   the	
   general	
   stress	
   response	
   and	
   the	
   Ras-­‐protein	
   kinase	
   A	
   (PKA)	
   pathway	
   (21).	
  

However,	
  a	
  screen	
  for	
  mutants	
  defective	
  for	
  autophagy	
  clearly	
  indicated	
  that	
  DNM1	
  

is	
   required	
   for	
   mitophagy	
   during	
   starvation	
   (22).	
   Additionally,	
   fission	
   is	
   linked	
   to	
  

apoptosis,	
   as	
   shown	
  by	
   experiments	
   blocking	
  Drp1	
   by	
   RNAi	
   or	
  mutation	
   in	
   the	
   fly	
  

Drosophila	
   melanogaster.	
   In	
   fly	
   hemocytes	
   lacking	
   Drp1	
   function,	
   mitochondrial	
  

fragmentation	
   decreased	
   and	
   caspase	
   activation	
   was	
   absent	
   (23).	
   In	
   HeLa	
   cells,	
  

downregulation	
  of	
   Fis1	
  by	
  RNAi	
   inhibits	
   apoptosis	
  by	
  blocking	
  Bax	
   translocation	
   to	
  

mitochondria,	
  while	
   RNAi	
   against	
  Drp1	
   inhibits	
   apoptosis	
   in	
   the	
   step	
  between	
  Bax	
  

translocation	
  to	
  mitochondria	
  and	
  cytochrome	
  c	
  release	
  (24).	
  Together,	
  several	
  lines	
  

of	
   evidence	
   indicate	
   that	
   mitochondrial	
   fission	
   has	
   a	
   key	
   role	
   in	
   the	
   induction	
   of	
  

apoptosis	
  (6).	
  

Mitochondrial	
   fusion	
   facilitates	
   the	
  mixing	
  of	
  mitochondrial	
   contents	
  and	
   is	
  

required	
   for	
   mtDNA	
   maintenance	
   and	
   inheritance	
   (20,	
   25,	
   26).	
   In	
   yeast,	
   fusion	
  

prevents	
   the	
   production	
   of	
   mitochondria	
   lacking	
   mtDNA	
   and	
   stimulates	
   mtDNA	
  

replication	
   through	
   the	
   activity	
   of	
   the	
   i-­‐AAA	
   protease	
   Yme1,	
   which	
   degrades	
   ETC	
  

complex	
   IV	
   subunits	
   and	
   causes	
   ROS	
   production	
   (27).	
   Fusion	
   involves	
   the	
  

coordinated	
  merging	
  of	
  the	
  outer	
  and	
  inner	
  membranes	
  through	
  the	
  actions	
  of	
  the	
  

GTPases	
   Fzo1	
   and	
  Mgm1,	
   respectively.	
   Fusion	
   also	
   protects	
   healthy	
   mitochondria	
  

during	
   non-­‐selective	
   autophagy	
   by	
   allowing	
   healthy	
   mitochondria	
   to	
   elongate	
   in	
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order	
  to	
  be	
  spared	
  from	
  degradation	
  (6,	
  28,	
  29).	
  Defects	
  in	
  the	
  human	
  orthologs	
  of	
  

the	
  fusion	
  or	
  fission	
  machinery	
  are	
  associated	
  with	
  several	
  neurological	
  diseases	
  (7,	
  

19),	
  highlighting	
  the	
  importance	
  of	
  mitochondrial	
  dynamics	
  in	
  human	
  health.	
  

Quality	
   control	
  mechanisms	
   exist	
   inside	
  mitochondria	
   as	
   well.	
   A	
   system	
   of	
  

mitochondrial	
  chaperones	
  and	
  proteases	
  promotes	
  proper	
  protein	
  folding,	
  protects	
  

against	
   heat	
   stress,	
   and	
   degrades	
   damaged	
   or	
  misfolded	
   proteins	
   (30).	
   The	
  major	
  

components	
  of	
  this	
  system	
  are	
  the	
  i-­‐AAA	
  and	
  m-­‐AAA	
  proteases,	
  which	
  reside	
  on	
  the	
  

inner	
  membrane	
  with	
   their	
   catalytic	
   sites	
   facing	
   the	
   IMS	
   and	
  matrix,	
   respectively,	
  

and	
  proteases	
  that	
  reside	
  within	
  the	
  matrix.	
  Mitochondrial	
  proteolytic	
  enzymes	
  are	
  

especially	
   important	
   to	
   the	
  human	
  nervous	
   system,	
  as	
  defects	
   are	
  associated	
  with	
  

several	
   neuropathies,	
   including	
   spastic	
   paraplegia,	
   spinocerebellar	
   ataxia,	
   spastic	
  

ataxia	
   neuropathy	
   syndrome,	
   Alzheimer’s	
   and	
   Parkinson’s	
   diseases	
   (30).	
   The	
  

mitochondrial	
  protease	
  machinery	
  also	
  affects	
  mtDNA	
  metabolism.	
  Lon	
  is	
  the	
  major	
  

protease	
   of	
   the	
   matrix	
   and	
   has	
   a	
   regulatory	
   effect	
   on	
   mtDNA	
   content	
   and	
  

transcription	
   through	
  degradation	
  of	
   the	
  mtDNA-­‐binding	
  protein	
  TFAM	
  (31,	
  32).	
   In	
  

mice,	
  homozygous	
  deletion	
  of	
  Lonp1	
  causes	
  loss	
  of	
  mtDNA	
  and	
  embryonic	
  lethality,	
  

while	
   Lon	
   also	
   contributes	
   to	
   metabolic	
   reprogramming	
   and	
   its	
   expression	
   level	
  

correlates	
   with	
   cancer	
   proliferation	
   (33).	
   Interactions	
   between	
   the	
   mitochondrial	
  

genome	
  and	
  the	
  quality	
  control	
  machinery	
  therefore	
  have	
  important	
  implications	
  for	
  

development	
  and	
  health.	
  

Transmission	
  of	
  healthy	
  mitochondria	
  is	
  another	
  crucial	
  mechanism	
  required	
  

for	
  the	
  fitness	
  of	
  eukaryotic	
  cells.	
  Cytoskeletal	
   transport	
  of	
  mitochondria	
  occurs	
  by	
  

different	
  means	
  depending	
  on	
  the	
  organism,	
  with	
  microtubule-­‐associated	
  transport	
  

as	
  a	
  major	
  pathway	
  in	
  metazoans	
  (34).	
  In	
  yeast,	
  mitochondria	
  are	
  transported	
  along	
  

actin	
  cables	
  and	
  sorted	
  according	
  to	
  fitness.	
  During	
  S	
  and	
  G2	
  phases,	
  mitochondria	
  

with	
   higher	
   redox	
   potential	
   and	
   lower	
   ROS	
   are	
   preferentially	
   transmitted	
   to	
   buds	
  

while	
  those	
  with	
  lower	
  redox	
  potential	
  and	
  higher	
  ROS	
  are	
  retained	
  in	
  mother	
  cells	
  

(35).	
  Transport	
  of	
  mitochondria	
  to	
  buds	
  requires	
  Mmr1	
  or	
  Ypt11,	
  and	
  Myo2.	
  Mmr1	
  is	
  

an	
  anchoring	
  protein	
  connecting	
  mitochondria	
  to	
  the	
  cortical	
  ER	
  in	
  the	
  bud	
  tip	
  (36)	
  

and	
  coordinates	
  with	
  the	
  myosin	
  V	
  motor	
  protein	
  Myo2	
  and	
  the	
  Rab	
  GTPase	
  Ypt11	
  

(37).	
  Deletion	
  of	
  MMR1	
  disrupts	
  mother-­‐daughter	
  age	
  asymmetry	
  and	
  cells	
  defective	
  

in	
   mitochondrial	
   inheritance	
   produce	
   dead	
   buds,	
   indicating	
   that	
   this	
   process	
   is	
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essential	
   (38).	
   Surprisingly,	
   overexpressing	
   MMR1	
   increases	
   mitochondrial	
  

transmission	
   to	
   the	
   extent	
   that	
   those	
   of	
   lower	
   fitness	
   are	
   also	
   sent,	
   thereby	
  

disrupting	
   asymmetric	
   mitochondrial	
   inheritance	
   (39).	
   In	
   mother	
   cells,	
   Num1	
   is	
  

found	
  in	
  abundance	
  (40)	
  and	
  interacts	
  with	
  the	
  plasma	
  membrane	
  and	
  Mdm36	
  (41)	
  

in	
   order	
   to	
   form	
   the	
   mitochondria-­‐ER-­‐cortex-­‐anchor	
   (MECA).	
   MECA	
   tethers	
  

mitochondria	
  to	
  the	
  mother	
  cell,	
  allowing	
  a	
  portion	
  of	
  the	
  organelles	
  to	
  be	
  retained	
  

during	
  cell	
  division.	
  The	
  opposing	
  physical	
   forces	
  produced	
  by	
  the	
  mother	
  and	
  bud	
  

anchors	
  contribute	
  to	
  mitochondrial	
  fission	
  by	
  Dnm1	
  (37).	
  	
  

In	
  summary,	
  mitochondrial	
  quality	
  control	
  is	
  a	
  complex	
  system	
  comprised	
  of	
  

several	
   activities	
   that	
   functionally	
   overlap	
   and	
   have	
   crucial	
   roles	
   in	
   development,	
  

health	
   and	
   longevity.	
   Importantly,	
   these	
   quality	
   control	
   functions	
   directly	
   affect	
  

mtDNA	
  replication	
  and	
  stability,	
  which	
  has	
  a	
  central	
  role	
  in	
  mitochondrial	
  function.	
  

	
   	
  

1.3	
   Mitochondrial	
  DNA	
  metabolism	
  

Mitochondrial	
   DNA	
   is	
   a	
   small	
   genomic	
   unit	
   that	
   resides	
   within	
   the	
  

mitochondrial	
   matrix	
   and	
   encodes	
   ETC	
   subunits,	
   tRNAs	
   and	
   rRNAs	
   essential	
   for	
  

mitochondrial	
  ATP	
  production;	
  therefore	
  mtDNA	
  stability	
   is	
  essential	
  for	
  the	
  fitness	
  

of	
   eukaryotic	
   organisms* 1 .	
   Unlike	
   nuclear	
   DNA,	
   mtDNA	
   replication	
   occurs	
  

independently	
  of	
  the	
  cell	
  cycle	
  and	
  its	
  copy	
  number	
  varies	
  in	
  response	
  to	
  metabolic	
  

demand.	
  For	
  vertebrates,	
  mtDNA	
  copy	
  number	
  generally	
  falls	
  within	
  a	
  range	
  of	
  103	
  ~	
  

104	
   copies/cell	
   (42)	
   while	
   in	
   S.	
   cerevisiae	
   copy	
   number	
   is	
   approximately	
   30	
   ~	
   100	
  

copies/cell	
  (43).	
  The	
  unit	
  size	
  of	
  the	
  mitochondrial	
  genome	
  also	
  varies	
  substantially	
  

between	
   species;	
   H.	
   sapiens	
   mtDNA	
   is	
   16.5	
   kbp,	
   compared	
   to	
   85.7	
   kbp	
   in	
   S.	
  

cerevisiae.	
   Despite	
   several	
   decades	
   of	
   study,	
   the	
   various	
  mechanisms	
   surrounding	
  

mtDNA	
  replication,	
  including	
  initiation	
  and	
  termination	
  are	
  still	
  not	
  fully	
  understood	
  

or	
  agreed	
  upon.	
  What	
   follows	
   is	
  a	
  brief	
  overview	
  of	
   the	
  current	
  models	
  of	
  mtDNA	
  

replication	
  in	
  mammalian	
  cells,	
  followed	
  by	
  those	
  of	
  the	
  yeast	
  S.	
  cerevisiae.	
  

1.3.1	
   Replication	
  of	
  mammalian	
  mtDNA	
  

MtDNA	
  is	
  a	
  circular	
  genome	
  consisting	
  of	
  a	
  heavy	
  and	
   light	
  strand	
  owing	
  to	
  

differences	
   in	
   base	
   composition	
   (44).	
  Mammalian	
  mtDNA	
   contains	
   one	
   prominent	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  *	
  With	
  the	
  exception	
  of	
  Monocercomonoides	
  sp.,	
  a	
  recently	
  discovered	
  amitochondriate	
  eukaryote	
  

(45).	
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noncoding	
  region	
  known	
  as	
  the	
  displacement	
   loop	
  (D-­‐loop)	
  that	
  houses	
  the	
  heavy-­‐	
  

and	
  light-­‐strand	
  promoters,	
  HSP	
  and	
  LSP	
  (46).	
  According	
  to	
  the	
  strand	
  displacement	
  

(SD)	
   model,	
   replication	
   begins	
   with	
   transcription	
   at	
   the	
   LSP	
   and	
   subsequent	
  

processing	
  that	
  generates	
  a	
  primer	
  for	
  the	
  initiation	
  of	
  replication	
  of	
  a	
  nascent	
  heavy	
  

strand	
   beginning	
   at	
   the	
   heavy-­‐strand	
   origin	
   (OH)	
   downstream	
   of	
   the	
   LSP	
   (42).	
  

Replication	
  then	
  proceeds	
  by	
  continuous	
  SD,	
  whereby	
  the	
  heavy	
  strand	
  is	
  gradually	
  

displaced	
  as	
  exposed	
  single-­‐stranded	
  DNA.	
  When	
  replication	
  of	
  the	
  heavy	
  strand	
   is	
  

approximately	
   two-­‐thirds	
   complete,	
   the	
   light-­‐strand	
   origin	
   (OL)	
   becomes	
   exposed,	
  

prompting	
   replication	
   initiation	
  on	
   the	
   light	
   strand	
   (47).	
   Priming	
  and	
   replication	
  of	
  

the	
   light-­‐strand	
   proceeds	
   and	
   the	
   entire	
   process	
   yields	
   two	
   daughter	
   molecules.	
  

Subsequently,	
  the	
  two	
  molecules	
  are	
  separated,	
  the	
  RNA	
  primers	
  are	
  removed	
  and	
  

processed,	
  and	
  two	
  closed	
  circular	
  mtDNA	
  molecules	
  are	
  produced	
  (Figure	
  1.1A).	
  	
  

Asymmetric	
   SD	
  was	
   the	
   dominant	
  model	
   of	
  mammalian	
  mtDNA	
   replication	
  

until	
   two-­‐dimensional	
   agarose	
   gel	
   electrophoresis	
   (2D-­‐AGE)	
   revealed	
   long,	
   double-­‐

stranded	
  replication	
  intermediates	
  that	
  were	
  inconsistent	
  with	
  the	
  SD	
  model	
  (48).	
  In	
  

fact,	
   these	
   double-­‐stranded	
   replication	
   intermediates	
  were	
   long	
   stretches	
   of	
  DNA-­‐

RNA	
   hybrid,	
   as	
   confirmed	
   by	
   RNase	
   H	
   digestion,	
   which	
   acts	
   on	
   RNA	
   only	
   that	
   is	
  

hybridized	
   to	
   DNA	
   (49).	
   The	
   confirmation	
   that	
   long	
   stretches	
   of	
   RNA	
   were	
  

complementary	
   to	
   the	
   sequence	
   of	
   the	
   light	
   strand	
   (50)	
   led	
   to	
   a	
   model	
   of	
  

synchronous	
   RNA	
   incorporation	
   during	
  mtDNA	
   replication	
   (RITOLS;	
   51).	
   In	
   light	
   of	
  

these	
  results,	
  it	
  is	
  hypothesized	
  that	
  exposed	
  single-­‐stranded	
  mtDNA	
  is	
  rapidly	
  filled	
  

in	
  with	
  RNA,	
  offering	
  protective	
  effects	
   including	
  against	
  oxidative	
  damage	
  by	
  ROS	
  

(Figure	
  1.1B;	
  51).	
  	
  

In	
   summary,	
   the	
   RITOLS	
  model	
   of	
  mammalian	
  mtDNA	
   replication	
   currently	
  

fits	
  well	
  with	
  observations,	
  however	
  several	
  unknowns	
  remain	
  about	
  human	
  mtDNA	
  

replication	
   including	
   its	
   mechanisms	
   of	
   regulation,	
   termination	
   and	
   subsequent	
  

processing.	
   Future	
   detailed	
   studies	
   will	
   be	
   essential	
   to	
   answering	
   these	
   questions	
  

and	
  perhaps	
  for	
  devising	
  novel	
  treatments	
  for	
  mtDNA-­‐associated	
  diseases.	
  

1.3.2	
   RNA-­‐primed	
  mtDNA	
  replication	
  in	
  Saccharomyces	
  cerevisiae	
  

	
   S.	
  cerevisiae	
  mtDNA	
  contains	
  eight	
  replication	
  origin	
  (ori)	
  sequences,	
  of	
  which	
  

three	
  are	
  active	
  (ori2,	
  3	
  and	
  5).	
  Active	
  ori	
  are	
  considered	
  functionally	
  equivalent	
  to	
  

the	
  OH	
  and	
  OL	
  promoter	
  sequences	
  of	
  mammalian	
  mtDNA,	
  as	
  both	
  are	
  sites	
  of	
  RNA	
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primer	
  synthesis.	
  Active	
  ori	
   in	
  yeast	
  consist	
  of	
  three	
  GC-­‐rich	
  clusters,	
  termed	
  boxes	
  

A,	
  B	
  and	
  C,	
  which	
  are	
  separated	
  by	
  AT	
  sequences	
  (52).	
  RPO41	
   is	
   the	
  mitochondrial	
  

RNA	
   polymerase	
   and	
   is	
   required	
   for	
   mtDNA	
   transcription	
   and	
   maintenance	
   of	
   ρ+	
  

mtDNA	
   (53).	
  RPO41	
   synthesizes	
   primers,	
   detected	
   as	
   short	
   stretches	
   of	
   RNA-­‐DNA	
  

hybrid	
  sequences,	
  at	
  the	
  initiation	
  sites	
  of	
  ori	
  sequences	
  (54).	
  In	
  addition,	
  the	
  yeast	
  C	
  

box	
  bears	
  similarity	
  to	
  the	
  conserved	
  sequence	
  block	
  (CSB)	
  II	
  of	
  the	
  OH	
  promoter	
  of	
  

vertebrate	
  mtDNA,	
   which	
   also	
   contains	
   hybrid	
   RNA-­‐DNA	
   (42).	
   These	
   observations	
  

appeared	
   consistent	
   with	
   a	
   model	
   of	
   yeast	
   RNA-­‐primed	
   mtDNA	
   replication	
  

dependent	
  on	
  RPO41,	
  where	
   short	
  RNA	
  provides	
  a	
   free	
  3’-­‐OH	
  end	
   for	
   initiation	
  of	
  

replication.	
   However,	
   questions	
   about	
   this	
   model	
   arose	
   when	
   it	
   was	
   shown	
   that	
  

maintenance	
  of	
  ρ-­‐	
  mtDNA	
  can	
  occur	
  independently	
  of	
  RPO41	
  (55)	
  and	
  crosses	
  of	
  ρ-­‐	
  ×	
  

HS	
   ρ-­‐	
   cells	
   lacking	
  RPO41	
   still	
   showed	
   biased	
   inheritance	
   for	
   the	
   HS	
   ρ-­‐	
   allele	
   (56).	
  

Together,	
  these	
  observations	
  questioned	
  the	
  contribution	
  of	
  RNA	
  priming	
  and	
  raised	
  

the	
  possibility	
  that	
  another	
  mode	
  of	
  mtDNA	
  replication	
  exists.	
  

1.3.3	
   Recombination-­‐driven	
  mtDNA	
  replication	
  

	
   Elucidation	
   of	
   the	
   recombination-­‐driven	
   mtDNA	
   replication	
   (RDR)	
   pathway	
  

began	
  with	
   the	
   isolation	
   of	
  mhr1-­‐1,	
   a	
   nuclear	
  mutation	
   defective	
   for	
   homologous	
  

mitochondrial	
  gene	
  conversion.	
  Yeast	
  cells	
  containing	
  the	
  mhr1-­‐1	
  mutation	
  show	
  a	
  

significantly	
   lower	
  production	
   rate	
  of	
   recombinant	
  mtDNA	
  molecules	
   compared	
   to	
  

wild-­‐type	
   cells	
   and	
   rapidly	
   lose	
   mtDNA	
   during	
   cultivation	
   at	
   37ºC,	
   indicating	
  

important	
   roles	
   for	
   MHR1	
   in	
   mtDNA	
   recombination	
   and	
   stability	
   (57).	
   Mhr1	
  

promotes	
   homologous	
   pairing	
   of	
   single-­‐	
   to	
   double-­‐stranded	
   DNA	
   in	
   vitro	
   and	
  

functions	
   in	
   coordination	
   with	
   the	
   mitochondrial	
   cruciform	
   cutting	
   endonuclease	
  

Cce1p,	
  which	
  resolves	
  Holliday-­‐junction	
  intermediates.	
  Double-­‐mutant	
  mhr1-­‐1	
  ∆cce1	
  

cells	
  display	
  a	
  total	
  loss-­‐of-­‐mtDNA	
  phenotype	
  (ρ0),	
  highlighting	
  the	
  fact	
  that	
  mtDNA	
  

recombination	
  is	
  essential	
  for	
  stable	
  mtDNA	
  maintenance	
  (58).	
  	
  

	
   Concatemers	
   are	
   linear	
   multiple-­‐unit-­‐length	
   strands	
   of	
   nascent	
   mtDNA	
  

produced	
   by	
   a	
   continuous,	
   rolling-­‐circle	
   replication	
   mode	
   (59).	
   Importantly,	
  

concatemers	
   allow	
   for	
   the	
   transmission	
   of	
   multiple	
   mtDNA	
   copies	
   as	
   a	
   single	
  

segregation	
   unit	
   to	
   buds.	
   In	
   contrast	
   to	
   random	
  mtDNA	
   template	
   replication	
   and	
  

transmission	
  that	
  is	
  highly	
  unlikely	
  to	
  result	
  in	
  homoplasmy	
  formation	
  (Figure	
  1.2A),	
  

production	
  and	
  transmission	
  of	
  concatemeric	
  mtDNA	
  can	
  explain	
  the	
  observed	
  rapid	
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restoration	
   of	
   homoplasmy	
   from	
   heteroplasmy	
   that	
   typically	
   occurs	
   within	
   ten	
  

generations	
   in	
   yeast	
   (Figure	
   1.2B;	
   43).	
   Notably,	
   mtDNA	
   concatemer	
   synthesis	
   is	
  

suppressed	
   by	
   the	
   mhr1-­‐1	
   mutation	
   and	
   enhanced	
   by	
   Mhr1	
   overproduction.	
   In	
  

addition,	
   mhr1-­‐1	
   mutants	
   display	
   a	
   slower	
   rate	
   of	
   homoplasmy	
   restoration,	
  

indicating	
  that	
  mitochondrial	
  allele	
  segregation	
  correlates	
  with	
  concatemeric	
  mtDNA	
  

production	
  through	
  Mhr1	
  (43).	
  

	
   Initiation	
   of	
   Mhr1-­‐dependent	
   mtDNA	
   replication	
   is	
   dependent	
   on	
   DNA	
  

double-­‐stranded	
   breaks	
   (DSBs).	
   NTG1	
   encodes	
   a	
   DNA	
   N-­‐glycosylase	
   and	
  

apurinic/apyrimidinic	
   (AP)	
   lyase	
  that	
  excises	
  damaged	
  bases	
   from	
  DNA	
  and	
  creates	
  

DSBs	
  at	
  the	
  ori5	
  locus	
  in	
  yeast	
  mitochondria	
  (59).	
  In	
  mitochondria,	
  DNA	
  damage	
  can	
  

be	
  caused	
  by	
  production	
  of	
  reactive	
  oxygen	
  species	
  (ROS),	
  byproducts	
  of	
  the	
  nearby	
  

ETC	
  complexes	
  I	
  and	
  III	
  or	
  α-­‐ketoglutarate	
  dehydrogenase	
  complex	
  of	
  the	
  TCA	
  cycle	
  

(60).	
   The	
   ori5	
   region	
   of	
   yeast	
   mtDNA	
   contains	
   exposed	
   single-­‐stranded	
   DNA	
   and	
  

accumulates	
  a	
  relatively	
  high	
  number	
  of	
  oxidized	
  bases,	
  leading	
  to	
  DSB	
  formation	
  in	
  

the	
   presence	
   of	
   Ntg1.	
   Exposure	
   of	
   isolated	
   mitochondria	
   to	
   hydrogen	
   peroxide	
  

(H2O2)	
   in	
   vitro	
   leads	
   to	
   increased	
  mtDNA	
  copy	
  number	
   in	
  a	
  manner	
  dependent	
  on	
  

Ntg1	
  and	
  Mhr1	
  (10).	
  Similarly,	
  chronic	
  H2O2	
  exposure	
  can	
  also	
  increase	
  mtDNA	
  copy	
  

number	
  in	
  vivo	
  (10).	
  

	
   Following	
  the	
  generation	
  of	
  DSBs,	
  Mhr1	
  requires	
  a	
  free	
  3’	
  single-­‐stranded	
  (ss)	
  

DNA	
  tail	
  to	
  initiate	
  strand	
  invasion	
  of	
  a	
  circular	
  double-­‐stranded	
  mtDNA	
  template	
  for	
  

heteroduplex	
  formation.	
  DIN7	
  encodes	
  a	
  DNA	
  damage-­‐inducible	
  mitochondrial	
  5’-­‐3’	
  

exodeoxyribonuclease	
  that	
  produces	
  3’-­‐ssDNA	
  tails	
  and	
  is	
  required	
  for	
  mtDNA	
  copy	
  

number	
   increase	
   upon	
   H2O2	
   exposure	
   in	
   vivo	
   (61).	
   Furthermore,	
   blocking	
   mtDNA	
  

DSBs	
   with	
   the	
   mitochondrially-­‐targeted	
   DSB-­‐binding	
   protein	
   MmKu	
   causes	
   petite	
  

formation	
  and	
  induces	
  mtDNA	
  depletion	
  (62),	
  indicating	
  that	
  the	
  DSB-­‐triggered	
  RDR	
  

pathway	
  is	
  the	
  predominant	
  form	
  of	
  mtDNA	
  replication	
  in	
  S.	
  cerevisiae.	
  	
  

	
   The	
  existence	
  of	
  a	
  recombination-­‐directed	
  mtDNA	
  replication	
  mode	
  in	
  higher	
  

organisms	
   remains	
   an	
   open	
   question.	
  MtDNA	
   replication	
   via	
   a	
   rolling-­‐circle	
  mode	
  

that	
  produces	
  multimeric	
  tails	
  from	
  a	
  single	
  circular	
  template	
  has	
  been	
  reported	
  in	
  

the	
   nematode	
   C.	
   elegans	
   and	
   the	
   higher	
   plant	
   Chenopodium	
   album	
   (63,	
   64).	
   In	
  

human	
   MELAS	
   cells	
   heteroplasmic	
   for	
   the	
   m.3243A>G	
   mutation,	
   H2O2	
   treatment	
  

stimulates	
   mitochondrial	
   allele	
   segregation	
   towards	
   homoplasmy	
   and	
   correlates	
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with	
   concatemeric	
   mtDNA	
   production	
   (11).	
   In	
   addition,	
   evidence	
   suggesting	
   that	
  

recombination	
   occurs	
  within	
   human	
  mitochondria	
   has	
   been	
   reported	
   (65,	
  66).	
   On	
  

the	
  other	
  hand,	
  recent	
  studies	
  have	
  suggested	
  that	
  mtDNA	
  DSBs	
  in	
  human	
  cells	
  are	
  

rapidly	
   degraded	
   (67,	
   68)	
   and	
   blocking	
  mtDNA	
   DSBs	
   in	
   a	
   human	
   cell	
   line	
   did	
   not	
  

cause	
   observable	
   changes	
   to	
   mtDNA	
   level	
   (62).	
   Further	
   study	
   will	
   be	
   needed	
   to	
  

determine	
  the	
  existence	
  of	
  RDR	
  in	
  human	
  mitochondria.	
  

	
  

1.4	
   MtDNA	
  deletion	
  mutations	
  

	
   MtDNA	
  resides	
  in	
  close	
  proximity	
  to	
  the	
  ROS-­‐producing	
  machinery	
  of	
  the	
  ETC	
  

and	
   is	
   therefore	
   subjected	
   to	
   a	
  higher	
   rate	
  of	
  mutagenesis	
   than	
  nuclear	
  DNA.	
   The	
  

relative	
  amount	
  of	
  mutant	
  to	
  wild-­‐type	
  mtDNA	
  is	
  a	
  crucial	
  factor	
  in	
  pathology;	
  when	
  

the	
   proportion	
   of	
   mutant	
   mtDNA	
   exceeds	
   a	
   threshold	
   level,	
   mitochondrial	
  

dysfunction	
  or	
  disease	
  may	
  occur	
   (69).	
  MtDNA	
  mutations	
   are	
   categorized	
  as	
  point	
  

mutations	
  or	
  deletions.	
  Point	
  mutations	
  are	
  typically	
  single	
  nucleotide	
  substitutions	
  

and	
   are	
   generally	
   well	
   tolerated	
   due	
   to	
   complementation	
   by	
   multiple	
   copies	
   of	
  

mtDNA.	
  On	
   the	
   other	
   hand,	
   deleted	
  mtDNA	
   are	
  molecules	
   shorter	
   than	
  wild-­‐type	
  

and	
   can	
   lack	
   up	
   to	
   several	
   kilobases,	
   raising	
   the	
   possibility	
   that	
   they	
   can	
   replicate	
  

more	
   quickly	
   and	
   frequently	
   than	
   wild-­‐type	
   (51,	
   70).	
   Over	
   time,	
   this	
   replicative	
  

advantage	
   can	
   lead	
   to	
   large	
   changes	
   in	
   the	
   heteroplasmy	
   level	
   and	
   threaten	
   the	
  

respiratory	
   function	
   of	
   the	
   cell.	
   The	
   clonal	
   expansion	
   of	
   deleted	
  mtDNA	
   has	
   been	
  

observed	
   in	
   several	
   organisms	
   including	
   yeast,	
   nematodes,	
  mice	
   and	
   humans	
   (70-­‐

74).	
  	
  

	
   Deleted	
  mtDNA	
  molecules	
  are	
  commonly	
  formed	
  by	
  the	
  joining	
  of	
  two	
  direct	
  

repeats	
   (75)	
   due	
   to	
   replication	
   slippage,	
   or	
   perhaps	
   less	
   commonly,	
   by	
   non-­‐

homologous	
  end	
   joining	
   (NHEJ)	
  of	
  mtDNA	
  DSBs	
   (68).	
  Multiple	
  studies	
   indicate	
   that	
  

mtDNA	
  polymerase	
  γ	
  has	
  an	
  important	
  role	
  in	
  mtDNA	
  deletion	
  mutagenesis,	
  and	
  its	
  

proofreading	
   function	
   is	
   especially	
   important	
   for	
   preventing	
   deletion	
   formation.	
  

Notable	
  examples	
  of	
  this	
  were	
  shown	
  in	
  Polg	
  mutator	
  mice	
  expressing	
  proofreading-­‐

deficient	
   mtDNA	
   polymerase	
   γ.	
   These	
   mtDNA-­‐mutator	
   mice	
   showed	
   severe	
  

respiratory	
  chain	
  defects	
  across	
  several	
  tissues,	
  the	
  rapid	
  onset	
  of	
  aging	
  phenotypes,	
  

shortened	
   lifespans	
   and	
   increased	
   amounts	
   of	
   deleted	
   mtDNA	
   (76,	
   77).	
   The	
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distribution	
   of	
   deleted	
   mtDNA	
   in	
   mammalian	
   tissue	
   is	
   irregular	
   (78),	
   and	
   often	
  

observed	
  as	
  a	
  mosaic	
  pattern	
  of	
  respiratory	
  defects	
  (65,	
  76,	
  79).	
  

	
   In	
   humans,	
   clonal	
   expansion	
   of	
   deleted	
   mtDNA	
   notably	
   occurs	
   in	
   the	
  

substantia	
  nigra,	
  a	
  region	
  of	
  the	
  brain	
  associated	
  with	
  Parkinson’s	
  disease	
  (65,	
  79).	
  

Also,	
  in	
  iPS	
  cells	
  derived	
  from	
  patient	
  fibroblasts	
  harboring	
  a	
  ~6-­‐kb	
  mtDNA	
  deletion,	
  

small	
  mtDNA	
  undergoes	
  clonal	
  expansion	
   that	
   increases	
   in	
  proportion	
   to	
  wild-­‐type	
  

with	
   each	
   passage,	
   while	
   levels	
   of	
   point-­‐mutant	
   mtDNA	
   remain	
   relatively	
   stable	
  

under	
  the	
  same	
  conditions	
  (80).	
   Importantly,	
  a	
  common	
  feature	
  of	
  deleted	
  mtDNA	
  

molecules	
  is	
  the	
  requirement	
  for	
  a	
  replication	
  origin.	
  In	
  yeast,	
  an	
  active	
  ori	
  sequence	
  

is	
  required	
  for	
  the	
  suppressive	
  phenotype	
  of	
  small	
  mtDNA	
  (71),	
  while	
  human	
  deleted	
  

mtDNA	
  molecules	
   are	
   found	
   to	
   retain	
   a	
   portion	
  of	
   the	
  noncoding	
   region	
   including	
  

the	
   D-­‐loop	
   (75).	
   Further	
   research	
   will	
   be	
   needed	
   to	
   identify	
   other	
   factors	
  

contributing	
  to	
  mtDNA	
  deletion	
  mutagenesis	
  and	
  a	
  more	
  complete	
  understanding	
  of	
  

these	
  issues	
  may	
  provide	
  methods	
  for	
  eliminating	
  these	
  hazardous	
  molecules.	
  

	
  

1.5	
   Aims	
  of	
  this	
  study	
  

Our	
   group	
   at	
   the	
   Chemical	
   Genomics	
   Research	
   Group	
   at	
   RIKEN	
   previously	
  

identified	
  the	
  Mhr1-­‐mediated	
  recombination-­‐driven	
  replication	
  pathway	
  for	
  mtDNA	
  

replication	
  and	
   inheritance	
   in	
  S.	
   cerevisiae.	
  We	
   revealed	
   that	
  ROS	
   regulate	
  mtDNA	
  

copy	
   number	
   in	
   yeast	
   by	
   triggering	
   mtDNA	
   replication	
   (10)	
   through	
   formation	
   of	
  

DSBs	
   (61)	
   and	
   that	
   ROS	
   can	
   contribute	
   to	
   human	
  mitochondrial	
   allele	
   segregation	
  

(11).	
  As	
  explained	
   in	
   the	
   introduction,	
  mtDNA	
  replication	
   is	
  closely	
  associated	
  with	
  

the	
   formation	
   of	
  mtDNA	
   deletions.	
   Therefore,	
   this	
   study	
   aims	
   to	
   explore	
   possible	
  

relationships	
  between	
  the	
  recombination-­‐mediated	
  mtDNA	
  replication	
  pathway	
  and	
  

mtDNA	
  deletion	
  mutagenesis	
  or	
  its	
  replicative	
  advantage	
  during	
  heteroplasmy	
  with	
  

wild-­‐type	
  mtDNA.	
  	
  

In	
   Chapter	
   2	
   of	
   this	
   study,	
   I	
   report	
   that	
   dNTP	
   synthesis	
   by	
   ribonucleotide	
  

reductase	
   affects	
   the	
   replication	
   of	
   wild-­‐type	
  mtDNA	
   in	
   heteroplasmy	
   with	
   small,	
  

hypersuppressive	
   mtDNA.	
   Using	
   yeast	
   genetics,	
   I	
   show	
   that	
   modifications	
   that	
  

increase	
   or	
   decrease	
   the	
   activity	
   of	
   ribonucleotide	
   reductase	
   affect	
   the	
   relative	
  

amounts	
  of	
  small	
  and	
  wild-­‐type	
  mtDNA	
  in	
  heteroplasmic	
  cells.	
  In	
  Chapter	
  3,	
  we	
  use	
  

∆abf2	
   mhr1-­‐1	
   double-­‐mutant	
   cells,	
   which	
   rapidly	
   lose	
   mtDNA	
   integrity	
   in	
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fermentable	
   media	
   due	
   to	
   mtDNA	
   deletion	
   mutagenesis,	
   to	
   show	
   that	
   mtDNA	
  

recombination	
  function	
  is	
  crucial	
  for	
  prevention	
  of	
  mtDNA	
  deletions	
  in	
  yeast.	
  Finally,	
  

in	
  Chapter	
  4,	
   I	
  show	
  that	
  cytosolic	
  pH	
  influences	
  the	
  segregation	
  of	
  small	
  and	
  wild-­‐

type	
  mtDNA	
   in	
   heteroplasmic	
   yeast	
   cells	
   during	
   several	
   generations	
   of	
   vegetative	
  

growth.	
  

	
  

1.6	
   Figures	
  

	
  
	
  

Figure	
  1.1	
  |	
  Models	
  of	
  mammalian	
  mtDNA	
  replication.	
  (A)	
  Major	
  steps	
  of	
  the	
  strand-­‐

displacement	
  model	
  of	
  mtDNA	
  replication.	
  Nascent	
  mtDNA	
  synthesis	
  begins	
  at	
   the	
  

heavy-­‐strand	
   replication	
   origin	
   (OH)	
   within	
   the	
   displacement	
   loop	
   (D-­‐loop)	
   and	
  

proceeds	
  continuously	
  while	
  displacing	
  the	
  light	
  strand.	
  Exposure	
  of	
  the	
  light-­‐strand	
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replication	
  origin	
  (OL)	
  prompts	
  synthesis	
  of	
  the	
  complementary	
  light	
  strand.	
  Finally,	
  

termination	
  and	
  processing	
  steps	
  yield	
  two	
  identical	
  circular	
  molecules.	
  (B)	
  Model	
  of	
  

RNA	
   incorporation	
   during	
  mtDNA	
   replication	
   (RITOLS).	
  MtDNA	
   replication	
   initiates	
  

and	
   proceeds	
   similarly	
   to	
   SD,	
   however	
   complementary	
   RNA	
   is	
   immediately	
  

incorporated	
  into	
  exposed	
  single-­‐stranded	
  mtDNA.	
  

	
  

	
  
Figure	
  1.2	
  |	
  Model	
  of	
  rapid	
  mtDNA	
  segregation	
  from	
  heteroplasmy	
  to	
  homoplasmy	
  

in	
  S.	
  cerevisiae.	
  (A)	
  Replication	
  and	
  transmission	
  of	
  unit-­‐sized	
  mtDNA	
  molecules	
  from	
  

a	
  heteroplasmic	
  pool	
  maintains	
  a	
  heteroplasmic	
  state	
  over	
  several	
  generations.	
   (B)	
  

Production	
   and	
   transmission	
   of	
  multiple-­‐unit-­‐sized	
   concatemeric	
  mtDNA	
   results	
   in	
  

rapid	
  mt-­‐allele	
  segregation	
  and	
  formation	
  of	
  homoplasmy.	
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Chapter	
  2:	
  Regulation	
  of	
  small	
  mitochondrial	
  DNA	
  replicative	
  

advantage	
  by	
  ribonucleotide	
  reductase	
  in	
  Saccharomyces	
  cerevisiae	
  

	
  

2.1	
  Introduction	
  

2.1.1	
   Ribonucleotide	
  reductase	
  

	
   Ribonucleotide	
   reductase	
   (RNR)	
   catalyzes	
   the	
   irreversible,	
   rate-­‐limiting	
   step	
  

of	
   deoxynucleotide	
   triphosphate	
   (dNTP)	
   synthesis	
   through	
   the	
   reduction	
   of	
  

ribonucleoside	
  diphosphates	
   (NDPs)	
   to	
  deoxyribonucleoside	
  diphosphates	
   (dNDPs),	
  

providing	
   the	
  DNA	
  building	
  blocks	
  essential	
   to	
   life.	
  RNR	
  has	
  an	
  α2β2	
   structure	
   that	
  

consists	
   of	
   a	
   large	
   and	
   small	
   subunit,	
   termed	
   R1	
   and	
   R2,	
   respectively	
   (81).	
   In	
   S.	
  

cerevisiae,	
   R1	
   consists	
   of	
   a	
   large	
   Rnr1-­‐Rnr1	
   homodimer	
   containing	
   the	
   allosteric	
  

feedback	
   and	
   catalytic	
   sites,	
   and	
  R2	
   is	
   a	
   small	
   Rnr2-­‐Rnr4	
  heterodimer	
  housing	
   the	
  

diferric-­‐tyrosyl	
   radical	
   cofactor	
   required	
   for	
   the	
   reduction	
   reaction	
   (82).	
   Control	
   of	
  

RNR	
   activity	
   in	
  S.	
   cerevisiae	
   occurs	
   at	
   four	
   levels:	
   regulation	
   by	
   the	
   transcriptional	
  

repressor	
   Crt1	
   (83),	
   prevention	
   of	
   Rnr1p	
   homodimerization	
   by	
   binding	
   of	
   the	
  

inhibitor	
  Sml1	
  (84),	
  sequestration	
  of	
  the	
  Rnr2-­‐Rnr4	
  heterodimer	
  in	
  the	
  nucleus	
  (82)	
  

and	
  allosteric	
  inhibition	
  on	
  the	
  Rnr1	
  subunit	
  (85).	
  

2.1.2	
   The	
  Mec1/Rad53	
  DNA	
  damage	
  checkpoint	
  pathway	
  

	
   The	
  Mec1/Rad53	
  DNA	
  damage	
  checkpoint	
  was	
   the	
   first	
   conserved	
  signaling	
  

pathway	
  in	
  S.	
  cerevisiae	
  found	
  to	
  regulate	
  mtDNA	
  copy	
  number	
  (86).	
  Eukaryotic	
  cells	
  

halt	
  the	
  cell	
  cycle	
  in	
  response	
  to	
  blocked	
  DNA	
  replication	
  or	
  DNA	
  damage,	
  allowing	
  

time	
   for	
   DNA	
   repair.	
   In	
   order	
   to	
   accomplish	
   this,	
   a	
   specific	
   signal	
   transduction	
  

cascade	
   must	
   occur.	
   Mec1,	
   the	
   yeast	
   homolog	
   of	
   human	
   ATM1,	
   is	
   a	
  

phosphoinositide	
   (PI)-­‐3-­‐kinase-­‐related	
  protein	
  kinase	
  which	
  activates	
  Rad9p,	
  which	
  

then	
   in	
   turn	
  activates	
   the	
  protein	
  kinases	
  Rad53p	
  and	
  Chk1p.	
  Mec1	
   is	
   required	
   for	
  

cell	
  cycle	
  arrest,	
  as	
  DNA	
  lesions	
  themselves	
  are	
  insufficient	
  to	
  slow	
  the	
  cell	
  cycle.	
  For	
  

example,	
  mec1	
  and	
  rad53	
  mutants	
  were	
  shown	
  to	
  progress	
  rapidly	
  through	
  S	
  phase	
  

in	
   response	
   to	
   the	
   DNA	
   alkylating	
   agent	
   methyl	
   methanesulfonate	
   (MMS),	
   while	
  

wild-­‐type	
   cells	
   display	
   a	
   large-­‐budded	
   morphology	
   and	
   take	
   a	
   significantly	
   longer	
  

time	
   to	
   perform	
   DNA	
   replication	
   (87).	
   Aside	
   from	
   subjecting	
   yeast	
   to	
   mutagenic	
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reagents,	
   the	
   ∆rrm3	
   mutation	
   has	
   been	
   used	
   to	
   recapitulate	
   the	
   Mec1/Rad53	
  

checkpoint.	
  RRM3	
  encodes	
  a	
  5’	
  to	
  3’	
  DNA	
  helicase	
  required	
  for	
  DNA	
  replication-­‐fork	
  

progression	
   through	
   ribosomal	
  DNA	
  genes,	
   subtelomeric	
   and	
   telomeric	
   regions,	
   all	
  

of	
   which	
   contain	
   repetitive	
   sequences.	
   RRM3	
   deletion	
   causes	
   replication	
   fork	
  

stalling,	
   strand	
   breakage,	
   recombination	
   at	
   tandem	
   repeats	
   (88)	
   and	
   triggers	
   the	
  

phosphorylation	
  of	
  Rad53p,	
  leading	
  to	
  induction	
  of	
  the	
  S-­‐phase	
  checkpoint	
  (86).	
  

	
   One	
   major	
   consequence	
   of	
   checkpoint	
   activation	
   is	
   the	
   induction	
   of	
   dNTP	
  

synthesis	
  by	
  ribonucleotide	
  reductase.	
  Upon	
  DNA	
  damage,	
  Rad53p	
  activates	
  Dun1p,	
  

a	
  protein	
  serine/threonine	
  kinase	
  that	
  phosphorylates	
  Sml1p,	
  a	
  protein	
   inhibitor	
  of	
  

Rnr1	
  (89).	
  Sml1p	
  phosphorylation	
  by	
  Dun1p	
  leads	
  to	
  its	
  degradation	
  (90),	
  while	
  dun1	
  

mutants	
   show	
   neither	
   phosphorylation	
   nor	
   removal	
   of	
   Sml1p	
   at	
   S-­‐phase	
   (91).	
  

Checkpoint	
   activation	
   also	
   increases	
   dNTP	
   synthesis	
   by	
   increasing	
   transcription	
   of	
  

the	
   RNR	
   genes	
   through	
   removal	
   of	
   the	
   transcriptional	
   repressor	
   Crt1	
   (83).	
   In	
  

summary,	
  several	
  lines	
  of	
  evidence	
  show	
  that	
  increased	
  dNTP	
  synthesis	
  by	
  RNR	
  is	
  a	
  

major	
  endpoint	
  of	
  Mec1/Rad53-­‐mediated	
  checkpoint	
  activation.	
  

2.1.3	
   Suppressive	
  mtDNA	
  

	
   S.	
   cerevisiae	
   has	
   served	
   as	
   an	
   important	
   tool	
   for	
   study	
   of	
   the	
   biased	
  

inheritance	
   displayed	
   by	
   small	
   mtDNA,	
   termed	
   suppressiveness	
   (92).	
   	
   Crosses	
   of	
  

strains	
   possessing	
   wild-­‐type	
   (ρ+)	
   genomes	
   results	
   in	
   bi-­‐parental	
   inheritance	
   and	
  

produces	
  a	
  transient	
  heteroplasmic	
  state	
  that	
  persists	
  for	
  fewer	
  than	
  20	
  generations	
  

(43,	
  93).	
  In	
  contrast,	
  suppressiveness	
  is	
  observed	
  in	
  crosses	
  between	
  parental	
  ρ+	
  and	
  

ρ-­‐	
  strains	
  due	
  to	
  biased	
  inheritance	
  of	
  the	
  ρ-­‐	
  allele,	
  which	
  yields	
  a	
  portion	
  of	
  diploid	
  

offspring	
   lacking	
   respiratory	
   function.	
   Hypersuppressive	
   (HS)	
   petites	
   are	
   the	
  most	
  

extreme	
  case,	
  wherein	
  crossing	
  produces	
  a	
  high	
  frequency	
  of	
  diploid	
  colonies	
  (>95%)	
  

lacking	
   respiratory	
   function	
   (71).	
   HS	
   ρ-­‐	
   strains	
   contain	
   small	
   mtDNA	
   fragments	
  

bearing	
  an	
  active	
  origin	
  of	
  replication	
  (ori)	
  sequence,	
  which	
  includes	
  a	
  promoter	
  (52)	
  

and	
   is	
   required	
   for	
   hypersuppressiveness.	
   In	
   contrast	
   to	
  HS	
   ρ-­‐	
  mtDNA,	
  ori	
   are	
   not	
  

required	
  for	
  maintenance	
  of	
  normal	
  suppressive	
  mtDNA,	
  highlighting	
  the	
  complexity	
  

of	
  mtDNA	
  inheritance.	
  

	
   How	
  the	
  replicative	
  advantage	
  of	
  short	
  mtDNA	
  over	
  wild-­‐type	
  is	
  affected	
  by	
  

alterations	
  in	
  RNR	
  activity	
  remains	
  unexplored.	
  In	
  this	
  chapter,	
  we	
  present	
  evidence	
  

to	
   demonstrate	
   a	
   negative	
   correlation	
   between	
   dNTP	
   synthesis	
   by	
   RNR	
   and	
   the	
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replicative	
  advantage	
  for	
  small,	
  moderately	
  suppressive	
  or	
  hypersuppressive	
  mtDNA	
  

molecules	
  during	
  heteroplasmy	
  with	
  wild-­‐type	
  mtDNA.	
  

	
  

2.2	
  	
   Materials	
  and	
  methods	
  

2.2.1	
   Yeast	
  strains	
  and	
  transformation	
  

	
   Yeast	
  strains	
  used	
   in	
  this	
  chapter	
  are	
   listed	
   in	
  Table	
  1.	
  Yeast	
  transformation	
  

was	
  performed	
  using	
  the	
   lithium-­‐acetate	
  method	
  (94)	
  using	
  a	
  High-­‐Efficiency	
  Yeast	
  

Transformation	
  Kit	
  (MoBiTec	
  GMBH).	
  Cloning	
  and	
  overexpression	
  of	
  RNR1	
  and	
  SML1	
  

were	
  performed	
  through	
  modification	
  of	
  the	
  plasmid	
  pVT100U	
  (95),	
  which	
  contains	
  

the	
   397-­‐bp	
   constitutive	
  ADH	
  promoter.	
   Selection	
   for	
   cells	
   harboring	
   pVT100U	
  was	
  

conducted	
  on	
  synthetic	
  dropout	
  minus	
  uracil	
  (SD-­‐U)	
  plates.	
  

2.2.2	
   Yeast	
  crossing	
  experiments	
  

	
   Crossing	
   experiments	
   were	
   conducted	
   using	
   overnight	
   pre-­‐cultures	
   of	
   two	
  

parental	
   haploid	
   strains	
   in	
   rich	
   media.	
   YPGlycerol	
   (yeast	
   extract,	
   peptone,	
   50mM	
  

KH2PO4,	
  3%	
  glycerol	
  v/v,	
  pH	
  6.4)	
  was	
  used	
  for	
  cultivation	
  of	
  parental	
  ρ+	
  strains,	
  while	
  

YPD	
   (yeast	
   extract,	
   peptone,	
   dextrose)	
   was	
   used	
   for	
   parental	
   ρ-­‐	
   strains.	
   Cell	
  

concentrations	
  were	
   counted	
   by	
   haemocytometer	
   and	
   107	
   cells	
   per	
   haploid	
   strain	
  

were	
  added	
  to	
  1	
  ml	
  of	
  fresh	
  YPD	
  and	
  crossed	
  for	
  6	
  h	
  at	
  30°C.	
  Mated	
  cells	
  were	
  then	
  

diluted	
  and	
  spread	
  onto	
  synthetic	
  defined	
  minimal	
  media	
  plus	
  leucine	
  and/or	
  uracil	
  

(SD+LU	
  or	
  SD+L)	
  plates	
  to	
  select	
  for	
  diploid	
  cells.	
  Diploid	
  selection	
  plates	
  were	
  then	
  

cultivated	
   for	
   2	
   d	
   at	
   30°C and	
  photographed	
  with	
   a	
   LAS-­‐4000	
   imaging	
   system	
   (GE	
  

Healthcare).	
  Diploid	
   selection	
  plates	
  were	
   then	
   replica-­‐plated	
   to	
  YPGlycerol	
  plates,	
  

which	
  were	
   incubated	
   for	
   another	
   2	
   d	
   at	
   30°C and	
   then	
  photographed.	
   Images	
   of	
  

each	
   SD	
   master	
   plate	
   and	
   corresponding	
   YPGlycerol	
   plate	
   were	
   overlaid	
   with	
  

Photoshop	
  Elements	
  software	
  (Adobe)	
  and	
  colonies	
  were	
  counted	
  to	
  determine	
  the	
  

percentage	
  of	
  ρ+	
  colony-­‐forming	
  units	
  (CFUs)	
  formed.	
  

2.2.3	
  	
   Quantification	
  of	
  mtDNA	
  levels	
  in	
  heteroplasmic	
  cells	
  

	
   Diploid	
   colonies	
   from	
   crossing	
   experiments	
   were	
   eluted	
   from	
   diploid	
  

selection	
  plates	
  with	
   1x	
   PBS	
  buffer,	
   pelleted	
  by	
   centrifugation,	
   and	
   frozen	
   at	
   -­‐80°.	
  

Total	
  DNA	
  including	
  mtDNA	
  was	
  prepared	
  and	
  DNA	
  concentrations	
  were	
  measured	
  

with	
  a	
  NanoVue	
  spectrophotometer	
  (GE	
  Healthcare).	
  95	
  ng	
  of	
  total	
  DNA	
  was	
  used	
  as	
  

the	
   standard	
   template	
   concentration	
   for	
  PCR	
  analyses.	
  Primers	
  used	
   to	
   specifically	
  



	
   26	
  

detect	
   nuclear	
   DNA,	
   ρ+	
   mtDNA	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   were:	
   NUC1-­‐Fwd,	
   5’-­‐	
  

GATACTCTTGTCCGGTTTAGTCG-­‐3’;	
   NUC1-­‐Rev,	
   5’-­‐	
   ATCTTTCGACTGTTTGATCGCC-­‐3’;	
  

COX3-­‐Fwd,	
   5’-­‐ATGCCTTCACCATGACCTATTG-­‐3’;	
   COX3-­‐Rev,	
   5’-­‐

CCAACATGATGTCCAGCTGTTA-­‐3’;	
   HSC1-­‐Fwd,	
   5’-­‐GAAGATATCCGGGTCCCAATAATAA-­‐

3’;	
  HSC1-­‐Rev,	
  5’-­‐AATATAATAGTCCCCACTCCGCG-­‐3’.	
  Gels	
  were	
  photographed	
  using	
  a	
  

FAS-­‐IV	
  imaging	
  system	
  (Nippon	
  Genetics)	
  and	
  band	
  intensities	
  were	
  measured	
  with	
  

ImageJ	
  software	
  (96).	
  MtDNA	
  level	
  was	
  calculated	
  relative	
  to	
  nuclear	
  DNA	
  using	
  the	
  

2-­‐∆CT	
  method	
  (97).	
  

2.2.4	
   Western	
  blotting	
  

	
   Parental	
   ρ+	
   and	
  HS	
   ρ-­‐	
  haploid	
   yeast	
  cells	
   expressing	
   the	
   plasmids	
   pVT100U-­‐

Empty,	
  pVT100U-­‐RNR1-­‐FLAG	
  or	
  pVT100U-­‐SML1-­‐FLAG	
  were	
  grown	
  on	
  SD-­‐U	
  selection	
  

plates.	
   Diploid	
   cells	
   were	
   obtained	
   under	
   conditions	
   identical	
   to	
   crossing	
  

experiments,	
   and	
   then	
   selectively	
   grown	
   to	
  mid	
   log-­‐phase	
  by	
   transferring	
   20	
  µl	
   of	
  

mated	
  cells	
  to	
  SD+L	
  media	
  and	
  cultivating	
  overnight	
  at	
  30°C. Protein	
  extraction	
  was	
  

performed	
  using	
  the	
  LiAc/NaOH	
  method	
  on	
  ice	
  (98).	
  10	
  µl	
  of	
  protein	
  extracts	
  were	
  

run	
   on	
   10	
   or	
   15%	
   PAGE	
   gels	
   and	
   semidry	
   transferred	
   onto	
   Immobilon-­‐P	
   transfer	
  

membranes	
   (Millipore).	
   Primary	
   antibodies	
   used	
   for	
   protein	
   detection	
   were	
   anti-­‐

FLAG	
  M2	
  (Sigma-­‐Aldrich)	
  and	
  yeast	
  anti-­‐Phosphoglycerate	
  Kinase	
  (Invitrogen).	
  

2.2.5	
   PCR	
   assay	
   for	
   competitive	
   template	
   amplification	
   under	
   varying	
   dNTP	
  

concentrations	
  

	
   Templates	
   used	
   in	
   the	
   PCR	
   assay	
   were	
   created	
   by	
   inserting	
   tdTomato	
  

(Clontech)	
  between	
  the	
  KpnI	
  and	
  XbaI	
  cutting	
  sites,	
  or	
  RNR1	
  between	
  the	
  KpnI	
  and	
  

XhoI	
   cutting	
   sites	
   of	
   the	
   plasmid	
   pUC119.	
   Template	
   DNA	
   concentrations	
   were	
  

adjusted	
   to	
   give	
   control	
   signals	
   of	
   nearly	
   equivalent	
   apparent	
   strength	
   following	
  

ethidium	
   bromide	
   (EtBr)	
   staining.	
   All	
   PCR	
   reactions	
   were	
   performed	
   with	
   ScaI-­‐

linearized	
  pUC119	
  templates	
  for	
  12	
  PCR	
  cycles.	
  The	
  set	
  of	
  primers	
  flanking	
  the	
  multi-­‐

cloning	
   site	
   of	
   pUC119	
   and	
   used	
   for	
   all	
   reactions	
   was:	
   pUC119-­‐MCS-­‐Fwd,	
   5’-­‐

TTGTGTGGAATTGTGAGCGG-­‐3’;	
  pUC119-­‐MCS-­‐Rev,	
  5’-­‐TGCAAGGCGATTAAGTTGGG-­‐3’.	
  

KOD	
  Dash	
   (TOYOBO)	
  or	
   Ex	
   Taq	
   (Takara	
  Bio.)	
   polymerases	
  were	
  used	
   for	
   PCR.	
  Gels	
  

were	
   photographed	
   with	
   a	
   FAS-­‐IV	
   imaging	
   system	
   (Nippon	
   Genetics)	
   and	
   band	
  

intensities	
   were	
   measured	
   with	
   ImageJ	
   software	
   (96).	
   All	
   band	
   intensities	
   were	
  

normalized	
   against	
   the	
   control	
   band	
  with	
   the	
  weakest	
   EtBr	
   signal	
   (left	
   side	
  of	
   gel;	
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amplified	
   with	
   200	
   µM	
   dNTPs).	
   Relative	
   DNA	
   levels	
   (EtBr	
   signal	
   %)	
   at	
   each	
   dNTP	
  

concentration	
  were	
  calculated	
  as	
  Anorm	
  /	
  Anorm	
  +	
  Bnorm.	
  

2.2.6	
   Microscopy	
  

	
   Parental	
  haploid	
   cells	
  were	
   cultivated	
   in	
  SD-­‐U	
   liquid	
  medium	
  overnight	
  and	
  

then	
  transferred	
   to	
   rich	
  media	
  and	
  grown	
  to	
  mid	
   log-­‐phase	
  at	
  30°C	
  on	
  a	
  shaker	
  at	
  

120	
  rpm	
  for	
  2—6	
  hrs,	
  using	
  YPGlycerol	
   (pH	
  6.9)	
   for	
  ρ+,	
  or	
  YPD	
  medium	
  for	
  ρ-­‐	
  cells.	
  

Cells	
  were	
  then	
  treated	
  with	
  1	
  µg/ml	
  DAPI	
  and	
   incubated	
  at	
  30º for	
  15	
  min.	
  DAPI-­‐

stained	
   cells	
   were	
   then	
  mounted	
   on	
   glass	
   slides	
   and	
   observed	
   with	
   a	
   DeltaVision	
  

fluorescence	
   microscopy	
   system	
   (Applied	
   Precision)	
   equipped	
   with	
   an	
   IX71	
  

microscope	
  (Olympus).	
  

	
  

2.3	
  	
   Results	
  

2.3.1	
   Sml1	
  is	
  required	
  for	
  the	
  hypersuppressive	
  phenotype	
  

To	
   investigate	
   the	
  possible	
   effects	
   of	
   checkpoint	
   signaling	
  on	
  heteroplasmy	
  

with	
   HS	
   ρ-­‐	
   mtDNA	
   and	
   the	
   involvement	
   of	
   the	
   Mhr1	
   pathway,	
   we	
   began	
   by	
  

examining	
  cells	
  lacking	
  DIN7,	
  RRM3	
  or	
  SML1.	
  DIN7	
  encodes	
  a	
  mitochondrial	
  5’	
  to	
  3’	
  

exodeoxyribonuclease	
  that	
  generates	
  3’	
  single-­‐stranded	
  DNA	
  tails	
  that	
  contribute	
  to	
  

mtDNA	
  replication	
  initiation	
  by	
  Mhr1.	
  RRM3	
  encodes	
  a	
  nuclear	
  DNA	
  helicase	
  and	
  its	
  

disruption	
  leads	
  to	
  nuclear	
  replication	
  fork	
  stalling	
  and	
  activation	
  of	
  the	
  Mec1/Rad53	
  

checkpoint	
  pathway.	
  SML1	
  encodes	
  an	
  inhibitor	
  of	
  Rnr1	
  homodimer	
  formation.	
  We	
  

crossed	
  parental	
  strains	
  with	
  the	
  mutations:	
  ∆din7,	
  ∆rrm3,	
  ∆sml1,	
  ∆din7	
  ∆rrm3	
  and	
  

∆din7	
  ∆sml1.	
  Heteroplasmic	
  diploids	
  containing	
  85.7-­‐kbp	
  wild-­‐type	
  (ρ+)	
  and	
  1.1-­‐kbp	
  

hypersuppressive	
  (HS	
  ρ-­‐)	
  mitochondrial	
  genomes	
  were	
  produced	
  after	
  mating	
  (Figure	
  

2.1A)	
  as	
  previously	
  described	
  (59).	
  The	
  ∆sml1	
  diploids	
  displayed	
  a	
  marked	
  increase	
  in	
  

the	
  proportion	
  of	
  heteroplasmic	
  ρ+	
  colony-­‐forming	
  units	
  (CFUs),	
   from	
  3.5	
  ±	
  1.7%	
  in	
  

WT	
   cells	
   to	
   19.2	
   ±	
   2.6%	
   and	
   25.3	
   ±	
   4.5%	
   in	
   ∆sml1	
   and	
   ∆din7	
   ∆sml1	
   mutants,	
  

respectively	
  (Figure	
  2.1B	
  and	
  C).	
  ∆din7	
  cells	
  showed	
  a	
  small	
   increase	
  to	
  8.5	
  ±	
  1.6%,	
  

while	
   ∆rrm3	
   cells	
   gave	
   a	
   slight	
   decrease	
   in	
   ρ+	
   CFU	
   formation	
   to	
   2.3	
   ±	
   1.1%,	
  

suggesting	
   that	
   neither	
   lack	
   of	
   mitochondrial	
   5’	
   to	
   3’	
   exonuclease	
   activity	
   nor	
  

checkpoint	
   activation	
   induced	
   by	
   nuclear	
   replication-­‐fork	
   stalling,	
   respectively,	
  

strongly	
  affected	
  the	
  replicative	
  advantage	
  of	
  HS	
  ρ-­‐	
  mtDNA.	
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   To	
   rule	
   out	
   effects	
   from	
   altered	
   mitochondrial	
   morphology	
   or	
   mtDNA	
  

nucleoid	
  size	
  in	
  ∆sml1	
  cells,	
  which	
  could	
  potentially	
  affect	
  mtDNA	
  transmission	
  (19,	
  

99),	
  we	
   tagged	
  mitochondria	
   in	
   ρ+	
   parental	
   cells	
  with	
   tdTomato	
   and	
   in	
  HS	
  ρ-­‐	
   cells	
  

with	
  GFP,	
  and	
  stained	
  mtDNA	
  nucleoids	
  with	
  DAPI.	
  We	
  did	
  not	
  observe	
  any	
  apparent	
  

differences	
  in	
  mitochondrial	
  morphology	
  or	
  nucleoid	
  size	
  among	
  WT	
  and	
  ∆sml1	
  cells	
  

of	
   the	
   same	
   parental	
   background	
   (Figure	
   2.1F),	
   indicating	
   that	
   the	
   phenotype	
   of	
  

∆sml1	
  cells	
  is	
  not	
  likely	
  due	
  to	
  irregular	
  transmission	
  of	
  mitochondria	
  or	
  nucleoids.	
  

	
   We	
   detected	
   the	
   proportional	
   amounts	
   of	
   ρ+	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   in	
  

heteroplasmic	
  cells	
  using	
  PCR	
  primers	
  specific	
  for	
  a	
  nuclear	
  gene,	
  ρ+	
  mtDNA	
  and	
  HS	
  

ρ-­‐	
  mtDNA.	
  Analysis	
  of	
  total	
  genomic	
  DNA	
  including	
  mtDNA,	
  obtained	
  by	
  washing	
  all	
  

colonies	
  from	
  diploid	
  selection	
  plates,	
  revealed	
  that	
  relative	
  to	
  nuclear	
  DNA	
  (nDNA),	
  

levels	
  of	
  ρ+	
  mtDNA	
  were	
  0.38	
  ±	
  0.26-­‐fold	
  in	
  WT	
  cells	
  compared	
  with	
  1.64	
  ±	
  0.12-­‐fold	
  

in	
  ∆sml1	
   cells	
   (Figure	
  2.1D	
  and	
  E),	
   indicating	
   that	
   the	
  ∆sml1	
  mutation	
   significantly	
  

increased	
  the	
  proportional	
  level	
  of	
  ρ+	
  mtDNA	
  in	
  heteroplasmic	
  cells	
  containing	
  HS	
  ρ-­‐	
  

mtDNA.	
  On	
   the	
  other	
  hand,	
  we	
  observed	
  no	
   significant	
  difference	
   in	
  HS	
  ρ-­‐	
  mtDNA	
  

levels	
  among	
  the	
  WT	
  and	
  ∆sml1	
  backgrounds,	
  indicating	
  that	
  replication	
  of	
  wild-­‐type	
  

mtDNA	
  is	
  increased	
  to	
  a	
  greater	
  extent	
  than	
  HS	
  ρ-­‐	
  mtDNA	
  in	
  ∆sml1	
  cells.	
  

	
   In	
   order	
   to	
   rule	
   out	
   the	
   possibility	
   that	
   changes	
   to	
   the	
   hypersuppressive	
  

phenotype	
   seen	
   in	
   ∆sml1	
   crosses	
   were	
   specific	
   to	
   our	
   hypersuppressive	
   ρ-­‐	
   strain	
  

YKN1423-­‐C1,	
  we	
  conducted	
  additional	
  crossing	
  experiments	
  with	
  two	
  other	
  parental	
  

ρ-­‐	
   strains,	
   YKN1423-­‐A1	
   and	
   YKN1423-­‐A2,	
   which	
   are	
   hypersuppressive	
   and	
   normal	
  

suppressive,	
   respectively.	
   Following	
  A1	
  wild-­‐type	
  crosses,	
  4.4	
  ±	
  0.9%	
  of	
  CFUs	
  were	
  

ρ+,	
  while	
   A1∆sml1	
   crosses	
   gave	
   rise	
   to	
   75.8	
   ±	
   7.8%	
   ρ+	
   CFUs.	
  Wild-­‐type	
  A2	
   crosses	
  

resulted	
   in	
   66.4	
   ±	
   4.0%	
  ρ+	
   CFUs,	
  while	
  A2∆sml1	
   crosses	
   gave	
   79.6	
   ±	
   8.1%	
  ρ+	
   CFUs	
  

(Figure	
  2.2A	
  and	
  B).	
  Despite	
  multiple	
  attempts,	
  efforts	
  to	
  find	
  unique	
  restriction	
  sites	
  

in	
   A1	
   and	
   A2	
   ρ-­‐	
  mtDNA	
   as	
   a	
   prerequisite	
   step	
   for	
   cloning,	
   sequencing	
   and	
   then	
  

designing	
   specific	
   PCR	
   primers	
   for	
   measurements	
   of	
   ρ-­‐	
   mtDNA	
   content	
   in	
   these	
  

crosses	
   were	
   unsuccessful.	
   However,	
   we	
   did	
   observe	
   significant	
   increases	
   in	
   ρ+	
  

mtDNA	
  content	
  in	
  the	
  ∆sml1	
  backgrounds	
  of	
  diploids	
  from	
  both	
  crosses	
  (Figure	
  2.2C	
  

and	
   D).	
   Taken	
   together,	
   the	
  ∆sml1	
   mutation	
   increased	
   wild-­‐type	
  mtDNA	
   levels	
   in	
  

heteroplasmic	
   cells	
   containing	
   either	
   moderately	
   suppressive	
   or	
   hypersuppressive	
  

mtDNA.	
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2.3.2	
   RNR1	
   overexpression	
   enhances	
   ρ+	
  mtDNA	
   replication	
   in	
   hypersuppressive	
  

crosses	
  

	
   RNR1	
  overexpression	
  is	
  sufficient	
  to	
  rescue	
  the	
  temperature-­‐sensitive	
  mtDNA	
  

loss	
  phenotype	
  of	
  mitochondrial	
  DNA	
  polymerase	
  mip1-­‐1	
  mutants,	
  demonstrating	
  a	
  

close	
  relationship	
  between	
  RNR	
  activity	
  and	
  mtDNA	
  maintenance	
  (100).	
  Both	
  RNR1	
  

overexpression	
   and	
   the	
  ∆sml1	
   mutation	
   increase	
   cellular	
   dNTP	
   concentration	
   (89,	
  

101)	
   and	
   mtDNA	
   copy	
   number	
   (86,	
   102).	
   Furthermore,	
   the	
   ∆sml1	
   mutation	
   was	
  

shown	
   to	
   reduce	
   rates	
   of	
   spontaneous	
   petite	
   colony	
   formation	
   (89).	
   Sml1	
   inhibits	
  

RNR	
   by	
   binding	
   and	
   preventing	
   Rnr1	
   homodimerization	
   (84,	
   101),	
   therefore	
   we	
  

hypothesized	
   that	
   increased	
   dNTP	
   synthesis	
   by	
   RNR	
   was	
   responsible	
   for	
   the	
  

observed	
  increases	
  in	
  ρ+	
  CFU	
  formation.	
  

	
   To	
  confirm	
  the	
  role	
  of	
  elevated	
  dNTP	
  synthesis,	
  we	
  overexpressed	
  RNR1	
  via	
  

plasmid	
  and	
  confirmed	
  by	
  immunoblot	
  analysis	
  (Figure	
  2.3A).	
  In	
  agreement	
  with	
  the	
  

behavior	
  of	
  ∆sml1	
   crosses,	
  we	
  observed	
   that	
  20.6	
  ±	
  5.9%	
  of	
  heteroplasmic	
  diploid	
  

cells	
   overexpressing	
   RNR1	
   were	
   ρ+,	
   compared	
   with	
   7.2	
   ±	
   3.7%	
   of	
   diploid	
   CFUs	
  

containing	
   the	
   empty	
   vector	
   (Figure	
   2.3B	
   and	
   C).	
   In	
   diploid	
   cells	
   containing	
   the	
  

empty	
  vector,	
  the	
  level	
  of	
  ρ+	
  mtDNA	
  was	
  0.53	
  ±	
  0.29-­‐fold	
  relative	
  to	
  the	
  NUC1	
  signal,	
  

compared	
  to	
  1.97	
  ±	
  0.64-­‐fold	
   in	
  the	
  RNR1-­‐overexpressing	
  cells	
   (Figure	
  2.3D	
  and	
  E).	
  

There	
  was	
  no	
  significant	
  change	
  in	
  levels	
  of	
  HS	
  ρ-­‐	
  mtDNA	
  in	
  diploid	
  cells	
  containing	
  

the	
   empty	
   vector	
   or	
   RNR1	
   plasmid.	
   In	
   addition,	
   we	
   expressed	
   a	
   mutant	
   isoform,	
  

rnr1-­‐Y629C,	
  and	
  observed	
  that	
  15.9	
  ±	
  1.7%	
  and	
  23.2	
  ±	
  3.7%	
  of	
  wild-­‐type	
  and	
  ∆sml1	
  

diploid	
   CFUs,	
   respectively,	
   were	
   ρ+	
   in	
   rnr1-­‐Y629C	
   expressing	
   cells.	
   The	
   lower	
   CFU	
  

formation	
   rate	
   suggests	
   a	
   lower	
   catalytic	
   activity	
   of	
   the	
   rnr1-­‐Y629C	
   mutant	
   gene	
  

product	
   and	
   supports	
   the	
   notion	
   that	
   elevated	
   RNR	
   activity	
   contributes	
   to	
   the	
  

replication	
   of	
   ρ+	
   genomes	
   in	
   the	
   presence	
   of	
   HS	
   ρ-­‐	
   mtDNA,	
   consistent	
   with	
   the	
  

observation	
  of	
  cells	
  lacking	
  Sml1.	
  

2.3.3	
   Overproducing	
   Sml1	
   in	
   ∆sml1	
   cells	
   restores	
   the	
   hypersuppressive	
  

phenotype	
  

	
   Sml1	
  inhibits	
  RNR	
  outside	
  of	
  S	
  phase	
  when	
  demand	
  for	
  dNTP	
  synthesis	
  is	
  low	
  

and	
   is	
   removed	
   during	
   S	
   phase	
   or	
   in	
   response	
   to	
   DNA	
   damage	
   (85,	
   90).	
   SML1	
  

overexpression	
   increases	
   the	
   frequency	
   of	
   spontaneous	
   petite	
   colony	
   formation	
  

compared	
   to	
  wild-­‐type	
   cells,	
   indicating	
   that	
  mitochondrial	
   genome	
  maintenance	
   is	
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impaired	
  by	
  the	
  inhibition	
  of	
  cytosolic	
  dNTP	
  synthesis	
  (89).	
  To	
  further	
  demonstrate	
  

the	
   relationship	
   between	
   the	
   RNR	
   pathway	
   and	
   selfish	
   mtDNA	
   dynamics,	
   we	
  

examined	
  whether	
   artificially	
   lowering	
   RNR	
   activity	
   by	
   increasing	
   its	
   inhibition	
   can	
  

restore	
   the	
   replicative	
   advantage	
   of	
   small	
   hypersuppressive	
   mtDNA.	
   We	
   cloned	
  

SML1	
   and	
   confirmed	
   overproduction	
   by	
   immunoblot	
   (Figure	
   2.4A)	
   and	
   found	
   a	
  

significant	
   decrease	
   in	
   the	
   proportion	
   of	
   ρ+	
   CFUs	
   from	
   24.9	
   ±	
   5.6%	
   in	
  ∆sml1	
   cells	
  

containing	
  the	
  empty	
  vector,	
  to	
  5.9	
  ±	
  0.7%,	
  10.3	
  ±1.6%	
  and	
  7.2	
  ±	
  1.1%	
  in	
  ∆sml1	
  cells	
  

overexpressing	
   SML1,	
   SML1-­‐FLAG,	
   or	
   sml1-­‐FLAG-­‐Q18del,	
   respectively	
   (Figure	
   2.4B	
  

and	
  C).	
  Since	
  the	
  Sml1	
  protein	
  consists	
  of	
  only	
  111	
  amino	
  acids,	
  the	
  relative	
  size	
  of	
  

the	
  FLAG	
  tag	
  may	
  have	
  lowered	
  its	
  binding	
  and	
  inhibitory	
  effect	
  on	
  Rnr1p,	
  while	
  the	
  

Q18	
  deletion	
  appears	
  to	
  have	
  slightly	
  improved	
  inhibitory	
  function.	
  Consistent	
  with	
  

the	
  drop	
  in	
  ρ+	
  CFU	
  formation	
  rate,	
  ρ+	
  mtDNA	
  level	
  declined	
  approximately	
  five-­‐fold,	
  

from	
  2.23	
  ±	
  0.61-­‐fold	
  relative	
  to	
  NUC1	
  in	
  ∆sml1	
  cells	
  expressing	
  the	
  empty	
  plasmid	
  

to	
  0.43	
  ±	
  0.34-­‐fold	
  upon	
  SML1	
  expression	
  (Figure	
  2.4D	
  and	
  E).	
  On	
  the	
  other	
  hand,	
  we	
  

observed	
  a	
  small	
  but	
  not	
  statistically	
  significant	
  decrease	
  in	
  the	
  level	
  of	
  HS	
  ρ-­‐	
  mtDNA	
  

upon	
  SML1	
  expression.	
  Together,	
  these	
  results	
  indicate	
  that	
  artificially	
  lowering	
  RNR	
  

activity	
   enhances	
   the	
   replicative	
   advantage	
   of	
   hypersuppressive	
   over	
   wild-­‐type	
  

mtDNA.	
  

2.3.4	
   GND1	
   overexpression	
   increases	
   ρ+	
   colony	
   formation	
   in	
   hypersuppressive	
  

crosses	
  

	
   The	
  active	
  site	
  of	
  the	
  ribonucleotide	
  reductase	
  large	
  subunit	
  contains	
  redox-­‐

active	
  dithiols,	
  which	
  reduce	
  substrate	
  NDPs	
  to	
  dNDPs	
  (84).	
  After	
  each	
  reaction,	
  the	
  

active	
   site	
   cysteine	
   residues	
   form	
   disulfide	
   bonds.	
   In	
   order	
   to	
   regenerate	
   these	
  

residues,	
   electrons	
   are	
   donated	
   by	
   thioredoxin	
   or	
   glutaredoxin,	
   which	
   themselves	
  

are	
  reduced	
  by	
  thioredoxin	
  reductase	
  or	
  glutathione	
  reductase,	
  respectively.	
  In	
  both	
  

cases,	
   the	
   ultimate	
   electron	
   donor	
   for	
   RNR	
   activity	
   is	
   NADPH	
   (103).	
   The	
   oxidative	
  

branch	
   of	
   the	
   pentose	
   phosphate	
   pathway	
   (PPP)	
   converts	
   glucose	
   6-­‐phosphate	
   to	
  

ribulose	
   5-­‐phosphate	
   in	
   three	
   steps,	
   and	
   in	
   the	
   process	
   reduces	
   two	
  molecules	
   of	
  

NADP+	
  to	
  NADPH.	
  If	
  NADPH	
  is	
  limiting	
  for	
  RNR	
  activity	
  in	
  heteroplasmic	
  cells,	
  genetic	
  

alterations	
   that	
   increase	
   NADPH	
   production	
   may	
   increase	
   dNTP	
   synthesis	
   and	
  

therefore	
   the	
   proportional	
   amount	
   of	
   ρ+	
   mtDNA	
   in	
   heteroplasmic	
   cells.	
   To	
  

investigate,	
  we	
  cloned	
   three	
  genes	
   that	
  encode	
   two	
  NADPH	
  producing	
  enzymes	
  of	
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the	
   PPP.	
   ZWF1	
   encodes	
   glucose-­‐6-­‐phosphate	
   dehydrogenase	
   (G6PD),	
   which	
  

catalyzes	
  the	
  first,	
  rate-­‐limiting	
  step	
  of	
  the	
  PPP.	
  GND1	
  encodes	
  the	
  major	
  isoform	
  of	
  

6-­‐phosphogluconate	
   dehydrogenase	
   (6PGD)	
   and	
   is	
   responsible	
   for	
   ~80%	
   of	
   6PGD	
  

activity	
  in	
  yeast	
  (104),	
  while	
  GND2	
  encodes	
  a	
  minor	
  6PGD	
  isoform.	
  

	
   We	
   found	
   that	
   GND1	
   overexpression	
   increased	
   ρ+	
   CFU	
   formation	
   in	
  

hypersuppressive	
  crosses	
  from	
  7.0	
  ±	
  2.5%	
  in	
  diploids	
  containing	
  the	
  empty	
  vector,	
  to	
  

13.6	
  ±	
  4.5%	
  in	
  diploids	
  containing	
  the	
  GND1	
  plasmid.	
  On	
  the	
  other	
  hand,	
  ZWF1	
  and	
  

GND2	
  overexpressing	
  crosses	
  showed	
  no	
  significant	
  differences	
  from	
  controls	
  (Figure	
  

2.5A	
   and	
   B).	
   These	
   results	
   indicate	
   that	
   6PGD,	
   but	
   not	
   G6PD,	
   can	
   affect	
   mtDNA	
  

heteroplasmy.	
  

2.3.5	
   Low	
   dNTP	
   concentration	
   enhances	
   the	
   replicative	
   advantage	
   of	
   small	
  

template	
  DNA	
  over	
  large	
  in	
  vitro	
  

	
   Overexpression	
   of	
   RNR1	
   or	
   the	
   ∆sml1	
   mutation	
   are	
   known	
   to	
   positively	
  

regulate	
   dNTP	
   concentration	
   and	
   mtDNA	
   copy	
   number	
   in	
   yeast,	
   and	
   our	
  

experimental	
  results	
  suggest	
  that	
  relatively	
  low	
  dNTP	
  concentration	
  may	
  contribute	
  

to	
  the	
  replicative	
  advantage	
  of	
  small	
  mtDNA.	
  To	
  further	
   illustrate	
  the	
  effect	
  of	
   low	
  

dNTP	
   concentration,	
   we	
   tested	
   competitive	
   amplification	
   by	
   PCR	
   using	
   Ex	
   Taq	
   or	
  

KOD	
  Dash	
  polymerases	
  and	
  templates	
  of	
  different	
  size	
  (Figure	
  2.6A).	
  We	
  examined	
  a	
  

dNTP	
   concentration	
   rage	
   of	
   0	
   to	
   20µM,	
   as	
   these	
   levels	
   reflect	
   physiological	
   dNTP	
  

concentrations	
  within	
  mammalian	
  mitochondria	
  (105).	
  

	
   Consistent	
   with	
   our	
   observations	
   of	
   suppressive	
   mtDNA	
   in	
   yeast	
   crossing	
  

experiments,	
   the	
   small	
   template	
   was	
   amplified	
   much	
   more	
   readily	
   compared	
   to	
  

large	
  at	
  dNTP	
  concentrations	
  of	
  <10	
  µM	
  (Figure	
  2.6B	
  and	
  C;	
  F	
  and	
  G).	
  The	
  strength	
  of	
  

this	
   effect	
   varied	
   between	
   the	
   two	
   polymerases	
   tested;	
   however,	
   the	
   replicative	
  

advantage	
  of	
   the	
   smallest	
   template	
  decreased	
  with	
   increasing	
  dNTP	
   concentration	
  

and	
   signals	
   from	
  either	
   large	
  PCR	
  product	
   (2,866	
  or	
   1,630-­‐bp)	
  did	
  not	
   significantly	
  

exceed	
  those	
  of	
  the	
  small	
  (187-­‐bp)	
  PCR	
  product	
  at	
  any	
  dNTP	
  concentration.	
  On	
  the	
  

other	
   hand,	
   during	
   PCR	
   amplification	
   of	
   two	
   templates	
   of	
   closer	
   size,	
   the	
   small	
  

template	
   only	
   displayed	
   a	
   replicative	
   advantage	
   at	
   2.5	
   µM	
   with	
   one	
   of	
   the	
   two	
  

polymerases	
   under	
   our	
   experimental	
   conditions	
   (Figure	
   2.6D	
   and	
   E).	
   Additionally,	
  

PCR	
   reactions	
   using	
   a	
   mixture	
   of	
   all	
   three	
   templates	
   showed	
   that	
   the	
   smallest	
  

template	
   was	
   amplified	
   almost	
   exclusively	
   at	
   dNTP	
   concentrations	
   of	
   <7.5	
   µM	
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(Figure	
  2.6H	
  and	
  I).	
  These	
  data	
  show	
  that	
  dNTP	
  concentration	
  and	
  the	
  relative	
  sizes	
  

of	
  templates	
  are	
  important	
  factors	
  in	
  replicative	
  advantage	
  during	
  PCR.	
  

	
  

2.4	
  	
   Discussion	
  

Disruption	
   of	
   dNTP	
   balance	
   or	
   availability	
   within	
   mitochondria	
   has	
   been	
  

previously	
   linked	
  to	
  mtDNA	
  depletion	
  and	
  disease	
   (106-­‐108)	
  and	
  promotes	
  mtDNA	
  

deletion	
  mutagenesis	
   in	
  cultured	
  cells	
  (105).	
   In	
  this	
  chapter,	
  we	
  demonstrated	
  that	
  

the	
   replicative	
   advantage	
   of	
   moderately	
   suppressive	
   or	
   hypersuppressive	
   mtDNA	
  

molecules	
   is	
   partially	
   due	
   to	
   insufficient	
   dNTP	
   synthesis	
   by	
   RNR.	
   Competition	
  

between	
   small	
   and	
   full-­‐length	
  mtDNA	
   in	
   heteroplasmic	
   cells	
   is	
   naturally	
   weighted	
  

against	
   a	
   larger	
   allele;	
   however,	
   reducing	
   RNR	
   activity	
   appears	
   to	
   enhance	
   the	
  

replicative	
   advantage	
   of	
   small	
   mtDNA.	
   Indeed,	
   competitive	
   amplification	
   of	
   a	
  

mixture	
  of	
  small	
  and	
  large	
  templates	
  via	
  PCR	
  showed	
  that	
  the	
  replicative	
  advantage	
  

of	
  small	
  DNA	
   is	
  affected	
  by	
  relative	
   template	
  size	
  and	
  dNTP	
  concentration	
   in	
  vitro.	
  

Though	
   mtDNA	
   replication	
   in	
   vivo	
   by	
   mtDNA	
   polymerase	
   γ	
   occurs	
   under	
  

physiological	
  conditions	
  and	
   in	
  conjunction	
  with	
   the	
  mitochondrial	
   replisome,	
  both	
  

mtDNA	
   polymerase	
   γ	
   and	
   Taq	
   polymerases	
   are	
   derived	
   from	
   family	
   A	
   DNA	
  

polymerases	
   (109),	
   while	
   KOD	
   enzymes	
   belong	
   to	
   family	
   B	
   (110),	
   which	
   possess	
   a	
  

catalytic	
   “palm”	
   domain	
   homologous	
   to	
   family	
   A	
   polymerases.	
   Both	
   PCR	
   enzymes	
  

showed	
  a	
  general	
  trend	
  of	
  increasing	
  replicative	
  advantage	
  for	
  smaller	
  templates	
  as	
  

dNTP	
   concentrations	
   decrease.	
   Taken	
   together,	
   these	
   results	
   support	
   a	
   model	
  

wherein	
  dNTP	
  synthesis	
  by	
  RNR	
  influences	
  the	
  extent	
  of	
  the	
  replicative	
  advantage	
  of	
  

small	
   mtDNA	
   in	
   yeast,	
   and	
   therefore	
   affects	
   mtDNA	
   heteroplasmy	
   level	
   and	
  

respiratory	
  function	
  (Figure	
  2.7).	
  

	
   Nuclear	
  DNA	
  damage	
  in	
  yeast	
  activates	
  the	
  Mec1/Rad53	
  nuclear	
  checkpoint	
  

pathway,	
   halts	
   the	
   cell	
   cycle	
   (87),	
   and	
   increases	
   dNTP	
   production	
   through	
   the	
  

removal	
   of	
   Sml1	
   (85,	
   90)	
   and	
   increases	
   transcription	
   of	
   the	
   RNR	
   genes	
   (83).	
  

Importantly,	
  checkpoint	
  activation	
  was	
  shown	
  to	
  increase	
  mtDNA	
  copy	
  number	
  by	
  as	
  

much	
  as	
  twofold	
   in	
  ∆rrm3	
  and	
  ∆sml1	
  deletion	
  mutants	
  (86).	
  However,	
  as	
  shown	
  in	
  

Figure	
  2.1,	
   the	
  ∆rrm3	
  mutation	
  did	
  not	
   increase	
   the	
  proportion	
  of	
  ρ+	
  CFUs	
   formed	
  

during	
  heteroplasmy	
  with	
  HS	
  ρ-­‐	
  mtDNA,	
  suggesting	
  that	
  the	
  increased	
  mtDNA	
  point-­‐
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mutagenesis	
   of	
   the	
   ∆rrm3	
   background	
   (111)	
   may	
   have	
   suppressed	
   any	
   beneficial	
  

effect	
  of	
  increased	
  RNR	
  activity.	
  

	
   We	
  previously	
  showed	
  that	
  the	
  Mhr1	
  pathway	
  regulates	
  DSB-­‐induced	
  RDR	
  in	
  

response	
   to	
   oxidative	
   stress.	
   The	
   ori5	
   region	
   is	
   particularly	
   sensitive	
   to	
   oxidative	
  

modification,	
   and	
   following	
   exposure	
   to	
   H2O2,	
   Ntg1	
   was	
   shown	
   to	
   increase	
   DSB	
  

formation	
   in	
  this	
   locus	
  (10,	
  59).	
  Supporting	
  this	
  notion,	
  the	
  mitochodrially-­‐targeted	
  

DSB-­‐binding	
   protein	
   MmKu	
   binds	
   preferentially	
   to	
   the	
   ori5	
   region,	
   though	
   ∆ntg1	
  

cells	
   showed	
   only	
   a	
   slight	
   decrease	
   in	
   MmKu	
   binding,	
   indicating	
   that	
   additional	
  

factors	
   likely	
  contribute	
  to	
  DSB	
  formation	
  at	
  ori5	
   (62).	
  DSBs	
  are	
  substrates	
  of	
  Din7,	
  

which	
  catalyzes	
  5’	
  end	
  resection	
  to	
  yield	
  3’-­‐ssDNA	
  tails,	
  which	
  can	
  then	
  be	
  used	
  for	
  

homologous	
  pairing	
  by	
  Mhr1	
   to	
   initiate	
  RDR	
   (61).	
  Compared	
   to	
  85.7-­‐kbp	
  wild-­‐type	
  

mtDNA,	
   the	
   1.1-­‐kbp	
   genome	
   of	
   HS	
   [ori5]	
   ρ-­‐	
  mtDNA	
   has	
   a	
  much	
   higher	
   density	
   of	
  

active	
   ori	
   sequences.	
   Therefore,	
   reduced	
   Mhr1	
   pathway	
   activity	
   in	
   the	
   ∆din7	
  

background	
   could	
   be	
   expected	
   to	
   disproportionately	
   inhibit	
   the	
   replication	
   of	
   HS	
  

[ori5]	
   ρ-­‐	
   mtDNA	
   compared	
   to	
   wild-­‐type.	
   In	
   our	
   experiments,	
   crosses	
   of	
   ∆din7	
  

mutants	
  did	
   show	
  a	
   small	
   but	
   statistically	
   significant	
   increase	
   (P	
   =	
  0.002)	
   in	
   the	
  ρ+	
  

CFU	
  formation	
  rate	
  compared	
  to	
  wild-­‐type	
  crosses.	
  However,	
  due	
  to	
  the	
  presence	
  of	
  

a	
   functional	
   SML1	
   gene,	
   any	
   benefit	
   for	
   wild-­‐type	
   mtDNA	
   synthesis	
   in	
   the	
   ∆din7	
  

background	
  was	
   likely	
   reduced	
   due	
   to	
   the	
   suppression	
   of	
   dNTP	
   synthesis.	
   Indeed,	
  

the	
  ∆din7∆sml1	
  background	
   showed	
   an	
   additive	
   effect	
   compared	
  with	
  ∆din7	
   (P	
   =	
  

0.003)	
  or	
  ∆sml1	
  (P	
  =	
  0.032)	
  single-­‐mutants,	
  indicating	
  that	
  dNTP	
  availability	
  plays	
  an	
  

important	
  regulatory	
  role	
  in	
  the	
  replicative	
  advantage	
  of	
  HS	
  ρ-­‐	
  mtDNA.	
  

	
   RNR	
   is	
   considered	
   an	
   attractive	
   target	
   for	
   inhibiting	
   cell	
   proliferation	
   in	
  

cancer	
  therapy	
  and	
  other	
  diseases.	
  Our	
  study	
  in	
  yeast	
  suggests	
  that	
  inhibiting	
  dNTP	
  

synthesis	
   may	
   produce	
   the	
   undesirable	
   side	
   effect	
   of	
   increasing	
   the	
   replicative	
  

advantage	
  of	
  small	
  mtDNAs,	
  which	
  are	
  associated	
  with	
  aging	
  and	
  several	
  diseases	
  in	
  

humans	
  (see	
  112	
  for	
  review).	
  Precisely	
  how	
  RNR	
  may	
  contribute	
  to	
  human	
  aging	
  and	
  

disease	
  in	
  this	
  context	
  remains	
  for	
  future	
  study.	
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Figure	
   2.1	
   |	
  SML1	
   deletion	
   increases	
   the	
  proportional	
   amounts	
  of	
   ρ+	
   colonies	
   and	
  

full-­‐length	
  mtDNA	
  during	
  heteroplasmy	
  with	
  hypersuppressive	
  mtDNA.	
   (A)	
  Scheme	
  

of	
   crossing	
   experiments	
   to	
   monitor	
   the	
   hypersuppressive	
   phenotype.	
   (B)	
  

Representative	
   images	
   of	
   diploid	
   selection	
   and	
   glycerol	
   plates	
   from	
   crossing	
  

experiments.	
   (C)	
   Quantified	
   results	
   from	
   crossing	
   experiments	
   with	
   the	
   diploid	
  

genotypes:	
  WT/WT	
  (n	
  =	
  7);	
  ∆din7/∆din7	
  (n	
  =	
  3);	
  ∆rrm3/∆rrm3	
  (n	
  =	
  3);	
  ∆sml1/∆sml1	
  

(n	
   =	
   6);	
   ∆din7∆rrm3/∆din7∆rrm3	
   (n	
   =	
   3);	
  ∆din7∆sml1/∆din7∆sml1	
   (n	
   =	
   3).	
   (D)	
   PCR	
  

amplification	
   of	
   nuclear	
   and	
   mitochondrial	
   DNA	
   from	
   WT/WT	
   and	
   ∆sml1/∆sml1	
  

heteroplasmic	
  cells	
  washed	
  from	
  master	
  plates	
  2	
  d	
  after	
  crossing.	
  (E)	
  Quantification	
  

of	
  ρ+	
  and	
  HS	
  ρ-­‐	
  mtDNA	
  levels	
  relative	
  to	
  nDNA	
  signals.	
  (F)	
  Microscopic	
  observation	
  of	
  

mitochondrial	
   morphology	
   in	
   wild-­‐type	
   or	
   ∆sml1	
   cells	
   by	
   plasmid	
   expression	
   of	
  

mtTomato	
   or	
   mtGFP	
   to	
   visualize	
   the	
  mitochondria	
   of	
   parental	
   ρ+	
   and	
   HS	
   ρ-­‐	
   cells,	
  

respectively.	
  DAPI	
   signals	
   indicate	
  mt-­‐nucleoids.	
  Quantified	
  mtDNA	
   levels	
  are	
   from	
  

three	
  independent	
  PCR	
  experiments.	
  Error	
  bars	
   indicate	
  ±SD.	
  **	
  P	
  <	
  0.005,	
  ***	
  P	
  <	
  

0.0005.	
  Scale	
  bar	
  =	
  2	
  µm.	
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Figure	
  2.2	
  |	
  Effect	
  of	
  SML1	
  deletion	
  on	
  heteroplasmic	
  cells	
  containing	
  different	
  HS	
  ρ-­‐	
  

and	
  normal	
  suppressive	
  ρ-­‐	
  alleles.	
  (A)	
  Representative	
  images	
  of	
  diploid	
  selection	
  and	
  

glycerol	
   plates	
   from	
   crossing	
   experiments.	
   (B)	
   Quantified	
   crossing	
   results	
   from	
  

crossing	
  experiments	
  with	
  the	
  diploid	
  genotypes:	
  WT/A1	
  (n	
  =	
  3);	
  ∆sml1/A1∆sml1	
  (n	
  =	
  

3);	
   WT/A2	
   (n	
   =	
   4);	
   ∆sml1/A2∆sml1	
   (n	
   =	
   4).	
   (C)	
   PCR	
   amplification	
   of	
   nuclear	
   and	
  

mitochondrial	
   DNA	
   from	
   WT/A1,	
   ∆sml1/A1∆sml1,	
   WT/A2	
   and	
   ∆sml1/A2∆sml1	
  

heteroplasmic	
  cells	
  washed	
  from	
  master	
  plates	
  2	
  d	
  after	
  crossing.	
  (D)	
  Quantification	
  

of	
   ρ+	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   levels	
   relative	
   to	
   nDNA	
   signals.	
   Quantified	
   results	
   were	
  

obtained	
  from	
  independent	
  crossing	
  experiments	
  for	
  WT/A1	
  (n	
  =	
  3);	
  ∆sml1/A1∆sml1	
  

(n	
  =	
  3);	
  WT/A2	
  (n	
  =	
  4);	
  and	
  ∆sml1/A2∆sml1	
  (n	
  =	
  4)	
  cells.	
  Error	
  bars	
  indicate	
  ±SD.	
  *	
  P	
  <	
  

0.05,	
  **	
  P	
  <	
  0.005,	
  ***	
  P	
  <	
  0.0005.	
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Figure	
   2.3	
   |	
   RNR1	
   overexpression	
   increases	
   respiratory	
   function	
   and	
   ρ+	
   mtDNA	
  

content	
   in	
   heteroplasmic	
   cells.	
   (A)	
   Immunoblot	
   of	
   RNR1-­‐FLAG	
   indicating	
  

overexpression	
   in	
  heteroplasmic	
  diploid	
  cells	
   following	
  crossing.	
   (B)	
  Representative	
  

images	
  of	
  diploid	
  selection	
  and	
  glycerol	
  plates	
  from	
  crossing	
  experiments	
  of	
  WT/WT	
  

or	
   ∆sml1/∆sml1	
   strains	
   expressing:	
   an	
   empty	
   vector	
   (pVT100U-­‐Empty);	
  

overexpressing	
   RNR1	
   (pVT100U-­‐RNR1);	
   or	
   a	
   mutant	
   rnr1	
   isoform	
   (pVT100U-­‐rnr1-­‐

Y629C).	
  (C)	
  Quantified	
  results	
  from	
  crossing	
  experiments	
  with	
  the	
  diploid	
  genotypes:	
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WT/WT/pVT100U-­‐Empty	
   (n	
   =	
   14);	
   ∆sml1/∆sml1/pVT100U-­‐Empty	
   (n	
   =	
   3);	
  

WT/WT/pVT100U-­‐RNR1	
   (n	
   =	
   12);	
   ∆sml1/∆sml1/pVT100U-­‐RNR1	
   (n	
   =	
   3);	
  

WT/WT/pVT100U-­‐rnr1-­‐Y629C	
  (n	
  =	
  3);	
  ∆sml1/∆sml1/pVT100U-­‐rnr1-­‐Y629C	
  (n	
  =	
  3).	
  (D)	
  

PCR	
   amplification	
   of	
   nuclear	
   and	
   mitochondrial	
   DNA	
   from	
   WT/WT	
   heteroplasmic	
  

cells	
  expressing	
  pVT100U-­‐Empty	
  or	
  pVT100U-­‐RNR1	
  washed	
  from	
  master	
  plates	
  2	
  d	
  

after	
   crossing.	
   (E)	
   Quantification	
   of	
   ρ+	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   levels	
   relative	
   to	
   nDNA	
  

signals.	
  Error	
  bars	
  indicate	
  ±SD.	
  *	
  P	
  <	
  0.05,	
  **	
  P	
  <	
  0.005,	
  ***	
  P	
  <	
  0.0005.	
  

	
  

	
  

Figure	
  2.4	
  |	
  SML1	
  overexpression	
  restores	
  the	
  hypersuppressive	
  phenotype	
  in	
  ∆sml1	
  

cells.	
   (A)	
   Immunoblot	
   of	
   SML1-­‐FLAG	
   indicating	
   overexpression	
   in	
   heteroplasmic	
  

diploid	
   cells	
   following	
   crossing.	
   (B)	
   Representative	
   images	
   of	
   diploid	
   selection	
   and	
  

glycerol	
   plates	
   from	
   crossing	
   experiments	
   of	
   ∆sml1/∆sml1	
   strains	
   expressing:	
   an	
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empty	
   vector	
   (pVT100U-­‐Empty),	
   or	
   overexpressing	
   SML1	
   (pVT100U-­‐SML1),	
   SML1-­‐

FLAG	
   (pVT100U-­‐SML1-­‐FLAG),	
   or	
   a	
   mutant	
   sml1	
   isoform	
   (pVT100U-­‐sml1-­‐FLAG-­‐

Q18del).	
   (C)	
   Quantified	
   results	
   from	
   crossing	
   experiments	
   with	
   the	
   diploid	
  

genotypes:	
  ∆sml1/∆sml1/pVT100U-­‐Empty	
  (n	
  =	
  8);	
  ∆sml1/∆sml1/pVT100U-­‐SML1	
  (n	
  =	
  

8);	
   ∆sml1/∆sml1/pVT100U-­‐SML1-­‐FLAG	
   (n	
   =	
   3);	
   ∆sml1/∆sml1/pVT100U-­‐sml1-­‐FLAG-­‐

Q18del	
   (n	
   =	
   3).	
   (D)	
   PCR	
   amplification	
   of	
   nuclear	
   and	
   mitochondrial	
   DNA	
   from	
  

∆sml1/∆sml1	
   heteroplasmic	
   cells	
   expressing	
   pVT100U-­‐Empty	
   or	
   pVT100U-­‐SML1	
  

washed	
   from	
  master	
   plates	
   2	
   d	
   after	
   crossing.	
   (E)	
   Quantification	
   of	
   ρ+	
   and	
   HS	
   ρ-­‐	
  

mtDNA	
   levels	
   relative	
   to	
  nDNA	
   signals.	
   Error	
   bars	
   indicate	
   ±SD.	
   *	
  P	
   <	
   0.05,	
   **	
  P	
   <	
  

0.005,	
  ***	
  P	
  <	
  0.0005.	
  

	
  

	
  
Figure	
  2.5	
  |	
  Overexpression	
  of	
  genes	
  encoding	
  the	
  NADPH	
  producing	
  enzymes	
  of	
  the	
  

pentose	
   phosphate	
   pathway.	
   (A)	
   Representative	
   images	
   of	
   diploid	
   selection	
   and	
  

glycerol	
   plates	
   from	
  crossing	
  experiments	
  of	
  WT	
  ρ+	
   /	
  WT	
  HS	
  ρ-­‐	
   cells	
   expressing	
   an	
  

empty	
   vector	
   (pVT100U-­‐Empty);	
   overexpressing	
   GND1	
   (pVT100U-­‐GND1),	
   GND2	
  

(pVT100U-­‐GND2),	
   or	
   ZWF1	
   (pVT100U-­‐ZWF1).	
   (B)	
   Quantified	
   results	
   from	
   crossing	
  

experiments	
   with	
   the	
   diploid	
   genomes:	
   WT/WT/pVT100U-­‐Empty	
   (n	
   =	
   8);	
  

WT/WT/pVT100U-­‐GND1	
  (n	
  =	
  8);	
  WT/WT/pVT100U-­‐GND2	
  (n	
  =	
  3);	
  WT/WT/pVT100U-­‐

ZWF1	
  (n	
  =	
  3).	
  Error	
  bars	
  indicate	
  ±SD.	
  **	
  P	
  <	
  0.005.	
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Figure	
  2.6	
  |	
  Competitive	
  amplification	
  of	
  DNA	
  templates	
  of	
  different	
  lengths	
  over	
  a	
  

range	
  of	
  dNTP	
  concentrations	
  in	
  vitro.	
  (A)	
  Schematic	
  of	
  three	
  ScaI-­‐linearized	
  pUC119	
  

DNA	
   templates.	
   (B)	
   DNA	
   amplification	
   following	
   12	
   PCR	
   cycles	
   with	
   templates	
  

pUC119-­‐A	
  and	
  -­‐C	
  in	
  isolation	
  at	
  a	
  dNTP	
  concentration	
  of	
  200	
  µM	
  (left),	
  or	
  a	
  mixture	
  

of	
  pUC119-­‐A	
  and	
  –C	
  at	
  dNTP	
  concentrations	
  of	
  0	
  to	
  20	
  µM.	
  (C)	
  Percentage	
  of	
  total	
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signal	
   representing	
   the	
   relative	
   amounts	
   of	
   187-­‐	
   or	
   2,866-­‐bp	
   PCR	
   products	
   at	
   the	
  

indicated	
  dNTP	
  concentrations.	
   (D)	
  DNA	
  amplification	
   following	
  12	
  PCR	
  cycles	
  with	
  

templates	
  pUC119-­‐B	
  and	
  -­‐C	
  in	
  isolation	
  at	
  a	
  dNTP	
  concentration	
  of	
  200	
  µM	
  (left),	
  or	
  

a	
  mixture	
  of	
  pUC119-­‐B	
  and	
  –C	
  at	
  dNTP	
  concentrations	
  of	
  0	
  to	
  20	
  µM.	
  (E)	
  Percentage	
  

of	
  total	
  signal	
  representing	
  the	
  relative	
  amounts	
  of	
  1,630-­‐	
  or	
  2,866-­‐bp	
  PCR	
  products	
  

amplified	
  at	
   the	
   indicated	
  dNTP	
  concentrations.	
   (F)	
  DNA	
  amplification	
   following	
  12	
  

PCR	
  cycles	
  with	
  templates	
  pUC119-­‐A	
  and	
  -­‐B	
  in	
  isolation	
  at	
  a	
  dNTP	
  concentration	
  of	
  

200	
  µM	
  (left),	
  or	
  a	
  mixture	
  of	
  pUC119-­‐A	
  and	
  –B	
  at	
  dNTP	
  concentrations	
  of	
  0	
  to	
  20	
  

µM.	
   (G)	
   Percentage	
   of	
   total	
   signal	
   representing	
   the	
   relative	
   amounts	
   of	
   187-­‐	
   or	
  

1,630-­‐bp	
  PCR	
  products	
  at	
  the	
  indicated	
  dNTP	
  concentrations.	
  (H)	
  DNA	
  amplification	
  

following	
  12	
  PCR	
  cycles	
  with	
   templates	
  pUC119-­‐A,	
   -­‐B	
  and	
   -­‐C	
   in	
   isolation	
  at	
  a	
  dNTP	
  

concentration	
   of	
   200	
   µM	
   (left),	
   or	
   a	
   mixture	
   of	
   pUC119-­‐A,	
   -­‐B	
   and	
   –C	
   at	
   dNTP	
  

concentrations	
  of	
  0	
  to	
  20	
  µM.	
  (I)	
  Percentage	
  of	
  total	
  signal	
  representing	
  the	
  relative	
  

amounts	
   of	
   187-­‐,	
   1,630-­‐	
   or	
   2,866-­‐bp	
   PCR	
   products	
   at	
   the	
   indicated	
   dNTP	
  

concentrations.	
   K,	
   KOD	
  Dash	
   polymerase;	
   E,	
   Ex	
   Taq	
   polymerase.	
   Results	
   in	
   C,	
   E,	
  G	
  

and	
  I	
  represent	
  three	
  independent	
  PCR	
  experiments	
  using	
  KOD	
  Dash	
  polymerase	
  and	
  

results	
  in	
  C	
  and	
  E	
  represent	
  two	
  independent	
  experiments	
  using	
  Ex	
  Taq	
  polymerase.	
  

Error	
  bars	
  indicate	
  ±SD.	
  

	
  

	
   	
   	
  
Figure	
   2.7	
   |	
   Model	
   for	
   the	
   role	
   of	
   cytosolic	
   dNTP	
   synthesis	
   in	
   regulating	
   the	
  

replicative	
   advantage	
   of	
   small	
   mtDNA	
   during	
   heteroplasmy	
   in	
   yeast.	
   Wild-­‐type	
  

mtDNA	
  replication	
  and	
  respiratory	
  function	
  in	
  heteroplasmic	
  yeast	
  cells	
  containing	
  a	
  

mixture	
  of	
  small	
  and	
  full-­‐length	
  mtDNA	
  is	
  dependent	
  on	
  the	
  level	
  of	
  dNTP	
  synthesis.	
  



	
   42	
  

Increased	
  dNTP	
  synthesis	
  by	
  SML1	
  deletion	
  or	
  RNR1	
  overexpression	
  allows	
  for	
  full-­‐

length	
  mtDNA	
  replication,	
  resulting	
  in	
  improved	
  respiratory	
  function	
  due	
  to	
  electron	
  

transport	
   chain	
   activity.	
   Reduced	
   dNTP	
   synthesis	
   by	
   SML1	
   overexpression	
   on	
   the	
  

other	
  hand,	
  produces	
  dNTP	
  levels	
  sufficient	
  only	
  for	
  small	
  mtDNA	
  replication.	
  

	
  

Table	
  2.1	
  |	
  Yeast	
  strains	
  used	
  in	
  this	
  chapter	
  

Strain	
   Nuclear	
  genotype	
   Mitochondrial	
  genotype	
   Source	
  
IL166-­‐5B	
  ρ0	
   MATα	
  his1	
  trp1	
  can1	
   [ρ0]	
   EtBr	
  treatment	
  

of	
  IL166-­‐187	
  
OP11c-­‐55R5	
   MATa	
  leu2	
  ura3	
  trp1	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1

R]	
   (57)	
  
OP11c-­‐55R5/pVT100U	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (URA3)	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1

R]	
   This	
  study	
  
OP11c-­‐55R5/pVT100U-­‐GND1	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (GND1,	
  

URA3)	
  
[ρ+	
  ω-­‐	
  ens2	
  Oli1

R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐GND2	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (GND2,	
  
URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐mtTomato	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  
(mtTomato,	
  URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐RNR1	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (RNR1,	
  
URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐rnr1-­‐
Y629C	
  

MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (rnr1,	
  
URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐SML1	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (SML1,	
  
URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5/pVT100U-­‐ZWF1	
   MATa	
  leu2	
  ura3	
  trp1	
  pVT100U	
  (ZWF1,	
  
URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆sml1/pVT100U	
   MATa	
  leu2	
  ura3	
  trp1	
  sml1::KAN	
  
pVT100U	
  (URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆sml1/pVT100U-­‐
mtTomato	
  

MATa	
  leu2	
  ura3	
  trp1	
  sml1::KAN	
  
pVT100U	
  (mtTomato,	
  URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆sml1/pVT100U-­‐
RNR1	
  

MATa	
  leu2	
  ura3	
  trp1	
  sml1::KAN	
  
pVT100U	
  (RNR1,	
  URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆sml1/pVT100U-­‐
rnr1-­‐Y629C	
  

MATa	
  leu2	
  ura3	
  trp1	
  sml1::KAN	
  
pVT100U	
  (rnr1,	
  URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆din7	
   MATa	
  leu2	
  ura3	
  trp1	
  din7::URA3	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆din7	
  ∆rrm3	
   MATa	
  leu2	
  ura3	
  trp1	
  din7::URA3	
  
rrm3::KAN	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆din7	
  ∆sml1	
   MATa	
  leu2	
  ura3	
  trp1	
  din7::URA3	
  
sml1::KAN	
  

[ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆rrm3	
   MATa	
  leu2	
  ura3	
  trp1	
  rrm3::KAN	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

OP11c-­‐55R5	
  ∆sml1	
   MATa	
  leu2	
  ura3	
  trp1	
  sml1::KAN	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   This	
  study	
  

W303a-­‐187	
   MATa	
  ade2	
  leu2	
  his3	
  ura3	
  trp1	
  can1	
   [ρ+	
  ω-­‐	
  ens2	
  Chl321
R]	
   (58)	
  

YKN1423A-­‐1	
   MATα	
  leu2	
  ura3	
  met3	
   [HS	
  ρ-­‐]	
   (59)	
  
YKN1423A-­‐1	
  ∆sml1	
   MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
   [HS	
  ρ-­‐]	
   This	
  study	
  
YKN1423A-­‐2	
   MATα	
  leu2	
  ura3	
  met3	
   Normal	
  suppressive	
  [ρ-­‐]	
   (59)	
  
YKN1423A-­‐2	
  ∆sml1	
   MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
   Normal	
  suppressive	
  [ρ-­‐]	
   This	
  study	
  
YKN1423C-­‐1	
   MATα	
  leu2	
  ura3	
  met3	
   [HS	
  ρ-­‐]	
   (59)	
  
YKN1423C-­‐1/pVT100U	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (URA3)	
   [HS	
  ρ-­‐]	
   This	
  study	
  
YKN1423C-­‐1/pVT100U-­‐GND1	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (GND1,	
  

URA3)	
  
[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1/pVT100U-­‐GND2	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (GND2,	
  
URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1/pVT100U-­‐mtGFP	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  
(mtGFP,	
  URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1/pVT100U-­‐RNR1	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (RNR1,	
  
URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1/pVT100U-­‐rnr1-­‐
Y629C	
  

MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (rnr1,	
  
URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
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YKN1423C-­‐1/pVT100U-­‐ZWF1	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (ZWF1,	
  
URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆sml1/pVT100U	
   MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
  
pVT100U	
  (URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆sml1/pVT100U-­‐
mtGFP	
  

MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
  
pVT100U	
  (mtGFP,	
  URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆sml1/pVT100U-­‐
RNR1	
  

MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
  
pVT100U	
  (RNR1,	
  URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆sml1/pVT100U-­‐
rnr1-­‐Y629C	
  

MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
  
pVT100U	
  (rnr1,	
  URA3)	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆din7	
   MATα	
  leu2	
  ura3	
  met3	
  din7::URA3	
   [HS	
  ρ-­‐]	
   This	
  study	
  
YKN1423C-­‐1	
  ∆din7	
  ∆rrm3	
   MATα	
  leu2	
  ura3	
  met3	
  din7::URA3	
  

rrm3::KAN	
  
[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆din7	
  ∆sml1	
   MATα	
  leu2	
  ura3	
  met3	
  din7::URA3	
  
sml1::KAN	
  

[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆rrm3	
   MATα	
  leu2	
  ura3	
  met3	
  rrm3::KAN	
   [HS	
  ρ-­‐]	
   This	
  study	
  
YKN1423C-­‐1	
  ∆sml1	
   MATα	
  leu2	
  ura3	
  met3	
  sml1::KAN	
   [HS	
  ρ-­‐]	
   This	
  study	
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Chapter	
  3:	
  Prevention	
  of	
  mitochondrial	
  genomic	
  instability	
  in	
  

Saccharomyces	
  cerevisiae	
  by	
  the	
  mitochondrial	
  recombinase	
  Mhr1	
  

	
  

3.1	
   Introduction	
  

3.1.1	
   The	
  mitochondrial	
  nucleoid	
  protein	
  Abf2	
  

	
   MtDNA	
  is	
  packaged	
  into	
  a	
  nucleoprotein	
  complex	
  termed	
  the	
  mitochondrial	
  

nucleoid,	
  which	
   is	
   regarded	
   as	
   the	
   unit	
   of	
  mtDNA	
   inheritance	
   (113).	
   Abf2	
   is	
   a	
   key	
  

component	
  of	
  the	
  nucleoid	
  with	
  a	
  histone-­‐like	
  role	
  (114,	
  115),	
  and	
  contains	
  two	
  high	
  

mobility	
   group	
   (HMG)	
   domains	
   for	
   the	
   binding	
   and	
   efficient	
   packaging	
   of	
   linear	
  

double-­‐stranded	
  DNA	
  without	
  supercoiling	
  (116).	
  Abf2	
  wraps	
  and	
  bends	
  mtDNA,	
  but	
  

is	
  not	
  required	
  for	
  activity	
  of	
  promoters	
  at	
  ori	
  sequences	
  and	
  has	
  no	
  transcriptional	
  

role	
   in	
   yeast	
   (117-­‐119).	
   Mutants	
   lacking	
   ABF2	
   (∆abf2)	
   display	
   a	
   loss-­‐of-­‐mtDNA	
  

phenotype	
  when	
  utilizing	
  fermentable	
  carbon	
  sources	
  for	
  growth	
  (114,	
  120-­‐122),	
  but	
  

are	
  able	
  to	
  maintain	
  wild-­‐type	
  mtDNA	
  in	
  non-­‐fermentable	
  media,	
  indicating	
  that	
  the	
  

requirement	
   for	
  Abf2	
   in	
   ρ+	
  cells	
   is	
   conditional.	
   The	
  ∆abf2	
   phenotype	
   is	
   considered	
  

typical	
  of	
  nuclear	
  gene	
  mutations	
  that	
  affect	
  mtDNA	
  maintenance,	
  since	
  more	
  than	
  

100	
  nuclear	
  genes	
  that	
  influence	
  mtDNA	
  integrity	
  in	
  yeast	
  have	
  been	
  identified	
  (123,	
  

124).	
  

3.1.2	
   Functional	
  roles	
  of	
  the	
  mtDNA	
  recombinase	
  Mhr1	
  

	
   Mhr1	
   is	
   a	
   mitochondrial	
   recombinase	
   (10,	
   58)	
   that	
   acts	
   in	
   DSB	
   repair,	
  

mediates	
  the	
  predominant	
  form	
  of	
  mtDNA	
  replication	
  in	
  ρ+	
  cells	
  (43,	
  57,	
  58,	
  61,	
  125)	
  

and	
   increases	
  mtDNA	
  content	
  without	
  additional	
  Abf2	
   (10).	
  DSBs	
  act	
  as	
   substrates	
  

for	
   mtDNA	
   replication	
   initiation	
   and	
   can	
   be	
   formed	
   at	
   ori	
   sequences	
   by	
   excision	
  

repair	
   enzymes	
   such	
   as	
   Ntg1	
   (10,	
   59).	
   Following	
   procession	
   of	
   DSBs	
   by	
   the	
   5’-­‐3’	
  

exonuclease	
   activity	
   of	
  Din7	
   (61),	
   3’-­‐single	
   stranded	
  DNA	
   can	
   be	
   used	
   by	
  Mhr1	
   to	
  

form	
  a	
  heteroduplex	
  joint,	
  in	
  which	
  the	
  3’-­‐single	
  stranded	
  DNA	
  tail	
  serves	
  as	
  a	
  primer	
  

to	
  initiate	
  rolling-­‐circle	
  mtDNA	
  replication	
  and	
  produce	
  linear	
  stretches	
  of	
  multiple-­‐

unit-­‐sized	
   mtDNA	
  molecules,	
   termed	
   concatemers,	
   which	
   promote	
   segregation	
   of	
  

heteroplasmy	
  towards	
  homoplasmy	
  (43).	
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   In	
  this	
  chapter,	
  we	
   investigate	
  whether	
  Mhr1-­‐driven	
  mtDNA	
  replication	
  and	
  

homologous	
   recombination	
   contribute	
   to	
   the	
  maintenance	
   of	
  mtDNA	
   content	
   and	
  

genome	
   integrity	
   in	
  mhr1-­‐1	
   cells	
   with	
   a	
  ∆abf2	
   genetic	
   background,	
   which	
   show	
   a	
  

loss-­‐of-­‐mtDNA	
  phenotype	
  in	
  fermentable	
  media	
  due	
  to	
  deletion	
  mutagenesis.	
  

	
  

3.2	
  	
   Materials	
  and	
  methods	
  

3.2.1	
   Yeast	
  strains	
  and	
  media	
  

	
   Yeast	
   strains	
   used	
   in	
   this	
   chapter	
   are	
   listed	
   in	
   Table	
   3.1.	
   General	
   genetic	
  

techniques	
   used	
   in	
   this	
   chapter	
   are	
   those	
   described	
   by	
   Kaiser	
   et	
   al.	
   (127).	
   Yeast	
  

transformation	
  was	
  carried	
  out	
  using	
  the	
  lithium-­‐acetate	
  method	
  (94).	
  The	
  assay	
  for	
  

hypersuppressiveness	
  was	
  carried	
  out	
  according	
  to	
  a	
  procedure	
  previously	
  described	
  

(59).	
  Overexpression	
  of	
  MHR1	
  was	
  achieved	
  using	
  a	
  yeast	
  multicopy	
  plasmid	
  with	
  a	
  

constitutive	
  promoter	
   (pVT100U;	
  95).	
  The	
  ORF	
   (open	
   reading	
   frame)	
  of	
  MHR1	
  was	
  

amplified	
  by	
  PCR	
  with	
  addition	
  of	
  SacI	
  and	
  XbaI	
  restriction	
  sites	
  at	
  the	
  5’	
  and	
  3’	
  ends,	
  

respectively	
   and	
   inserted	
   into	
   pVT100U	
   to	
   generate	
   pVT100U-­‐MHR1.	
   Immunoblot	
  

analysis	
   for	
   Mhr1	
   detection	
   was	
   performed	
   using	
   rabbit	
   antiserum	
   against	
   Mhr1,	
  

according	
  to	
  a	
  previously	
  established	
  procedure	
  (61).	
  

	
   Media	
   were	
   prepared	
   as	
   previously	
   described	
   (57-­‐59).	
   Selective	
   pre-­‐

cultivation	
   of	
   cells	
   for	
   respiratory	
   function	
   assays	
   was	
   conducted	
   either	
   in	
   rich	
  

glycerol	
   (YPGly),	
   synthetic	
   glycerol	
   (Gly)	
   or	
   synthetic	
   glycerol	
   minus	
   uracil	
   (Gly-­‐U)	
  

media.	
   Fermentable	
  media,	
   used	
   to	
  promote	
   loss	
  of	
   respiratory	
   function,	
  was	
   rich	
  

glucose	
   (YPD),	
   synthetic	
   glucose	
   (Glu),	
   synthetic	
   glucose	
   minus	
   uracil	
   (Glu-­‐U),	
  

synthetic	
   raffinose-­‐galactose	
   (RGal),	
   or	
   synthetic	
   raffinose-­‐galactose	
   minus	
   uracil	
  

(RGal-­‐U).	
   Glycerol,	
   glucose,	
   raffinose	
   and	
   galactose	
   concentrations	
   used	
   were	
   3%	
  

v/v,	
  2%,	
  2%	
  and	
  2%,	
  respectively.	
  Selection	
  for	
  diploid	
  cells	
   following	
  crossing	
  with	
  

∆abf2	
   or	
  ∆abf2	
  mhr1-­‐1	
   cells	
  was	
   carried	
  out	
   by	
   cultivating	
   cells	
   in	
   liquid	
   synthetic	
  

minimal	
   (SD)	
   or	
   synthetic	
  minimal	
   plus	
   tryptophan	
   (SD+W)	
  medium	
   containing	
   2%	
  

glucose	
   at	
   30°C	
   overnight	
   and	
   then	
   spreading	
   cells	
   on	
   agar	
   plates	
   containing	
   the	
  

same	
  nutrients.	
  For	
  control	
  crosses,	
  diploids	
  were	
  selected	
  by	
  spreading	
  mated	
  cells	
  

directly	
   onto	
   synthetic	
   minimal	
   media	
   agar	
   plates	
   containing	
   leucine	
   plus	
   uracil	
  

(SD+LU)	
  or	
  tryptophan	
  (SD+W)	
  and	
  2%	
  glucose.	
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3.2.2	
   Mitochondrial	
  nucleoid	
  analysis	
  

	
   WT,	
  mhr1-­‐1,	
  ∆abf2	
  and	
  ∆abf2	
  mhr1-­‐1	
  cells	
  were	
  cultivated	
  in	
  YPGly	
  media	
  to	
  

early	
   log-­‐phase	
  at	
  30°C	
  and	
  stained	
  with	
  DAPI.	
  Cells	
  were	
  subsequently	
  transferred	
  

to	
   YPD	
  media	
   and	
   cultivated	
   for	
   two	
   consecutive	
   rounds	
   at	
   30°C	
   or	
   34°C,	
   stained	
  

with	
  DAPI	
  and	
  observed	
  again.	
  DAPI	
  staining	
  was	
  performed	
  by	
  transferring	
  aliquots	
  

to	
  fresh	
  media	
  containing	
  1	
  µg/ml	
  DAPI	
  and	
  incubating	
  for	
  15	
  min.	
  Cells	
  were	
  then	
  

washed	
  and	
  resuspended	
  in	
  fresh	
  media	
  and	
  1%	
  low-­‐melting	
  point	
  agarose	
  at	
  a	
  1:1	
  

ratio.	
   Cells	
   were	
   then	
   mounted	
   on	
   glass	
   slides	
   and	
   analyzed	
   with	
   a	
   Deltavision	
  

fluorescence	
  microscopy	
  system	
  (Applied	
  Precision,	
  Inc.)	
  equipped	
  with	
  an	
  Olympus	
  

IX71	
  microscope.	
  DAPI	
  foci	
  in	
  mother	
  cells	
  were	
  counted	
  using	
  ImageJ	
  software	
  (96).	
  	
  

3.2.3	
   Tetrad	
  analysis	
  

	
   We	
   used	
   an	
   Olympus	
   micromanipulation	
   system	
   for	
   tetrad	
   dissection	
   to	
  

separate	
  the	
  four	
  spores	
  encapsulated	
   in	
  an	
  ascus	
  derived	
  from	
  diploid	
  WT/∆mhr1	
  

cells.	
  Spores	
  were	
  separated	
  and	
  placed	
  on	
  synthetic	
  defined	
   (SD)	
  complete	
  plates	
  

supplemented	
  with	
  adenine	
  (A),	
   leucine	
  (L),	
  uracil	
   (U),	
  histidine	
  (H)	
  and	
  tryptophan	
  

(W),	
   and	
   cultivated	
   at	
   30°C	
   for	
   7	
   days.	
   Colonies	
   were	
   then	
   replica-­‐plated	
   on	
   SD	
  

complete	
  plates	
  lacking	
  L	
  and	
  YPGly	
  plates.	
  

3.2.4	
   Purification	
  of	
  yeast	
  mtDNA	
  and	
  analysis	
  by	
  restriction	
  digestion	
  

	
   MtDNA	
   was	
   purified	
   from	
   ∆mhr1	
   spore-­‐derived	
   yeast	
   cells	
   using	
   cesium	
  

chloride	
   density-­‐gradient	
   centrifugation	
   (128).	
   The	
   purified	
   mtDNA	
   was	
   digested	
  

with	
   ApaI	
   and	
   run	
   on	
   a	
   1%	
   agarose	
   gel	
   alongside	
   DNA	
   size	
   markers.	
   The	
   DNA	
  

fragments	
   were	
   photographed	
   under	
   ultraviolet	
   irradiation	
   after	
   staining	
   the	
   gel	
  

with	
  0.5	
  µg/ml	
  ethidium	
  bromide.	
  

3.2.5	
   Southern	
  blot	
  analysis	
  

	
   ∆abf2	
   and	
   ∆abf2	
   mhr1-­‐1	
   cells	
   were	
   cultivated	
   in	
   YPGly	
   media	
   and	
   then	
  

transferred	
   to	
   RGal	
   complete	
   media	
   and	
   cultivated	
   at	
   30°C	
   for	
   two	
   days.	
   Total	
  

cellular	
  DNA	
  was	
  then	
  prepared	
  and	
  digested	
  by	
  ApaI.	
  Approximately	
  15	
  µg	
  of	
  total	
  

DNA	
  was	
  separated	
  by	
  electrophoresis	
  on	
  a	
  1.0%	
  agarose	
  gel,	
  run	
  at	
  24°C	
  for	
  80	
  h	
  at	
  

5	
   V/cm,	
   and	
   transferred	
   to	
   a	
   nylon	
   membrane	
   (Amersham	
   Hybond	
   N	
   Plus;	
   GE	
  

Healthcare).	
   Signals	
   for	
  mtDNA	
  were	
  detected	
  using	
   32P-­‐labeled	
   full-­‐length	
  mtDNA	
  

from	
   budding	
   yeast	
   as	
   a	
   probe.	
   Signals	
   were	
   analyzed	
   using	
   a	
   Typhoon	
   FLA	
   7000	
  

biomolecular	
  imager	
  (GE	
  Healthcare).	
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3.2.6	
   Analysis	
  of	
  mtDNA	
  level	
  by	
  quantitative	
  real-­‐time	
  PCR	
  

	
   Primers	
   used	
   for	
   real-­‐time	
   PCR	
   were	
   as	
   follows:	
   COX3-­‐Forward,	
   5’-­‐

TCCATTCAGCTATGAGTCCTGATG-­‐3’;	
   COX3-­‐Reverse,	
   5’-­‐

AATTCGGTAGGTTGTACAGCTTCAA-­‐3’;	
   NUC1-­‐Forward,	
   5’-­‐

TTTAGGTCGGGCTATGATCGA-­‐3’;	
   NUC1-­‐Reverse,	
   5’-­‐TCCATGGCCTGTTGAGAAAAT-­‐3’.	
  

The	
  20	
  µl	
  reaction	
  volumes	
  contained	
  10	
  µl	
  SYBR	
  Premix	
  Ex	
  TaqTM	
  II	
  (Takara),	
  0.4	
  µM	
  

of	
  each	
  primer,	
  and	
  100	
  ng	
  of	
  template	
  genomic	
  DNA.	
  A	
  LightCycler	
  480	
  (Roche)	
  was	
  

used	
  for	
  real-­‐time	
  PCR	
  analysis.	
  

	
  

3.3	
   Results	
  

3.3.1	
   Double-­‐mutant	
  ∆abf2	
  mhr1-­‐1	
  cells	
  rapidly	
  lose	
  respiratory	
  function	
  in	
  

fermentable	
  media	
  

	
   In	
  order	
   to	
  examine	
   severely	
   compromised	
  mtDNA	
  maintenance,	
  we	
  opted	
  

to	
  examine	
  ∆abf2	
  cells,	
  which	
  display	
  a	
  well-­‐documented	
  loss-­‐of-­‐mtDNA	
  phenotype	
  

upon	
   cultivation	
   in	
   fermentable	
   media	
   (114,	
   120,	
   121).	
   In	
   order	
   to	
   compare	
   the	
  

extent	
   of	
   respiratory	
   function	
   loss	
   in	
   these	
   backgrounds,	
   we	
   first	
   selectively	
   pre-­‐

cultivated	
   wild-­‐type	
   (WT),	
   single-­‐mutant	
   ∆abf2,	
  mhr1-­‐1,	
   or	
   double-­‐mutant	
   ∆abf2	
  

mhr1-­‐1	
  cells	
  in	
  glycerol	
  medium,	
  a	
  carbon	
  source	
  requiring	
  mitochondrial	
  respiration	
  

for	
   its	
  utilization.	
  We	
   then	
   transferred	
   the	
  cells	
   to	
   synthetic	
   complete	
   fermentable	
  

media	
  containing	
  glucose	
  (Glu)	
  or	
  raffinose	
  and	
  galactose	
  (RGal)	
  as	
  carbon	
  sources.	
  

While	
   both	
   Glu	
   and	
   RGal	
   media	
   are	
   fermentable,	
   the	
   use	
   of	
   RGal	
   allows	
   for	
  

distinction	
  from	
  the	
  transcriptional	
  effects	
  of	
  glucose,	
  which	
  changes	
  the	
  global	
  gene	
  

expression	
  pattern	
  (122).	
  We	
  cultivated	
  cells	
  for	
  nearly	
  eight	
  generations	
  at	
  30°C	
  or	
  

34°C	
  (Fig.	
  3.1A)	
  and	
  then	
  spread	
  equal	
  amounts	
  of	
  dilute	
  culture	
  of	
  each	
  strain	
  onto	
  

rich	
   glucose	
   (YPD)	
   and	
   rich	
   glycerol	
   (YPGly)	
   plates	
   (Fig.	
   3.1B).	
   The	
   proportion	
   of	
  

colony-­‐forming	
   units	
   (CFUs)	
   that	
   retained	
   mitochondrial	
   respiratory	
   activity	
   and	
  

were	
  thus	
  able	
  to	
  grow	
  on	
  YPGly,	
  compared	
  to	
  the	
  total	
  number	
  of	
  CFUs	
  on	
  YPD,	
  was	
  

quantified	
  (Fig.	
  3.1C).	
  	
  

	
   We	
   observed	
   that	
   WT	
   cells	
   retained	
   almost	
   all	
   respiratory	
   function	
   under	
  

each	
   condition,	
  while	
  ∆abf2	
  cells	
   showed	
   remarkable	
   loss	
  of	
   respiratory	
  activity	
   in	
  

Glu	
  media,	
  to	
  59.1	
  ±	
  5.9%	
  ρ+	
  at	
  30°C	
  and	
  14.0	
  ±	
  5.3%	
  ρ+	
  at	
  34°C.	
  On	
  the	
  other	
  hand,	
  

cultivation	
   of	
   ∆abf2	
   cells	
   in	
   RGal	
   medium	
   resulted	
   in	
   a	
   large	
   proportion	
   of	
   cells	
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retaining	
  respiratory	
  activity,	
  forming	
  ρ+	
  CFUs	
  at	
  rates	
  of	
  103.9	
  ±	
  14.3%	
  at	
  30°C	
  and	
  

83.9	
   ±	
   20.7%	
   at	
   34°C.	
   These	
   observations	
   appear	
   consistent	
   with	
   the	
   previously	
  

reported	
  mtDNA	
  instability	
  phenotype	
  of	
  ∆abf2	
  cells	
  in	
  glucose	
  (120).	
  In	
  the	
  mhr1-­‐1	
  

background,	
   a	
   large	
   proportion	
   of	
   CFUs	
   retained	
   respiratory	
   activity,	
   with	
   ρ+	
   CFU	
  

formation	
  rates	
  of	
  103.9	
  ±	
  0.7%	
  and	
  77.6	
  ±	
  6.0%	
  ρ+	
  in	
  Glu,	
  and	
  96.5	
  ±	
  13.5%	
  and	
  83.7	
  

±	
  10.6%	
  ρ+	
  in	
  RGal,	
  at	
  30°C	
  and	
  34°C,	
  respectively.	
  The	
  slight	
  decrease	
  in	
  respiratory	
  

activity	
   of	
   mhr1-­‐1	
   cells	
   grown	
   at	
   34°C	
   was	
   previously	
   observed	
   as	
   mhr1-­‐1	
  

temperature	
   sensitivity	
   (43,	
   57).	
   Furthermore,	
   ∆abf2	
   mhr1-­‐1	
   double-­‐mutant	
   cells	
  

displayed	
  ρ+	
  CFU	
  formation	
  rates	
  of	
  68.3	
  ±	
  10.4%	
  and	
  15.4	
  ±	
  7.3%	
  ρ+	
  in	
  Glu,	
  and	
  64.3	
  

±	
   8.8%	
   and	
   37.2	
   ±	
   3.7%	
   ρ+	
   in	
   RGal,	
   at	
   30°C	
   and	
   34°C,	
   respectively.	
   Severe,	
  

temperature-­‐dependent	
   loss	
   of	
   respiratory	
   function	
   occurred	
   in	
   the	
   ∆abf2	
   single-­‐

mutant	
   in	
  Glu	
  but	
  not	
  RGal,	
  while	
  ∆abf2	
  mhr1-­‐1	
  double	
  mutant	
  cells	
  displayed	
  an	
  

additive	
   increase	
   in	
  temperature	
  sensitivity	
   in	
  RGal.	
  These	
  results	
   indicate	
  that	
   loss	
  

of	
   mitochondrial	
   function	
   in	
   this	
   background	
   occurs	
   independently	
   of	
   glucose	
  

repression.	
  

	
   We	
  next	
  explored	
  the	
  effect	
  of	
  extended	
  cultivation	
  time	
  on	
   loss	
  of	
  cellular	
  

respiratory	
   function.	
   We	
   pre-­‐cultivated	
   the	
   four	
   strains	
   in	
   YPGly	
   medium,	
   then	
  

transferred	
   the	
   cells	
   to	
   RGal	
   medium	
   and	
   cultivated	
   for	
   approximately	
   20	
  

generations	
   (Fig.	
   3.1D).	
   Finally,	
   we	
   spread	
   the	
   cells	
   on	
   YPD	
   and	
   subsequently	
  

replicated	
  the	
  colonies	
  onto	
  YPGly	
  plates	
  (Fig.	
  3.1E),	
  or	
  simultaneously	
  spread	
  equal	
  

amounts	
  of	
  dilute	
  culture	
  onto	
  YPD	
  and	
  YPGly	
  plates	
   (Fig.	
  3.1F).	
   In	
   contrast	
   to	
  WT	
  

and	
   mhr1-­‐1	
   single-­‐mutant	
   cells,	
   which	
   remained	
   almost	
   entirely	
   ρ+,	
   only	
   27.0	
   ±	
  

18.4%	
  of	
  the	
  ∆abf2	
  cells	
  were	
  able	
  to	
  form	
  ρ+	
  colonies	
  on	
  glycerol	
  plates	
  following	
  

simultaneous	
  spreading.	
  Remarkably,	
  none	
  of	
  the	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  

were	
  able	
  to	
  grow	
  on	
  YPGly	
  plates	
  after	
  growth	
  for	
  approximately	
  20	
  generations	
  in	
  

RGal	
   (Fig.	
   3.1G).	
   Therefore,	
   extended	
   cultivation	
   of	
   the	
   ∆abf2	
   single-­‐mutant	
   in	
  

fermentable	
   RGal	
   media	
   increases	
   loss	
   of	
   cellular	
   respiratory	
   function,	
   while	
   the	
  

additional	
   loss	
   of	
   Mhr1	
   function	
   causes	
   rapid	
   and	
   complete	
   loss	
   of	
   cellular	
  

respiratory	
  function	
  (120,	
  124,	
  129).	
  

3.3.2	
   Nucleoid	
  numbers	
  are	
  significantly	
  reduced	
  in	
  ∆abf2	
  mhr1-­‐1	
  cells	
  

	
   Next,	
   we	
   investigated	
   the	
   relative	
   abundance	
   of	
   mtDNA	
   nucleoids	
   in	
   WT,	
  

∆abf2	
   or	
  mhr1-­‐1	
   single-­‐mutant,	
   or	
   ∆abf2	
  mhr1-­‐1	
   double-­‐mutant	
   cells	
   selectively	
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grown	
   in	
   YPGly	
  media,	
   or	
   grown	
   in	
   YPD	
  media	
   at	
   30°C	
   or	
   34°C	
   for	
  more	
   than	
   20	
  

generations	
  (Fig.	
  3.2).	
  In	
  ∆abf2	
  single-­‐mutants,	
  approximately	
  27%	
  of	
  CFUs	
  remained	
  

ρ+	
   after	
   cultivation	
   in	
   glucose	
   (Fig.	
   3.1G),	
   yet	
   all	
  ∆abf2	
   mother	
   cells	
   we	
   observed	
  

displayed	
  mtDNA-­‐derived	
  nucleoid	
  signals	
  after	
  cultivation	
  in	
  YPD	
  at	
  30°C	
  (Fig.	
  3.2B),	
  

suggesting	
   that	
   loss	
   of	
   respiratory	
   function	
   in	
   ∆abf2	
   cells	
   may	
   be	
   due	
   to	
   mtDNA	
  

deletion	
   mutagenesis.	
   In	
   addition,	
   double-­‐mutant	
   ∆abf2	
   mhr1-­‐1	
   cells	
   showed	
   the	
  

lowest	
  number	
  of	
  mitochondrial	
  nucleoid	
  signals	
  after	
  cultivation	
  in	
  YPD	
  media	
  (Fig.	
  

3.2A-­‐B),	
  and	
  nucleoid	
  signals	
  were	
  absent	
  from	
  44.4%	
  of	
  ∆abf2	
  mhr1-­‐1	
  mother	
  cells	
  

following	
   cultivation	
   at	
   34°C,	
   compared	
   to	
   0%	
   of	
   WT	
   and	
  mhr1-­‐1	
   cells	
   and	
   only	
  

10.0%	
   of	
   ∆abf2	
   mother	
   cells.	
   These	
   results	
   indicate	
   that	
   mtDNA	
   maintenance	
   is	
  

defective	
  without	
  Abf2	
  and	
  fully	
  functional	
  Mhr1.	
  Since	
  we	
  observed	
  that	
  respiratory	
  

function	
  and	
  nucleoid	
  abundance	
  generally	
  decrease	
   in	
  ∆abf2	
  mhr1-­‐1	
   cells	
   relative	
  

to	
  ∆abf2	
  cells,	
  it	
  is	
  likely	
  Mhr1	
  plays	
  a	
  role	
  in	
  protecting	
  mtDNA	
  genomic	
  integrity.	
  

3.3.3	
   Loss	
  of	
  MHR1	
  causes	
  mtDNA	
  fragmentation	
  

	
   In	
  order	
  to	
  demonstrate	
  that	
  Mhr1	
  is	
  required	
  to	
  maintain	
  mtDNA	
  integrity,	
  

we	
  introduced	
  mhr1::LEU2	
  DNA	
  fragments	
  into	
  WT/WT	
  diploid	
  cells	
  to	
  disrupt	
  one	
  of	
  

the	
   two	
  MHR1	
   alleles,	
   thereby	
   creating	
   haploinsufficient	
   WT/∆mhr1	
   diploid	
   cells	
  

(see:	
  Table	
  3.1).	
  We	
   then	
  conducted	
   tetrad	
  analysis	
   to	
  determine	
  whether	
  haploid	
  

spores	
  with	
  the	
  nuclear	
  genotype	
  mhr1::LEU	
  (∆mhr1)	
  retain	
  respiratory	
  function.	
  All	
  

leucine	
  prototrophic	
   spores	
  were	
  unable	
   to	
   grow	
  on	
   YPGly	
   plates,	
   confirming	
   that	
  

the	
   ∆mhr1	
  mutation	
   causes	
   complete	
   loss	
   of	
   respiratory	
   function	
   (Fig.	
   3.3A).	
   We	
  

further	
  cultivated	
  WT	
  cells	
  and	
  ∆mhr1	
  spores	
  (Figure	
  3.3B,	
  a-­‐g)	
   in	
  glucose	
  medium,	
  

after	
   selecting	
   cells	
   that	
   still	
   displayed	
   mtDNA	
   signals	
   upon	
   DAPI-­‐staining.	
   ApaI-­‐

digests	
  of	
  mtDNA	
  from	
  wild-­‐type	
  cells	
  gave	
  rise	
  to	
  many	
  discrete	
  bands,	
  while	
  ApaI-­‐

digests	
   of	
   mtDNA	
   from	
   ∆mhr1	
   cells	
   gave	
   only	
   a	
   few	
   discrete	
   bands	
   (Fig.	
   3.3B),	
  

indicating	
  mtDNA	
  deletions	
  also	
  occur	
  in	
  ∆mhr1	
  cells	
  with	
  some	
  observable	
  amounts	
  

of	
  mtDNA	
  remaining.	
  

3.3.4	
   MtDNA	
  deletion	
  mutagenesis	
  in	
  ∆abf2	
  mhr1-­‐1	
  cells	
  

	
   To	
  determine	
  whether	
  mtDNA	
  deletion	
  mutagenesis	
  or	
  the	
  complete	
  loss	
  of	
  

mtDNA	
  occurred	
  in	
  ∆abf2	
  single-­‐	
  or	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells,	
  we	
  analyzed	
  

suppressiveness	
   according	
   to	
   previously	
   established	
   methods	
   (59).	
   The	
   degree	
   of	
  

suppresiveness	
   is	
   determined	
   by:	
   (1)	
   The	
   length	
   of	
   the	
   remnant	
  mtDNA	
  molecule	
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after	
  undergoing	
  a	
  deletion	
  and	
  (2)	
  the	
  preservation	
  of	
  an	
  active	
  ori	
  sequence	
  (Fig.	
  

3.4A).	
  Small	
  mtDNA	
  deletions	
  result	
  in	
  relatively	
  large	
  remnant	
  molecules.	
  Therefore,	
  

when	
  crossed	
  with	
  ρ+	
  haploid	
  cells,	
  small	
  mtDNA	
  deletion-­‐bearing	
  cells	
  give	
  rise	
  to	
  

diploid	
   populations	
   that	
   are	
   in	
   a	
   range	
   of	
   10%	
   to	
   90%	
   ρ+.	
   In	
   contrast,	
   when	
  

mitochondrial	
  genomes	
  undergo	
  a	
  large	
  deletion	
  event	
  but	
  retain	
  at	
  least	
  one	
  active	
  

replication	
  origin,	
  crosses	
  of	
  these	
  haploid	
  cells	
  with	
  ρ+	
  haploid	
  cells	
  of	
  the	
  opposite	
  

mating	
   type	
   will	
   give	
   rise	
   to	
   <5%	
   ρ+	
   diploid	
   progeny,	
   a	
   phenotype	
   termed	
  

“hypersuppressive”	
  (130).	
  Finally,	
  crossing	
  haploid	
  cells	
  without	
  mtDNA	
  (ρ0)	
  with	
  ρ+	
  

haploid	
   cells	
   will	
   result	
   in	
   100%	
   ρ+	
   diploid	
   progeny,	
   a	
   phenotype	
   termed	
   “non-­‐

suppressive”.	
  

	
   We	
  crossed	
  a	
  ρ+	
   strain	
  with	
  haploid	
  WT	
  ρ+,	
  ρ-­‐,	
  HS	
  ρ-­‐	
   or	
  ρ0	
   cells	
   as	
   controls	
  

(Fig.	
   3.4B,	
   top	
   four	
   panels)	
   and	
   ∆abf2	
   or	
   ∆abf2	
   mhr1-­‐1	
   cells,	
   and	
   analyzed	
   the	
  

respiratory	
  phenotypes	
  of	
   the	
   resulting	
  diploid	
  progeny.	
   In	
   crosses	
  with	
   the	
  ∆abf2	
  

background,	
   20%	
   ~	
   80%	
   of	
   diploid	
   colonies	
   were	
   ρ+,	
   with	
   a	
   single	
   distribution	
  

centered	
  at	
  around	
  55%	
  ρ+	
  (Fig	
  3.4B,	
  second	
  panel	
  from	
  bottom).	
  In	
  contrast	
  to	
  this	
  

moderately	
   suppressive	
   phenotype,	
   crossing	
   ∆abf2	
  mhr1-­‐1	
   cells	
   yielded	
   a	
   bimodal	
  

distribution	
   in	
  which	
   resulting	
   diploid	
   cells	
   either	
   displayed	
   a	
   hypersuppressive,	
   or	
  

moderate	
   to	
  non-­‐suppressive	
  phenotype,	
   ranging	
   from	
  0%	
  ~	
  20%	
  and	
  50%	
  ~	
  100%	
  

ρ+,	
   respectively	
   (Fig.	
   3.4B,	
   bottom	
   panel).	
   These	
   results	
   indicate	
   that	
   large-­‐scale	
  

mtDNA	
   deletions	
   or	
   the	
   complete	
   loss	
   of	
   mtDNA	
   occurs	
   in	
   ∆abf2	
   mhr1-­‐1	
   cells,	
  

suggesting	
  that	
  the	
  increased	
  production	
  of	
  ρ-­‐	
  progeny	
  (Fig.	
  3.1C	
  and	
  G)	
  is	
  due	
  to	
  a	
  

deficiency	
  of	
  Mhr1-­‐driven	
  mtDNA	
  recombination.	
  

	
   Next,	
   we	
   analyzed	
   mtDNA	
   from	
   ρ-­‐	
   ∆abf2	
   and	
   ∆abf2	
   mhr1-­‐1	
   colonies	
   by	
  

Southern	
   blot	
   analysis.	
   Compared	
   to	
   ρ+	
  WT	
   and	
   ∆abf2	
   controls	
   (Figure	
   3.5A),	
   we	
  

observed	
   that	
  ρ-­‐	
  ∆abf2	
  mtDNA	
  generally	
   lacked	
   several	
  mtDNA-­‐specific	
   bands	
   that	
  

were	
  present	
  in	
  ρ+	
  mtDNA	
  (Figure	
  3.5B).	
  Similarly,	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  

generally	
   lacked	
   many	
   mtDNA-­‐specific	
   bands	
   and	
   some	
   samples	
   lacked	
   mtDNA	
  

signals	
   altogether,	
   compared	
   to	
   the	
   signals	
   derived	
   from	
   ρ+	
  WT	
   and	
  mhr1-­‐1	
   cells	
  

(Figure	
  3.5A	
  and	
  B).	
  Also,	
  to	
  our	
  surprise	
  we	
  observed	
  several	
  more	
  small,	
  mtDNA-­‐

specific	
  bands	
  in	
  the	
  mhr1-­‐1	
  control	
  compared	
  to	
  the	
  ρ+	
  WT	
  and	
  ∆abf2	
  controls.	
  One	
  

explanation	
   is	
   that	
   mtDNA	
   deletions	
   caused	
   by	
   the	
   mhr1-­‐1	
   mutation	
   result	
   in	
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heteroplasmy,	
   which	
   would	
   be	
   stable	
   since	
   the	
   mhr1-­‐1	
   mutation	
   delays	
  

mitochondrial	
  allele	
  segregation	
  (59).	
  	
  Collectively,	
  these	
  results	
  indicate	
  that	
  mtDNA	
  

deletions	
   occur	
   in	
   ρ-­‐	
   ∆abf2	
   cells	
   and	
   that	
   large-­‐scale	
   mtDNA	
   deletion	
   or	
   the	
  

complete	
  loss	
  of	
  mtDNA	
  occurs	
  in	
  ρ-­‐	
  or	
  ρ0	
  ∆abf2	
  mhr1-­‐1	
  cells. 

3.3.5	
   Mhr1	
  overproduction	
  prevents	
  mtDNA	
  deletion	
  mutagenesis	
  

	
   To	
   verify	
   that	
   Abf2	
   and	
   Mhr1	
   are	
   required	
   for	
   mtDNA	
   maintenance,	
   we	
  

analyzed	
   mtDNA	
   levels	
   relative	
   to	
   nuclear	
   DNA	
   using	
   quantitative	
   PCR	
   (131).	
   We	
  

observed	
  that	
  the	
  mtDNA	
  level	
  in	
  ∆abf2	
  cells	
  was	
  less	
  than	
  half	
  (46.3	
  ±	
  8.6%)	
  that	
  of	
  

WT	
   cells	
   grown	
   in	
   YPGly	
  medium	
   (Fig.	
   3.6A).	
   Consistent	
   with	
   our	
   previous	
   results	
  

(57),	
   a	
   large	
   proportion	
   (83.9	
   ±	
   15.3%)	
   of	
  mtDNA	
   content	
  was	
   retained	
   in	
  mhr1-­‐1	
  

cells	
   grown	
   in	
   glycerol	
   medium,	
   while	
   we	
   observed	
   no	
   additive	
   effect	
   on	
   the	
  

depletion	
  of	
  mtDNA	
  in	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  (51.4	
  ±	
  8.8%),	
  suggesting	
  

Abf2	
  is	
  dispensable	
  for	
  Mhr1-­‐driven	
  mtDNA	
  replication	
  (Fig.	
  3.6A).	
  

	
   To	
   investigate	
   the	
   effects	
   of	
   increasing	
   the	
   amount	
   of	
   Mhr1	
   on	
   mtDNA	
  

content	
   and	
   cellular	
   respiratory	
   function,	
   we	
   constitutively	
   overexpressed	
  MHR1	
  

under	
   the	
   ADH	
   promoter	
   via	
   plasmid	
   in	
   ∆abf2	
   single-­‐mutant	
   and	
   ∆abf2	
  mhr1-­‐1	
  

double-­‐mutant	
   cells,	
   and	
   confirmed	
  Mhr1	
   overproduction	
   by	
   immunoblot	
   analysis	
  

(Fig.	
  3.6B).	
  qPCR	
  analysis	
  revealed	
  that	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  harboring	
  

an	
  empty	
  vector	
  had	
  68.4	
  ±	
  11.9%	
  of	
  the	
  mtDNA	
  level	
  of	
  wild-­‐type	
  cells.	
  In	
  contrast,	
  

Mhr1	
  overexpression	
  resulted	
  in	
  an	
  mtDNA	
  level	
  of	
  97.5	
  ±	
  26.5%	
  (Fig.	
  3.6C).	
  	
  

	
   To	
   examine	
   whether	
   exogenous	
   MHR1	
   expression	
   rescues	
   respiratory	
  

function,	
  we	
  compared	
  ∆abf2	
  single-­‐mutant	
  and	
  ∆abf2	
  mhr1-­‐1	
  double-­‐mutant	
  cells	
  

harboring	
  empty	
  (pVT)	
  or	
  MHR1-­‐overexpressing	
  plasmids	
  (pVT-­‐MHR1)	
  after	
  48	
  hours	
  

of	
  growth	
  (equivalent	
  to	
   less	
  than	
  eight	
  generations)	
   in	
  fermentable	
  glucose	
  minus	
  

uracil	
  (Glu-­‐U)	
  or	
  raffinose-­‐galactose	
  minus	
  uracil	
  (RGal-­‐U)	
  media	
  at	
  30°C	
  or	
  34°C	
  (Fig.	
  

3.6D).	
  We	
  then	
  spread	
  equal	
  amounts	
  of	
  dilute	
  culture	
  on	
  YPD	
  and	
  YPGly	
  plates,	
  as	
  

described	
   in	
   Fig.	
   3.1.	
   Glucose	
   strongly	
   reduced	
   respiratory	
   growth	
   levels	
   in	
  

∆abf2/pVT	
  cells,	
  a	
   result	
   closely	
  matching	
   that	
   in	
  ∆abf2	
   cells	
  without	
  plasmid	
  DNA	
  

(Fig.	
  3.1C).	
  ∆abf2/pVT	
  cells	
  grown	
  in	
  Glu-­‐U	
  medium	
  produced	
  67.0	
  ±	
  6.9%	
  ρ+	
  colonies	
  

at	
   30°C	
   and	
   only	
   16.1	
   ±	
   9.4%	
   at	
   34°C.	
   In	
   contrast,	
  ∆abf2/pVT	
   cells	
   yielded	
   92.9	
   ±	
  

13.3%	
   and	
   94.6	
   ±	
   10.8%	
   ρ+	
   colonies	
   when	
   grown	
   in	
   RGal-­‐U	
   at	
   30°C	
   or	
   34°C,	
  

respectively.	
   In	
   agreement	
   with	
   our	
   result	
   from	
   ∆abf2	
   cells,	
   cellular	
   respiratory	
  



	
   52	
  

function	
   is	
   significantly	
   reduced	
   following	
   cultivation	
  of	
  ∆abf2/pVT	
   cells	
   at	
   34°C	
   in	
  

Glu-­‐U	
  medium,	
  but	
  not	
  in	
  RGal-­‐U.	
  There	
  was	
  a	
  small	
  decrease	
  in	
  respiratory	
  growth	
  

upon	
  MHR1-­‐overexpression	
  in	
  the	
  ∆abf2/pVT-­‐MHR1	
  cells	
   in	
  Glu-­‐U	
  or	
  RGal-­‐U	
  media	
  

at	
  either	
  30°C	
  or	
  34°C,	
  indicating	
  that	
  additional	
  Mhr1	
  is	
  not	
  sufficient	
  to	
  offset	
  a	
  lack	
  

of	
   Abf2.	
   Although	
   nucleoid	
   formation	
   defects	
   in	
   the	
   ∆abf2	
   background	
   cause	
  

respiratory	
  defects	
  (113),	
  it	
  is	
  very	
  likely	
  such	
  defects	
  are	
  unable	
  to	
  be	
  prevented	
  by	
  

MHR1-­‐overexpression.	
  On	
  the	
  other	
  hand,	
  ρ+	
  CFU	
  formation	
  rates	
  were	
  only	
  50.3	
  ±	
  

14.8%	
  and	
  3.3	
  ±	
  4.2%	
  in	
  ∆abf2	
  mhr1-­‐1/pVT	
  cells	
  in	
  Glu-­‐U	
  medium	
  at	
  30°C,	
  and	
  34°C,	
  

respectively.	
  Importantly,	
  ∆abf2	
  mhr1-­‐1/pVT	
  cells	
  also	
  displayed	
  highly	
  temperature-­‐

sensitive	
   respiratory	
   function	
   after	
   cultivation	
   in	
   RGal-­‐U,	
   giving	
   ρ+	
   CFU	
   formation	
  

rates	
   of	
   81.0	
   ±	
   6.6%	
   and	
   12.4	
   ±	
   7.4%	
   at	
   30°C	
   and	
   34°C,	
   respectively.	
   Addition	
   of	
  

MHR1	
  in	
  ∆abf2	
  mhr1-­‐1/pVT-­‐MHR1	
  cells	
  significantly	
  rescued	
  the	
  respiratory	
  function	
  

of	
  these	
  cells	
  in	
  RGal-­‐U	
  at	
  34°C,	
  to	
  a	
  ρ+	
  CFU	
  formation	
  rate	
  of	
  69.1	
  ±	
  27.5%.	
  On	
  the	
  

other	
   hand,	
   ∆abf2	
   mhr1-­‐1/pVT-­‐MHR1	
   cells	
   cultivated	
   in	
   Glu-­‐U	
   showed	
   no	
   rescue	
  

effect,	
  with	
  ρ+	
  CFU	
  formation	
  rates	
  of	
  54.5	
  ±	
  3.2%	
  and	
  6.3	
  ±	
  6.8%	
  at	
  30°C	
  and	
  34°C,	
  

respectively	
  (Fig.	
  3.6E	
  and	
  F).	
  	
  

	
   To	
   further	
   advance	
   the	
   notion	
   that	
  Mhr1	
   can	
   protect	
  mtDNA	
   integrity,	
  we	
  

examined	
   the	
   effect	
   of	
   an	
   extended	
   cultivation	
   time	
   in	
   fermentable	
   media	
   of	
  

approximately	
   20	
   generations.	
   Simultaneous	
   spreading	
   of	
   ∆abf2	
   mhr1-­‐1/pVT	
   and	
  

∆abf2	
  mhr1-­‐1/pVT-­‐MHR1	
   cells	
   onto	
  YPD	
  and	
  YPGly	
  plates	
   (Fig.	
   3.6G)	
   yielded	
  4.5	
  ±	
  

4.1%	
  and	
  54.0	
  ±	
  3.6%	
  ρ+	
  CFUs,	
  respectively	
  (Fig.	
  3.6H	
  and	
  I),	
  reinforcing	
  the	
  notion	
  of	
  

a	
  rescue	
  effect	
  for	
  additional	
  Mhr1	
  in	
  RGal-­‐U	
  media.	
  Similarly,	
  replica-­‐plating	
  ∆abf2	
  

mhr1-­‐1/pVT	
   and	
   ∆abf2	
   mhr1-­‐1/pVT-­‐MHR1	
   colonies	
   from	
   RGal-­‐U	
   to	
   YPGly	
   plates	
  

showed	
   a	
   clear	
   increase	
   in	
   the	
   proportion	
   of	
  ρ+	
  CFUs	
   upon	
  MHR1	
   overexpression	
  

(Fig.	
  3.6J	
  and	
  K),	
  while	
  only	
  a	
  small	
  proportion	
  of	
  CFUs	
  remained	
  ρ+	
  after	
  cultivation	
  

in	
  Glu-­‐U	
  medium	
  (Fig.	
  3.6L	
  and	
  M).	
  These	
  results	
  indicate	
  that	
  glucose	
  impairs	
  Mhr1-­‐

mediated	
   action,	
   which	
   protects	
   against	
   mtDNA	
   deletions.	
   In	
   summary,	
   Mhr1	
  

functions	
   to	
   prevent	
   loss	
   of	
   respiratory	
   function	
   due	
   to	
   mtDNA	
   deletion	
  

mutagenesis,	
   although	
   deletions	
   are	
   not	
   completely	
   prevented	
   by	
   overproduced	
  

Mhr1	
  (Fig.	
  3.7).	
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3.4	
   Discussion	
  

	
   In	
  this	
  chapter,	
  we	
  found	
  that	
  increasing	
  Mhr1	
  protein	
  level	
  partially	
  prevents	
  

loss	
  of	
  respiratory	
  function	
  in	
  cells	
   lacking	
  Abf2	
  and	
  functional	
  Mhr1,	
  which	
  display	
  

an	
  mtDNA-­‐instability	
  phenotype	
  similar	
  to	
  several	
  other	
  nuclear	
  mutations	
  in	
  yeast.	
  

Our	
  results	
  provide	
  further	
  support	
  for	
  the	
  notion	
  that	
  Mhr1	
  has	
  a	
  pivotal role	
  in	
  the	
  

maintenance	
  of	
  mitochondrial	
  genomic	
  integrity	
  (132),	
  and	
  that	
  DSB-­‐induced	
  mtDNA	
  

replication	
  by	
  Mhr1	
  is	
  the	
  predominant	
  replication	
  form	
  of	
  mtDNA	
  replication	
  in	
  ρ+	
  

yeast	
   cells	
   (62).	
   We	
   previously	
   reported	
   that	
   Mhr1-­‐dependent	
   mtDNA	
   replication	
  

and	
   homologous	
   recombination	
   are	
   crucial	
   for	
   repair	
   of	
   mtDNA	
   DSBs	
   (61).	
  

Collectively,	
   our	
   results	
   here	
   suggest	
   that	
   mitochondrial	
   homologous	
   DNA	
  

recombination	
   may	
   have	
   utility	
   in	
   preventing	
   spontaneous	
   generation	
   of	
   mtDNA	
  

deletions	
  in	
  a	
  variety	
  of	
  circumstances	
  (Fig.	
  3.7).	
  

	
   The	
  requirement	
  for	
  Abf2	
  and	
  Mhr1	
  in	
  mtDNA	
  stability	
  raises	
  the	
  question	
  of	
  

how	
   increasing	
   the	
   amount	
  of	
  Mhr1	
   alone	
  prevents	
   generation	
  of	
   deleted	
  mtDNA	
  

and	
  helps	
  to	
  sustain	
  cellular	
  respiratory	
  function.	
  The	
  answer	
  likely	
  comes	
  from	
  one	
  

of	
   the	
   mechanisms	
   of	
   mtDNA	
   deletion	
   formation	
   proposed	
   by	
   Krishnan	
   et	
   al.,	
   in	
  

which	
  mtDNA	
  deletions	
   occur	
   during	
   repair	
   of	
   damaged	
  mtDNA	
  with	
  DSBs,	
   rather	
  

than	
   during	
   replication	
   (133).	
  We	
   inferred	
   that	
   a	
   lack	
   of	
   Abf2	
  might	
   weaken	
   DSB	
  

repair	
   by	
   homologous	
   recombination	
   and	
   increase	
   the	
   accumulation	
   of	
  deleted	
  

mtDNA	
   molecules.	
   Since	
   DSB	
   repair	
   can	
   be	
   accomplished	
   by	
   homologous	
   DNA	
  

recombination	
  (134-­‐136),	
  an	
  increased	
  amount	
  of	
  Mhr1	
  may	
  enhance	
  the	
  number	
  of	
  

homologous	
   DNA	
   recombination	
   events	
   to	
   repair	
   DSBs	
   (61).	
   This	
   interpretation	
  

implies	
   that	
  mtDNA	
  deletions	
  are	
  prevented,	
  mtDNA	
   integrity	
   is	
  maintained,	
  and	
  a	
  

large	
  proportion	
  of	
  cells	
  with	
  the	
  ∆abf2	
  mutation	
  sustain	
  respiratory	
  function	
  upon	
  

overexpression	
   of	
   MHR1	
   (Fig.	
   3.6).	
   On	
   the	
   other	
   hand,	
   since	
   mtDNA	
   deletion	
  

mutagenesis	
  still	
  occurs	
  upon	
  Mhr1	
  overproduction	
   in	
  ∆abf2	
   cells,	
   the	
  stabilization	
  

of	
  mtDNA	
  recombination	
   intermediates	
  by	
  Abf2	
  (120)	
   is	
   important.	
   In	
  addition,	
  we	
  

found	
  that	
  a	
  fraction	
  of	
  the	
  population	
  of	
  ∆abf2	
  mhr1-­‐1	
  cells	
  contains	
  HS	
  ρ-­‐	
  mtDNA	
  

molecules	
  (less	
  than	
  20%;	
  Fig.	
  3.4B),	
  however	
  this	
  proportion	
  is	
   likely	
   large	
  enough	
  

to	
   reduce	
   the	
   beneficial	
   effect	
   of	
  Mhr1	
   overproduction	
   on	
   preventing	
   deleterious	
  

mtDNA	
  mutations.	
   Due	
   to	
   the	
   presence	
   of	
   HS	
  ρ-­‐	
  mtDNA	
  mutant	
  molecules,	
  Mhr1	
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overexpression	
   likely	
   increases	
   the	
   amounts	
   of	
   both	
   wild-­‐type	
   and	
   HS	
   ρ-­‐	
   mtDNA.	
  

Thus,	
   it	
   is	
   very	
   unlikely	
   that	
   the	
   observed	
   rescue	
   of	
   respiratory	
   function	
   in	
  ∆abf2	
  

mhr1-­‐1	
  cells	
  upon	
  MHR1	
  overexpression	
  (Fig.	
  3.6)	
  is	
  due	
  only	
  to	
  increase	
  replication	
  

and	
  selection	
  for	
  wild-­‐type	
  mtDNA	
  over	
  deleterious	
  mtDNA	
  mutations.	
  These	
  results	
  

therefore	
   indicate	
   that	
   increased	
   amounts	
   of	
   Mhr1	
   can	
   prevent	
   mitochondrial	
  

genomic	
  instability.	
  

	
   Mhr1	
   promotes	
   homologous	
   DNA	
   pairing	
   (58,	
   126),	
   while	
   Abf2	
   packages	
  

mtDNA	
  and	
   is	
   the	
  main	
  component	
  of	
   the	
  nucleoid	
   (113).	
  Both	
  of	
   these	
  molecular	
  

functions	
   resemble	
   that	
   of	
   RecA	
   in	
   Escherichia	
   coli.	
   RecA	
   forms	
   a	
   nucleoprotein	
  

complex	
   that	
   both	
   ensures	
   the	
   formation	
   of	
   heteroduplex	
   DNA	
   and	
   protects	
   DNA	
  

from	
   nuclease	
   degradation	
   (137).	
   Since	
   these	
   roles	
   are	
   performed	
   by	
   discrete	
  

proteins	
   in	
   S.	
   cerevisiae	
   mitochondria,	
   whether	
   mtDNA-­‐Mhr1	
   nucleoprotein	
  

formation	
  occurs	
  prior	
  to	
  packaging	
  of	
  concatemeric	
  mtDNA	
  molecules	
  by	
  Abf2	
  or	
  by	
  

a	
  contrary	
  process	
  remains	
  for	
  further	
  investigation.	
  	
  

	
   TFAM,	
   the	
  mammalian	
   ortholog	
   of	
   Abf2,	
   contains	
   an	
   additional	
   C-­‐terminal	
  

domain	
  predicted	
  to	
  be	
  essential	
  for	
  transcription	
  (119).	
  TFAM	
  can	
  complement	
  Abf2	
  

in	
   yeast	
   by	
   rescuing	
   the	
   loss-­‐of-mtDNA	
   phenotype	
   of	
   yeast	
   ∆abf2	
   cells	
   (138).	
   In	
  

contrast	
  to	
  Abf2/TFAM,	
  the	
  existence	
  of	
  a	
  metazoan	
  ortholog	
  of	
  Mhr1	
  and	
  therefore	
  

the	
  occurrence	
  of	
  mtDNA	
  recombination	
  in	
  animals	
  remains	
  an	
  open	
  issue	
  (139).	
  To	
  

date,	
   there	
   have	
   been	
   several	
   lines	
   of	
   evidence	
   to	
   indicate	
   that	
   human	
   mtDNA	
  

recombination	
   may	
   occur	
   (140-­‐142).	
   For	
   example,	
   we	
   demonstrated	
   that	
   ROS	
  

stimulate	
  mitochondrial	
  allele	
  segregation	
  from	
  heteroplasmy	
  towards	
  homoplasmy	
  

in	
  human	
  fibroblasts	
  (11),	
  a	
  result	
  consistent	
  with	
  the	
  stimulatory	
  effect	
  of	
  ROS	
  and	
  

mechanism	
  of	
   recombination-­‐driven	
  mtDNA	
  replication	
   in	
  yeast	
  mitochondria	
   (10).	
  

Consistent	
   with	
   the	
   results	
   reported	
   here,	
   a	
   method	
   to	
   stimulate	
   recombination	
  

function	
  in	
  human	
  mitochondria	
  may	
  similarly	
  prevent	
  human	
  mtDNA	
  instability	
  and	
  

present	
  numerous	
  other	
  health	
  benefits.	
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3.5	
   Figures	
  and	
  Table	
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Figure	
  3.1	
  |	
  Loss	
  of	
  respiratory	
  function	
  in	
  ∆abf2,	
  mhr1-­‐1	
  and	
  ∆abf2	
  mhr1-­‐1	
  cells.	
  (A)	
  

Scheme	
   of	
   respiratory	
   function	
   assay.	
   Cells	
   were	
   selectively	
   pre-­‐cultured	
   in	
   YPGly	
  

medium,	
  then	
  106	
  cells	
  were	
  transferred	
  to	
  Glu	
  or	
  RGal	
  media	
  and	
  cultivated	
  for	
  <8	
  

generations	
  at	
  30°C	
  or	
  34°C.	
  Equal	
  volumes	
  of	
  dilute	
  culture	
  were	
  then	
  spread	
  onto	
  

YPD	
   and	
   YPGly	
   plates	
   to	
   measure	
   the	
   proportion	
   of	
   CFUs	
   retaining	
   respiratory	
  

function.	
   (B)	
   Representative	
   plate	
   images	
   of	
   wild-­‐type,	
   ∆abf2,	
  mhr1-­‐1,	
   and	
   ∆abf2	
  

mhr1-­‐1	
  CFU	
  formation	
  on	
  YPD	
  and	
  YPGly	
  plates	
  following	
  cultivation	
  in	
  Glu	
  or	
  RGal	
  

media	
   at	
   30°C	
   or	
   34°C.	
   (C)	
   ρ+	
   CFU	
   formation	
   rate	
   based	
   on	
   n	
   =	
   3	
   independent	
  

experiments	
   described	
   in	
   (A).	
   (D)	
   Scheme	
   of	
   extended	
   respiratory	
   function	
   assay.	
  

Cells	
  were	
  selectively	
  grown	
  in	
  YPGly	
  media,	
  then	
  105	
  cells	
  were	
  transferred	
  to	
  RGal	
  

media	
   and	
   cultivated	
   for	
   two	
   consecutive	
   48-­‐hour	
   rounds	
   (approximately	
   20	
  

generations)	
  at	
  30°C.	
  Equal	
  volumes	
  of	
  dilute	
  culture	
  were	
  then:	
  (E)	
  Spread	
  onto	
  YPD	
  

and	
   YPGly	
   plates,	
   or	
   (F)	
   spread	
   onto	
   YPD	
   plates,	
   grown	
   for	
   four	
   days,	
   and	
   then	
  

replica-­‐plated	
  onto	
  YPGly	
  plates.	
  (G)	
  ρ+	
  CFU	
  formation	
  rate	
  from	
  cells	
  simultaneously	
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spread	
  onto	
  YPD	
  and	
  YPGly,	
  based	
  on	
  n	
  =	
  3	
  independent	
  experiments.	
  All	
  error	
  bars	
  

represent	
  ±SD.	
  	
  

	
  

	
  

Figure	
   3.2	
   |	
  Reduction	
   in	
  mtDNA-­‐derived	
  DAPI	
   signals	
   in	
  ∆abf2,	
  mhr1-­‐1	
   and	
  ∆abf2	
  

mhr1-­‐1	
  mutant	
  cells.	
   (A)	
  Mitochondrial	
  nucleoid	
  signals	
  in	
  wild-­‐type,	
  ∆abf2,	
  mhr1-­‐1	
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and	
  ∆abf2	
  mhr1-­‐1	
   cells	
  cultivated	
   in	
  YPGly	
  media,	
  or	
   in	
  YPD	
  media	
   to	
   log-­‐phase	
  at	
  

30°C	
  or	
  34°C.	
  Scale	
  bar	
  =	
  2µm.	
  (B)	
  Numbers	
  of	
  mtDNA-­‐DAPI	
  foci	
  in	
  individual	
  mother	
  

cells.	
   The	
   number	
   of	
   individual	
   cells	
   measured	
   for	
  WT,	
   ∆abf2,	
   mhr1-­‐1	
   and	
   ∆abf2	
  

mhr1-­‐1	
  mother	
  cells	
  cultivated	
  in	
  YPGly	
  at	
  30°C	
  was	
  n	
  =	
  14,	
  8,	
  7	
  and	
  7,	
  respectively.	
  

For	
  cells	
  grown	
  in	
  YPD	
  at	
  30°C,	
  n	
  =	
  13,	
  12,	
  14	
  and	
  17,	
  respectively.	
  For	
  cells	
  grown	
  in	
  

YPD	
  at	
  34°C,	
  n	
  =	
  28,	
  30,	
  38	
  and	
  27,	
  respectively.	
  Horizontal	
  lines	
  represent	
  the	
  mean	
  

number	
  of	
  DAPI	
  foci.	
  

	
  

	
  

	
  
Figure	
   3.3	
  |	
  Tetrad	
  analysis	
  of	
   respiratory	
   function	
  and	
  mtDNA	
  deletions	
   in	
  ∆mhr1	
  

cells.	
   (A)	
   Respiratory	
   function	
   of	
   ∆mhr1	
   spores	
   was	
   analyzed	
   by	
   replica	
   plating	
  

colonies	
  derived	
  from	
  spores	
  (top)	
  onto	
  synthetic	
  media	
  lacking	
  leucine	
  (middle)	
  and	
  

YPGly	
  media	
   (bottom).	
   (B)	
  ApaI-­‐digests	
  of	
   purified	
  mtDNA	
  molecules	
  derived	
   from	
  

wild-­‐type	
  and	
  ∆mhr1	
  spores.	
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Figure	
  3.4	
  |	
  Degree	
  of	
  mtDNA	
  suppressivity	
  in	
  ∆abf2	
  or	
  mhr1-­‐1	
  ∆abf2	
  mutant	
  cells.	
  

(A)	
   Illustration	
  of	
   the	
  effect	
  of	
  mtDNA	
  deletion	
  size	
  on	
  the	
  suppressive	
  phenotype.	
  

(B)	
  Frequency	
  distribution	
  of	
  the	
  ρ+	
  phenotype	
  in	
  crosses	
  of	
  ρ+,	
  ρ-­‐,	
  HS	
  ρ-­‐,	
  ρ0,	
  ∆abf2	
  or	
  

∆abf2	
  mhr1-­‐1	
  cells	
  (top	
  to	
  bottom,	
  respectively)	
  with	
  ρ+	
  haploid	
  cells	
  (see	
  Table	
  3.1).	
  

The	
   numbers	
   of	
   independent	
   crosses	
   conducted	
   for	
   each	
   result	
   (shown	
   top	
   to	
  

bottom)	
  was,	
  n	
  =	
  5,	
  10,	
  5,	
  5,	
  32	
  and	
  20,	
  respectively.	
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Figure	
   3.5	
   |	
   Southern	
   blot	
   analysis	
   of	
  ApaI-­‐digested	
  mtDNA	
   from	
  ∆abf2	
   or	
  ∆abf2	
  

mhr1-­‐1	
  cells.	
  (A)	
  MtDNA	
  signals	
  from	
  ρ+	
  WT,	
  ∆abf2,	
  ρ0	
  and	
  mhr1-­‐1	
  cells.	
  (B)	
  MtDNA	
  

signals	
  from	
  ten	
  ρ-­‐	
  /	
  ρ0	
  ∆abf2	
  colonies	
  and	
  ten	
  ρ-­‐	
  /	
  ρ0	
  ∆abf2	
  mhr1-­‐1	
  colonies.	
  M:	
  1-­‐kb	
  

plus	
  DNA	
  ladder	
  marker.	
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Figure	
   3.6	
   |	
   Effects	
   of	
   Mhr1	
   overproduction	
   on	
   mtDNA	
   content	
   and	
   respiratory	
  

function.	
  (A)	
  Relative	
  mtDNA	
  level	
  in	
  wild-­‐type,	
  ∆abf2,	
  mhr1-­‐1	
  or	
  ∆abf2	
  mhr1-­‐1	
  cells	
  

cultivated	
  in	
  YPGly	
  media.	
  (B)	
  Immunoblot	
  analysis	
  of	
  Mhr1	
  protein	
  content	
  in	
  cells	
  

containing	
  the	
  pVT	
  or	
  pVT-­‐MHR1	
  plasmids.	
  (C)	
  Relative	
  mtDNA	
  levels	
  in	
  wild-­‐type	
  or	
  

∆abf2	
   mhr1-­‐1	
   cells	
   containing	
   empty	
   or	
   MHR1-­‐overexpressing	
   plasmids	
   after	
  

cultivation	
   in	
   Gly-­‐U	
   media.	
   (D)	
   Scheme	
   of	
   respiratory	
   function	
   assay.	
   Cells	
   were	
  

selectively	
  pre-­‐cultured	
  in	
  Gly-­‐U	
  media,	
  then	
  106	
  cells	
  were	
  transferred	
  to	
  Glu-­‐U	
  or	
  

RGal-­‐U	
  media	
   and	
   cultivated	
   for	
   <8	
   generations	
   at	
   30°C	
   or	
   34°C.	
   Cells	
   were	
   then	
  

spread	
   onto	
   YPD	
   and	
   YPGly	
   plates.	
   (E)	
   Representative	
   plate	
   images	
   of	
   ∆abf2	
   and	
  

∆abf2	
  mhr1-­‐1	
   CFUs	
   harboring	
   empty	
   or	
  MHR1-­‐overexpression	
   plasmids,	
   following	
  

growth	
   in	
   Glu-­‐U	
   or	
   RGal-­‐U	
   media	
   at	
   30°C	
   or	
   34°C	
   for	
   <8	
   generations.	
   (F)	
   ρ+	
   CFU	
  

formation	
   rate	
   based	
   on	
   n	
   =	
   3	
   independent	
   experiments	
   described	
   in	
   (D).	
   (G)	
  

Scheme	
  of	
  extended	
  respiratory	
  function	
  assay.	
  Cells	
  were	
  selectively	
  grown	
  in	
  Gly-­‐U	
  

media,	
   then	
   105	
   cells	
   were	
   transferred	
   to	
   RGal-­‐U	
   media	
   and	
   cultivated	
   for	
   two	
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consecutive	
  48-­‐hour	
  rounds	
  (approximately	
  20	
  generations)	
  at	
  30°C.	
  Cells	
  were	
  then	
  

spread	
  onto	
  YPD	
  and	
  YPGly	
  plates.	
   (H)	
  Representative	
  plate	
   images	
   and	
   (I)	
   ρ+	
   CFU	
  

formation	
  rate	
  based	
  on	
  n	
  =	
  3	
  independent	
  experiments	
  described	
  in	
  (G).	
  (J)	
  Scheme	
  

of	
  extended	
  respiratory	
  function	
  assay.	
  Cells	
  were	
  selectively	
  grown	
  in	
  Gly-­‐U	
  media,	
  

then	
  105	
  cells	
  were	
  transferred	
  to	
  RGal-­‐U	
  media	
  and	
  cultivated	
  for	
  two	
  consecutive	
  

48-­‐hour	
  rounds	
  (approximately	
  20	
  generations)	
  at	
  30°C.	
  Cells	
  were	
  then	
  spread	
  onto	
  

RGal-­‐U	
   plates,	
   grown	
   for	
   four	
   to	
   seven	
   days,	
   and	
   then	
   replica-­‐plated	
   onto	
   YPGly	
  

plates.	
  (K)	
  Representative	
  plate	
  images	
  for	
  n	
  =	
  3	
  independent	
  experiments	
  described	
  

in	
   (J).	
   (L)	
   Scheme	
   of	
   extended	
   respiratory	
   function	
   assay.	
   Cells	
   were	
   selectively	
  

grown	
  in	
  Gly-­‐U	
  media,	
  then	
  105	
  cells	
  were	
  transferred	
  to	
  Glu-­‐U	
  media	
  and	
  cultivated	
  

for	
   two	
   consecutive	
   48-­‐hour	
   rounds	
   (approximately	
   20	
   generations)	
   at	
   30°C.	
   Cells	
  

were	
  then	
  spread	
  onto	
  RGal-­‐U	
  plates,	
  grown	
  for	
  four	
  to	
  seven	
  days,	
  and	
  then	
  replica-­‐

plated	
   onto	
   YPGly	
   plates.	
   (M)	
   Representative	
   plate	
   images	
   for	
   n	
   =	
   2	
   independent	
  

experiments	
  described	
  in	
  (L).	
  All	
  error	
  bars	
  indicate	
  ±SD.	
  

	
  

	
  
Figure	
   3.7	
   |	
   Model	
   for	
   the	
   prevention	
   of	
   mtDNA	
   deletion	
  mutagenesis	
   by	
  Mhr1-­‐

driven	
  mtDNA	
  recombination	
  and	
  replication.	
  MtDNA	
  deletions	
  threatening	
  cellular	
  

respiratory	
   function	
   arising	
   from	
   nuclear	
  mutations	
   such	
   as	
  ∆abf2	
  mhr1-­‐1	
   can	
   be	
  

prevented	
   by	
   increased	
   homologous	
   recombination	
   via	
   overproduction	
   of	
   Mhr1	
  

recombinase.	
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Table	
  3.1	
  |	
  Yeast	
  strains	
  used	
  in	
  this	
  chapter	
  

Abbreviation	
   Strain	
   Nuclear	
  genotype	
   Mitochondrial	
  genotype	
   Source	
  
WT/WT	
   CG380	
   MATa/MATα	
  ade5/ade5	
  +/his7	
  

leu2/leu2	
  ura3/ura3	
  trp1/trp1	
  
[ρ+]	
   Stock	
  culture	
  

WT/∆mhr1	
   CG380	
  ∆mhr1	
   MATa/MATα	
  ade5/ade5	
  +/his7	
  
leu2/leu2	
  ura3/ura3	
  trp1/trp1	
  
mhr1::LEU2	
  

[ρ+]	
   Stock	
  culture	
  

mhr1-­‐1	
   FL67-­‐1423	
   MATα	
  his1	
  trp1	
  ura3	
  can1	
  
mhr1-­‐1	
  

[ρ+	
  ω+	
  ∆ens2	
  Oli2
R]	
   (57)	
  

∆abf2	
  mhr1-­‐1	
   FL67-­‐1423	
  ∆abf2	
   MATα	
  his1	
  trp1	
  ura3	
  can1	
  
mhr1-­‐1	
  abf2::KAN	
  

[ρ+	
  ω+	
  ∆ens2	
  Oli2
R]	
   This	
  study	
  

∆abf2	
  mhr1-­‐1/pVT	
   FL67-­‐1423	
  
∆abf2/pVT100U	
  

MATα	
  his1	
  trp1	
  ura3	
  can1	
  
mhr1-­‐1	
  abf2::KAN	
  pVT100U	
  
(URA3)	
  

[ρ+	
  ω+	
  ∆ens2	
  Oli2
R]	
   This	
  study	
  

∆abf2	
  mhr1-­‐1/pVT-­‐
MHR1	
  

FL67-­‐1423	
  
∆abf2/pVT100U-­‐
MHR1	
  

MATα	
  his1	
  trp1	
  ura3	
  can1	
  
mhr1-­‐1	
  abf2::KAN	
  pVT100U	
  
(MHR1,	
  URA3)	
  

[ρ+	
  ω+	
  ∆ens2	
  Oli2
R]	
   This	
  study	
  

	
   IL166-­‐187	
   MATα	
  his1	
  trp1	
  can1	
   [ρ+	
  ω+	
  ens2	
  Chl321
R]	
   Stock	
  culture	
  

	
   IL166-­‐187	
  ∆abf2	
   MATα	
  his1	
  trp1	
  can1	
  abf2::KAN	
   [ρ+	
  ω+	
  ens2	
  Chl321
R]	
   This	
  study	
  

WT	
   IL166-­‐187	
  ∆ura3	
   MATα	
  his1	
  trp1	
  ura3	
  can1	
   [ρ+	
  ω+	
  ens2	
  Chl321
R]	
   This	
  study	
  

∆abf2	
   IL166-­‐187	
  ∆ura3	
  
∆abf2	
  

MATα	
  his1	
  trp1	
  ura3	
  can1	
  
abf2::KAN	
  

[ρ+	
  ω+	
  ens2	
  Chl321
R]	
   This	
  study	
  

∆abf2/pVT	
   IL166-­‐187	
  ∆ura3	
  
∆abf2/pVT100U	
  

MATα	
  his1	
  trp1	
  ura3	
  can1	
  
abf2::KAN	
  pVT100U	
  (URA3)	
  

[ρ+	
  ω+	
  ens2	
  Chl321
R]	
   This	
  study	
  

∆abf2/pVT-­‐MHR1	
   IL166-­‐187	
  ∆ura3	
  
∆abf2/pVT100U-­‐
MHR1	
  

MATα	
  his1	
  trp1	
  ura3	
  can1	
  
abf2::KAN	
  pVT100U	
  (MHR1,	
  
URA3)	
  

[ρ+	
  ω+	
  ens2	
  Chl321
R]	
   This	
  study	
  

	
   OP11c-­‐55R5	
   MATa	
  leu2	
  ura3	
  trp1	
   [ρ+	
  ω-­‐	
  ens2	
  Oli1
R]	
   (57)	
  

	
   YKN1423	
   MATα	
  leu2	
  ura3	
  met3	
   [ρ+	
  ω+	
  ∆ens2	
  Oli2
R]	
   (59)	
  

	
   YKN1423A-­‐2	
   MATα	
  leu2	
  ura3	
  met3	
   Normal	
  suppressive	
  [ρ-­‐]	
   (59)	
  
	
   YKN1423C-­‐1	
   MATα	
  leu2	
  ura3	
  met3	
   [HS	
  ρ-­‐]	
   (59)	
  
	
   YKN1423	
  ρ0	
   MATα	
  leu2	
  ura3	
  met3	
   [ρ0]	
   EtBr	
  treatment	
  

of	
  YKN1423	
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Chapter	
  4:	
  Influence	
  of	
  cytosolic	
  pH	
  on	
  small	
  mitochondrial	
  DNA	
  

heteroplasmy	
  in	
  Saccharomyces	
  cerevisiae	
  

	
  

4.1	
   Introduction	
  

	
   Glucose	
   is	
   the	
   preferred	
   carbon	
   source	
   for	
   yeast	
   and	
   its	
   depletion	
   or	
  

substitution	
   with	
   nonfermentable	
   carbon	
   sources	
   results	
   in	
   vast	
   changes	
   to	
   the	
  

transcriptional	
   landscape	
   (122,	
   143,	
   144).	
  Glucose	
  depletion	
   is	
   accompanied	
  by	
  an	
  

immediate	
  drop	
   in	
   cytosolic	
  pH	
   that	
   is	
  due	
   in	
  part	
   to	
   the	
   rapid	
  disassembly	
  of	
   the	
  

vacuolar	
  H+-­‐ATPase	
  and	
   the	
   influx	
  of	
  protons	
   from	
  the	
  media	
   to	
   the	
  cytosol	
   (143),	
  

effectively	
  making	
  cytosolic	
  pH	
  a	
  second	
  messenger	
  for	
  glucose.	
  Separately,	
  mtDNA	
  

copy	
  number	
  is	
  dependent	
  on	
  growth	
  conditions	
  and	
  is	
  generally	
  higher	
  when	
  cells	
  

utilize	
  nonfermentable	
   carbon	
   sources.	
  We	
   therefore	
   investigated	
  whether	
   change	
  

in	
  cytosolic	
  pH	
  acts	
  as	
  a	
  signal	
  to	
  mitochondria	
  that	
  affects	
  the	
  heteroplasmy	
  of	
  wild-­‐

type	
  and	
  small	
  mtDNA.	
  

	
   	
  

4.2	
   Materials	
  and	
  methods	
  

4.2.1	
   Yeast	
  crossing	
  experiments	
  

	
   Crossing	
  experiments	
  were	
  conducted	
  as	
  indicated	
  in	
  Chapter	
  2,	
  for	
  six	
  hours	
  

in	
  YPD	
  media	
  containing	
  2%	
  glucose.	
  Following	
  crossing,	
  20	
  µl	
  of	
  mated	
  cells	
  were	
  

transferred	
  to	
  tubes	
  containing	
  2	
  ml	
  of	
  synthetic	
  defined	
  plus	
  leucine	
  (SD+L)	
  or	
  plus	
  

leucine	
   and	
   uracil	
   (SD+LU)	
   media	
   for	
   diploid	
   selection.	
   For	
   vegetative	
   growth	
   of	
  

diploid	
  cells,	
  we	
  used	
  SD	
  media	
  containing	
  the	
  indicated	
  amounts	
  of	
  glucose,	
  or	
  0.5%	
  

glucose	
   buffered	
  with	
   12	
  mM	
  Tris-­‐HCl	
   or	
   12mM	
  PIPES	
   at	
   the	
   indicated	
   pH	
   values.	
  	
  

Diploid	
  cells	
  were	
  cultivated	
  upright	
  at	
  30°C	
  on	
  a	
  shaker	
  at	
  75	
  rpm	
  for	
  48	
  hrs	
  before	
  

transferring	
  20	
  µl	
  cells	
  to	
  subsequent	
  tubes	
  containing	
  the	
  same	
  media.	
  In	
  order	
  to	
  

monitor	
  ρ+	
  CFU	
  formation,	
  cells	
  were	
  diluted	
  in	
  ddH2O	
  and	
  spread	
  on	
  SD+L	
  or	
  SD+LU	
  

plates	
   containing	
   2%	
   glucose	
   and	
   incubated	
   at	
   30°C	
   for	
   two	
   days.	
   SD	
   plates	
  were	
  

photographed	
   in	
   a	
   LAS-­‐4000	
   imager	
   (GE	
   Healthcare)	
   before	
   replica-­‐plating	
   onto	
  

YPGlycerol	
  plates.	
  YPGlycerol	
  plates	
  were	
  then	
  incubated	
  at	
  30°C	
  for	
  two	
  days	
  before	
  

photography.	
   Images	
   of	
   the	
   diploid	
   selection	
   plate	
   and	
   YPGlycerol	
   plate	
   were	
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overlaid	
   with	
   Photoshop	
   Elements	
   software	
   (Adobe)	
   and	
   colonies	
   were	
   counted	
  

manually	
  to	
  determine	
  the	
  percentage	
  of	
  ρ+	
  CFUs.	
  

4.2.2	
   Detection	
  of	
  cytosolic	
  pH	
  with	
  superecliptic	
  pHluorin	
  

	
   Superecliptic	
  pHluorin	
  (SEP)	
  was	
  cloned	
  into	
  the	
  SacI	
  and	
  XbaI	
  cutting	
  sites	
  of	
  

the	
   plasmid	
   pVT100U	
   (95)	
   and	
   transformed	
   into	
   yeast	
   as	
   pVT100U-­‐pHluorin.	
   All	
  

strains	
   expressing	
   SEP	
   were	
   subjected	
   to	
   three	
   independent	
   in	
   situ	
   calibration	
  

experiments	
  using	
  a	
  protocol	
  modified	
  from	
  Orij	
  et	
  al.,	
  2009	
  (145).	
  Specifically,	
  cells	
  

expressing	
   pVT100U-­‐Empty	
   and	
   pVT100U-­‐pHluorin	
   were	
   cultivated	
   separately	
  

overnight	
  in	
  5	
  ml	
  synthetic	
  defined	
  minus	
  uracil	
  (SD-­‐U)	
  media	
  in	
  30	
  ml	
  flasks	
  at	
  30°C	
  

on	
   a	
   shaker	
   at	
   150	
   rpm.	
   The	
   following	
   day,	
   2	
   ml	
   of	
   fresh	
   SD-­‐U	
   was	
   added	
   and	
  

cultivation	
  was	
   continued	
   for	
   40	
  min.	
   5	
  ml	
   of	
   cultures	
   were	
   transferred	
   to	
   50	
  ml	
  

falcon	
   tubes,	
   centrifuged	
   at	
   2,380	
   ×	
   g	
   for	
   4	
  min	
   and	
   resuspended	
   in	
   ddH20	
   at	
   an	
  

OD600	
   of	
   0.8.	
   Cells	
   were	
   then	
   permeabilized	
   by	
   adding	
   100	
   µg/ml	
   digitonin	
   and	
  

incubated	
   at	
   30°C	
   on	
   a	
   shaker	
   at	
   75	
   rpm.	
   200	
   µl	
   aliquots	
   of	
   cells	
   were	
   then	
  

transferred	
  to	
  1.5	
  ml	
  microcentrifuge	
  tubes,	
  centrifuged	
  at	
  5,000	
  rpm	
  for	
  2	
  min,	
  and	
  

resuspended	
   in	
  McIlvaine	
  buffers	
   (citric	
  acid	
  /	
  NaH2PO4)	
  at	
  pH	
  values	
   ranging	
   from	
  

5.0	
   to	
   8.2.	
   Fluorescence	
   was	
   then	
   measured	
   with	
   a	
   SpectraMax	
  M2	
   plate	
   reader	
  

(Molecular	
  Devices)	
   at	
   excitation	
  wavelengths	
  of	
  390	
  and	
  470	
  nm	
  and	
  emission	
  at	
  

512	
  nm.	
  Background	
  values	
   from	
  pVT100U-­‐Empty	
  containing	
  cells	
  were	
  subtracted	
  

and	
  the	
  ratio	
  of	
  emission	
  intensity	
  was	
  calculated	
  as	
  R470/390	
  and	
  plotted	
  against	
  the	
  

corresponding	
  McIlvaine	
  buffer	
  pH.	
  Three	
  independent	
  calibration	
  experiments	
  were	
  

performed	
   for	
   each	
   cell	
   background	
   measured.	
   Cytosolic	
   pH	
   measurements	
   of	
  

diploid	
  cells	
  from	
  crossing	
  experiments	
  was	
  performed	
  by	
  transferring	
  75	
  µl	
  aliquots	
  

of	
   pVT100U-­‐Empty	
   and	
   pVT100U-­‐pHluorin	
   expressing	
   cells	
   to	
   a	
   96-­‐well	
   black-­‐

bottomed	
  plate	
  (Grenier)	
  and	
  measuring	
  the	
  R470/390	
  signals.	
  

4.2.3	
   Quantification	
  of	
  mtDNA	
  levels	
  in	
  heteroplasmic	
  cells	
  

	
   MtDNA	
  in	
  heteroplasmic	
  cells	
  was	
  measured	
  relative	
  to	
  nDNA	
  as	
  described	
  in	
  

Chapter	
   2,	
   except	
   that	
   cells	
   were	
   obtained	
   from	
   2	
  ml	
   SD+L	
   0.5%	
   glucose	
   cultures	
  

after	
  144	
  hrs	
  of	
   vegetative	
   growth.	
   Total	
  DNA	
   including	
  mtDNA	
  was	
  prepared	
  and	
  

DNA	
   concentrations	
   were	
   measured	
   with	
   a	
   NanoVue	
   spectrophotometer	
   (GE	
  

Healthcare).	
  95	
  ng	
  of	
  total	
  DNA	
  was	
  used	
  as	
  the	
  standard	
  template	
  concentration	
  for	
  

PCR	
  analyses.	
  Primers	
  used	
  to	
  specifically	
  detect	
  nuclear	
  DNA,	
  ρ+	
  mtDNA	
  and	
  HS	
  ρ-­‐	
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mtDNA	
   were:	
   NUC1-­‐Fwd,	
   5’-­‐	
   GATACTCTTGTCCGGTTTAGTCG-­‐3’;	
   NUC1-­‐Rev,	
   5’-­‐	
  

ATCTTTCGACTGTTTGATCGCC-­‐3’;	
   COX3-­‐Fwd,	
   5’-­‐ATGCCTTCACCATGACCTATTG-­‐3’;	
  

COX3-­‐Rev,	
   5’-­‐CCAACATGATGTCCAGCTGTTA-­‐3’;	
   HSC1-­‐Fwd,	
   5’-­‐

GAAGATATCCGGGTCCCAATAATAA-­‐3’;	
   HSC1-­‐Rev,	
   5’-­‐AATATAATAGTCCCCACTCCGCG-­‐

3’.	
  PCR	
  amplification	
  was	
  done	
  in	
  steps	
  of	
  5	
  cycles	
  up	
  to	
  25	
  cycles	
  for	
  each	
  sample.	
  

At	
  each	
  indicated	
  cycle,	
  3	
  µl	
  of	
  PCR	
  products	
  from	
  each	
  of	
  the	
  NUC1,	
  COX3	
  and	
  HSC1	
  

reactions	
  were	
  mixed	
  and	
  run	
  in	
  a	
  1.9%	
  agarose	
  gel.	
  Gels	
  were	
  photographed	
  using	
  a	
  

FAS-­‐IV	
  imaging	
  system	
  (Nippon	
  Genetics)	
  and	
  band	
  intensities	
  were	
  measured	
  with	
  

ImageJ	
  software	
  (96).	
  MtDNA	
  level	
  was	
  calculated	
  relative	
  to	
  nuclear	
  DNA	
  using	
  the	
  

2-­‐∆CT	
  method	
  (97).	
  

	
  

4.3	
   Results	
  

4.3.1	
   Vegetative	
  growth	
  in	
  low	
  glucose	
  media	
  promotes	
  ρ+	
  colony	
  formation	
  

from	
  heteroplasmic	
  cells	
  with	
  hypersuppressive	
  mtDNA	
  

	
   To	
   investigate	
   the	
   effects	
   of	
   glucose	
  metabolism	
   on	
  mtDNA	
   heteroplasmy,	
  

we	
  crossed	
  parental	
  cells	
  containing	
  85.7-­‐kbp	
  ρ+	
  mtDNA	
  with	
  cells	
  containing	
  small	
  

1.1-­‐kbp	
  HS	
  [ori5]	
  ρ-­‐	
  mtDNA.	
  Following	
  crossing,	
  we	
  transferred	
  the	
  mated	
  cells	
  into	
  

diploid	
   selection	
   media	
   (SD+LU)	
   containing	
   0.5%,	
   2.0%	
   or	
   4.0%	
   glucose	
   and	
  

monitored	
   formation	
   of	
   ρ+	
   colonies	
   over	
   several	
   generations	
   of	
   vegetative	
   growth	
  

(Figure	
   4.1A).	
   We	
   found	
   that	
   diploid	
   cells	
   cultivated	
   in	
   0.5%	
   glucose	
   media	
   for	
  

approximately	
   24	
   generations	
   produced	
   68.8	
   ±	
   5.4%	
   ρ+	
   CFUs,	
   while	
   diploids	
  

cultivated	
   in	
   2.0%	
   or	
   4.0%	
   media	
   produced	
   26.5	
   ±	
   5.0%	
   or	
   4.5	
   ±	
   1.0%	
   ρ+	
   CFUs,	
  

respectively	
  (Figure	
  4.1B	
  and	
  C).	
  Thus,	
  ρ+	
  CFU	
  formation	
  is	
  inversely	
  proportional	
  to	
  

glucose	
  concentration	
  in	
  growth	
  media.	
  

4.3.2	
   An	
  early	
  drop	
  in	
  cytosolic	
  pH	
  stimulates	
  ρ+	
  colony	
  formation	
  

	
   Upon	
   depletion	
   of	
   glucose,	
   cytosolic	
   pH	
   undergoes	
   a	
   rapid	
   but	
   reversible	
  

drop,	
  which	
  occurs	
  in	
  part	
  due	
  to	
  V-­‐ATPase	
  disassembly	
  (143).	
  We	
  hypothesized	
  that	
  

cells	
   cultivated	
   in	
   low	
  glucose	
  media	
   experience	
   an	
  early	
   drop	
   in	
   cytosolic	
   pH	
  and	
  

that	
  a	
   lower	
  pH	
  in	
  these	
  cells	
   is	
   likely	
  sustained	
  for	
  a	
   longer	
  period	
  compared	
  with	
  

cells	
   cultivated	
   in	
   higher	
   concentrations	
   of	
   glucose.	
   Sustained	
   periods	
   of	
   lower	
  

cytosolic	
   pH	
   may	
   therefore	
   be	
   a	
   signal	
   to	
   mitochondria	
   affecting	
   mtDNA	
  

heteroplasmy	
  level.	
  To	
  examine	
  this	
  possibility,	
  we	
  employed	
  superecliptic	
  pHluorin	
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(SEP),	
   a	
   pH-­‐sensitive	
   green	
   fluorescent	
   protein	
   that	
   undergoes	
   ratiometric	
  

fluorescence	
  changes	
  over	
  a	
  pH	
  range	
  of	
  6.0	
  ~	
  8.5	
  (145).	
  We	
  crossed	
  and	
  cultivated	
  

mated	
   cells	
   expressing	
   pVT100U-­‐Empty	
   or	
   pVT100U-­‐pHluorin	
   in	
   0.5,	
   2.0	
   or	
   4.0%	
  

glucose	
  (Figure	
  4.2A)	
  and	
  monitored	
  pHluorin	
  signals	
  in	
  these	
  cells.	
  Indeed,	
  we	
  found	
  

that	
  cells	
  cultivated	
  in	
  0.5%	
  glucose	
  underwent	
  a	
  drop	
  in	
  cytosolic	
  pH	
  much	
  earlier	
  

than	
  cells	
  grown	
  in	
  2.0%	
  glucose,	
  and	
  cells	
  cultivated	
  in	
  4.0%	
  glucose	
  never	
  displayed	
  

a	
   cytosolic	
   pH	
   level	
   below	
   7.2	
   (Figure	
   4.2B).	
   Surprisingly,	
   cells	
   cultivated	
   in	
   0.5%	
  

glucose	
  did	
  not	
   repeat	
   this	
  pH	
  drop	
  after	
   the	
   first	
  48-­‐hour	
  cultivation	
  period.	
  Cells	
  

cultivated	
  in	
  2.0%	
  glucose	
  did	
  experience	
  repeated	
  drops	
  in	
  cytosolic	
  pH,	
  but	
  those	
  

occurred	
   relatively	
   late	
   in	
   each	
   48-­‐hour	
   cultivation	
   period.	
   In	
   addition,	
   ρ+	
   CFU	
  

formation	
   rates	
   in	
  empty	
  plasmid	
  or	
  pHluorin-­‐expressing	
  cells	
  were	
   similar	
   to	
   cells	
  

without	
  the	
  plasmid,	
  indicating	
  that	
  the	
  presence	
  of	
  the	
  plasmid	
  did	
  not	
  alter	
  mtDNA	
  

segregation	
   (Figure	
  4.2C;	
  Figure	
  4.1B).	
  Together,	
   these	
  cytosolic	
  pH	
  measurements	
  

reveal	
  a	
  correlation	
  between	
  low	
  cytosolic	
  pH	
  and	
  formation	
  of	
  ρ+	
  CFUs.	
  

4.3.3	
   Increased	
  cytosolic	
  pH	
  suppresses	
  ρ+	
  colony	
  formation	
  and	
  ρ+	
  mtDNA	
  level	
  

	
   To	
  directly	
  investigate	
  the	
  effect	
  of	
  cytosolic	
  pH	
  on	
  the	
  formation	
  of	
  ρ+	
  CFUs	
  

in	
   cells	
   cultivated	
   in	
   low	
   glucose,	
   we	
   used	
   buffered	
   media	
   to	
   partially	
   suppress	
  

cytosolic	
   acidification	
   upon	
   glucose	
   depletion.	
   We	
   crossed	
   parental	
   cells	
   (Figure	
  

4.3A)	
   and	
   used	
   SEP	
   to	
   monitor	
   pH	
   in	
   live	
   cells	
   during	
   vegetative	
   cultivation	
   in	
  

unbuffered	
  media,	
  or	
  media	
  buffered	
  with	
  12	
  mM	
  Tris-­‐HCl	
  to	
  pH	
  5.6	
  or	
  pH	
  7.3.	
  We	
  

found	
   that	
  during	
   the	
   first	
   48-­‐hour	
   cultivation	
  period,	
   cells	
   in	
  0.5%	
  glucose-­‐pH	
  7.3	
  

media	
   experienced	
   a	
   much	
   more	
   gradual	
   cytosolic	
   pH	
   decline,	
   compared	
   with	
  

unbuffered	
   or	
   pH	
   5.6	
   cells	
   (Figure	
   4.3B).	
   In	
   subsequent	
   rounds	
   of	
   cultivation,	
   all	
  

cultures	
  showed	
  similar	
  pH	
  profiles,	
  which	
  began	
  at	
  pH	
  7.5	
  in	
  fresh	
  media	
  and	
  slowly	
  

declined	
  to	
  around	
  pH	
  7.0	
  over	
  48	
  hours.	
  However,	
  the	
  ρ+	
  CFU	
  formation	
  rate	
  of	
  pH	
  

7.3-­‐cultivated	
  cells	
  was	
  very	
  low	
  compared	
  to	
  unbuffered	
  or	
  pH	
  5.6	
  cells	
  (Figure	
  4.3C	
  

and	
  D).	
   These	
   results	
   indicate	
   that	
   the	
   first	
   48-­‐hour	
   cultivation	
   period	
   is	
   the	
  most	
  

crucial	
   determinant	
   of	
   subsequent	
   ρ+	
   CFU	
   formation.	
   Moreover,	
   we	
   used	
   PIPES-­‐

buffered	
  media	
  and	
  observed	
  that	
  diploid	
  cells	
  cultivated	
   in	
  0.5%	
  glucose	
  media	
  at	
  

pH	
  6.1	
  produced	
  a	
  high	
  proportion	
  of	
  ρ+	
  CFUs	
  after	
  approximately	
  25	
  generations,	
  

similarly	
  to	
  cells	
  cultivated	
  in	
  unbuffered	
  media.	
  On	
  the	
  other	
  hand,	
  cells	
  cultivated	
  

in	
   PIPES-­‐pH	
   7.1	
  media	
   gave	
  mostly	
   ρ-­‐	
   CFUs,	
   similarly	
   to	
   Tris-­‐HCl-­‐pH	
   7.3-­‐cultivated	
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cells	
  (Figure	
  4.3E	
  and	
  F).	
  We	
  next	
  analyzed	
  the	
  mtDNA	
  content	
  of	
  diploid	
  cells	
  from	
  

Tris-­‐HCl	
  pH	
  5.7	
  and	
  7.3	
  media	
  after	
  144	
  hours	
  of	
  vegetative	
  growth.	
  Quantitative	
  PCR	
  

analysis	
  revealed	
  that	
  the	
  ρ+	
  mtDNA	
  content	
   in	
  pH	
  5.7-­‐cultivated	
  cells	
  was	
  3.0-­‐fold	
  

higher	
   than	
   in	
  pH	
  7.3	
  cells	
   (Figure	
  4.3G	
  and	
  H).	
  On	
   the	
  other	
  hand,	
   levels	
  of	
  HS	
  ρ-­‐	
  

mtDNA	
  were	
  1.87-­‐fold	
  higher	
  on	
  average	
   in	
  pH	
  7.3-­‐buffered	
  cells	
   compared	
   to	
  pH	
  

5.7-­‐buffered	
   cells.	
   Together,	
   these	
   results	
   show	
   that	
   segregation	
   toward	
   increased	
  

ρ+	
   CFU	
   formation	
   from	
   heteroplasmic	
   ρ+	
   /	
   HS	
   ρ-­‐	
   cells	
   is	
   a	
   result	
   of	
   increased	
   ρ+	
  

mtDNA	
  content	
  that	
  is	
  dependent	
  on	
  a	
  drop	
  in	
  cytosolic	
  pH.	
  

4.3.4	
   The	
  general	
  stress	
  response	
  transcription	
  factors	
  Msn2	
  and	
  Msn4	
  are	
  not	
  

required	
  for	
  ρ+	
  colony	
  formation	
  in	
  low	
  pH	
  media	
  

	
   Msn2	
   and	
   Msn4	
   are	
   zinc-­‐finger	
   transcription	
   factors	
   of	
   the	
   PKA/Rim15	
  

pathway	
   that	
   coordinate	
   the	
   cellular	
   response	
   to	
   numerous	
   stresses	
   including	
   the	
  

diauxic	
  shift	
  by	
  binding	
  to	
  the	
  STRE	
  element	
  in	
  the	
  promoters	
  of	
  several	
  genes	
  (144,	
  

146).	
   Heteroplasmic	
   diploid	
   cells	
   grown	
   for	
   48	
   hours	
   in	
   0.5%	
   glucose	
  media	
   likely	
  

undergo	
  a	
  diauxic	
   shift	
  during	
   the	
   first	
  24	
   to	
  30	
  hours	
  of	
   vegetative	
   cultivation,	
  as	
  

indicated	
  by	
  the	
  measured	
  drop	
  in	
  cytosolic	
  pH	
  (Figure	
  4.2A).	
  We	
  therefore	
  sought	
  

to	
  examine	
  the	
  requirement	
  for	
  MSN2	
  and	
  MSN4	
  in	
  ρ+	
  CFU	
  formation	
  in	
  low	
  glucose.	
  

MSN2	
   and	
   MSN4	
   are	
   partially	
   functionally	
   redundant	
   (144);	
   we	
   therefore	
  

constructed	
   double-­‐mutants	
   of	
   the	
   ρ+	
   and	
   HS	
   ρ-­‐	
   parental	
   strains.	
   We	
   performed	
  

crossing	
  followed	
  by	
  vegetative	
  growth	
  in	
  0.5%	
  or	
  4.0%	
  glucose	
  media	
  (Figure	
  4.4A)	
  

and	
  monitored	
  the	
  ρ+	
  CFU	
  formation	
  rate	
  as	
  in	
  previous	
  experiments.	
  Unfortunately,	
  

the	
  rates	
  of	
  ρ+	
  CFU	
  formation	
  were	
  similar	
  to	
  WT	
  cells,	
   indicating	
  that	
  transcription	
  

by	
  Msn2	
  and	
  Msn4	
  are	
  not	
  required	
  for	
  this	
  phenotype	
  (Figure	
  4.4B	
  and	
  C).	
  

	
  

4.4	
   Discussion	
  

	
   Crossing	
  two	
  parental	
  yeast	
  strains	
  containing	
  different	
  mitochondrial	
  alleles	
  

produces	
  a	
   transient	
  state	
  of	
  heteroplasmy	
  that	
   is	
   segregated	
   to	
  homoplasmy	
  at	
  a	
  

rapid	
   rate,	
   typically	
   within	
   10	
   generations	
   of	
   vegetative	
   growth	
   (43,	
   59).	
   Rapid	
  

mtDNA	
   allele	
   segregation	
   occurs	
   due	
   to	
   mtDNA	
   concatemer	
   formation,	
   allowing	
  

multiple	
  copies	
  of	
  mtDNA	
  to	
  be	
  transmitted	
  as	
  a	
  single	
  unit	
  (Figure	
  1.2B;	
  43).	
  In	
  this	
  

chapter,	
  we	
   followed	
   the	
  hypersuppressive	
  phenotype	
  after	
   continuous	
   cultivation	
  

for	
   up	
   to	
   ~25	
   generations	
   while	
   monitoring	
   the	
   ρ+	
   CFU	
   formation	
   rate.	
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Heteroplasmic	
  colonies	
  formed	
  on	
  the	
  first	
  round	
  of	
  diploid	
  selection	
  plates	
  were	
  all	
  

of	
  similarly	
  small	
  size,	
  however	
  those	
  that	
  grew	
  on	
  diploid	
  selection	
  plates	
  after	
  48	
  

hours	
  or	
  more	
  of	
  vegetative	
  growth	
  were	
  generally	
  either	
   large	
  or	
  petite	
   (see:	
  Fig.	
  

4.1C,	
  Fig	
  4.2D	
  and	
  Fig.	
  4.3D	
  and	
  F).	
  This	
  marked	
  size	
  difference	
   is	
   likely	
  due	
  to	
   the	
  

formation	
   of	
   homoplasmy	
   for	
   ρ+	
   or	
   HS	
   ρ-­‐	
  mtDNA	
   in	
   the	
   large	
   or	
   small	
   colonies,	
  

respectively.	
   It	
   is	
   therefore	
   possible	
   that	
   cytosolic	
   acidification	
   upon	
   glucose	
  

depletion	
   induces	
  mtDNA	
  allele	
   segregation	
   toward	
   ρ+	
  mtDNA	
  homoplasmy,	
  while	
  

the	
   hypersuppressive	
   phenotype	
   persists	
   during	
   glucose	
   abundance	
   and	
   stable	
  

cytosolic	
  pH	
  (Figure	
  4.5).	
  

	
   Cells	
  with	
  functional	
  mitochondrial	
  metabolism	
  are	
  able	
  to	
  switch	
  to	
  ethanol	
  

as	
  a	
  carbon	
  source	
  during	
  the	
  diauxic	
  shift	
   (144),	
   therefore	
  ρ+	
  cells	
   in	
  0.5%	
  glucose	
  

media	
  may	
  be	
  able	
  to	
  sustain	
  growth	
  longer	
  than	
  ρ-­‐	
  cells.	
  However,	
  our	
  data	
  reveal	
  

that	
  a	
  drop	
   in	
  cytosolic	
  pH	
   is	
   still	
   required	
   for	
   the	
   increase	
   in	
   the	
  population	
  of	
  ρ+	
  

cells,	
   and	
   could	
   therefore	
   be	
   an	
   important	
   signal	
   for	
   the	
   switch	
   to	
   ethanol	
  

catabolism.	
   In	
   addition,	
   the	
   uptake	
   of	
   various	
   nutrients	
   by	
   S.	
   cerevisiae	
   relies	
   on	
  

active	
  transport	
  across	
  the	
  plasma	
  membrane	
  by	
  symporters	
   that	
  require	
  a	
  proton	
  

gradient	
  (146),	
  hence	
  alkaline	
  media	
  pH	
  impacts	
  nutrient	
  uptake	
  and	
  induces	
  many	
  

stress	
   response	
   genes.	
   While	
   our	
   results	
   using	
   alkaline-­‐buffered	
   media	
   showed	
  

reduced	
  ρ+	
  CFU	
  formation	
  that	
  correlated	
  with	
  a	
  delayed	
  drop	
   in	
  cytosolic	
  pH,	
   this	
  

condition	
  likely	
  produces	
  a	
  wide	
  range	
  of	
  effects.	
  Therefore,	
  lower	
  ρ+	
  CFU	
  formation	
  

in	
   alkaline-­‐buffered	
   pH	
  may	
   represent	
   effects	
   beyond	
   a	
   higher	
   cytosolic	
   pH	
   alone.	
  

Further	
  experiments	
  will	
  be	
  necessary	
  to	
  address	
  these	
  possibilities.	
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4.5	
   Figures	
  and	
  Table	
  

	
  

	
  
Figure	
   4.1	
   |	
   Influence	
   of	
   glucose	
   concentration	
   on	
   heteroplasmy	
   of	
  wild-­‐type	
   and	
  

small	
   mtDNA	
   over	
   several	
   generations	
   of	
   vegetative	
   growth.	
   (A)	
   Scheme	
   of	
   yeast	
  

hypersuppressive	
   crossing	
   experiments	
   followed	
   by	
   three,	
   48-­‐hour	
   rounds	
   of	
  

vegetative	
  growth	
  in	
  media	
  containing	
  0.5%,	
  2%	
  or	
  4%	
  glucose.	
  Hours	
  of	
  vegetative	
  

cultivation	
   after	
   crossing	
   are	
   indicated.	
   (B)	
   ρ+	
   colony	
   formation	
   rate	
   from	
   n	
   =	
   3	
  

independent	
  crossing	
  experiments.	
  Hours	
  of	
  vegetative	
  cultivation	
  after	
  crossing	
  are	
  

indicated.	
   (C)	
   Representative	
   plate	
   images	
   from	
   diploid	
   cells	
   after	
   144	
   hours	
   of	
  

vegetative	
  growth	
  in	
  media	
  containing	
  0.5%,	
  2%	
  or	
  4%	
  glucose.	
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Figure	
   4.2	
   |	
   Effect	
   of	
   media	
   glucose	
   concentration	
   on	
   cytosolic	
   pH	
   and	
   ρ+	
  colony	
  

formation	
  during	
  the	
  vegetative	
  growth	
  of	
  heteroplasmic	
  cells.	
  (A)	
  Scheme	
  of	
  yeast	
  

hypersuppressive	
   crossing	
   experiments	
   followed	
   by	
   three,	
   48-­‐hour	
   rounds	
   of	
  

vegetative	
  growth	
  in	
  media	
  containing	
  0.5%,	
  2%	
  or	
  4%	
  glucose.	
  Hours	
  of	
  vegetative	
  

cultivation	
  after	
  crossing	
  are	
  indicated.	
  (B)	
  Cytosolic	
  pH	
  in	
  live	
  cells	
  during	
  vegetative	
  

growth	
   in	
  media	
   containing	
  0.5%,	
  2%	
  or	
  4%	
  glucose.	
   (C)	
  ρ+	
   colony	
   formation	
   rates	
  

during	
  vegetative	
  growth	
  in	
  cells	
  containing	
  an	
  empty	
  plasmid	
  or	
  plasmid	
  expressing	
  

pHluorin	
   in	
   the	
   indicated	
  media.	
   Hours	
   of	
   vegetative	
   cultivation	
   after	
   crossing	
   are	
  

indicated.	
   (D)	
   Representative	
   plate	
   images	
   from	
   plasmid-­‐containing	
   diploid	
   cells	
  

after	
  144	
  hours	
  of	
  vegetative	
  growth	
   in	
  media	
  containing	
  0.5%,	
  2%	
  or	
  4%	
  glucose.	
  

Results	
  shown	
  are	
  derived	
  from	
  n	
  =	
  1	
  experiment	
  run	
  in	
  biological	
  duplicate	
  for	
  both	
  

pVT100U-­‐Empty	
  and	
  pVT100U-­‐pHluorin	
  cells.	
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Figure	
  4.3	
  |	
  Effect	
  of	
  buffered	
  media	
  on	
  cytosolic	
  pH,	
  cytosolic	
  acidification-­‐driven	
  ρ+	
  

colony	
   formation	
   and	
   relative	
   amounts	
   of	
   ρ+	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   in	
   cultures.	
   (A)	
  

Scheme	
  of	
  yeast	
  hypersuppressive	
  crossing	
  experiments	
  followed	
  by	
  three,	
  48-­‐hour	
  

rounds	
  of	
  vegetative	
  growth	
  in	
  unbuffered,	
  Tris-­‐HCl-­‐	
  or	
  PIPES-­‐buffered	
  media.	
  Hours	
  

of	
  vegetative	
  cultivation	
  after	
  crossing	
  are	
  indicated.	
  (B)	
  Measurements	
  of	
  cytosolic	
  

pH	
   in	
   diploid	
   cells	
   during	
   vegetative	
   growth	
   in	
   media	
   containing	
   0.5%	
   glucose,	
  

unbuffered	
  or	
  buffered	
  with	
  Tris-­‐HCl	
  to	
  pH	
  5.6	
  or	
  7.3.	
  (C)	
  ρ+	
  colony	
  formation	
  rates	
  

during	
  vegetative	
  growth	
  in	
  cells	
  containing	
  an	
  empty	
  plasmid	
  or	
  plasmid	
  expressing	
  

pHluorin	
  in	
  unbuffered	
  or	
  Tris-­‐HCl-­‐buffered	
  0.5%	
  glucose	
  media.	
  Hours	
  of	
  vegetative	
  

cultivation	
   are	
   indicated.	
   (D)	
   Representative	
   plate	
   images	
   from	
   diploid	
   cells	
  

containing	
   plasmid	
   DNA	
   cultivated	
   for	
   144	
   hours	
   in	
   unbuffered	
   or	
   Tris-­‐HCl	
   media	
  

buffered	
  to	
  pH	
  5.6	
  or	
  7.3.	
  (E)	
  ρ+	
  colony	
  formation	
  rates	
  during	
  vegetative	
  growth	
  in	
  

unbuffered,	
   PIPES-­‐pH	
   6.1	
   or	
   PIPES-­‐pH	
   7.1	
   buffered	
   0.5%	
   glucose	
   media.	
   (F)	
  

Representative	
  plate	
   images	
   from	
  diploid	
   cells	
   grown	
   for	
  144	
  hours	
   in	
  unbuffered,	
  

PIPES-­‐pH	
   6.1	
   or	
   PIPES-­‐pH	
   7.1	
   buffered	
  media.	
   (G)	
   PCR	
   amplification	
   of	
   nDNA	
   and	
  

mtDNA	
  from	
  heteroplasmic	
  cells	
  expressing	
  pVT100U-­‐Empty	
  cultivated	
  in	
  SD+L	
  0.5%	
  

glucose	
   Tris-­‐HCl	
   media	
   buffered	
   to	
   pH	
   5.7	
   or	
   7.3	
   and	
   sampled	
   at	
   144	
   hours.	
   (H)	
  

Quantification	
  of	
  ρ+	
  and	
  HS	
  ρ-­‐	
  mtDNA	
  levels	
  relative	
  to	
  nDNA	
  signals.	
  Results	
  shown	
  

in	
  B	
  and	
  C	
  are	
  averages	
   from	
  n	
  =	
  1	
  experiment	
  run	
   in	
  biological	
  duplicate	
   for	
  both	
  

pVT100U-­‐Empty	
  and	
  pVT100U-­‐pHluorin	
  cells.	
  Results	
  shown	
  in	
  E	
  are	
  averages	
  from	
  n	
  

=	
   1	
   experiment	
   run	
   in	
   biological	
   duplicate.	
   Results	
   shown	
   in	
   G	
   and	
   H	
   are	
  

representative	
  of	
  n	
  =	
  3	
  independent	
  experiments.	
  Error	
  bars	
  represent	
  ±SD.	
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Figure	
  4.4	
  |	
  Analysis	
  of	
  the	
  involvement	
  of	
  the	
  transcription	
  factors	
  Msn2	
  and	
  Msn4	
  

in	
   formation	
   of	
   ρ+	
   colonies	
   during	
   vegetative	
   growth	
   of	
   heteroplasmic	
   cells.	
   (A)	
  

Scheme	
  of	
  yeast	
  hypersuppressive	
  crossing	
  experiment	
   followed	
  by	
   three,	
  48-­‐hour	
  

rounds	
   of	
   vegetative	
   growth	
   in	
   media	
   containing	
   0.5%	
   or	
   4%	
   glucose.	
   Hours	
   of	
  

vegetative	
  cultivation	
  after	
  crossing	
  are	
  indicated.	
  	
  (B)	
  Quantified	
  results	
  from	
  n	
  =	
  1	
  

crossing	
   experiment	
   of	
   one	
  WT	
   ρ+	
   ×	
  WT	
   HS	
   ρ-­‐	
   crossing	
   and	
   the	
   average	
   of	
   three	
  

biological	
  replicates	
  of	
  ∆msn2∆msn4	
  ρ+	
  ×	
  ∆msn2∆msn4	
  HS	
  ρ-­‐	
  crossings	
  followed	
  by	
  

144	
   hours	
   of	
   vegetative	
   growth	
   in	
   0.5%	
   or	
   4.0%	
   glucose	
   diploid	
   selection	
   media.	
  

Hours	
  of	
  vegetative	
  cultivation	
  after	
  crossing	
  are	
  indicated.	
  (C)	
  Representative	
  plate	
  

images	
   from	
   WT	
   or	
   ∆msn2∆msn4	
   diploid	
   cells	
   grown	
   for	
   144	
   hours	
   in	
   diploid	
  

selection	
  media	
  containing	
  0.5%	
  or	
  4%	
  glucose.	
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Figure	
  4.5	
  |	
  Model	
  for	
  effect	
  of	
  cytosolic	
  pH	
  on	
  the	
  vegetative	
  segregation	
  of	
  mtDNA	
  

alleles.	
   Diploid	
   cells	
   containing	
   a	
   mixture	
   of	
   ρ+	
   and	
   HS	
   ρ-­‐	
   mtDNA	
   can	
   undergo	
  

segregation	
   to	
   a	
   ρ+	
   phenotype	
   depending	
   on	
   glucose	
   depletion	
   from	
   media	
   and	
  

subsequent	
   drop	
   in	
   cytosolic	
   pH.	
   On	
   the	
   other	
   hand,	
   if	
   glucose	
   is	
   abundant	
   or	
  

cytosolic	
  pH	
  remains	
  sufficiently	
  high,	
  the	
  hypersuppressive	
  phenotype	
  will	
  persist.	
  

	
  

Table	
  4.1	
  |	
  Yeast	
  strains	
  used	
  in	
  this	
  chapter	
  

Strain	
   Nuclear	
  genotype	
   Mitochondrial	
  genotype	
   Source	
  
W303a-­‐187	
   MATa	
  ade2	
  leu2	
  his3	
  ura3	
  trp1	
  can1	
   [ρ+	
  ω-­‐	
  ens2	
  Chl321

R]	
   (58)	
  
W303a-­‐187/pVT100U	
   MATa	
   ade2	
   leu2	
   his3	
   ura3	
   trp1	
   can1	
  

(URA3)	
  
[ρ+	
  ω-­‐	
  ens2	
  Chl321

R]	
   This	
  study	
  

W303a-­‐187/pVT100U-­‐pHluorin	
   MATa	
   ade2	
   leu2	
   his3	
   ura3	
   trp1	
   can1	
  
(pHluorin,	
  URA3)	
  

[ρ+	
  ω-­‐	
  ens2	
  Chl321
R]	
   This	
  study	
  

W303a-­‐187	
  ∆msn2∆msn4	
   MATa	
   ade2	
   leu2	
   his3	
   ura3	
   trp1	
   can1	
  
msn2::LEU2	
  msn4::KAN	
  

[ρ+	
  ω-­‐	
  ens2	
  Chl321
R]	
   This	
  study	
  

YKN1423C-­‐1	
   MATα	
  leu2	
  ura3	
  met3	
   [HS	
  ρ-­‐]	
   (59)	
  
YKN1423C-­‐1/pVT100U	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  (URA3)	
   [HS	
  ρ-­‐]	
   This	
  study	
  
YKN1423C-­‐1/pVT100U-­‐pHluorin	
   MATα	
  leu2	
  ura3	
  met3	
  pVT100U	
  

(pHluorin,	
  URA3)	
  
[HS	
  ρ-­‐]	
   This	
  study	
  

YKN1423C-­‐1	
  ∆msn2∆msn4	
   MATα	
  leu2	
  ura3	
  met3	
  msn2::LEU2	
  
msn4::KAN	
  

[HS	
  ρ-­‐]	
   This	
  study	
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Chapter	
  5:	
  Conclusion	
  

	
  

5.1	
   Concluding	
  remarks	
  

	
   In	
  this	
  study	
  we	
  revealed	
  two	
  regulatory	
  mechanisms	
  that	
  influence	
  deleted	
  

mtDNA	
   content	
   in	
   yeast	
   cells	
   and	
   a	
   role	
   for	
   cytosolic	
   pH	
   that	
   influences	
   mtDNA	
  

heteroplasmy.	
   First,	
   ribonucleotide	
   reductase	
   activity	
   influences	
   the	
   replicative	
  

advantage	
  of	
  small	
  mtDNA	
  molecules	
  through	
  changes	
  to	
  cytosolic	
  dNTP	
  pool	
  levels.	
  

Small	
   dNTP	
   pools	
   are	
   largely	
   insufficient	
   for	
   replication	
   of	
   a	
   large	
   template	
   in	
   a	
  

heteroplasmic	
   mixture	
   containing	
   a	
   small	
   template,	
   as	
   we	
   demonstrated	
   in	
   vivo	
  

through	
   SML1	
   overexpression	
   and	
   in	
   vitro	
   by	
   PCR	
   amplification	
   of	
   small	
   and	
   large	
  

templates	
   at	
   various	
   dNTP	
   concentrations.	
   RNR	
   activity	
   is	
   therefore	
   an	
   important	
  

regulator	
  of	
  small	
  mtDNA	
  replicative	
  advantage	
  by	
  determining	
  dNTP	
  availability	
  to	
  

the	
  larger	
  mitochondrial	
  allele.	
  

	
   Second,	
  we	
  showed	
  a	
  role	
   for	
  mtDNA	
  recombination	
   in	
  preventing	
  deletion	
  

mutagenesis.	
   In	
   yeast,	
   mitochondrial	
   recombination	
   by	
   Mhr1	
   functions	
   in	
   both	
  

mtDNA	
  repair	
  (129)	
  and	
  the	
  rolling-­‐circle	
  mode	
  of	
  replication	
  (43),	
  and	
  as	
  shown	
  in	
  

Chapter	
  3,	
  Mhr1	
  is	
  essential	
  for	
  mtDNA	
  integrity	
  in	
  the	
  absence	
  of	
  selective	
  pressure.	
  

Reintroducing	
  MHR1	
   by	
   plasmid	
   significantly	
   increased	
   the	
   respiratory	
   function	
   of	
  

∆abf2	
  mhr1-­‐1	
  cells,	
  indicating	
  that	
  MHR1	
  has	
  an	
  important	
  role	
  in	
  preventing	
  mtDNA	
  

deletion	
  mutagenesis.	
  	
  

	
   Finally,	
   glucose	
   depletion	
   leads	
   to	
   a	
   drop	
   in	
   cytosolic	
   pH	
   and	
   a	
   switch	
   to	
  

ethanol	
   catabolism	
   (144).	
  We	
   found	
   that	
   diploid	
   cells	
   heteroplasmic	
   for	
   wild-­‐type	
  

and	
  small	
  mtDNA	
  cultivated	
  in	
  low	
  glucose	
  media	
  experience	
  a	
  drop	
  in	
  cytosolic	
  pH	
  

during	
   early	
   vegetative	
   growth	
   and	
   form	
   a	
   high	
   proportion	
   of	
   ρ+	
   colonies	
   in	
  

subsequent	
   generations.	
   In	
   contrast,	
   cells	
   cultivated	
   in	
   high	
   glucose	
   media	
   or	
  

alkaline-­‐buffered	
   low	
   glucose	
   media,	
   experience	
   neither	
   an	
   immediate	
   drop	
   in	
  

cytosolic	
   pH	
   nor	
   formation	
   of	
   a	
   substantial	
   proportion	
   of	
   ρ+	
   colonies.	
   The	
  

transcription	
  factors	
  Msn2	
  and	
  Msn4	
  are	
  not	
  required	
  for	
  this	
  cytosolic	
  acidification-­‐

mediated	
   induction	
   of	
   ρ+	
   colony	
   formation,	
   and	
   further	
   study	
   will	
   be	
   needed	
   to	
  

determine	
  the	
  precise	
  mechanism(s)	
  at	
  work.	
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