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ABSTRACT

DNA end-joining was measured by incubating linearized
plasmid DNA with mitochondrial protein extracts. A
spectrum of end-joined molecules ranging from re-
circularized monomer to dimer and higher molecular
weight forms was observed. The DNA end-joining

reaction required ATP and Mg 2*, and was inhibited by

sodium chloride. Both cohesive- and blunt-ended DNA
molecules were end-joined, although the former were
more efficient substrates. Molecular analysis of re-
joined molecules revealed that >95% of the linearized
DNA were precisely end-joined. The few imprecisely
end-joined molecules recovered, sustained deletions

that spanned direct repeat sequences. The deletions
observed are strikingly similar to those present in

mitochondrial genomes of patients with Kearns—Sayre

or Pearson syndromes, certain ophthalmic myopathies

and the aged. These results suggest that mammalian
mitochondria possess a DNA double strand break
repair activity similar to that seen in the nucleus, and

that this repair pathway may play a role in the
generation of mitochondrial DNA deletions associated

with a number of human pathologies.

INTRODUCTION

bulky adducts indicating the absence of a nucleotide excision
repair mechanism in the mitochondriz0,2,23). However,
DNA damage caused by 4-nitroquinoline, which creates complex
lesions thought to be removed via the nucleotide excision repair
pathway, is repaired in the mitochondri&d) Other types of
damage such as that induced by bleomycin, which generates
lesions such as abasic sites, single strand and double strand break
are also removed from mtDNA2%,26). Intrastrand cisplatin
adducts are repaired with a greater efficiency in the mitochondria
compared to the repair in nuclear DNA, while interstand cross
links are repaired at similar rates in both mitochondria and
nucleus 20). The exact mechanism of cisplatin-adduct removal
is unknown but it is thought to involve a recombination event in
addition to an excision mechanisfv).

Genetic and biochemical evidence suggest that distinct DNA
repair pathways function in the nucleus and the mitochondria. In
the case of xeroderma pigmentosa complementation group D cells,
the repair of N-methyl purines is deficient in the nucleus but
proficient in the mitochondri&@). Mitochondrial-specific forms
of some of nuclear DNA repair enzymes have been identified,
such as methyl transferade), uracil-DNA glycosylaseZ9,30),
apurinic/apyrimidinic endonucleas@lj, ultraviolet endonuclease
(32) and oxidative damage endonucle&s®.(It has been shown
that nuclear and mitochondrial forms of uracil-DNA glycosylase
are encoded by the same gene. The mitochondrial form of the
protein is translated from an alternately spliced mRNA that
encodes an N-terminal mitochondrial targeting domain. The

Mammalian mitochondrial DNA (mtDNA) accumulates mutationscatalytic domains of the nuclear and mitochondrial forms of this
at a 10-fold higher rate than nuclear DNKA2). Interest in the enzyme are identicab{). A recent paper presented immunological
integrity of mtDNA has greatly increased since the observatioevidence suggesting théenopus laevipossesses a mitochondrial
that specific mtDNA mutations are associated with severdbrm of the previously identified nuclear DNA ligase lll. The
human disease8); Deletions in the mitochondrial genome areauthors concluded that this protein is involved in base excision
detected in the brains of aged humai;is)(in neurodegenerative repair in the mitochondria of frogs and speculated a similar role
disorders such as Kearns—Sayre syndr@yig, Pearson syndrome for this gene in other vertebrat&s).
(8), some myopathie®) and chronic external ophthalmoplegia Repair of lesions induced by bleomycin and cisplatin suggests
(10). Similar mtDNA deletions are seen in tissues of aged rodentse existence of a double strand break repair (DSBR) pathway in
(11,12). It is unclear whether this increased incidence in mtDNAhe mitochondria. In the mammalian nucleus, DSBR occurs by
damage is due to increased susceptibility to damage and/or lagther end-joining or by homologous recombination pathways
of appropriate repair pathways3(14). (36). Considerable evidence suggests that non-homologous
Recent reports have begun to shed light on DNA repa#&nd-joining is the predominant mode of nuclear DSBR42).
pathways in the mitochondriaX). Base excision repair pathway Based on the evidence that DNA repair pathways in the
has been well characterized in the organdllgl(’). Lesions mitochondria are analogous yet distinct from those in the nucleus,
caused by alkylating agents are efficiently removed, suggestiiitgs reasonable to propose the existence of mitochondrial-specific
the presence of an alkyltransferase-dependent repair mechanB8BR. Our lab has detected homologous recombination activity in
(18-21). There is no evidence for the removal of lesions such asammalian mitochondrial protein extracts3); This observation,
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coupled with data indicating that mtDNA deletions and duplicationsialate dehydrogenase activity. Cytochrome c oxidase and malate
occur in patients with Kearns—Sayre syndrome and chron@ehydrogenase enzyme assays were carried out in a Beckman
external ophthalmoplegia, suggests that unequal homologosisectrophotometer according to methods previously described

recombination may occur within the mitochondrial genomé50).

(44,45). Alternatively, since non-homologous DNA end-joining

is also associated with the generation of deletions that span dirgetd-joining reactions

repeat sequencedd), it is conceivable that mammalian mtDNA _. . . . : -
deletions arise via a non-homologous DNA end-joining pathwag"cu'ar pUC118 plasmid DNA was linearized using restriction

that functions within the mammalian mitochondria. ndonucleafses (New England Biqlabs, Beverl_y, MA,). An aliquot
We therefore investigated the ability of mitochondrial proteirPf. 1 9 of linearized DNA was incubated with 1@ of the

: itochondrial protein extract in 70 mM Tris, pH 7.5, buffer in the
extracts to catalyze the repair of DNA double strand breaks : ' P
end-joining. A cell-free reaction based on the repair of doublB'éSence of 10 mM Mggl10 mM DTT and 1 mM ATP, in a total

strand breaks introduced into plasmid DNA via restrictiory©!ume of 23ul. The reaction was carried out either at@4or

: : : .y 12 h or at 37C for 30 min. Samples were then extracted with
enzyme digestion was performed. Using a strategy similar to thptenol—chloroform and precipitated with ethanol. An aliquot of

pursued by Nortet al (46) to characterize DSBR in mammalian | I to check for DNA
nuclear extracts, we analyzed the recovered products. In this WEPYe sample was run on an agarose gel to check for recovery.

we examined both the efficiency and the precision of the DNA i
end-joining by the mitochondrial protein extracts. Our result®NA adenylation

indicate that mitochondrial protein extracts possess DNA enghNA adenylation reactions were carried out as previously
joining activity. End-joining is highly precise in the case of DNAdescribed §1). An aliquot of 5ug of the mitochondrial protein
with cohesive ends while blunt-ended DNA rejoins with reducegxtract was incubated with QUi [a-32P]JATP in the presence
efficiency and precision. Molecular characterization of theyf 60 mM Tris—HCI (pH 8.0), 10 mM Mggl5 mM DTT and
imprecisely repaired products revealed deletions spanning tv#p jig/ml BSA in a 20yl reaction volume. The reaction was
direct repeats in all cases. These deletions are similar to thesgried out at room temperature for 15 min and terminated by
observed in the mtDNA of certain pathological states as well 3iling in the presence of SDS-loading buffer. The adenylated
in aging cells. product was separated on a 10% SDS—PAGE, fixed in 10% acetic
acid and exposed to Phosphorimager screen.
MATERIALS AND METHODS

. . . Bacterial transformation
Isolation of mitochondria

) . ) ) ) Electroporated intact mitochondria were resuspended iut100
Mitochondria were prepared from livers of either Fischer 344 ratsNase buffer (0.33 M sucrose, 2 mM magnesium acetate, 10 mM
or mice of a variety of different strains and their purity checkedris—HCI, pH 7.5) and incubated with pg/ml DNase | for 1 h
as described4(7). Cells were homogenized and the filtrateat room temperature to digest non-internalized DNA. DNase | was
centrifuged three times at 10gGor 10 min at 4C, to remove  jnactivated at 65C for 10 min in the presence of EDTA and
unbroken Ce”S, cell debris and nUCl_EI. M_ltOChondrla Wergreated with 1 mg/m| proteinase K for 4 h at @7 Mitochondria
collected from the supernatant by centrifugation at 200000  were lysed with SDS and the internalized DNA extracted with
20 min. The mitochondria were washed three to four times tﬂ]eno|_ch|oroform, precipitated with 0.1 vol of 3 M sodium
obtain a crude mitochondrial pellet. In some cases, this Wagetate, 3 vol of 100% ethanol and 20 ng of carrier yeast tRNA
further subjected to density gradient centrifugation on 30%¢t —20°C overnight. The DNA pellet obtained was resuspended
percoll. The purity of the preparation was confirmed by assaying TE buffer. Equal amounts of DNA recovered from intact
for the mitochondrial marker enzyme, cytochrome ¢ oxidase. mitochondria or following end-joining reactions in the presence

of purified mitochondrial protein extracts were electroporated
Electroporation of intact mitochondria into electrocompeteriEscherichia coliDH10B. Transformants

) i i i were recovered on an LB plate containing ampicillin, IPTG and
Intact mitochondria obtained from mouse liver were suspendegi,.omo, 5-chloro, 3-indoyR-p-galactoside (X-gal)5?).
in 0.33 M sucrose and electroporations carried out as described ’ '

(48). Briefly, 5pg of pUC118 plasmid linearized with different yjojecylar characterization of end-joined products

restriction enzymes was added to 1Q@D of 100 mg/ml

mitochondrial suspension. Electroporation was carried out usif@ Visualize the end-joined molecules, linearized DNA exposed
a Gibco BRL Gene pulser at a field strength of 2.44 kV/cm. to mitochondrial protein extract was treated with proteinase K at
37°C for 30 min and electrophoretically separated on a 0.8%
agarose gel in Tris—borate—EDTA buffer at 0.55 V/cm for
12-15 h §2). In some cases, the samples run on the agarose gel
Isolated mitochondria were lysed by hypo-osmotic shock andere transferred onto nitrocellulose membrane and probed with
proteins separated from the membrane fraction by centrifugatioadioactive pUC118 (specific activity>610° c.p.m.fig DNA).

at 70 000 r.p.m. for 30 min in a Beckman TL 100/3 rotor@t 4 Bacterial transformants harboring imprecisely end-joined plasmids
The resulting material was dialyzed against buffer containingiere recovered as white colonies on an ampicilin plate
50 mM Tris, pH 7.5, 0.1 mM EDTA, 10 mBtmercaptoethanol, containing IPTG and X-gal. Plasmid DNA was isolated by
10 mM phenylmethylsulfonyl fluoride and 10% glycerol. Proteinalkaline lysis methods@), characterized by restriction mapping
concentration was determined using the Bradford adSaylthe  and sequenced using a Perkin-Elmer automated DNA sequencer
release of mitochondrial contents was confirmed by assaying flicrochemical Facility, University of Minnesota).

Preparation of mitochondrial protein extracts
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Figure 1. Analysis of the products of DNA end-joining reactions. DNA B
end-joining reactions were carried out &4or 12 h A) or at 37 C for 30 min

(B) as described in the Materials and Methods. Samples loaded on a 0.8%
agarose gel, electrophoretically resolved, and stained with ethidium bromide.

L and CC indicate the mobility of linear and closed circular monomer DNA,
respectively; D indicates the mobility of linear dimer DNA.

Overhang
5 ¥ Blunt

RESULTS )

End-joining activity of mitochondrial extracts d— -0
cC

The ability of mitochondrial protein extracts to promote end-joining g S

of linearized substrates was assessed. pUC118 plasmid DN. m L

linearized withBanHI, Kpnl or Hincll to generate either’'5
cohesive overhang,’ ohesive overhang or blunt-ended DNA

(1 pg), respectively, was incubated with mitochondrial protein_. o L
extracts (L0yg) at 14C. Following incubation, DNA Was  gthe cieavage sa of diferent restioion ensym@stbdioinig reactions
subjected to agarose gel electrophoresis and stained with ethidiutare performed as in Figure 1, and a Southern blot-hybridization performed
bromide. Untreated linear DNA are shown in Figl#elanes 1-3.  using pUC118 end-labeled witl-2P]dATP. DNA was linearized with the
Incubation of linear DNA with cohesive ends with mitochondrial following enzymes: lane Bartl; lane 2 EccRI; lane 3Hindlll; lane 4 Kpn;
. . . . lane 5,Pst; lane 6,Sma, lane 7 Hincll.
protein extracts, yielded molecules ranging from closed circular
(CC) and linear dimer (D) to other higher molecular weight forms
(Fig. 1A, lanes 4 and 5). DNA with blunt ends end-joined to a
relatively lower extent compared to DNA with cohesive ends anDNA. Following incubation with mitochondrial protein extract
the products were mainly dimers (FIA, lane 6). The results rejoined products were formed (FitB, lane 2). The products
presented in FigurA were obtained from experiments in which formed corresponded to mainly closed circular and dimer forms.
linearized DNA was incubated with mitochondrial proteinLonger incubation times did not lead to more product formation
extracts for 12 h at 2£. However, we have determined that thebut instead, the substrate became non-ligatable, suggesting
end-joining reaction is >50% completed in the first 4 h. Wephosphatase or nuclease in the extract is active at this temperature
further observed that the pattern of products formed does n@lata not shown). The above results indicate that the mitochondrial
change with time (data not shown). The pattern of produextracts prepared from rat liver catalyze end-joining of linearized
formation was also independent of the protein concentration ovBiINA substrates. Similar end-joining reaction was also detected
the range of 0.1-1.0 mg/ml. in mitochondrial protein extracts prepared from other mammalian
The product formed following incubation of linearized DNA sources such as human fibroblast cells (HT1080) and Chinese
with mitochondrial extracts could either be due to a simpl@amster V79 cells (data not shown).
ligation reaction or due to DNA end-joining which requires To provide additional evidence that the end-joining activity was
accessory proteins apart from a ligase. To distinguish between thet dependent on the sequence present at the break-site,
two reactions, end-joining was carried out atG/since most experiments were carried out using DNA linearized with various
known mammalian ligases are inactimevitro at physiological restriction enzymes. Plasmid DNA was linearized using restriction
temperature and need accessory proteins for their aci@tys  enzymesBarHI, Ecarl andHindlIl to generate 'Soverhangs,
linearized DNA with 3 overhangs were better substrates folKpnl andPst to generate 'Joverhangs an8ma andHincll to
end-joining by the mitochondrial extracts at €4 this substrate generate blunt-ended DNA (FigA). Following incubation of
was used to measure end-joining reaction at physiologicdle linear DNA with the mitochondrial protein extracts, the
temperature. FigurEB shows the pattern of end-joined productsproducts were separated on an agarose gel and analyzed by
formed following incubation of linearized DNA with mitochondrial Southern blotting using a radiolabeled pUC118 probe to increase
extracts for 30 min at 3T: lane 1 shows untreated linearizedthe sensitivity of detection. As was the case with the data
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presented in FigurbA, DNA with 3' overhangs (Fig2B, lanes 4 kDa
and 5) showed relatively greater amounts of product formation

compared to DNA with 5overhangs (FigB, lanes 1-3). Of the 220
three substrates with' Soverhangs, those cut witHindlll Zs 0974
(Fig. 2B, lane 3) andBanHI (Fig. 2B, lane 1) were more ﬁ
efficiently end-joined than was tHecaRl-linearized substrate 566

(Fig. 2B, lane 2). The minor differences in the efficiency of the
end-joining seen amongst these latter substrates can most likely
be attributed to the thermodynamic stability of the cohesive ends
present in the substrates. Thus, plasmids linearized with either
HindlIl or BarrHI, both of which contain GC-rich cohesive ends,
are better substrates than plasmids linearizedeitRIl, whose
cohesive ends lack any G or C bases. DNA with blunt ends were
also end-joining by the mitochondrial protein extracts but the
efficiency of the reaction was reduced, compared to DNA with
cohesive ends.

The cofactor requirements for the end-joining reaction catalyze#ligure 3. DNA adenylation of mitochondrial protein extract. Mitochondrial
by the mitochondial exracts are summarzed in Teble Bt Sat 01 pepand for HOO0 Bl vl e v,
OpgTum end-joining aCtIVIt)_/ was observed in the presence Q\?verz separated on a 10% SDS-PAGE, fixgd with 10% acetic Zcid an% exposed
Mg=*and ATP. Absence of either of the two cofactors resulted i, phosphorimager screen.
a complete loss of activity. dATP could not replace ATP in the
reaction. Protein extracts pre-treated with heat at either 45 or ) ] ]
90°C for 15 min failed to show end-joining activity. The DNA re'suIng in anB-fold increase. L)ntreated samples did not
end-joining reaction was highly sensitive to salt concentratioy/eld significant number of colonies. For example, DNA
with 0.1 M NaCl inhibiting the reaction almost completely. Thisinearized wittHindlll yielded 37 colonies, whilglindlll-inearized
is a characteristic feature of DNA ligase BY). Interestingly, it DNA incubated with mitochondrial protein extracts, yielded
has been previously suggest8é)(that a mitochondrial form of 1098 colonies (Table). This indicates that the increase in
this enzyme may exist in vertebrates. The sequence of the huntegisformation efficiency is a consequence of end-joining
DNA ligase Ill gene reveals an in-frame ATG present upstream froR§action by the mitochondrial extracts and not due to a rejoining
the putative start site for the nuclear form of ligase IlI. It isreaction carried out within tie.coli. In all cases, analysis using
conceivable that translation initiated from this ‘upstream’ Audhet-test |nd|cate(_1.that these results were stat|§t|cally significant
would result in the generation of a novel form of DNA ligase Il thafP < 0.02). In addition, they support the conclusion, suggested by
contained an N-terminal mitochondrial targeting peptit§. (\We the data presented in Figutethat DNA with cohesive ends are
therefore performed an adenylation reaction on a mitochondritter substrate than blunt-ended DNA molecules.
extract prepared from HT1080 human fibrosarcoma cells. As

shown in Figure, we detected a mitochondrial ligase with an Table 1. Co-factor requirements

apparent molecular weight 080 kDa. This molecular weight is — ———
identical to that of DNA ligase Il, which is known to be a Assay conditions Activity (% control)
proteolytic fragment of DNA ligase 1156,56). We have also (HATP, (+)Mg+ 100

obtained additional evidence suggesting that DNA ligase Ill is 42°C, 15 min ND

responsible for the DNA end-joining activity we detect in

mitochondrial protein extracts. We have prepared mitochondrial 90°C, 15 min ND

protein extracts from human fibrosarcoma cells expressing (+)0.1 M NaCl 30

antisense DNA ligase Il mMRNA. We observed that levels of the (+)0.2 M NaCl ND

80 kDa DNA ligase protein were reduced by 75% in these N

extracts. We also observed a 75-80% reduction in the DNA (+)dATP, (+)M? ND

end-joining activity of these extracts (U.L. and C.C., submitted). (H)ATP, (-)Mg?* ND
(DATP, (-)Mg* ND

Bacterial transformation Products of the end-joining reaction were separated on an

agarose gel and the ethidium bromide-stained gel quantitated

It is known that linearized DNA is far less effective than circular using the Bio-Rad Molecular Analyst program. Values are

DNA "?‘t tranSformmg bacterlaBY). Thgrefore, as a, mean_s of presented as percentage to the control reaction which yielded
providing a more quantitative analysis of the relative ability of maximum activity (75-80%). ND, products not detected either by
DNA substrates to undergo end-joining, different linearized ethidium bromide staining or <5% by Southern blot analysis.

DNAs were incubated with mitochondrial protein extracts,

purified by phenol—chloroform extraction and ethanol precipitatiol L e ; o
and transformed into DH10EB.coli. As indicated in Table, rEndqommg within intact mitochondria. in vitro
treatment with mitochondrial protein extract substantially increasdd order to confirm that the end-joining observed with mitochondrial
the ability of all DNA substrates to transfofxcoli. Treatment  protein extracts was indeed due to the action of mitochondrial
of cohesive-ended DNA led to a 30-100-fold increase iproteins, we performed the following experiment. Linearized
transformation efficiency, while similar treatment of blunt-endeddNA was introduced into isolated, intact mitochondria via
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electroporation at a field strength of 2.44 kV/&f)( Following  are end-joined, and the frequency with which imprecise events were
incubation at 37C for 4 h, the plasmid DNA was recovered anddetected. Imprecise end-joining is not a result of processing of the
transformed intoE.coli DH10B (Materials and Methods). linear DNA ends within th&.coli cells as ho white colonies were
Bacteria were plated, and the number of colonies obtained waecovered when linearized DNA molecules which had not been
counted. As a control, we performed parallel experiments imeated with mitochondrial extracts were transformedBntoli.

which linearized DNA was incubated with isolated, intact

mitochondria. In these latter experiments, however, the sampl&ble 3. Precision of end-joining

were not subjected to electroporation, and thus the DNA did nat

gain entry into the intact mitochondria. Following 4 h incubation, Samples Total colonies counted  White colonies (% total)

DNA was recovered and used to transform DH10B bacteria. As' Overhang 3295 28 (0.85)

shpwn in Tab]éZ, in .experime.nts_in which the Ii_nearized DNA 5' Overhang 3050 2 (0.07)

gained entry into mitochondria via electroporation we observe

an increase in bacterial transformation efficiency, compared t&unt 388 18 (4.60)
COT“TO' experiments. Again, we Ob.served th.at the tranSforma‘th_l;}]earized DNA incubated with mitochondrial protein extracts was electroporated
efficiency was greater for DNA with cohesive ends, rel?‘tlve t(ﬂnto DH10B E.coli. The transformed bacteria were plated on LB-ampicillin
blu_nt'ended SUbStrate-_We 6_1|SO performed cc_mtrol experimentsjfies containing IPTG and X-gal and the total number of tranformants and the
which 200—-400 ng of linearized DNA was directly transformedg,uymber of white colonies counted.

into bacteria. These experiments failed to yield significant numbers

of transformants (not shown). These results indicate that DN
end-joining occurs within isolated, intact mitochondmiaitro.

ﬁnalysis of deletions

To gain insight into the molecular mechanism of imprecise
Table 2. Enhanced bacterial transformation of linear DNA following end-joining, additional analysis of plasmid DNA recovered from
incubation in intact mitochondria or with mitochondrial protein extracts white bacterial colonies was performed. Restriction endonuclease
digestion revealed that, as expected, all of these clones had lost the
Mitochondrial protein extra@t |ntact isolated mitochondfa recognition site for the restriction enzyme with which they were
_ + - + originally linearized. In addition, in many cases, the DNA had
clearly undergone a deletion. Sequence analysis of a number of

Hindlll 37 1098 0 20 . . P )
independently derived clones was performed, indicating that in
(5 overhang)  £4) (+198) all cases the deletion spanned two direct repeats. As Fgure
Psi 34 3413 2 44 indicates, direct repeats were either perfect or imperfect with a
3 overhang)  £6) (+189) single_ base mismatch. The di(ect repeat sequences varied from 3 to
- 5 bp in length, and the deletions generated were between 8 and
Hincll 46 129 1 7 218 bp in length. Of the five deletions characterized, three had
(Blunt) 7) (+15) perfect direct repeats flanking the deletion region while in two

cases the direct repeats had single base pair mismatches. In all
DNA linearized with restriction endonucleases was incubated with mitochondri&"]ese cases, one copy_of the direct repeat an_d the mterv_e_m_ng
protein extracts or electroporated into isolated intact mitochondria. The DNREJUENCe between the direct repeats was lost during the end-joining
was recovered and transformed ifeoli as described in the Materials and €action. These deletions bear a striking similarity to those known
Methods. to occur within the mammalian mtDNA vivo (see below).

A/alues represent the average of three separate experim8riEs,—, linear

DNA; +, linear DNA incubated with mitochondrial extracts.

bvalues represent the average of two experiments. —, linear DNA incubated wilDISCUSSION

intact, isolated mitochondria without electroporation; +, linear DNA incubated . . .
with intact, isolated mitochondria following electroporation. The results presented above provide compelling evidence that

mitochondrial protein extracts prepared from mammalian cells
possess DNA end-joining activity. Both cohesive and blunt-ended
DNA substrates are rejoined, albeit the latter with much lower
A DNA end-joining reaction can be either precise or may resuéfficiency. Irrespective of which DNA substrate was used, the
in the loss of information at the break site. The DNA substratesajority of recovered products were precisely repaired. Analysis
used above have double strand breaks within the coding regionasf imprecisely repaired products revealed the presence of
a LacZ fusion gene. Imprecise rejoining at this break site wouldeletions that spanned direct repeat sequences.

lead to a disruption in the LacZ gene. Bacteria harboring such aThis DNA end-joining activity does not result from nuclear
plasmid would appear white when grown in the presence abntamination. First, the mitochondria used in these studies have
IPTG, and X-gal, while bacteria containing a wild-type Laczbeen highly purified on a percoll gradient. Only that portion of the
gene will appear blue. This strategy has been used previouslygradient possessing mitochondrial marker enzyme activity (cyto-
analyze the precision of DNA end-joining catalyzed by nucleacthrome ¢ oxidase and malate dehydrogenase) contained detectable
protein extracts46). Analysis of the bacteria recovered from theDNA end-joining activity (data not shown), strongly indicating
transformation experiments described above yielded the datzat this activity is indeed mitochondrial in origin. While a minor
presented in Tabl& A greater percentage of white colonies werenuclear contamination cannot be ruled out, if this were the case,
recovered from DNA substrates having blunt ends (5%) comparedie would expect that the specific activity of DNA end-joining
to DNA with cohesive ends (0.07-0.85%). Interestingly, there iwithin the nucleus would greatly exceed the activity detected
an inverse correlation between the efficiency with which substrategthin the mitochondrial fraction. The specific activity of DNA

Precision of end-joining
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Hind 1lf (283) included the plasmid origin of bacterial DNA replication or the
135 288 . ampicillin resistance gene.
The sensitivity of the end-joining reaction to low levels of NaCl
and temperature indicates that the mitochondrial form of DNA
ligase resembles the nuclear DNA ligase II/Bl1,62). The

Kpn 1(243) apparent molecular weight of the DNA ligase detected in
L mmccmils ...................... P —— mammalian mitochondrial protein extracts is identical to that of
< 8bp ——— DNA ligase I, which is a known proteolytic fragment derived

from the DNA ligase Ill gene product. Interestingly, Pinz and
Bogenhagen have found that mitochondrial protein extracts

Hino If (264) prepared fronX.laeviscontain a ligase protein immunologically
c 5 TANTGOAGCTCG R oo | i — related to human DNA ligase 118%). Finally, we have recently
<+ 218bp———— determined that expression of DNA ligase Ill antisense mRNA in

human fibroblast cells resulted in a significant decrease in
mitochondrial ligase levels (U.L. and C.C., submitted). Based on

Hind I (289) these data, we have tentatively concluded that a novel form of
- 5 ACTOGACCTOCAGn | ...... TOCCACTECCOTTS 3 DN_A_ ligase II_I is rgspo_nsible for the mitochondrial end-joining
~—— 13bp ——» activity described in this report.

Our data suggest that two distinct DNA end-joining pathways
may function within the mitochondria of mammalian cells. We
noted an inverse correlation between the efficiency of mitochondrial

HinC 1l (264) extract-catalyzed DNA end-joining, and the frequency with
248 265 . which plasmids bearing deletions were recovered. For example,
blunt-ended plasmids, which were inefficiently end-joined,
yielded a relatively high percentage (4.6%) of imprecise products.
Conversely, cohesive-ended plasmids were more efficiently
Figure 4. Sequence analysis of imprecisely end-joined plasmid DNA. DNA end-joined, and produced fewer deletion-bearing products

end-joining reactions were performed and deletion-bearing plasmids identifie | 0 ; ; ;
as described in Materials and Methods. The DNA sequence spanning trfto'()? 0.85%). These data are consistent with the hypothesis that

deletion was determined. The direct repeat sequences are underlined and th@Mpatible ends are efficiently end-joined via one mechanism,
direct repeat sequence lost is represented in lower case (in case of imperfesthereas non-compatible ends are joined together through a
direct repeats). With perfect direct repeats it is impossible to know which directseparate pathway. This latter pathway results in the formation of
repeat is lost and which is retained. deletions that span direct repeats.
Interestingly, genetic evidence from the ye@atcharomyces

cerevisiaesuggests that eukaryotes possess at least two distinct
end-joining (defined as the amount of DNA end-joining observeduclear DNA end-joining pathways. The first is dependent on the
using the agarose gel electrophoresis assaygef protein) yeast Ku-70 homolog HDF1, and is precise, while the other is
obtained for_ the mitoch_ondrial extracts is essentially equivaletDF1-independent, and utilizes short stretches of DNA sequences
to that seen in mammalian nuclear fractions (not shown). Secorndentity between the re-joined molecul68)( Inactivation of the
in experiments using isolated, intact mitochondria we also detectpibF1 gene leads to error-prone repair of linearized DBB). (
significant DNA  end-joining _activity. Since end-joining was Analysis of the mis-repaired DNA in these mutant clones
dependent upon electroporation, we can conclude that the efgljicated that re-joining was associated with deletions spanning
joining reaction occurs within the interior of intact mitochondria,ghort direct repeat sequences. It is tempting, therefore, to
and therefore cannot be due to the actions of any nuclear protei}gcylate that a defect in mtDNA DSBR could play a causal role
that may be contaminating the mitochondrial preparation. We afi¢ the generation of multiple mtDNA deletions that are observed
therefore confident that the DNA end-joining activity we describe, patients suffering from genetic disorder autosomal dominant

herein is of mitochondrial origin. :
While a majority of the recovered plasmid products of thig rogressive external ophthalmoplegiaHG7).

mitochondrial extract-catalyzed end-joining activity were precise, a

number of clones had undergone deletions. Molecular character-

ization of these deletions revealed a striking similarity to deletions

observed within the mtDNA of humans and aged rodents. ACKNOWLEDGEMENTS
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