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Abstract

While mammalian mitochondria are known to possess a robust base excision repair system, direct 

evidence for the existence of additional mitochondrial DNA repair pathways is elusive. Herein a 

PCR-based assay was employed to demonstrate that plasmids containing DNA-protein crosslinks 

are rapidly repaired following electroporation into isolated mammalian mitochondria. Several lines 

of evidence argue that this repair occurs via homologous recombination. First, DNA-protein 

crosslinks present on plasmid DNA homologous to the mitochondrial genome were efficiently 

repaired (21 % repair in three hours), whereas a DNA-protein crosslink present on DNA that 

lacked homology to the mitochondrial genome remained unrepaired. Second, DNA-protein 

crosslinks present on plasmid DNA lacking homology to the mitochondrial genome were repaired 

when they were co-electroporated into mitochondria with an undamaged, homologous plasmid 

DNA molecule. Third, no repair was observed when DNA-protein crosslink-containing plasmids 

were electroporated into mitochondria isolated from cells pre-treated with the Rad51 inhibitor 

B02. These findings suggest that mitochondria utilize homologous recombination to repair 

endogenous and xenobiotic-induced DNA-protein crosslinks. Consistent with this interpretation, 

cisplatin-induced mitochondrial DNA-protein crosslinks accumulated to higher levels in cells pre-

treated with B02 than in control cisplatin-treated cells. These results represent the first evidence of 

how spontaneous and xenobiotic-induced DNA-protein crosslinks are removed from mitochondrial 

DNA.
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1. Introduction

The earliest recorded descriptions of mitochondria date back to the mid-nineteenth century 

when the organellar name ‘mitochondrion’ was coined by Carl Benda in 1898, reviewed in 

[1]. However, it wasn’t until the mid-twentieth century that high-resolution electron 

micrographs and a more detailed understanding of the function of this organelle evolved 

[2,3]. This work culminated with the development of the chemiosmotic hypothesis of ATP 

generation and identification of mitochondria as the ‘powerhouse of the cell’ [4], reviewed 

in [1,5]. Around this time period, other investigators discovered the existence of DNA within 

this organelle [6–8]. Subsequently, the mammalian mitochondria genome was determined to 

be a circular, double-stranded molecule of approximately 16 kilobases that encoded a subset 

of the proteins present within that organelle as well as genes encoding mitochondrial tRNA 

and rDNA species [9].

In 1974, Clayton et al. [10] convincingly demonstrated that photo-product adducts induced 

in mouse L cells were removed from nuclear DNA but not from the mitochondrial genome. 

This seminal observation led to the hypothesis that this organelle lacked nucleotide excision 

repair capability, a conclusion verified by numerous investigators [11–14]. These 

observations supported a general view that the mitochondria were bereft of DNA repair 

function-a hypothesis consistent with the fact that the mutational rate of mitochondrial DNA 

is substantially higher than the nuclear genome [15–17]. However, it was subsequently 

determined that mitochondria possess robust base excision repair (BER) machinery, albeit 

one entirely dependent on genes encoded within the nuclear genome [18–20]. Thus, it was 

for many years believed that, while not entirely lacking in DNA repair capacity, mammalian 

mitochondria lacked most, if not all other types of repair pathways previously characterized 

in prokaryotes and within nuclei of eukaryotes. More recently, a considerable body of 

literature has emerged, suggesting that this view may be inaccurate. Studies performed in 

extracts prepared from mitochondria documented enzymatic activities consistent with the 

existence of additional DNA repair pathways within that organelle such as non-homologous 

end-joining and DNA end-binding [21,22], mismatch repair [23] and homologous 

recombination [24,25]. Finally, investigators have shown that induced mitochondrial DNA 

double-strand breaks enhance genomic rearrangements, consistent with repair via either end-

joining or homologous recombination [26,27].

Despite these latter findings, the hypothesis that mammalian mitochondria possess 

homologous recombination2 (HR) activity remains somewhat controversial [28,29]. While it 

is clear that mitochondrial DNA is subject to HR in at least some metazoan species [30], as 

well as in many fungal and plant species [31], only a limited number of papers have 

described molecular evidence suggestive of inter and/or intra-molecular recombination of 

human mitochondrial DNA, both in vivo and in vitro [32–34]. It is noteworthy, however, that 

the nearly exclusively uni-parental mode of mitochondrial DNA inheritance in humans 

would severely limit opportunities for genetically distinct mitochondrial genomes to 

encounter each other [28,35]. Interestingly, Zsurka et al., and Kratysberg et al., have 

2Homologous Recombination; HR, Base Excision Repair; BER, DNA-Protein Crosslink; DPC, Nucleotide Excision Repair; NER, 
Oxoguanine Glycosylase; OGG.
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provided clear evidence of mitochondrial HR in cells derived from relatively rare individuals 

who had paternally-inherited mitochondrial DNA [36,37]. Another potential reason for the 

relative absence of documented evidence for HR of mitochondrial genomes is evidence that 

heteroplasmic populations of mitochondrial DNA are separately maintained in distinct 

populations of mitochondria, creating a physical barrier to recombination between 

genetically distinct DNA molecules [38,39]. Taken together, these observations are 

consistent with the hypothesis that HR between identical ‘sister’ genomes, while genetically 

invisible, may function to repair types of damage not recognized by other mitochondrial 

DNA repair pathways.

There are several lines of evidence consistent with this hypothesis. First, LeDoux et al. [12] 

showed that interstrand DNA crosslinks created by cisplatin were repaired in the 

mitochondria of cultured mammalian cells. Since the base excision repair pathway is not 

believed capable of repairing DNA crosslinks, this finding strongly supported the 

interpretation that mammalian mitochondria must possess an additional HR, since it 

represents a major mechanism through which interstrand DNA crosslinks are repaired in the 

nucleus [40]. Second, we, and others, have shown that highly purified mitochondrial protein 

extracts possess the enzymatic machinery needed to complement the HR defect in recA-

bacteria [24,25]. Interestingly, expression of a recombinant bacterial RecA protein targeted 

to the mitochondrial compartment protected mammalian cultured cells from death induced 

by the DNA-damaging agent bleomycin [41]. Third, numerous studies have documented the 

presence of DNA repair proteins known to participate in nuclear DNA double-strand break 

repair pathways within mitochondria. These proteins include known mammalian HR genes 

such as Rad51, Rad51C, and Xrcc3 [25,42–45]. Taken together, these results are consistent 

with the interpretation that mammalian mitochondria possess a HR-mediated DNA repair 

pathway.

Recently, our group developed a quantitative and highly sensitive PCR-based method 

capable of measuring repair of a variety of lesions present on plasmid DNA molecules 

[46,47]. These efforts focused on studying nuclear DNA repair and relied on lipofection to 

introduce substrates into cells. More recently, we determined that DNA-protein crosslink 

(DPC) substrates electroporated into isolated nuclei also undergo efficient repair (Chesner et 

al., manuscript in preparation). This finding, together with previous observations showing 

that electroporation can be used to introduce plasmids into purified mitochondria [21, 48], 

suggested that this PCR-based assay could be used to study DPC repair in that organelle. 

This topic is of considerable interest because DPCs have been shown to form on 

mitochondrial DNA [49,50], and enzymatic trapping of polymerases to DNA due to 

oxidative damage has been observed in purified protein and mitochondrial extracts from 

Hela cells [51,52]. There is currently no information regarding the mechanism(s) through 

which these spontaneous and xenobiotic-induced DPCs are removed from mitochondrial 

DNA. Experiments studying DPC repair in mammalian cells have indicated a role for the 

nucleotide excision repair (NER) pathway and HR in the nucleus [40,47,53,54]. Since 

mitochondria lack a functional NER pathway, we predicted that repair of DPCs present on 

plasmids electroporated into purified mitochondria would occur via HR. Results presented 
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below convincingly demonstrate that mammalian cells possess a mitochondrial 

recombinational repair machinery capable of repairing DNA-protein crosslinks.

2. Materials and methods

2.1. Materials

Chemicals and enzymes.—Chemicals were purchased from Sigma Chemical (St. Louis, 

MO) unless otherwise indicated.

Cell lines.—The human fibrosarcoma cell line HT1080 (CCL-121) was purchased from the 

American Type Culture Collection, and human embryonic kidney cells expressing the large-

T antigen (HEK293T) were a kind gift from Dr. Ashis Basu (University of Connecticut). 

Human cells were cultured in Dulbecco’s modified Eagle’s media (Life Technologies, Grand 

Island, NY) supplemented with 9% fetal bovine serum (Atlanta Biologics, Atlanta, GA). 

Chinese hamster AA8 51D1 cells were a kind gift from Professor Claudia Wiese (Colorado 

State University) in which the Rad51D gene was knocked out using a gene-targeting vector 

[55]. Rad51D is a paralog of Rad51 which contributes to the HR pathway in vertebrates 

[56]. These cells were cultured in alpha minimal essential medium (Life Technologies, 

Grand Island, NY) supplemented with 9% fetal bovine serum. Chinese hamster lung 

fibroblast cell line V79 (GM16136) were obtained from the Coriell Institute for Medical 

Research (Camden, NJ) and cultured in Ham’s F-12 modified essential Eagle’s media (Life 

Technologies, Grand Island, NY) supplemented with 9% fetal bovine serum. All cells were 

maintained in a humidified atmosphere of 5% carbon dioxide, 95 % air, at 37 °C.

2.2. Methods

Creation of plasmid DNA repair substrates.—Plasmids containing 8-oxoguanine 

residues or crosslinks to the human oxoguanine glycosylase (OGG1) were prepared as 

described by Chesner and Campbell, 2018 [47]. Briefly, single-stranded M13mp18 or 

recombinant clones derived therefrom were subjected to primer extension using primers 

harboring an 8-oxoguanine residue (M13 8oxo or M13 8oxo-mito, sequences provided in 

Table 1). Covalently-closed, circular full-length plasmids were gel purified and used for 

DNA repair experiments with or without crosslinking to recombinant human oxoguanine 

glycosylase via borohydride trapping [47]. Plasmids used to assess the influence of a 

double-strand break in DPC repair were incubated with EcoRI (New England Biolabs) for 

30 min prior to electroporation.

Treatment of HEK293T cells with cisplatin and B02.—HEK293T cells were grown 

to confluence in 10 cm dishes, media was removed and replaced with 3 mL serum-free 

Dulbecco’s modified Eagle’s media or in media containing 50μM cisplatin (Aldrich), 5μM 

B02 (Calbiochem), or 50μM cisplatin and 5μM B02. Cells were incubated for 2 h at 37 °C. 

The media was removed and low molecular weight DNA was isolated using a Hirt protocol 

[57] modified as follows: 400 μL of 0.6 % SDS/0.01 M EDTA was added to the cells. After 

12 min, the cells were collected using a rubber policeman into a 1.5 mL microcentrifuge 

tube. NaCl was added to a final concentration of 1 M, the tubes were mixed by gentle 

inversion, and stored at 4 °C overnight. The samples were sedimented at 16,000 × g for 30 
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min at 4 °C. The supernatant was kept and sedimented again at 16,000 × g for 30 min at 4 

°C. DNA in the supernatant was precipitated by addition of 1/10 vol of 3 M NaOAc and 2 

volumes of 100 % ethanol. The samples were incubated on ice for 30 min and subsequently 

sedimented at 16,000 × g at 4 °C for 10 min. The DNA pellet was washed with 70 % 

ethanol, air dried, and resuspended in 200 μL of TE buffer.

Quantitation of mitochondrial DPC content.—Low molecular weight DNA isolated 

from HEK293T cells treated with various drugs as described above was divided in half (100 

μL each). One aliquot was stored separately and the other received 5 μL of 10 % SDS and 

was heated at 65 °C for 10 min. Subsequently, 10.5 μL of 1 M KCl was added and was 

placed on ice for 10 min. The sample was sedimented for 10 min at 16,000 × g at 4 °C. The 

supernatant was removed and subjected to centrifugation at 16,000 × g for 10 min at 4 °C. 

This supernatant, as well as the non-treated sample were diluted 1:100 in TE buffer. 

Quantitative PCR (qPCR) was performed on 1 μL of each of the diluted samples with 

primers (100pMol each) specific for human mitochondrial tRNA gene (human mtDNA 

tRNAf and human mtDNA tRNAr, Table 1) using SYBR Green PCR Master Mix 

(Invitrogen) in a final volume of 60 μL. Samples were loaded onto a 96-well PCR plate (18 

μL/well, in triplicate) and subjected to qPCR using a StepOnePlus real time PCR machine 

(Applied Biosystems) for 30 cycles using an initial pre-melt of 90 °C followed by 30 cycles 

of: 90 °C for 15 s and 65 °C for 1 min. The triplicate Ct values for each sample were 

averaged. Because potassium dodecyl sulfate (KDS) is insoluble, treatment with SDS and 

KCl will cause proteins (and any covalently linked DNA) to precipitate; qPCR on SDS/KCl 

treated and non-treated samples provides a measure of the relative amount of mitochondrial 

DNA that contain DPCs. The values derived are referred to as ‘delta Ct’ or difference in 

cycle threshold values. These delta Ct values can be used to determine how much 

mitochondrial DNA was precipitated following SDS/KCl treatment, which in turn is a 

measurement of the percentage of mitochondrial genomes that harbor cisplatin-induced 

DPCs, using the formula: 2delta Ct = fold loss of DNA induced by KCl/SDS treatment. For 

example, if cisplatin treatment induced DPCs in 50 % of mitochondrial genomes, half of 

mitochondrial DNA would precipitate due to KCl/SDS treatment. As a consequence, the Ct 

value obtained from the KCl/SDS-treated sample would be one ‘cycle’ higher (21) than that 

observed in the non-KCl/SDS treated sample. To ensure that this analysis focused on 

cisplatin-induced mitochondrial DPCs the data presented in Fig. 6 were obtained by 

subtracting of background DPC levels observed in non-cisplatin treated cells from those 

observed in cisplatin treated cells.

Mitochondria purification.—Note: cells and reagents were kept cold or on ice at all 

times during purification. Hamster V79 or human HEK293T cells were grown to confluency 

in four 15 cm dishes and mitochondria purified as described [58]. HEK293T cells used to 

examine the involvement of Rad51 in DPC repair on plasmid DNA were treated with 5μM 

B02 for 1 h at 37 °C prior to mitochondria purification. Cells were scraped into conical tubes 

and washed twice with 5 mL of buffer containing 1 mM Tris–HCl pH 7.0, 0.13 M NaCl, 5 

mM KCl, and 7.5 mM MgCl2 in a table-top centrifuge at 1000 × g for 5 min at room 

temperature. The cell pellet was resuspended in half the cell volume with 0.1X incubation 

buffer (IB buffer) consisting of 4 mM Tris–HCl pH 7.4, 2.5 mM NaCl, and 0.5 mM MgCl2 
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and broken with 10 strokes of a dounce homogenizer. A volume of 10X IB buffer (400 mM 

Tris–HCl pH 7.4, 250 mM NaCl, and 50 mM MgCl2) equivalent to one-ninth that of the 

original cell pellet was then added, and the sample transferred to a microcentrifuge tube and 

spun in a table-top microcentrifuge at 326 × g for 5 min at 4 °C. The supernatant was then 

transferred to a new tube and sedimented again to completely rid the sample of any 

unbroken cells and nuclei. To purify mitochondria, the supernatant was spun in a table-top 

microcentrifuge at 21130 × g for 10 min at 4 °C. The mitochondria were then washed with 

0.5 mL of 1X IB buffer (40 mM Tris–HCl pH 7.4, 25 mM NaCl, and 5 mM MgCl2) and 

sedimented again using the same conditions stated above. Purified mitochondria were then 

resuspended in the respective buffer for the bicinchoninic acid assay, cytochrome c oxidase 

assay, or electroporation assay listed below.

Preparation of Nuclear Extract.—HEK293T cells were grown to confluence in four 15 

cm dishes. Media was removed, and cells were scraped using a rubber policeman into a 

chilled 15 mL conical tube. Cells were pelleted at 1000 × g for 5 min in a tabletop 

centrifuge, and washed in 5 mL Phosphate-buffered saline. Wash was repeated two times. 

After the final wash, the pellet was resuspended in 1 mL Buffer A (10 mM Tris-HcL, pH 

7.4, 10 mM MgCl2, 10 mM KCl). PMSF was added to a final concentration of 1 mM and 

cells were homogenized with 20 strokes in a loose pestle homogenizer. Nuclei were then 

subjected to centrifugation at 1100 × g for 8 min at 4 °C. The pellet, which contains the 

nuclear fraction, was resuspended in 2 mL of Buffer A containing 350 mM NaCl. Protease 

inhibitors were added to the following final concentrations: Pepstatin, 0.7 μg/mL, leupeptin, 

0.1 μg/mL, aproptinin, 1 μg/mL, PMSF, 1 mM. The extracted nuclei were incubated on ice 

for 1 h, and then centrifuged at 70000 rpm (189,336 × g) in a Beckman TLA 100.3 rotor for 

30 min at 2 °C. The clear supernatant was adjusted to 10 % glycerol.

Histone Acetyltransferase Assay.—Histone acetyltransferase (HAT) activity was 

measured using a kit (Sigma Aldrich, Catalog no. EPI001), following the manufacturer’s 

recommended protocol. Briefly, 50 μg of nuclear or mitochondrial extract were diluted to a 

final volume of 40 μL per well in a 96-well plate. For background reading, a sample was 

prepared with 40 μL water alone. To each well, HAT Substrate I, HAT Substrate II, NADH 

generating enzyme, and HAT Assay buffer were added. The plate was then incubated at 37 

°C for 80 min, and then OD440 was measured in a Tecan Infinite M1000 Promicroplate 

reader. OD measurements were carried out every 20 min, and the plate was incubated at 37 

°C in between measurements. All samples were performed in duplicate. Background reading 

from buffer and reagents was subtracted from all measurements. HAT activity was 

determined using the formula HAT activity = (ΔOD/Δt)/ε* protein (ng) where ΔOD/Δt = 

Change in OD440 per minute, and ε = 37000 M-1cm-1.

Bicinchoninic acid assay (BCA).—Following centrifugation, mitochondria samples 

were either resuspended in 80 μL of lysis buffer (10 mM Tris–HCl pH 7.4, 10 mM MgCl2, 

and 10 mM KCl) or water. Diluted albumin (BSA) standards were then prepared in lysis 

buffer or water according to the manufacturer’s protocol (23225, Thermo Scientific) and 25 

μL of each diluted standard was added to a 96-well plate (3595, Costar) along with 25 μL of 
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each sample in either lysis solution or water (loaded in triplicate). The protein concentration 

was then determined according to the manufacturer’s protocol (23225, Thermo Scientific).

Cytochrome c Oxidase Assay.—After measuring the protein concentration, 

mitochondria were spun in a table-top microcentrifuge at 21130 × g for 10 min at 4 °C and 

resuspended in enzyme dilution buffer (10 mM Tris–HCl, pH 7.0, 250 mM sucrose) with or 

without 1 mM n-Dodecyl β-D-maltoside to a concentration of 0.2 mg/mL. Samples were 

then incubated at 4 °C for 10 min and absorbance measured at 550 nm using a spectrometer. 

The absorption of cytochrome c at 550 nm changes with its oxidation state and was recorded 

over time to determine the ΔA550/minute for each sample. Because n-Dodecyl β-D-maltoside 

disrupts the mitochondrial membrane, measurement of the rate at which reduced cytochrome 

c becomes oxidized in the presence or absence of this nonionic detergent can be used to 

determine the integrity of membranes of isolated mitochondria using the following equation: 

percent mitochondrial membrane integrity =[(cytochrome C oxidase activity in the presence 

of 1 mM n-Dodecyl β-D-maltoside-cytochrome c oxidase activity in the absence of n-

Dodecyl β-D-maltoside)/(cytochrome c oxidase activity in the presence of n-Dodecyl β-D-

maltoside] × 100.

Electroporation of purified mitochondria.—The final mitochondria pellet was 

resuspended in 50 μL 0.33 M sucrose/10 % glycerol and mixed with 100 ng of an 8-

oxoguanine or DPC-containing plasmid (15 μL) (see above). For co-electroporation 

experiments, 100 ng of DPC-containing DNA was mixed with 25 ng (1 μL) of undamaged 

M13mp18 (New England Biolabs, Beverly, MA) or 25 ng (1 μL) of pQe30 (Addgene). Note: 

1 μL of the DNA mixture was saved and diluted in 500 μL of water to be used as a ‘time 0’ 

sample for SSPE-qPCR (see section below). Samples were then transferred to a chilled, 1 

mm gap cuvette (Fisher Scientific, Waltham, MA) and electroporated using an ECM 630 

Electro Cell Manipulator (BTX, Holliston, MA) at a field strength of 1000 V/cm, resistance 

of 400Ω, and 25μF capacitance. Following electroporation, cuvettes were rinsed with 100 μL 

of 1X IB buffer + 10 % glycerol (40 mM Tris–HCl pH 7.4, 25 mM NaCl, 5 mM MgCl2, and 

10 % glycerol). An additional 900 μL of 1X IB buffer + 10 % glycerol was then added, 

mixed, and sedimented in a table-top microcentrifuge at 21130 × g for 10 min at 4 °C. The 

supernatant was then discarded, and the pellet washed three times with 200 μL of 1X IB 

buffer + 10 % glycerol and sedimented at the same conditions described above. After the 

washes, the final pellet was resuspended in 50 μL of a solution containing 40 mM Tris–HCl 

pH 7.4, 25 mM NaCl, 5 mM MgCl2, 10 % glycerol, 1 mM pyruvate, 1 mM ATP (Teknova), 

1 mg/mL BSA (New England Biolabs), and 10μM dNTPs (Thermo Scientific) and incubated 

in a 37 °C water bath for 1, 2, or 4 h. Following incubation, samples were sedimented in a 

tabletop microcentrifuge at 21130 × g for 10 min at 4 °C. The supernatant was discarded and 

the pellet washed twice with 200 μL of 1X IB buffer + 10 % glycerol and spun at the same 

conditions described above [58].

To confirm that DNA repair was occurring within a membrane-bound compartment, the 

following experiment was performed. Mitochondria that had been electroporated with a 

repair substrate and permitted to recover, as outlined above, were resuspended in 200 μL 

DNase buffer containing 66 units DNase (New England Biolabs), 10 % glycerol, 10 mM 
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Tris–HCl pH 8, and 1 mM MgCl2 and incubated in a 37 °C water bath for 30 min. Following 

incubation, samples were sedimented in a table-top microcentrifuge at 21130 × g for 10 min 

at 4 °C. The supernatant was discarded and the pellet washed twice with 200 μL of a 

washing buffer containing 10 % glycerol, 10 mM Tris–HCl pH 7.4, and 1 mM EDTA and 

sedimented at the same conditions described above [58].

For all other experiments not utilizing DNase, mitochondria were resuspended in 300 μL 

lysis buffer (0.5 % SDS, 10 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, and 100 μg 

proteinase K (New England Biolabs) and incubated in a 37 °C water bath for 15 min. 

Samples were then mixed with 300 μL of a 50:50 phenol: chloroform mixture. To create the 

50:50 phenol: chloroform mixture, equal volumes of buffer-saturated phenol (Invitrogen) 

and chloroform (Acros) were mixed and spun in a table-top centrifuge at 1000 × g for 5 min 

at room temperature. The bottom layer of the mixture was then added to the sample, mixed, 

and spun in a table-top microcentrifuge at 21130 × g for 5 min at room temperature. The top 

layer was then transferred to a new microcentrifuge tube and ethanol precipitated using 18 

μL of 5 M ammonium acetate (final concentration 0.3 M), 12 μL glycogen (Invitrogen, 5 

mg/mL), 700 μL of 100 % ethanol, and precipitated at −20 °C overnight.

Purification of nuclei.—Note: cells and reagents were kept cold or on ice at all times 

during purification. Eight 15 cm dishes of wild-type Chinese hamster lung fibroblasts (V79) 

were grown to confluency, scraped with a rubber policeman into a 15 mL conical tube, and 

spun down in a tabletop centrifuge for 5 min at 1000 × g. Cells were washed twice with 5 

mL of 1X PBS and resuspended in 2 mL of Buffer A (10 mM Tris–HCl pH 7.4, 10 mM 

MgCl2, 10 mM KCl, and 1 mM DTT). Resuspended cells were then incubated on ice for 10 

15 min and broken with 20 strokes of a dounce homogenizer and ‘loose’ pestle [59]. Broken 

cells were spun in a table-top microcentrifuge at 1150 × g for 8 min at 4 °C and washed with 

0.5 mL of NIB-250 Buffer (15 mM Tris–HCl pH 7.5, 60 mM KCl, 15 mM NaCl, 5 mM 

MgCl2, 1 mM CaCl2, 250 mM sucrose, and 1 mM DTT) [60]. The resuspended pellet was 

then spun using the same conditions described above. The final nuclei pellet was 

resuspended in 800 μl NIB-250 Buffer, divided in half, and mixed with 100 ng of 8-oxo-

guanine or DPC-containing plasmid. Samples were then transferred to a chilled, 4 mm gap 

cuvette (Fisher Scientific, Waltham, MA) and electroporated using a ECM 630 Electro Cell 

Manipulator (BTX, Holliston, MA) at a field strength of 300 V/cm, resistance of 25Ω, and 

950μF capacitance. Following electroporation, samples were transferred to a 

microcentrifuge tube, spun down using the same conditions as above, and resuspended in 

400 μl Incubation Buffer (40 mM Tris–HCl pH 7.4, 25 mM NaCl, 5 mM MgCl2, 10 % 

glycerol, 1 mM pyruvate, 1 mM ATP (Teknova), 1 mg/mL BSA (New England Biolabs), and 

10 μM dNTPs (Thermo Scientific) [58]. Nuclei were incubated in a 37 °C water bath for 2 h 

and lysed with 0.6 % SDS/0.01 M EDTA (final concentration) at room temperature for 12 

min. Chromosomal DNA was then precipitated by adding NaCl to a 1 M final concentration 

and incubated at 4 °C overnight. The next day, samples were spun in a table-top 

microcentrifuge at 21130 × g for 30 min at 4 °C. The supernatant was ethanol precipitated 

overnight at −20 °C and resuspended in 50 μl of water [61]. One microliter of this sample 

was used to calculate percent repair using SSPE-qPCR as previously described [47].
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Quantification of plasmid repair.—Samples recovered from electroporated 

mitochondria as described were sedimented in a table-top microcentrifuge at 21130 × g for 

10 min at 4 °C, allowed to dry, and resuspended in 30 μL of water. For experiments 

assessing the BER of the 8-oxoguanine lesion, a modification of the technique of Lee et al. 

[62] was used. Half of the 30 μL sample was mixed with OGG1 (2 pmol) in a buffer 

containing 100 mM NaCl, 1 mM MgCl2, 20 mM Tris–HCl pH 7.0, and water to reach a final 

volume of 30 μL and incubated in a 37 °C water bath for 30 min. One microliter of untreated 

or OGG1-treated samples, as well as ‘time 0’ samples, were subjected to strand-specific 

primer extension-quantitative PCR (SSPE-qPCR, see [47] for details) to determine the 

percent of recovered plasmid molecules that had undergone repair, see below. For 

experiments assessing repair of DPCs the OGG1 treatment was omitted, and one microliter 

of recovered samples was directly subjected to analysis as outlined below. Briefly, the SSPE-

qPCR assay relies on quantitative real-time PCR using primers that flank the site of the 

lesion. One primer, referred to as ‘Rt’ hybridizes to the damaged strand, and the other 

primer, referred to as ‘Lt’, hybridizes to the undamaged strand (see Fig. 1). In the absence of 

repair, extension of the Rt primer is halted at the site of the DNA lesion (either the hOGG1-

induced strand break, or the DPC). In contrast, extension of the Lt primer is unimpeded. In 

order to enhance our ability to detect repair of the damaged strand, eight rounds of strand-

specific primer extension (SSPE) are performed using the Rt primer, after which the Lt 

primer is added, and qPCR performed. In parallel, a control experiment is performed in 

which qPCR is performed in the absence of any primer extension reactions. Subtracting the 

Ct (cycle threshold) value for the ‘SSPE-qPCR’ amplification from that ‘qPCR alone’ 

amplification yields a ‘delta Ct’, or ΔCt value. One then calculates the percentage of DNA 

repair using the formula: DNA repair = 2 ΔCt/23 × 100 [62,63]. For experiments in which 

undamaged, homologous donor plasmid was co-electroporated with plasmids containing 

DPCs, the percent repair was calculated by subtracting the apparent percent repair value of 

samples recovered from electroporated mitochondria from the 0 h, non-transfected DNA. 

See text for details.

KCl/SDS precipitation of mitochondrial DNA treated with cisplatin.—Twenty 15 

cm dishes of HT1080 cells were grown to confluency. Five mL of a 5 mM cisplatin stock 

was mixed with serum-free media in a total volume of 250 mL. Growth media was then 

removed and replaced with 25 mL of serum-free media with or without drug and incubated 

at 37 °C for 3 h. Following incubation, cells were washed with 5 mL of 1X PBS, scraped 

into conical tubes, and sedimented in a table-top centrifuge at 1000 × g for 5 min at room 

temperature. Cell pellets were then resuspended in 4 mL isolation buffer (0.3 M mannitol, 

0.1 % BSA, 0.2 mM EDTA, and 10 mM HEPES adjusted to a final pH of 7.4) and lysed in a 

glass dounce homogenizer (Wheaton) for 5 strokes with the loose pestle and 5 strokes with 

the tight pestle. Samples were then divided into 1.5 mL microcentrifuge tubes and 

sedimented at 1000 × g in a table-top microcentrifuge for 10 min at 4 °C. The supernatant 

was transferred to a new tube and spun in a table-top microcentrifuge at 14000 × g for 15 

min at 4 °C to pellet the mitochondria [64]. Mitochondrial DNA was purified using alkaline 

lysis with SDS and resuspended in 40 μL TE (pH 8.0) containing 20 μg/mL RNase A [65]. 

Each sample was then divided in half and subjected to KCl/SDS precipitation. One 

microliter of 10 % SDS (final concentration 0.5 %) was added to one tube and omitted from 
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the other, and both samples were incubated at 65 °C for 10 min. Two microliters of 1 M KCl 

(100 mM final concentration) was added to the sample containing SDS and both samples 

were incubated on ice for 5 min and then sedimented in a table-top microcentrifuge at 21130 

× g for 10 min at 4 °C to precipitate any protein-bound DNA [61]. The supernatants 

(containing mitochondrial DNA that does not contain any DPCs) was then resolved on a 0.8 

% agarose gel at 60 V for 2 h, stained with ethidium bromide (0.5 μg/mL) for 30 min and 

destained in water for 30 min. Gels were imaged for 0.3 s on a Thermo Scientific myECL 

Imager and DNA bands quantified using ImageJ. ImageJ creates density histograms of each 

DNA band permitting one to quantitate the relative amount of mitochondrial DNA present in 

the treated versus the un-treated samples. These values (depicted in Fig. 5 in arbitrary units) 

can be used to calculate the percent of mitochondrial genomes that harbor one or more DPCs 

(and were thus precipitated upon treatment with KCl/SDS), using the formula: Percent of 

mitochondrial genomes containing one or more DPC=[1-(amount of mitochondrial DNA 

present in KCl/SDS-treated sample/amount of mitochondrial DNA present in un-treated 

sample)] × 100.

Cloning of a 475bp human mitochondrial insert into M13mp18.—A 475 base pair 

KpnI/SacI fragment of human mitochondrial DNA was ligated into a modified M13mp18 

plasmid containing a kanamycin resistance gene [47] that has been digested with these same 

enzymes, at a vector to insert ratio of 1:5. One microliter of the ligation mixture was 

transformed into NEB Turbo electrocompetent bacteria (New England Biolabs) and plated 

on LB agar plates with kanamycin (50 μg/mL). Individual clones containing the 

mitochondrial insert were screened by restriction digest analysis of double-stranded DNA. 

Single-stranded virion DNA was subsequently purified, primer extended with an 8-

oxoguanine-containing oligonucleotide (M13–8oxo-mito, Table 1) and crosslinked as 

described above. Crosslinked plasmids containing the human mitochondrial insert (M13-

Mito) were electroporated as described above into purified mitochondria from the HEK293T 

cells in the presence or absence of an undamaged donor plasmid and repair quantified after 

three hours using SSPE-qPCR.

3. Results

3.1. Purified mitochondria are intact and functional

Given abundant evidence that mammalian mitochondria possess a robust base excision 

repair machinery, we first set out to determine whether plasmid substrates containing the 

BER substrate 8-oxoguanine (Supplemental Fig. 1A) electroporated into isolated 

mammalian mitochondria would be subject to efficient repair. To perform this experiment, 

mitochondria were isolated from wild-type V79 hamster cells and electroporated with 100 

ng of double-stranded M13mp18 DNA containing a single 8-oxoguanine residue (Table 1). 

Post electroporation, mitochondria were washed three times and incubated for one, two, or 

three hours at 37 °C in buffer containing ATP, BSA, and dNTPs. After this incubation, 

plasmid DNA was recovered and 8-oxoguanine repair efficiency measured using a modified 

PCR-based, DNA repair assay [62]. To further assess the membrane integrity of the 

mitochondria following purification, we measured the activity of the inner mitochondrial 

membrane marker enzyme cytochrome c oxidase before and after lysis. Cytochrome c 
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oxidase activity measurements performed on three separate preparations indicated that 

approximately 72 % of the purified mitochondria were intact (Table 2). Enzyme marker 

analysis revealed that the purified mitochondria possess negligible levels of histone 

acetyltransferase activity (Supplementary Fig. 3), suggesting they are nearly devoid of 

contaminating nuclear proteins.

We have previously used an assay, referred to as the Strand Specific Primer Extension-

quantitative real-time PCR (SSPE-qPCR, depicted schematically in Fig. 1A and described in 

the methods section), to examine repair of plasmids bearing a variety of different types of 

DNA damage transfected into wild-type and repair-deficient mammalian cells [46,47]. As 

the cartoon in Fig. 1A indicates, primer extension of a repaired substrate generates eight (or 

23) additional strands of DNA that can subsequently be amplified during the qPCR phase of 

the assay. In contrast, treatment of unrepaired plasmid with oxoguanine glycosylase results 

in the formation of an abasic site with an adjacent DNA strand break (Supplemental Fig. 1B) 

which blocks DNA polymerase during the eight rounds of primer extension. In order to 

calculate the percentage of recovered plasmid molecules that have undergone repair, two 

reactions are performed; one in which the strand specific primer extension (SSPE) step is 

omitted but qPCR is performed, and the other in which both the SSPE and the qPCR steps 

are performed. The Ct or cycle threshold values are determined for each of the two 

respective qPCR reactions, and the latter is subtracted from the former to generate a ‘delta 

Ct’ (ΔCt). Percent repair is then calculated using the formula: DNA repair = 2 ΔCt/23 × 100. 

Results from these experiments showed that 8-oxoguanine-containing plasmids were 

repaired at near linear kinetics in mitochondria purified from HEK293T cells (y = 9.1x+0.6, 

R2 = 0.9935, Fig. 1B). An analogous series of experiments were performed using 

mitochondria purified from Chinese hamster lung fibroblast V79 cells in which repair was 

measured two h post-electroporation. As the results in Fig. 1B, inset reveal, BER repair 

activity in mitochondria obtained from hamster-derived cells was essentially identical to that 

observed in mitochondria derived from human cells (17 % vs 20 % repair). To rule out the 

possibility that repair observed was due to contaminating nuclear or cytosolic enzymes, 

mitochondria were incubated with DNase prior to plasmid recovery. Results from these 

experiments showed no inhibition of repair in the presence of DNase (data not shown). This 

finding that the electroporated 8-oxoguanine-containing plasmid gained access to intact 

mitochondria, from which the DNase was excluded, is consistent with the interpretation that 

the repair was catalyzed by mitochondrial enzymes.

3.2 Repair of DPC-containing plasmids electroporated into mitochondria

We next generated a DPC substrate by trapping recombinant human oxoguanine glycosylase 

onto the 8-oxoguanine-containing plasmid described above by incubating these two 

molecules together in the presence of borohydride (Supplemental Fig. 1C) [46,47]. Unlike 

the 8-oxoguanine substrate, the DPC substrate does not need to be processed prior to 

analysis via SSPE-qPCR because the DPC lesion blocks polymerase-mediated primer 

extension. We subsequently used the strategy described above to examine the repair 

efficiency of DPC-containing plasmids that had been electroporated into purified 

mammalian mitochondria and subsequently recovered. Despite numerous efforts, we failed 

to detect any evidence for repair of this DPC substrate (data not shown). Our previous results 
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[46,47], as well as that of others [53] have indicated that DPC substrates transfected into 

mammalian cells undergo efficient repair via the NER pathway, a mechanism absent from 

the mitochondria. Because we have more recently determined that mammalian nuclear DPC 

repair also occurs via a recombinational mechanism (Chesner et al., manuscript in 

preparation), we hypothesized that DPCs present on a plasmid containing homology to the 

mitochondrial genome would be more efficient substrates for repair. To test this hypothesis, 

we generated a DPC repair substrate with the lesion present within a 475 base pair fragment 

homologous to the human mitochondrial genome that had been cloned into M13mp18 (Table 

1). This substrate, referred to as pM13 Mito (Fig. 2A), was electroporated into isolated 

mitochondria, incubated for two or three h, and analyzed using the SSPE-qPCR assay 

described above. In contrast to experiments using a plasmid DPC substrate lacking 

homology to the mitochondrial genome, in which no repair was observed, we determined 

that approximately 20 % of the recovered pM13 Mito plasmid DNA had undergone DPC 

repair by three hpost-electroporation (Fig. 2B).

The most likely interpretation of these results is that mammalian mitochondrial DPC repair 

is catalyzed via a recombinational mechanism. To further test this hypothesis, we performed 

the experiments depicted in Fig. 3A, in which DPC-bearing dsM13 plasmids were 

electroporated into mammalian mitochondria along with undamaged, non-homologous 

plasmid, or with undamaged, homologous dsM13plasmid. We performed parallel 

experiments utilizing mitochondria isolated from either Chinese hamster lung fibroblast-

derived V79 cells, or human HEK293T cells. As the results in Fig. 3B illustrate, we failed to 

observe DPC repair in experiments in which the undamaged plasmid was not homologous to 

the DPC-containing dsM13 plasmid. In contrast, co-electroporation of an undamaged, 

homologous plasmid resulted in detectable DPC repair in mitochondria isolated from either 

human (9%) or hamster (11 %) cell lines. The results presented in Fig. 3B were obtained 

from analysis of plasmids recovered following a two-h post-electroporation incubation 

period. To extend these findings, an additional series of experiments were performed in 

which DPC-containing dsM13 was co-electroporated into mitochondria from HEK293T 

cells along with an undamaged, homologous donor and plasmid DNA recovered at various 

time points. The results from these experiments, depicted in Fig. 3C, reveal a near-linear 

time course of repair (y =3.2571x+1.8, R2 = 0.91) over the four-h time course examined.

The finding that a DPC present on a plasmid lacking homology to the mitochondrial genome 

was not repaired while an analogous lesion present on a plasmid containing homology was 

repaired, strongly supports the interpretation that the mitochondrial DPC repair occurs via a 

homologous recombinational mechanism. It is noteworthy that the requirement for a 

homologous donor plasmid distinguishes the mitochondrial repair activity described in these 

experiments from those observed in transfected, intact cells [47] or in electroporated, 

isolated nuclei (Supplemental Fig. 2). In both those systems, efficient DPC repair does not 

require the presence of an undamaged, homologous donor DNA molecule. Collectively, 

these results further support the interpretation that the repair activity observed following 

mitochondrial electroporation is not due to contaminating nuclear repair proteins, and is, 

indeed, catalyzed by mitochondrial DNA repair proteins.
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We hypothesized that mitochondrial recombinational repair of DPCs was likely to occur via 
a mechanism broadly similar to that observed in the nucleus. We, therefore, performed 

additional experiments to test a number of predictions based on the Szostak double-strand 

break repair model of HR [66]. A defining feature of this model is that homologous 

recombination is initiated by a DNA double-strand break within the ‘recipient’ molecule 

[67]. Evidence showing that targeted DNA double-strand breaks produced by the restriction 

endonuclease I-SceI induce HR at chromosomal loci within mammalian somatic cells 

[68,69] supports this model. Therefore, we reasoned that repair substrates with a double-

strand break adjacent to the DPC site would be repaired more efficiently than their 

counterpart molecules lacking a double-strand break. To test this hypothesis, we performed 

two parallel sets of experiments in which DPC-containing plasmids were electroporated into 

isolated mitochondria. In one set of experiments, the DPC-containing plasmid was identical 

to that used in the experiments described above. In the other set of experiments, the DPC-

bearing plasmid had an EcoRI-induced DNA double-strand break adjacent to the site of the 

DPC (Table 1). In both sets of experiments, the DPC-containing plasmids were co-

electroporated into mitochondria in the presence of an undamaged, donor plasmid. A total of 

five independent experiments were performed, three using mitochondria purified from 

human HEK293T cells, and two using mitochondria purified from Chinese hamster V79 

cells. Data presented in Fig. 4A illustrate that the presence of a double-strand break 

enhanced DPC repair efficiency (measured two h post-electroporation) by approximately 

two-fold over that seen in control experiments in which the DPC-containing plasmid did not 

have a double-strand break. Analysis of the pooled data from these experiments revealed that 

induced double-strand breaks significantly increased DPC repair in mitochondria isolated 

from mammalian cells (18 % vs 10 %, P < 0.05).

The Szostak model of homologous recombination postulates that 3’ protruding single-

stranded DNA from the recipient strand invades the donor strand and primes de novo DNA 

synthesis. We, therefore, predicted that repair of electroporated plasmid DPC substrates 

would be dependent on the presence of deoxynucleoside triphosphates in the incubation 

buffer. To test this hypothesis, we performed parallel DPC repair experiments. In one set of 

experiments, dNTPs were omitted from the buffer in which the electroporated mitochondria 

were incubated, and in the other set, we performed ‘standard’ experiments, using incubation 

buffer that contained dNTPs. As the results in Fig. 4B illustrate, mitochondrial DPC repair 

was 100 % dependent on the presence of exogenous dNTPs.

The Rad51 protein is known to play a key role in homologous pairing and strand transfer of 

nuclear DNA [70]. A number of investigators have shown the Rad51 protein is present in 

mammalian mitochondria [25, 42–45]. Consequently, we performed a series of experiments 

in which mitochondrial DPC repair was assayed using mitochondria prepared from cells that 

had been incubated in the presence or absence of the Rad51 inhibitor B02 for one hour prior 

to organelle isolation. As is depicted in Fig. 4B, we failed to detect any evidence of DPC 

repair in three independent experiments. Both the inhibitory effects of B02 treatment and the 

omission of dNTPs from the incubation buffer had significant effects on mitochondrial DPC 

repair (P < 0.05).
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We next examined DPC repair activity in mitochondria isolated from Chinese hamster ovary 

cells deficient in the Rad51D gene. We observed that, as in the case of wild-type cells, DPC 

repair in the Rad51D-deficient clones was entirely dependent on the presence of co-

electroporated homologous, donor plasmid DNA. When a non-homologous plasmid was co-

electroporated with the DPC-containing plasmid, no repair was detected (not shown); while, 

in contrast, co-electroporation of a homologous, donor plasmid resulted in levels of DPC 

repair that were not significantly different from those detected in wild-type hamster cells 

(Fig. 4B). While these data are not sufficient to definitively rule out a role for the Rad51D 

protein in mitochondrial homologous recombinational repair, they strongly support this 

interpretation. It is noteworthy that work published by Mishra et al. [43], documented the 

presence of Rad51 as well as Rad51 paralogs Rad51C and Xrcc3 in mammalian 

mitochondria and concluded that the other Rad51 paralogs (including Rad51D) were not 

present.

3.3 Repair of drug-induced mitochondrial DPCs

The above experiments examined repair of exogenous DNA electroporated in mitochondria, 

however, we wanted to more directly explore the role of HR in repairing xenobiotic-induced 

lesions on mitochondrial, genomic DNA. To do this, we first examined the formation of 

mitochondrial DPCs following cellular exposure to the crosslinking agent cisplatin. Human 

HEK293T cells were incubated in growth media containing 100μM cisplatin for 3 h and 

mitochondrial DNA isolated. To estimate the relative amount of mitochondrial DNA that 

harbored cisplatin-induced DPCs, we exploited the finding that potassium dodecyl sulfate 

(KDS) selectively precipitates DPC-containing DNA while leaving protein-free DNA 

soluble [61]. Mitochondrial DNA recovered from cisplatin-treated cells was divided into two 

identical aliquots, KCl and SDS were added to one (see methods for details) and then both 

were subjected to centrifugation at ~21 K × g for 5 min. The soluble material from three 

independent cisplatin-treatment experiments was resolved by agarose gel electrophoresis and 

stained with ethidium bromide (Fig. 5A). The respective amounts of mitochondrial DNA 

present in the KCl/SDS treated (+) samples and the non-KCl/SDS-treated (−) samples were 

determined by scanning densitometry as described in methods (Fig. 5B). The amount 

present in the former was then divided by that present in the latter to determine the 

percentage of mitochondrial DNA that was depleted, i.e. precipitated due to the presence of 

DPCs. This analysis revealed that KCl/SDS treatment resulted in an 8% depletion in the 

mitochondrial DNA from cells treated with cisplatin, consistent with the interpretation that 

slightly less than 10 % of mitochondrial genomes derived from cisplatin-treated cells 

harbored one or more DPCs.

The data in Fig. 5 illustrate that cisplatin-treated cells accumulate xenobiotic-induced 

mitochondrial DPCs. We reasoned that if HR repair removed these lesions, cells exposed to 

cisplatin in the presence of the Rad51 inhibitor B02 would harbor higher levels of 

mitochondrial DPCs than cells exposed to cisplatin alone. While the results presented in Fig. 

5 demonstrate the viability of using scanning densitometry to directly assess mitochondrial 

DPC levels, we wished to pursue a more sensitive PCR-based strategy. Thus, we used qPCR 

to quantify the amount of DNA remaining in the supernatant of untreated and KCl/SDS-

treated samples. Using the analysis outlined in the methods section, we determined that 
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approximately 7% of mitochondria recovered from cisplatin-treated cells harbored one or 

more DPCs (Fig. 6). In contrast, when the cisplatin-treated cells were simultaneously 

exposed to the Rad51 inhibitor B02, we observed that the number of mitochondrial genomes 

removed by KCl/SDS precipitation increased by nearly 10-fold, from 7% to 64 % (Fig. 6). 

These data are consistent with the hypothesis that mammalian cells use a Rad51-dependent 

recombinational pathway to repair xenobiotic-induced DNA damage.

4. Discussion

For decades it was believed that mammalian mitochondria possessed a rudimentary DNA 

repair machinery solely comprised of the BER pathway. In recent years, a considerable body 

of data has emerged, suggesting that this view is inaccurate, and that additional DNA repair 

pathways such as mismatch repair, non-homologous end-joining, and homologous 

recombination may also function in this organelle [21–25], reviewed in [18,71–74]. This 

evolving insight, combined with our interest in cellular repair of DPCs, led us to ask whether 

mammalian mitochondria were able to repair these lesions. The results described in this 

report confirm that mitochondria isolated from mammalian cells are able to repair DPC 

lesions present on electroporated plasmid substrates. While abundant evidence from ours 

and other laboratories indicate that the DPCs are repaired in the nuclei of mammalian cells 

via both the NER and HR pathways [40,47,53,54], the results described herein indicate that 

HR represents the predominant pathway through which mitochondria repair DPCs. This 

conclusion is consistent with current models that mammalian mitochondria lack NER 

activity. Our data further reveal that in addition to catalyzing inter-plasmid recombinational-

mediated repair of DPCs, endogenous mitochondrial DNA is capable of engaging with the 

organellar recombinational machinery to repair DPCs present within plasmid sequences 

homologous to the mitochondrial genome. These results are consistent with the 

interpretation that homologous recombination is used to repair DPCs within cellular 

mitochondrial DNA. Further support for this model came from our finding that treatment of 

cells with the Rad51 inhibitor B02 resulted in a greater than six-fold increase in cisplatin-

induced mitochondrial DPC levels over those seen in cells treated with cisplatin alone. 

Taken together, our results provide compelling support for the conclusion that mammalian 

mitochondria possess a Rad51-dependent homologous recombinational repair pathway that 

is used to repair endogenous and xenobiotic-induced mitochondrial DPCs. A recent review 

article highlighted the fact that mitochondrial DNA repair enzymes are susceptible to 

becoming covalently crosslinked to the mitochondrial genome [75], and it is tempting to 

speculate that the repair activity described herein is utilized to repair these lesions. In 

addition to DPC repair, it is likely that this mitochondrial homologous recombinational 

repair machinery is also capable of repairing other types of DNA lesions. Dahal et al. [25], 

showed that DNA double-strand breaks stimulated HR-like activity present in mitochondrial 

protein extracts, suggesting that mitochondrial DNA double-strand break repair is likely to 

occur via a recombinational mechanism. Such an interpretation is consistent with the 

presence of recombinant mitochondrial genomes that have previously been detected in 

culture cells [32]. Indeed, a more recent paper has confirmed the presence of Holliday 

junctions in replicating mitochondrial DNA of mammalian cells in culture [76], suggesting 

that HR represents a mechanism through which stalled replication forks are restarted.
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Because nuclear recombinational repair in mammalian cells also displays dependence on 

other Rad51 paralogs, we investigated the frequency of DPC repair in cells in which the 

Rad51D gene was inactivated. Interestingly, we observed no apparent difference in the 

relative frequency with which wild-type and Rad51D KO cells repaired DPC-containing 

plasmids. We have not yet examined the influence of inactivation/downregulation of other 

Rad51 paralogs on mitochondrial DPC repair; however, it is noteworthy that a publication by 

Mishra et al. determined that the Rad51C/Xrcc3 plays an essential role in maintaining the 

integrity of the mammalian mitochondrial genome [43]. It is therefore conceivable that the 

phenotype these authors observed in Rad51C-deficient cells reflects deficient mitochondrial 

recombinational repair of spontaneous DNA damage in that organelle.

In addition to clearly establishing the existence of mitochondrial homologous 

recombinational repair in mammalian cells, the model we have developed provides a unique 

opportunity that can be exploited to gain a substantially deeper understanding of the 

mechanism of recombinational repair of DNA damage in mammalian cells. To our 

knowledge, there are no previous reports of a mammalian cell-free system that supports 

homologous recombination. We believe the system we have developed combines the 

respective advantages inherent in studying homologous recombination in an intact cell 

system, with those associated with studies using simplified cell extract-based systems. We 

are able to introduce precisely defined DNA lesions that are subject to recombinational 

repair within an intact biological system. The results herein, and in a previous study [47], 

demonstrate that we can precisely manipulate the nature of the repair substrate and are also 

able to alter levels of key cofactors such as dNTPs, etc. While the studies described herein 

relied on a highly sensitive PCR-based assay, we note that the efficiency of repair catalyzed 

within the mitochondrial system, combined with the ability to isolate large quantities of 

purified mitochondria, indicate that it will be possible to pursue more biochemical 

approaches to dissect the details of the reaction mechanism of mitochondrial 

recombinational repair. It will be of interest to determine the identity of other proteins 

required to carry out mitochondrial repair of DPCs, as well as to explore the range of DNA 

lesions, other than DPCs, that are also subject to recombinational repair in mammalian 

mitochondria. There will be of particular interest to identify the molecular mechanism 

through which DNA containing DPC lesions is recognized, and whether (and if so how) the 

protein is proteolytically processed as part of the repair mechanism. It is clear that 

mitochondrial DNA damage contributes to the cytotoxic, mutagenic, and even therapeutic 

effects of a variety of classes of chemical agents. We envision that the system described in 

this study represents an important tool that can be utilized to expand our knowledge of how 

mammalian cells recognize and respond to the DNA damage these agents induce within the 

mitochondrial genome.

5. Conclusions

In conclusion, we have provided the first evidence for repair of DNA-protein crosslinks in 

mammalian mitochondria. DPCs present on exogenous plasmid DNA electroporated into 

purified mitochondria or formed by the crosslinking agent cisplatin were repaired via a 

homologous recombinational mechanism that was dependent on the Rad51 protein. Using a 

qPCR-based assay to measure repair, we were able to manipulate key factors such as 
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sequence homology, presence of a double-strand break, and absence of dNTPs to precisely 

measure differences in DPC repair. Importantly, this research presents a sensitive system that 

could be used in future research to investigate the repair of other xenobiotic-induced 

mitochondrial adducts such as interstrand crosslinks and double-strand breaks.
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Fig. 1. Repair of an 8-oxoguanine lesion on plasmid DNA electroporated into purified 
mitochondria.
A. Schematic of strand specific-qPCR repair of a plasmid containing a site-specific single 8-

oxoguanine residue. Line 1: the plasmid is depicted, with the two complementary strands in 

blue and black respectively and the 8-oxoguanine residue indicated by a red asterisk. Line 2: 

the region of the plasmid demarked by brackets in the top line is presented illustrating, on 

the left, the un-repaired duplex sequence with the 8-oxoguanine residue indicated by a red 

G*, and on the right, the repaired duplex. Line 3: Depiction of plasmid recovered following 

electroporation into mitochondria and treated with recombinant human oxoguanine 

glycosylase (hOGG1). Unrepaired 8-oxoguanine residues are converted to an abasic site 

with adjacent DNA single strand break. Line 4: depiction of eight sequential rounds of 

primer extension reactions performed using Taq polymerase and the ‘Rt’ primer. As 

indicated, the presence of the abasic site/strand break blocks primer extension at the site of 

the lesion, resulting in incomplete extension products that cannot serve as templates for 

subsequent amplification utilizing the ‘Lt’ primer. Line 5: The ‘Lt’ primer is added and 

qPCR performed. B. Plasmid substrates containing a single 8-oxoguanine residue were 

electroporated into mitochondria purified from HEK293T cells, recovered at 1, 2, and 3 h 

post-electroporation and BER-mediated repair determined as depicted in (A). Results depict 

mean percent repair +/− the SEM, N = 3. Inset: Plasmid containing an 8-oxoguanine residue 

was electroporated into Chinese hamster lung fibroblast V79 cells, recovered 2 h post-

electroporation and BER-mediated repair determined. Results depict mean percent repair +/

− the SEM, N = 4.
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Fig. 2. DPC-containing plasmids are repaired via HR in purified mitochondria.
A. Schematic representation of mitochondrial DPC repair. Plasmid pM13 Mito (depicted by 

green oval with blue arc) harboring a DPC (indicated in red) within the portion of pM13 

Mito that is homologous to the mitochondrial genome (depicted in blue) is electroporated 

into purified mitochondria (indicated by blue oval), recovered, and subjected to SSPE-qPCR 

using a pair of primers (indicated by Blue and Green arrows) that, respectively, hybridize to 

mitochondrial DNA- and M13-specific portions of the plasmid. B. Plasmid pM13 Mito 

containing a single DPC residue was electroporated into mitochondria purified from human 

HEK293T cells, recovered following a two- or three-hincubation period, and analyzed by 

SSPE-qPCR as depicted in (A). Results depict mean percent repair +/− the SEM, N = 2 and 

7 (two-hour and three-hour incubation, respectively).
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Fig. 3. Inter-plasmid recombinational repair of DPCs in purified mitochondria.
A. Schematic representation of experimental design. Double-stranded M13 (dsM13, green 

oval) harboring a DPC (indicated in red) was co-electroporated with a non-homologous 

plasmid (yellow oval) or homologous, undamaged dsM13 DNA (green oval) into purified 

mitochondria (blue oval), recovered, and subjected to SSPE-qPCR using a primer pair 

(indicated by green arrows) that flanked the site of the DPC. B. Plasmid DNA that had been 

coelectroporated into mitochondria purified from human HEK293T (HEK) or Chinese 

hamster lung fibroblast V79 (V79) cells as depicted in (A) was purified following a two-h 

incubation and the percent of DPC repair determined using SSPE-qPCR. Results depict 

mean percent repair +/− SEM, N = 6. * P < 0.05, Student t-test. C. DPC-containing dsM13 

was coelectroporated with undamaged dsM13 into mitochondria purified from HEK293T 

cells and a time course of mitochondrial DPC repair performed at the indicated time points. 

Results depict mean percent repair, +/− SEM, N = 3.
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Fig. 4. Characterization of mitochondrial DPC repair.
A: DPC-containing dsM13 that was undigested (−) or restriction digested with EcoR (+) was 

co-electroporated with homologous, undamaged dsM13 DNA into mitochondria purified 

from HEK293T (grey bars) or V79 (white bars) cells and repair efficiency determined as 

described above. The results depict the mean percent repair +/− SEM, N = 5. B: DPC-

containing dsM13 DNA was co-electroporated in the presence of homologous, undamaged 

dsM13 into mitochondria purified from human HEK293T cells as described above, with the 

following modifications as noted: (Cont) normal control experiment; (−) dNTP 

deoxynucleotide triphosphates were omitted from the incubation buffer; (+) B02 

experiments were performed in mitochondria that had been purified from HEK293T cells 

pretreated with the Rad51 inhibitor B02 (5μM) for one h prior to organelle isolation; (−) 

51D experiments were performed in mitochondria isolated from Chinese hamster ovary cells 

in which the Rad51D gene had been inactivated. Values depict mean percent repair, N = 3. *, 

P < 0.05, Student t-test.
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Fig. 5. Formation of cisplatin-induced DNA-protein crosslinks in human cells.
Human HT1080 cells were treated with 100μM cisplatin for three hours and mitochondrial 

DNA purified as described in methods. A. Purified DNA was divided in equal aliquots 

which were incubated in the presence (+) or absence (−) of KCl/SDS and DPC-containing 

DNA sedimented by centrifugation as described in the methods section. Soluble material 

was electrophoretically resolved on a 0.8 % agarose gel in triplicate and stained with 

ethidium bromide. B. Scanning densitometry was performed on the gel to determine the 

relative amount of mitochondrial DNA present in the KCl/SDS treated (black bar) and 

untreated samples (grey bar). Results depict the mean amount of DNA present +/− SEM, N 

= 3. *, P < 0.05, Student t-test.
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Fig. 6. Exposure to the Rad51 inhibitor B02 results in enhanced levels of DPC formation in 
mitochondrial DNA of cells exposed to cisplatin.
Human HEK293T cells were incubated in the absence or presence of 100 μM cisplatin for 

two h in the presence or absence of the Rad51 inhibitor B02. Total cellular DNA was 

isolated and KCl/SDS depletion experiments performed as described in the legend in Fig. 5. 

Quantitative PCR was performed using a primer pair specific for the human mitochondrial 

leucine tRNA gene. These data were used to determine the respective percent of 

mitochondrial DNA (mtDNA) that contained cisplatin-induced DPCs in the absence (−) or 

presence (+) of the Rad51 inhibitor B02. Results depict mean +/− SEM, N = 5, * P < 0.05, 

Student t-test.
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Table 1

Oligodeoxynucleotides (ODNs) used is this study (5’→3’).

ODN Sequence Use

M13–8oxo CCGGGTACCGAGCTC(8oxodG)
AATTCGTAATCTTGGTCATAGCTG

Primer extension

M13 forward CGGCTCGTATGTTGTGTG SSPE-qPCR

M13 reverse GCTGCAAGGCGATTAAGT SSPE-qPCR

M13–8oxo-mito AGCCACCCCTCACCCACTA(8oxodG)GAT Primer extension

Mito reverse GGGATCTCATGCTGGAGTTC SSPE-qPCR

M13-mito forward AAGGGTGGGTAGGTTTGTTG SSPE-qPCR

Human mtDNA tRNA forward TGGCCATGGGTATGTTGTTA mtDNA qPCR

Human mtDNA tRNA reverse AAGGGTGGGTAGGTTTGTTG mtDNA qPCR
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Table 2
Measurement of the outer membrane integrity of purified mitochondria.

Mitochondria were purified from human HEK293T cells and membrane integrity determined by measuring 

cytochrome c oxidase activity in the presence and absence of the detergent n-Dodecyl β-D-maltoside, as 

described in the methods section. Results depict mean percent repair +/− the SEM, N = 3.

Abs550 +Detergent Abs550 −Detergent % Membrane Integrity

0.156 0.048 69

0.126 0.03 76

0.102 0.03 71
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