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ABSTRACT

The mechanism of mitochondrial DNA (mtDNA) repli-
cation in Saccharomyces cerevisiae is controversial.
Evidence exists for double-strand break (DSB) me-
diated recombination-dependent replication at mito-
chondrial replication origin ori5 in hypersuppressive
p~ cells. However, it is not clear if this replication
mode operates in p* cells. To understand this, we
targeted bacterial Ku (bKu), a DSB binding protein,
to the mitochondria of p* cells with the hypothesis
that bKu would bind persistently to mtDNA DSBs,
thereby preventing mtDNA replication or repair. Here,
we show that mitochondrial-targeted bKu binds to
ori5 and that inducible expression of bKu triggers
petite formation preferentially in daughter cells. bKu
expression also induces mtDNA depletion that even-
tually results in the formation of p° cells. This data
supports the idea that yeast mtDNA replication is
initiated by a DSB and bKu inhibits mtDNA replica-
tion by binding to a DSB at ori5, preventing mtDNA
segregation to daughter cells. Interestingly, we find
that mitochondrial-targeted bKu does not decrease
mtDNA content in human MCF?7 cells. This finding is
in agreement with the fact that human mtDNA repli-
cation, typically, is not initiated by a DSB. There-
fore, this study provides evidence that DSB-mediated
replication is the predominant form of mtDNA repli-
cation in p* yeast cells.

INTRODUCTION

Mitochondria are double-membrane organelles that gen-
erally harbor multiple copies of mitochondrial DNA
(mtDNA) (1), which are organized as nucleoprotein com-

plexes called nucleoids (2). Different eukaryotic species
exhibit heterogeneity in size and physical form of their
mtDNA molecules. For example, the ~16.6 kb human
mtDNA, which encodes protein subunits of the oxida-
tive phosphorylation (OXPHOS) system, typically forms
double-stranded, closed circles of one genome length (1,3).
In contrast, mtDNA in the budding yeast Saccharomyces
cerevisiae exists predominantly as head-to-tail linear multi-
mers (concatemers) of several genome units, with a minor
proportion occurring in a circular form (4,5). The mtDNA
monomer in S. cerevisiae (strain S288C) is ~85.8 kb that,
like human mtDNA, encodes protein components of the
OXPHOS system [(6) and references therein]. The topolog-
ical variation of mtDNA between human (typically closed-
circular) and S. cerevisiae (mainly polydisperse linear) is
likely due to the differences in the mode of mtDNA replica-
tion. However, the mechanisms by which these species repli-
cate their mitochondrial genome are only partially under-
stood and multiple models have been proposed for human
[for review see (7)] as well as for S. cerevisiae (discussed be-
low).

Budding yeast mtDNA contains eight replication origin-
like sequences (oris 1-8), of which at least three are be-
lieved to be active origins (oris 2, 3 and 5) (6). The ac-
tive oris contain three GC clusters (A-C), each separated
by stretches of AT sequence. A transcription promoter
(r) is present upstream of the GC cluster C that con-
tains the consensus sequence for mitochondrial RNA poly-
merase (Rpo41) binding (6,8,9). Two distinct mechanisms
for mtDNA replication have been proposed in S. cerevisiae:
transcription-dependent replication and recombination-
dependent replication (10). According to the transcription-
dependent model, Rpo4l recognizes transcriptional pro-
moters at the active oris and produces RNA transcripts,
which are further processed to generate primers for mtDNA
replication [for review see (9)]. However, the transcription-
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dependent replication is largely hypothetical and evidence
supporting this model is limited only to the initiation steps
(11-13). Furthermore, Rpo41 is not essential for mtDNA
maintenance (14,15), clearly indicating the existence of a
transcription-independent mtDNA replication mechanism.

Recombinant-dependent replication is the more popular
mtDNA replication model in yeast. This model was pro-
posed to explain the observation that the major form of
mtDNA in mother cells is concatemers, whereas circular
monomers prevail in growing buds (16). According to this
model, recombination-dependent rolling circle replication
(RDR) initiates at ori5. This replication origin has a bubble-
like structure and bases on the opposite strands of ori5 are
preferentially damaged by reactive oxygen species (ROS).
These base damages are eventually converted into a double-
strand break (DSB) by the base-excision repair enzyme
Ntgl. The DSB is then processed to generate a 3'-tail, which
is bound by the mitochondrial homologous recombinase
(Mhrl). The nucleoprotein filament then invades a template
circular mtDNA molecule to form a heteroduplex joint and
initiation of rolling circle replication ensues. This process
can generate mtDNA concatemers of multiple genome units
that are selectively transmitted to growing buds, where con-
catemers are circularized into monomers (16-21). In ad-
dition to explaining the existence of mtDNA in different
topologies (linear and circular), this model also accounts
for a characteristic feature of the S. cerevisiae mitochon-
drial system: its tendency to maintain the state of homo-
plasmy (22). The evidence for ROS-instigated DSB at ori5
and its involvement in mtDNA replication was obtained
from the hypersuppressive (HS) p ~ mitochondrial genomes
(18,19) [for review of p*, p~, HS p~, and p" see (23)]. Even
though exposure of p* cells to low levels of ROS increases
mtDNA copy number in an Ntgl- and Mhrl-dependent
manner (19), it remains to be determined whether a DSB at
ori5 is also involved in mtDNA replication in p™ cells. Un-
certainty also exists as to which mode(s) of replication is/are
primarily utilized by p* cells. To gain insight into these is-
sues, we targeted a DSB DNA binding protein (bacterial
Ku) to the mitochondria of p* cells.

Ku is a protein involved in non-homologous end join-
ing (NHEJ) DSB repair [for review see (24,25)] and ex-
ists predominantly as a heterodimeric Ku70-Ku80 complex
in eukaryotes. Each eukaryotic Ku subunit is composed
of three distinct regions: an N-terminal domain, a central
‘core’ domain, and a C-terminal domain. While the ‘core’
domain is required for dimerization as well as for the for-
mation of a ring-like structure that wraps around DNA
ends, the N- and C-terminal domains are involved in re-
cruiting and interacting with downstream NHEJ factors to
mediate DSB repair (24,25). Analogous to eukaryotes, ho-
mologs of Ku and an intact NHEJ system have been iden-
tified in certain bacteria including multiple species of my-
cobacterium [for review see (26)]. Bacterial Ku (bKu) pro-
teins form small homodimers that possess an evolution-
arily conserved ‘core’ domain but lack the additional N-
and C-terminal domains present in eukaryotes (27-29). Be-
cause these terminal domains are required for communica-
tion with eukaryotic NHEJ proteins, expression of bKu in
eukaryotic cells should, in theory, bind to DNA DSBs and
prevent repair due to lack of communication between bKu
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and eukaryotic repair proteins. Indeed, we showed previ-
ously that nuclear-targeted Mycobacterium tuberculosis Ku
(MtKu) binds to laser-induced DSBs and increases sensi-
tivity of human cancer cells to bleomycin sulfate, a DSB
inducing agent (30). Nuclear-targeted MtKu also attenu-
ates homologous recombination in mammalian cells (31).
Analogous to M. tuberculosis, M. marinum was recently
shown to possess a proficient NHEJ system (32). We have
determined that M. marinum Ku (MmKu) is expressed at
a higher level than MtKu in bacterial (32) and mammalian
cells (this study). Hence, we selected mitochondrial-targeted
MmKu as a molecular tool to bind to DSBs in p* mtDNA
to test the hypothesis that DSB-bound MmKu could pre-
vent mtDNA replication or repair.

Here, we report that expression of mitochondrial-
targeted MmKu induces petite formation, which occurs se-
lectively in daughter cells. We show that MmKu binds to
ori5 in the yeast mtDNA and that MmKu expression trig-
gers mtDNA depletion. Since MmKu possesses a DSB-
binding domain but lacks domains to communicate with eu-
karyotic repair factors, we conclude that binding of MmKu
to ori5 inhibits mtDNA RDR, thereby preventing transmis-
sion of mtDNA from mother cells to daughter cells. We also
demonstrate that mitochondrial-targeted MmKu does not
decrease mtDNA content in human MCF7 cells. This ob-
servation is in agreement with the current knowledge on hu-
man mtDNA replication, which typically does not involve
DSBs (7,33). These findings indicate that mitochondrial-
targeted MmKu impairs mtDNA homeostasis only when
DSBs are involved in the perpetuation of the mtDNA. Fi-
nally, our data suggest that DSB-mediated replication is the
predominant form of mtDNA replication in the p* yeast
cells since binding of MmKu to ori5 can result in the com-
plete loss of mtDNA.

MATERIALS AND METHODS
Oligodeoxyribonucleotides

Oligodeoxyribonucleotides (oligonucleotides) were pur-
chased from Operon Technologies Inc. (Alameda, CA,
USA), the DNA Facility at Iowa State University (Ames,
IA, USA) or the DNA Sequence/Synthesis Facility at Uni-
versity of Wisconsin Biotechnology Center (Madison, WI,
USA). The sequences of the oligonucleotides used in this
study are listed in Supplemental Table S1.

DNA manipulation and plasmid construction

For detailed description of plasmid construction see Sup-
plemental Materials and Methods. The bKu coding se-
quences in all plasmids were sequenced by the DNA Facil-
ity at Iowa State University to ensure correct reading frame
and correct orientation of inserts.

The pTRE-Tight vector system (Clontech, Mountain
View, CA, USA) was used to express the MmKu and MtKu
in MCF7 Tet-On cells (Clontech, Mountain View, CA,
USA). These proteins were expressed as fusion proteins
from plasmids pTREcmKuFlag and pTREctKuFlag, re-
spectively. The mitochondrial targeting sequence from hu-
man cytochrome C oxidase subunit VIII was ligated at the
5" end of the MmKu and MtKu coding sequences and the
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DNA sequence encoding two Flag peptides was ligated 3’
to the coding sequences.

In yeast, the mitochondrial targeting sequence of Fy-
ATPase subunit 9 (Su9) of Neurospora crassa was used
to target proteins to mitochondria (34) and the MmKu
was expressed as a Flag-tagged protein; two Flag pep-
tides were fused to the C-terminus of the protein. The
pGal plasmid (35) (Supplemental Figure S1A) was used
to express Su9-RFP (pGalSu9RFP) and Su9-MmKuFlag
(pGalSu9MmKu) from the GALI promoter. Expression
was induced by galactose (Gal), repressed by glucose (D),
and growth in raffinose (Raff) medium neither induced nor
repressed the promoter.

pRS305 (36), a yeast integrating plasmid, was used
to generate pRS305MmKu. This plasmid expressed
mitochondrial-targeted Flag-tagged MmKu from the yeast
nuclear genome in Gal-inducible manner.

Bacteria carrying plasmids were grown in LB media con-
taining carbenicillin (100 pg/ml; Life Technologies, Carls-
bad, CA, USA). Plasmids were harvested from bacteria and
purified using the QIAfilter Plasmid Maxi Kit (QIAGEN
GmbH, Hilden, Germany).

Yeast strains, media and transformation

Yeast strains used in this study were congenic to strain
KT1112 [nuclear genotype: MATa leu2 ura3 his3; mito-
chondrial genotype: p*] (37), unless stated otherwise. The
ntgl null mutant (KT1112/Antgl) was constructed by am-
plifying the G418 cassette from the nzg/ deletion panel
strain (38) with NTG1F and NTG1R primers. Purified PCR
products were introduced into KT1112 and mutants were
selected in medium containing G418 (200 pg/ml; Life Tech-
nologies, Grand Island, NY, USA). Positive clones were
confirmed for the absence of the NTGI gene by PCR using
NTGIF and deltaNTGIR primers.

Strain KTI1112 pRS305MmKu (nuclear genotype:
MATa leu2:pRS30SMmKw:LEU2 wra3 his3; mitochon-
drial genotype: p*) was constructed by transforming
KT1112 with pRS305MmKu linearized with EcoRV
within LEU2. Transformants were selected in medium
lacking leucine (-Leu).

Strain KT1177 (nuclear genotype: barl.:: LEU2 ura3 his4;
mitochondrial genotype: p°), was engineered as described
previously (39).

Yeast transformation was performed by a LiAc proce-
dure as described previously (40) with the following mod-
ifications: (i) cells were grown in YPD to ODg of 0.6-0.9,
and (ii) carrier DNA was from salmon testes (Sigma, Saint
Louis, MO, USA). Yeast transformed with pGalSu9RFP or
pGalSu9MmKu were selected and grown in medium lack-
ing uracil (-Ura).

YPD, YPGal, and YPRaff contained 1% yeast extract
and 2% bacto peptone with 2% glucose, galactose, and raf-
finose, respectively. YPEG medium contained 1% yeast ex-
tract, 2% bacto peptone, 2% ethanol, and 3% glycerol. Se-
lective media were prepared by combining complete sup-
plement mixture lacking uracil (-Ura) or leucine (-Leu)
with yeast nitrogen base (Sunrise Science Products, San
Diego, CA, USA) and this was supplemented with 2% car-
bon source (-Ura D or Gal or Raff, -Leu D or Gal or

Raff). Synthetic complete medium contained complete sup-
plement mixture (Sunrise Science Products) and yeast nitro-
gen base (Sunrise Science Products) with 2% carbon source.

Human cell culture

MCF7 Tet-On cells were co-transfected with pTK-Hyg
(Clontech, Mountain View, CA, USA) and pTRE-Tight,
pTREcmKuFlag or pTREctKuFlag using Lipofectamine
(Invitrogen, ThermoFisher Scientific) and selected with hy-
gromycin B (200 pg/ml; Sigma, Saint Louis, MO, USA)
as well as G418 (200 pg/ml). The hygromycin B selection
was removed after the individual colonies were isolated
for expansion into cell lines. Cell lines containing pTRE-
Tight, pTREcmKuFlag or pTREctKuFlag (named MCF7
TreTight, MCF7 cMmKu, and MCF7 cMtKu, respectively)
were identified by PCR. Doxycycline (0.5 pg/ml; Sigma,
Saint Louis, MO, USA) dependent expression of MmKu
and MtKu was confirmed by western analyses. All MCF7
Tet-On cell lines were grown in DMEM containing sta-
ble glutamine and sodium pyruvate (Corning Life Sciences,
Manassas, VA, USA) supplemented with 10% fetal bovine
serum (Gemini Bio-Products, West Sacramento, CA, USA)
and G418 (200 pg/ml) at 37°C and 10% CO;. The medium
was further supplemented with 50 wg/ml uridine (Sigma,
Saint Louis, MO, USA) to make it suitable for growth of
respiratory deficient and/or p® human cells.

Spot dilution analysis

Stationary phase yeast cultures pre-grown in —Ura Raff lig-
uid medium were 25-fold serially diluted using sterile water
and 6 pl of each dilution was applied to a —Ura Gal plate.
Cells were grown at 30°C for 48 h, following which colonies
were replica-plated to YPEG and grown at 30°C for 36 h.

Microscopy

A  mid-log phase culture of KTI112 harboring
pGalSu9RFP was grown in Gal for 6 h, following
which cells were incubated with MitoTracker® Green
FM (Molecular Probes, Eugene, OR, USA) according to
the manufacturer’s instructions. Cells were then examined
by fluorescence microscopy using the TRITC filter set
(for RFP) and GFP filter set (for MitoTracker® Green
FM). For mtDNA visualization, live yeast cells treated
with DAPI (0.2 pwg/ml; Sigma, Saint Louis, MO, USA)
were incubated at 30°C for 30 min and imaged for DAPIL.
Fluorescence images (TRITC, GFP, and DAPI filter
sets; Olympus, Japan) and DIC images were acquired
using SlideBook Digital Microscopy Imaging Software
(Intelligent Imaging Innovations, Denver, CO, USA).

Determination of percentage of p* colonies

Determination of percentage of p* colonies was per-
formed as described below, unless stated otherwise. Sta-
tionary phase yeast cultures harboring pGalSu9MmKu or
pRS305MmKu were pre-grown in —Ura Raff or —Leu Raff,
respectively, and diluted to a final concentration of ODg
of 0.04. The cultures were grown at 30°C for 3 h on a rotary



shaker (200 rpm), following which 2% Gal or 2% Raff was
added. The experimental procedure up to this stage is re-
ferred to as the initial culture set up. The cultures were then
returned to the rotary shaker, and aliquots were removed
at the indicated time points. Aliquots were then serially di-
luted in sterile water to plate ~200 cells on —Ura D or —Leu
D agar plates and grown to obtain colonies at 30°C for 72
h. The colonies were counted, replica-plated to YPEG and
incubated at 30°C for 36 h, before counting YPEG-positive
colonies. The percentage of p* colonies was calculated us-
ing the following formula:

% p* colonies = (number of colonies on YPEG/ number
of colonies on —Ura D or —Leu D) x 100.

Immunoblot analysis

Yeast total protein extracts were prepared by lysing yeast
with glass beads in trichloroacetic acid as described pre-
viously (41). Yeast mitochondrial extract (Mito) was pre-
pared from cells using the Yeast Mitochondria Isolation
Kit according to manufacturer’s instruction (Bio Vision,
Milpitas, CA, USA). Protein extracts were subjected to
SDS-PAGE and transferred to nitrocellulose (Bio-Rad Lab-
oratories, Inc., Germany). Membranes were probed with
the indicated primary antibodies: for anti-Flag M2 anti-
body (1:2000; Sigma, Saint Louis, MO, USA), a sheep anti-
mouse secondary horseradish peroxidase antibody (1:8000;
Amersham Biosciences, Buckinghamshire, UK) was used,
whereas for anti-Cox4 (1:2000; MitoSciences, Eugene, OR,
USA) and anti-Pgk1 (1:30000; Invitrogen, Frederick, MD,
USA) antibodies, a goat anti-mouse secondary horseradish
peroxidase antibody (1:20 000 and 1:31 250, respectively;
Bio-Rad, Hercules, CA, USA) was used.

Human total protein extract was prepared as previously
described (42). Mitochondrial and cytosolic extracts were
obtained using the Mitochondria Isolation Kit for Mam-
malian Cells according to the manufacturer’s instructions
(Thermo Scientific, Rockford, IL, USA). Protein extracts
were subjected to SDS-PAGE and transferred to nitrocel-
lulose. Membranes were probed with the following anti-
bodies: for anti-Flag M2 (1:4000) and anti-Actin (1:4000;
BD Biosciences Pharmingen, San Diego, CA) antibodies,
a sheep anti-mouse secondary horseradish peroxidase an-
tibody (1:5000) was used, whereas for anti-SDHB anti-
body (1:2000; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), an anti-rabbit secondary horseradish peroxi-
dase antibody (1:2000; Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA, USA) was used.

For all immunoblots, antibody binding was detected by
enhanced chemiluminescence (ECL-Prime; GE Healthcare,
Buckinghamshire, UK) and visualized using autoradiogra-
phy and/or a Chemi Doc MP Imaging System (Bio-Rad,
USA). Image Lab Software 5.2 (Bio-Rad, USA) was used
to quantitate the signal on immunoblots.

Total DNA isolation

Isolation of yeast total DNA was performed as de-
scribed previously (43). Briefly, yeast cells were
lysed with glass beads for 5 min in lysis buffer and
phenol/chloroform/isoamylalcohol (25:24:1; Fisher Sci-
entific, Fair Lawn, NJ, USA). The pellet obtained after
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ethanol precipitation was resuspended in TE and treated
with DNase-free RNase (Sigma, Saint Louis, MO, USA)
for 1 h at 37°C. A final DNA precipitation was per-
formed with ice-cold absolute cthanol in the presence
of ammonium acetate. The DNA pellet was dried and
resuspended in TE. Total DNA from human cells was
isolated using the QIAamp DNA Mini Kit according to
the manufacturer’s instructions (QIAGEN GmbH, Hilden,
Germany). DNA was quantitated using a Nanodrop
ND-1000 spectrophotometer (Wilmington, DE, USA).

End-point PCR and real-time quantitative PCR (qPCR)

End-point PCR was performed with 250 nM of each
primer, 20 ng template DNA, 3 mM MgCl,, 200 pM
(each) dATP, dGTP, dCTP and dTTP, and 0.5 U Go Taq
Flexi DNA polymerase (Promega, Madison, WI, USA)
in a MyCycler Thermal Cycler (Bio-Rad, USA). To de-
termine mtDNA content, mtDNA amplification was per-
formed using XholF and XhoIR primers for 25 cycles with
an annealing temperature of 50°C, whereas nuclear DNA
(nDNA) amplification was performed using Y20li2 and
Y20Ii7 primers for 20 cycles with an annealing temperature
of 42°C. To examine the PCR product generated across ori5,
mtDNA amplification was performed using ORI5SAcrF and
ORISR for 23 cycles, and XholUpInF and XholUpInR for
18 cycles. Both primer sets used an annealing temperature
of 53.5°C. PCR products were subjected to electrophore-
sis, visualized using a Chemi Doc MP Imaging System, and
quantitated with Image Lab Software 5.2.

For real-time qPCR, Power SYBR Master Mix (Applied
Biosystems, Warrington, UK), 300 nM of each primer and
1 ng of DNA template were mixed in a 15 pl reaction. All
gPCR was performed in a 7500 Fast Real-Time PCR sys-
tems (Applied Biosystems) using the following cycling con-
ditions: 50°C for 2 min, 95°C for 10 min and 40 cycles of
95°C for 15 s and 60°C for 1 min, followed by a dissociation
curve analysis to ascertain amplicon specificity. Nuclease-
free water was substituted for template in negative con-
trol reactions. mtDNA amplification was performed using
COXI1F and COX1R primers (amplicon length 147 bp) for
yeast cells, and Human-mtDNAF and Human-mtDNAR
primers (amplicon length 125 bp) for human cells. Sim-
ilarly, nDNA amplification was performed using ACT1F
and ACTIR primers (amplicon length 89 bp) for yeast
cells, and Human18SF and Humanl18SR primers (ampli-
con length 100 bp) for human cells. Relative DNA (mtDNA
and nDNA) levels were determined by using a standard
curve, which was generated with serially diluted total DNA
(ranging from 10 000 pg to 1 pg) obtained from KT1112
(for yeast) or MCF7 (for human cells). Primer efficiencies
were established from the slope of the standard curve and
hence the efficiencies were taken into account in the deter-
mination of the relative amounts of DNA. mtDNA ampli-
fication was normalized to nDNA amplification to obtain
the relative mtDNA copy number.

Determination of p° formation

Following the initial culture set up, KT1112 cells contain-
ing pGalSu9MmKu were grown in Raff or Gal for 8 h and
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~200 cells were plated on —Ura D to obtain colonies. The 8
h cultures were diluted to ODgg of 0.04 and grown for an-
other 24 h so that the total growth period in the indicated
sugar was 32 h. ~200 cells were then plated on —Ura D to
obtain colonies. Colonies were then replica-plated to YPEG
and —Ura D. Petite colonies were identified as those unable
to grow on YPEG. At each time point, 5 p* colonies from
the Raff culture and 12 petite colonies from the Gal culture
were randomly selected and used to initiate cultures in —Ura
D medium. Total DNA was isolated from each culture and
relative mtDNA copy number was determined by real-time
qPCR. Genomic DNA from KT1177 (p° strain) was used
in negative control reactions for mtDNA amplification. The
mtDNA status in petite colonies that showed no mtDNA
amplification was verified with DAPI.

mtDNA immunoprecipitation (mtDNA IP)

The procedure for mtDNA IP was adapted from a proto-
col described originally for chromatin immunoprecipitation
(44). A detailed protocol is provided in the Supplemental
Materials and Methods. Briefly, following the initial culture
set up, yeast cells containing pGalSu9MmKu were grown in
Gal for 5 h. DNA was crosslinked to proteins by the addi-
tion of formaldehyde, cells were harvested, resuspended in
lysis buffer and lysed with glass beads by vigorous shaking.
The sample was sonicated to obtain a mean DNA length of
~0.3 kb and DNA-protein complexes were immunoprecip-
itated with 1.5 pg of anti-Flag M2 antibody or mouse [gG1.
The purified immunoprecipitated DNA was subjected to
real-time qPCR using ori5 specific primers (ORISF and
ORI5SR) and COX1 specific primers. A standard curve spe-
cific for each amplicon was used to determine the amount
of mtDNA present in each immunoprecipitate and back-
ground signal obtained from the IgG1 control was sub-
tracted. The net immunoprecipitate obtained was used to
calculate the percentage of input immunoprecipitate (IPT)
using the following formula, where total input represents
the total amount of DNA-protein complex used in the im-
munoprecipitation:

% Input IPT = (amount of mtDNA in net IP/amount of
mtDNA in total input) x 100

End-point PCR across the ori5 DSB region

Cultures of KT1112 and KT1112/Antgl were grown as de-
scribed for the mtDNA IP assay. End-point PCR was per-
formed from total cellular DNA as described above using
primers ORI5SAcrF and ORISR to amplify a 562 bp region
that encompassed the ori5 DSB region, and XholUpInF
and XholIUpInR to amplify a 281 bp segment of mtDNA
that lies >24 kb away from ori5 and is a control region on
mtDNA. PCR products were subjected to electrophoresis,
visualized using a Chemi Doc MP Imaging System, and
quantitated with Image Lab Software 5.2. A ratio of the
amount of PCR product across the ori5 DSB region/PCR
product from the control region was calculated.

Pedigree analysis

Pedigree analysis was adapted from (45). Briefly, pedigree
plates consisted of two segments of agar containing YP-

Gal and YPD separated by ~5 mm. Early log phase yeast
cells grown in YPRaft were streaked on the YPGal segment,
from which unbudded cells were transferred to discrete po-
sitions on YPGal by micromanipulation. These cells were
designated as mother cells for the pedigree. After cell di-
vision, the daughter cell from each mother cell was trans-
ferred from YPGal to YPD. This process was continued for
three daughter generations from each mother cell, following
which the mother cell was placed on YPD. During transfer,
each pedigree was observed regularly such that the interval
of observation was always <1 h. After completion of cell
transfer, cells were incubated at 30°C for 72 h. The colonies
were replica plated to YPEG and incubated at 30°C for 36
h. The percentage of p* colonies for each daughter genera-
tion and the mother generation was calculated as follows:
% of p* colonies = (number of colonies on
YPEG/number of colonies on YPD) x 100.

Statistical analysis

Data are presented as mean + standard deviation (SD) of
three independent experiments, unless stated otherwise. Sta-
tistical comparisons were performed either with Student’s
t-test (between two groups) or with ANOVA (for more than
two groups) followed by post hoc analysis using Tukey’s
multiple comparison test. Differences are considered statis-
tically significant at P < 0.05.

RESULTS

Expression of mitochondrial-targeted proteins from pGal
plasmids

To express mitochondrial-targeted proteins in yeast cells,
we used the presequence of the Fy-ATPase subunit 9 (Su9)
of Neurospora crassa as a mitochondrial targeting sequence
(34). pGalSu9RFP contains the Su9 in frame with RFP. In-
duction of the promoter with Gal produces a fusion pro-
tein in which the Su9 sequence is linked to the N-terminus
of RFP (Supplemental Figure S1B, upper panel). Induc-
tion of pGalSu9MmKu with Gal results in expression of
a fusion protein in which MmKu has the Su9 sequence at
the N-terminus and two Flag epitopes at the C-terminus
(Supplemental Figure S1B, lower panel). Su9 contains 69
amino acid residues and possesses a mitochondrial matrix
processing peptidase site at the interface between the 66™
and 67th amino acids, hence the last three amino acids at
the C-terminus of Su9 remain attached to the N-terminus
of downstream proteins following the activity of the mi-
tochondrial matrix processing peptidase (46,47). To con-
firm the ability of Su9 to deliver proteins into yeast mi-
tochondria, KT1112 harboring pGalSu9RFP was grown
in the presence of Gal for 6 h, following which cells were
treated with MitoTracker® Green. Visualization of cells us-
ing fluorescence microscopy revealed that the RFP and the
MitoTracker® Green localized to the same mitochondrial
structures (Supplemental Figure S1C). To assess expression
of MmKu, total cell extracts and mitochondrial extracts
from KT1112 carrying pGalSu9MmKu were subjected to
western analysis. Growth of cells in Gal for 8 h triggered ex-
pression of MmKu, which localized to yeast mitochondria
(Supplemental Figure S1D).



Mitochondrial-targeted MmKu triggers petite formation

Petite formation was determined by the ability of yeast
cells to perform mitochondrial respiration. KT1112 cells
carrying pGalSu9MmKu or pGalSu9RFP were serially
diluted and applied to Gal medium to induce expres-
sion of the mitochondrial-targeted proteins. Cells carrying
pGalSu9RFP grew normally on the medium, whereas cells
harboring pGalSu9MmKu grew slowly (Figure 1A, upper
panel). The colonies were then replica plated to YPEG, a
medium on which only respiratory competent yeast cells
can grow. Although cells expressing RFP grew well on
YPEG, cells harboring pGalSu9MmKu formed small or
no colonies (Figure 1A, lower panel), indicating a com-
promised mitochondrial electron transport chain. To quan-
titate the respiration defect, yeast cells transformed with
MmKu or RFP expression plasmid were grown in Raff or
Gal liquid medium for increasing time intervals, following
which cells were plated on solid medium containing glucose.
The colonies were then replica plated to YPEG and the per-
centage of p* colonies was determined. The percentage of
p ™ colonies in cells expressing MmKu decreased with time;
only ~26% and ~19% of colonies were p* at 8 and 24 h, re-
spectively (Figure 1B). In contrast, colonies obtained from
control cultures maintained the p* phenotype. The percent-
age of p* colonies for cells expressing MmKu plateaus af-
ter 8 h, and this corresponded to the time that the yeast
culture exited exponential growth (Figure 1C). When the
8 h Gal culture was diluted with medium containing Gal
and grown for another 24 h, the percentage of p* colonies
further decreased (Figure 2C). Western analysis detected
MmKu within 30 min of Gal treatment, and expression was
maximal at ~6-8 h (Figure 1D). These results indicate that
mitochondrial-targeted MmKu impairs mitochondrial res-
piration and induces petite formation.

Mitochondrial-targeted MmKu induces mtDNA depletion

As MmKu possesses a DSB DNA binding domain, we
hypothesized that mitochondrial-targeted MmKu triggers
petite formation by disturbing mtDNA homeostasis. To
test this, we determined the approximate mtDNA con-
tent of pGalSu9MmKu-containing cells by examining the
mtDNA/nDNA ratio using end-point PCR (Figure 2A).
Total DNA isolated from cells grown in Raff or Gal for
8 h was used as the template for PCR. Quantitation of
EtBr-stained amplicons revealed ~4-fold decrease in the
mtDNA/nDNA ratio for cells grown in Gal compared to
Raff (data not shown). To verify this effect of MmKu, we
assessed the relative mtDNA copy number using real-time
qPCR. As shown in Figure 2B, there was ~3-fold decrease
in relative mtDNA copy number in cells grown in Gal for
8 h. The 8 h cultures were diluted and grown for another
24 h in Gal or Raff such that the total period of growth
was 32 h. After 32 h, there was further decrease in the rela-
tive mtDNA copy number in Gal-grown cells compared to
Raff-grown cells. The respiratory competence of these cells
was also tested and only ~22% and ~1% of colonies from
cells grown in Gal maintained p* phenotype at 8 h and 32
h, respectively (Figure 2C). In contrast, the percentage of
p* colonies for Raff-grown cells was ~94% at 8 and 32 h.
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The expression of MmKu at 8 and 32 h was confirmed by
western analysis (Figure 2D).

As a control, we determined the relative mtDNA copy
number from total DNA obtained from cells containing
pGalSu9RFP grown in Raff or Gal for 8 or 32 h (Supple-
mental Figure S2A). The relative mtDNA copy number did
not vary between the 8 h treatment groups and there was
only an ~9% reduction in the relative mtDNA copy num-
ber in 32 h Gal-grown cells compared to 32 h Raff con-
trol. This indicates expression of a foreign mitochondrial-
targeted protein alone or growth in Gal does not dramati-
cally reduce the mtDNA copy number.

To visualize the mtDNA, cells containing pGalSu9RFP
or pGalSu9MmKu grown in Raff or Gal for 32 h were
stained with DAPI. Whereas bright punctate mtDNA nu-
cleoids were observed towards the cell periphery in 32
h Raff-grown cells and 32 h Gal-grown pGalSu9RFP-
containing cells, the punctate staining was markedly re-
duced in 32 h Gal-grown pGalSu9MmKu-containing cells
(Supplemental Figures S2 and S3). The loss of punctate
staining therefore confirmed the reduction in mtDNA in the
Gal-grown pGalSu9MmKu-containing cells.

Further examination of the western analysis in Figure 2D
revealed there was a relatively low Cox4 signal in Gal sam-
ples compared to Raff samples. Quantitation of Cox4 rela-
tive to the loading control Pgk1 revealed a significantly de-
creased level of Cox4 in 32 h Gal-grown cells compared to
cells grown in Raff for the same period (Supplemental Ta-
ble S2). A small reduction in Cox4 level was also observed
for cells grown in Gal for 8 h compared to the 8 h Raff
control (Supplemental Table S2). We therefore examined
the Cox4 levels in other western analyses performed dur-
ing these studies using strains carrying the pGalSu9MmKu
and pRS305MmKu after 8 h of Gal treatment (Supplemen-
tal Figures S1D and S7A). A 9-12% reduction of Cox4 was
also detected in these experiments in Gal-grown compared
to Raff-grown cells. This suggests MmKu resulted in a re-
duction of expression of nuclear-encoded Cox4.

Mitochondrial-targeted MmKau triggers p° formation

To determine if MmKu induces complete loss of mtDNA,
we used real-time qPCR to analyze the mtDNA /nDNA ra-
tio for individual p* colonies obtained from Raff cultures
and petite colonies from Gal cultures. As shown in Table
1, the mtDNA/nDNA ratio was >1 for almost all colonies
from the Raff culture. In contrast, 33% of the colonies from
the 8 h Gal culture and 50% of the colonies from the 32
h Gal culture had undetectable levels of mtDNA. These
colonies with undetectable levels of mtDNA were verified
for the complete loss of mtDNA by DAPI staining (Sup-
plemental Figure S4).

MmKau binds to the mtDNA replication origin ori5

A DSB at yeast mitochondrial replication origin ori5 (Fig-
ure 3A) has been implicated in initiation of mtDNA RDR
(18,19). As MmKu possesses a DSB binding domain, we hy-
pothesized that MmKu binds to DSBs at ori5 and inhibits
mtDNA replication, thereby decreasing total mtDNA con-
tent. To test this, mtDNA IP assays were performed using
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Figure 1. Mitochondrial-targeted MmKu impairs mitochondrial respiration. (A) Following serial dilution, cells containing pGalSu9MmKu or
pGalSu9RFP were spotted on —Ura Gal, and imaged after 48 h (upper panel). The colonies were replica-plated to YPEG and imaged after 36 h (lower
panel). Images are representative of at least three independent experiments. (B) For determination of the percentage of p* colonies, the procedure for the
initial culture set up (see the Materials and Methods) was modified slightly such that the stationary phase yeast cultures carrying MmKu or RFP expression
plasmid pre-grown in —Ura Raff were diluted 20-fold in the same medium. After addition of Raff or Gal for the indicated time periods, cells were plated
on —Ura D. Colonies were replica-plated to YPEG and the percentage of p* colonies was calculated. Each curve depicts average measurements from
three independent experiments. (C) Growth of cultures containing pGalSu9MmKu was followed over the indicated time period. Each curve represents
average measurements from two independent experiments. (D) Cells carrying pGalSu9MmKu were grown in Gal and samples were taken at indicated time
points to obtain total cell extracts, which were probed with anti-Flag or anti-Pgk1 antibody. The immunoblot shown is representative of two independent
experiments. Pgk1, phosphoglycerate kinase, is used as a loading control.

Table 1. Mitochondrial-targeted MmKu induces p° formation

Culture in Raff mtDNA /nDNA ratio in 5 randomly chosen p* colonies

<x-0.005 0.0051-0.8 0.81-1.0 1.01-1.25
8h 0 0 0 5 (100%)
32h 0 0 1 (20%) 4 (80%)
Culture in Gal mtDNA/nDNA ratio in 12 randomly chosen petite colonies

<x >x and <0.005 0.005-0.8 0.81-1.0
8h 4 (33%) 4 (33%) 3(25%) 1 (8%)
32h 6 (50%) 6 (50%) 0 0

KT1112 harboring pGalSu9MmKu were grown in Raff or Gal for 8 h and cells were plated on —Ura D. 8 h cultures were then diluted and grown for another
24 h, following which cells were plated on —Ura D. The colonies were replica plated to YPEG and —Ura D. After identifying p ™ and petite colonies, total
DNA was isolated from randomly selected p* and petite colonies to determine the mtDNA /nDNA ratio. In Table 1, x is the ratio for the border between
the undetectable level and the least detectable level.

Flag-tagged MmKu expressed in KT1112. An anti-Flag an- significantly higher to ori5 compared to the COXI region,
tibody or an IgG1 control antibody was used for the IP. which supports the idea of MmKu binding to DSBs at ori5.
Real-time qPCR with purified immunoprecipitated DNA

was performed using ori5-specific primers or COX1-specific

primers. The COXI mitochondrial gene was used as a con- ~ MmKu expression in an nfgl null mutant

trol because this gene is situated at least 23 kb away from

: D0 e Ntgl has been shown to pl le in instigating DSBs at
ori5 region. As shown in Figure 3B, binding of MmKu was S° as beehl SI0WI 10 D ay @ fo© I ISHEat B8 s

ori5. In the absence of Ntgl in hypersuppressive p ~ yeast,
the extent of DSBs at ori5 decreases (18,19) and hence
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Figure 2. Mitochondrial-targeted MmKu decreases mtDNA content in yeast cells. Total DNA was isolated from KT1112 harboring pGalSu9MmKu
grown in Raff or Gal for 8 or 32 h and end-point PCR (A) or real-time qPCR (B) was performed to amplify segments of mtDNA and nDNA. An image
(A) representative of at least three independent end-point PCR experiments is shown. For real-time qPCR (B), data are represented graphically as the mean
+ SD from three independent experiments. * represents P < 0.05. (C) Part of the cultures used for DNA isolation were used to quantitate the percentage
of p* colonies, and the averages are shown graphically. Error bars represent SD and * represents P < 0.05. (D) MmKu, Cox4 and Pgkl expression in
KT1112 carrying pGalSu9MmKu grown in Raff or Gal for 8 h and 32 h. An immunoblot representative of three independent experiments is shown. Cox4,

cytochrome C oxidase subunit 4, is a mitochondrial protein.

MmKu binding at ori5 would be expected to be reduced
in a strain deleted in nzgl/. The mtDNA IP was therefore
repeated in an nzg/ null mutant (KT1112/Antgl). Binding
of MmKu to ori5 was not significantly different from the
COX1 region in this strain, which suggests reduced bind-
ing to ori5 in the absence of Ntgl-induced DSBs. However,
when the results from independent experiments were com-
pared for KT1112/Antgl and KT1112, even though the av-
erage MmKu binding to ori5 was lower in KT1112/Antgl,
the difference was not statistically significant (Figure 3B).
The binding of MmKu to the COXI control region in the
two strains was comparable and also not statistically signif-
icant (Figure 3B).

The effect of MmKu expression on mitochondrial respi-
ration was also examined in KT1112/Antgl and KT1112.
In both strains, the percentage of p* colonies was dramat-
ically decreased by growth in Gal (Supplemental Figure
S5). There was also a trend for decreased formation of p™*
colonies in KT1112/Antgl compared to KT1112 when the
strains were grown in Gal for 8 h, but there was no statistical

difference. At 32 h in Gal, the percentage of p* formation
was comparable between the two strains.

Since our data indicated that binding of MmKu to ori5
was not dramatically different in the absence of Ntgl, end-
point PCR across the ori5 DSB region (Figure 3A) was used
to compare the induction of DSBs at ori5 in KT1112/Antgl
and KT1112. An increase in PCR product was used as
the indicator of a decrease in DSB induction. In each of
three independent experiments, there was a small increase in
product generated from PCR across the ori5 DSB region in
KT1112/Antgl compared to KT1112 (Supplemental Fig-
ure S6A). Even though this suggests there was reduced DSB
formation at ori5 in KT1112/Antgl, there was no statisti-
cal difference between the average amounts of PCR product
from the three experiments (Supplemental Figure S6B).

MmKu triggers petite formation preferentially in daughter
cells

Since the products of mtDNA RDR are selectively trans-
mitted to the daughter cells (17), we reasoned that
mtDNA depletion and accompanying petite formation
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Figure 3. MmKu binds preferentially to ori5 in the yeast mitochondrial
genome. (A) Schematic representation of ori5. The replication origin con-
sists of 3 GC clusters (A-C) and a transcriptional promoter r. A DSB at
ori5 can occur in a region that spans the promoter r and ~5 bp down-
stream of GC cluster C (18). The ori5-specific primers (bold arrows) am-
plify a region of ori5 that is downstream of the DSB-occurring region.
Figure 3A is adapted from (9) and (18). (B) The indicated strains harbor-
ing pGalSu9MmKu were grown in Gal for 5 h, following which DNA—
protein complexes were crosslinked with formaldehyde, sheared by son-
ication and immunoprecipitated with either anti-Flag antibody or I1gGl
control. Crosslinks were reversed and purified immunoprecipitated DNA
samples were quantitated by real-time qPCR using ori5-specific primers
and COX1I-specific primers. The graph shows mean + SD from three in-
dependent experiments. P values are as follows: for KT1112 ori5 versus
KT1112 COX1 P =0.0064; for KT1112/Antgl ori5 versus KT1112/Antgl
COX1 P = 0.0741; and for KT1112 ori5 versus KT1112/Antgl ori5 P =
0.2892.

orit5 COXlI

due to MmKu expression occurs preferentially in daugh-
ter cells. To test this, we constructed a yeast strain
(KT1112 pRS305MmKu) with a nuclear-integrated Gal-
inducible MmKu expression plasmid. Following confir-
mation of expression and the petite generating activ-
ity of mitochondrial-targeted MmKu (Supplemental Fig-
ure S7), pedigree analyses were performed on KT1112
pRS305MmKu on plates containing YPGal and YPD agar
segments. Yeast cells were first placed on YPGal and after
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Figure 4. Pedigree analyses indicate that MmKu expression inhibits
mtDNA segregation into daughter cells. (A) Unbudded early log phase
yeast cells were streaked on YPGal segment of a plate. After cell divi-
sion, a daughter cell from each mother cell was transferred from YPGal
to YPD segment of the plate. This process was continued for 3 daughter
generations, following which the mother cell was transferred to YPD. The
colonies were replica-plated to YPEG to determine the percentage of p™*
colonies. D1, D2 and D3 represent first, second and third daughter genera-
tions, respectively, from the mother M. (B) The data from five independent
experiments for KT1112 pRS305MmKu pedigree were pooled to deter-
mine the percentage of p* colonies for each daughter generation and the
mother generation.

cell division, daughter cells were transferred to YPD. Fol-
lowing transfer of three successive daughters, the respec-
tive mother was transferred to YPD. It should be noted
that each mother cell was exposed to the YPGal medium
for ~7 h, whereas daughter cells were transferred immedi-
ately to YPD after cell division. As shown in Figure 4A,
petite formation was observed particularly from the second
daughter generation. We analyzed a total of 42 colonies for
each generation and determined the percentage of p* for-



mation (Figure 4B). We found that ~45% of colonies from
the third daughter (D3) generation were petites, in contrast
to ~7% petite colonies from the mother (M) generation. As
a control, we repeated the procedure to analyze the pedigree
of the parental strain KT1112 and observed that colonies
from all three daughter generations and the mother genera-
tion essentially maintained the p* phenotype (Supplemen-
tal Figure S8). These data reveal that MmKu induces petite
formation preferentially in daughter generations, which is
indicative of mtDNA loss selectively in daughter cells.

Mitochondrial-targeted bKu proteins do not decrease
mtDNA content in human cells

To understand if bKu affects mtDNA metabolism in hu-
man cells, MCF7 Tet-On cell lines were generated that
expressed mitochondrial-targeted MmKu or MtKu under
doxycycline (Dox) control. These cell lines, together with
the vector control cell line, MCF7 TreTight, were grown in
the presence or absence of Dox for 48 h, following which
total cell extracts were isolated. Western analysis revealed
Dox-dependent expression of bKu proteins (Supplemental
Figure S9A). To confirm the subcellular localization of bKu
in human cells, mitochondrial and cytosolic extracts were
obtained from MCF7 cMtKu and MCF7 cMmKu cells. Be-
cause the expression level of MtKu was small compared
to MmKu, 35 pg of MCF7 cMtKu extracts and 3.5 pg of
MCF7 cMmKu extracts were used for immunoblot analy-
sis. Both MtKu and MmKu localized to cytosolic as well as
mitochondrial fractions in human cells (Supplemental Fig-
ure S9B).

To understand if mitochondrial-targeted bKu depletes
human mtDNA content, the relative mtDNA copy num-
ber was determined in the MCF7 Tet-On cell lines. As il-
lustrated in Figure 5A, cells were harvested after 4 days of
growth in culture medium. From half of the harvested cells,
total DNA (pretreatment) was isolated, whereas the other
half was used to passage cells in the presence or absence of
Dox for 2 weeks. After the 2-week period, cells were har-
vested to obtain total DNA and total cell extracts. Western
analysis demonstrated expression of bKu after growth for 2
weeks only in cells treated with Dox (Figure 5SB). However,
the relative mtDNA copy number in cells expressing bKu
did not change compared to Dox-untreated controls (Fig-
ure 5C). Human p° cells require uridine and pyruvate for
normal growth (48). To exclude the possibility that we were
losing respiratory deficient and/or p® MCF7 cells follow-
ing bKu expression, we repeated the experiment by growing
MCF7 TreTight and MCF7 cMmKu in medium containing
uridine and pyruvate. Analogous to Figure 5C, the relative
mtDNA copy number in cells treated with Dox did not vary
compared to Dox-untreated control (Supplemental Figure
S10). Hence, mitochondrial-targeted bKu does not decrease
mtDNA copy number in human MCF7 cells.

DISCUSSION

In this study, we have utilized the DSB binding property of
bacterial Ku to probe for DSB-mediated mtDNA replica-
tion in yeast and human cells. The work presented here pro-
vides evidence for DSB-mediated mtDNA replication in p*
yeast cells but not in human MCF7 cells.
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Ori5 has been frequently studied as a model replication
origin in yeast mtDNA (11,13,18,19) and evidence indicates
that ori5 initiates mtDNA replication in a DSB-induced
manner in HS p~ cells (18,19). Previously, it was not clear
whether such DSB-mediated mtDNA replication also op-
erates in p* cells. Here, we show that MmKu binds pref-
erentially to ori5 compared to a control region (COX/) in
p" mtDNA, indicating that DSBs are present at ori5. This
finding is in agreement with studies that showed the pres-
ence of DSBs at ori5 in HS p~ mtDNA (18,19). The low
level of MmKu binding to the COXI region could be due
to MmKu binding to undamaged mtDNA. A recent study
found that M. smegmatis Ku can bind to DNA without free
ends and this property was attributed to its lysine-rich C-
terminal extension (49). MmKu has a similar C-terminal
extension (32,50).

Ntgl has been shown to play an important role in gener-
ating DSBs at ori5 (18,19) as seen from the observation that
ntgl null HS p~ mutants have about half the level of DSBs
at ori5 compared to the isogenic NTGI HS p ~ cells (19). Al-
though we see a small decrease in binding of MmKu to ori5
in KT1112/Antgl, no statistical difference was found com-
pared to KT1112 for the mtDNA IP assay and for the end-
point PCR assay used to determine whether less DSBs were
induced in normal growing p* ntg/ null cultures. This sug-
gests there is also an Ntgl-independent mechanism for DSB
generation at ori5. The DSBs at ori5 could be generated via
the action of an unidentified mitochondrial enzyme, as pre-
viously suggested (19). Alternatively, ROS could abstract a
hydrogen atom from any of the carbons of the deoxyribose
in the DNA backbone, subsequently leading to the forma-
tion of a single-strand break (51-54). This could occur on
both strands of the damage-prone bubble-like ori5 DNA
structure resulting in the formation of a DSB.

The observation that MmKu expression triggers mtDNA
depletion supports our proposal that binding of MmKu
to DSBs at ori5 inhibits mtDNA RDR. Mhrl is regarded
as a central molecule in mtDNA RDR and evidence in-
dicates that Mhrl facilitates heteroduplex joint formation
between a linearized mtDNA molecule and its comple-
mentary region in a template circular mtDNA for the
initiation of RDR (16,17,19) (Figure 6A). A study with
mhrl temperature-sensitive mutants showed that growth of
mhrl mutants at the non-permissive temperature induces
mtDNA loss as well as petite formation (55). In addition,
the degree of mtDNA loss and the extent of petite formation
in mhrl mutants increased progressively with time at the
non-permissive temperature (55). Analogous to that study,
we observe that MmKu expression induces mtDNA loss
and petite formation in yeast cells. In addition, the degree
of mtDNA depletion and the frequency of petite forma-
tion increased progressively with the duration of MmKu ex-
pression. The extent of mtDNA depletion was such that p°
yeast colonies were obtained from MmKu-expressing cells
grown in Gal for 8 h; after 32 h in Gal, the percentage of
p? formation further increased. MmKu-triggered mtDNA
depletion also accompanied reduction in the level of Cox4,
a nuclear-encoded mitochondrial protein that forms a sub-
unit of complex IV of the mitochondrial respiratory chain
(56). The reduced level of Cox4 could be due to diminished
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Figure 5. Mitochondrial-targeted bKu proteins do not induce mtDNA depletion in human MCF7 cells. (A) MCF7 cell lines were grown for 4 days prior
to treatment with Dox (pretreatment) and then harvested. Total DNA was isolated from a portion of the cells, and the remaining cells were propagated in
the presence or absence of Dox for 2 weeks. During the 2-week period, each cell line was passaged after reaching ~90% confluency. At the end of 2 weeks,
cells were harvested to obtain total DNA and total cell extract (TCE). (B) Western analysis of TCEs was performed and the membranes were probed
with anti-Flag or anti-actin antibody. An immunoblot representative of two independent experiments is shown. TetOn: MCF7 Tet-On; TreTight: MCF7
TreTight; cMtKu: MCF7 cMtKu; cMmKu: MCF7 cMmKu. (C) From total cell DNA, the relative mtDNA copy number was determined for each cell line
in each group. The relative mtDNA copy number of each cell line in the treatment groups (+ and —Dox) was normalized to the respective cell line in the
pretreatment group. Data are represented graphically as mean + SD from three independent experiments.

COX4 gene transcription, a phenomenon that has been doc-
umented previously in p° yeast cells (57).

The products of mtDNA RDR are concatemers, which
occur predominantly in mother cells, and these multi-
genome units are segregated into growing buds where
they are processed into genome size monomers (16,17).
With this knowledge, we hypothesized that MmKu-induced
mtDNA depletion and petite formation occur preferentially
in daughter cells. As predicted, we observed that MmKu
triggers petite formation preferentially in daughter genera-
tions indicating loss of mtDNA in daughter cells. The ex-
tent of petite formation was such that ~45% of colonies
from the third daughter (D3) generation formed petites.
This is indicative of improper mtDNA segregation to al-
most half of the D3 generation. Even though mother cells
spent more time than any daughter cell of the same pedigree
in the Gal medium that induced MmKu expression, only
~7% of colonies from the mother generation (M) formed
petites. This observation supports our proposal that MmKu
inhibits mtDNA replication, thereby preventing transmis-
sion of mtDNA from mother cells into the daughter cells. To
account for the effect of MmKu on yeast mtDNA content,
we propose a model (Figure 6B) in which the DSB binding
domain of MmKu binds to DSBs at ori5 in the yeast mito-
chondrial genome. Since it lacks domains to communicate
with eukaryotic proteins, MmKu persistently occupies ori3.
This results in inhibition of mtDNA RDR, thereby prevent-

ing the formation of concatemers. As a consequence, there
is reduced/no mtDNA segregation into the daughter cells,
which eventually form p°.

Evidence for transcription-dependent mtDNA replica-
tion also exists for yeast cells (11-13); however, those stud-
ies were performed either in hypersuppressive p~ mtDNA
(11,13) or with cloned replication origins examined in
vitro (12). It is currently not known if such transcription-
dependent mechanisms actually operate in p* cells. Instead,
transcription-independent mtDNA replication seems more
probable because of the observation that yeast cells with
disrupted RPO41 gene can still maintain mtDNA (14,15).
In addition, yeast cells that completely lack ori sequences
also propagate their mitochondrial genomes (58). The DSB-
mediated mtDNA RDR has gained increased attention
over the last few years and this mechanism can explain
many conundrums, including: (i) a mechanism for mainte-
nance of mtDNA in Rpo41 deficient cells and cells lack-
ing any replication origin; (i1) a mechanism for maintenance
of the state of homoplasmy; (iii) a mechanism by which
mtDNA concatemers and circular monomers co-exist in
yeast cells.

The exact mode of human mtDNA replication is still vig-
orously debated and multiple replication models have been
proposed. These replication modes appear to occur by a
transcription-dependent mechanism and do not seem to in-
volve DSBs (7,33). In agreement with this, we find that ex-
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Figure 6. A model explaining the effect of MmKu on S. cerevisiae mtDNA. (A) Under normal physiological conditions, ROS oxidizes yeast mtDNA at
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tail is generated, to which Mhrl binds. This nucleoprotein filament invades a template circular mtDNA to mediate the initiation of mtDNA RDR. This
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mitochondrial-targeted MmKu have the Ku protein bound to the DSB at ori5. This inhibits mtDNA RDR, so new mtDNA molecules are not synthesized.

As a consequence, mtDNA molecules are not segregated to daughter cells.

pression of mitochondrial-targeted bKu proteins (MmKu
and MtKu) do not decrease mtDNA content in human
MCF7 cells. This observation supports the idea that MmKu
impairs mtDNA homeostasis only when DSBs are involved
in the perpetuation of the mitochondrial genome. Even
though DSBs and other DNA damages are generally con-
sidered deleterious for cellular health, studies have indi-
cated that controlled damage of mtDNA is important for
its maintenance, both in yeast (18,19) as well as in mam-
malian cells (59). Recently, oxidative damage to the mtDNA
regulatory region (D-loop) under hypoxic conditions has
been correlated with an increase in mtDNA copy number
in mammalian cells (59). Another study has revealed that
exposure of MELAS patient-derived primary fibroblasts
to exogenous ROS triggers the formation of mtDNA con-
catemers via rolling circle replication, likely initiated from
ROS-induced DSBs (60). Although beyond the scope of
this study, it would be interesting to determine if the ex-
pression of mitochondrial-targeted MmKu in ROS-treated
MELAS patient-derived fibroblasts inhibits mtDNA repli-
cation and concatemer formation. Given the complex di-
versity of cells in mammals, it is possible that multiple
mtDNA replication mechanisms coexist in higher organ-
isms and that certain cell types utilize particular replica-
tion mechanisms. With respect to a single-celled S. cere-
visiae, however, DSB-mediated mtDNA replication appears
to be the prime mode. In this regard, we consider ori5 as
a hot spot for DSB-mediated recombination. The concept

of DSB-mediated replication is not new and was originally
proposed for yeast mtDNA in 1991 by Maleszka et al. (4)
and for E. coli DNA replication in 1994 by Asai et al. (61).
It is currently not known if other replication origins in yeast
mtDNA initiate replication in a DSB-mediated manner and
our system could be used to address this in future studies.
At present, our study provides crucial evidence that p* yeast
cells rely on DSB-induced mtDNA replication for propaga-
tion of mtDNA, as perturbation of this pathway can result
in the complete loss of their mitochondrial genome.
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