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ABSTRACT

Mammalian mitochondrial protein extracts possess
DNA end-binding (DEB) activity. Protein binding to a
394 bp double-stranded DNA molecule was measured
using an electrophoretic mobility shift assay. Mitochon-
drial DEB activity was highly specific for linear DNA.
Inclusion of a vast excess of non-radioactive circular
DNA did not disrupt binding to radioactive f394. In con-
trast, binding was abolished by the inclusion of linear
competitor DNA. In mammals, nuclear DEB activity is
due to Ku, a heterodimer composed of the Ku70 and
Ku86 proteins. To determine whether mitochondrial DEB
activity was also due to Ku, protein extracts were pre-
pared from the Chinese hamster XR-V15B cell line,
which lacks this protein. As anticipated, nuclear extracts
prepared from these cells lacked DEB activity. In con-
trast, mitochondrial extracts prepared from these cells
had wild-type levels of DEB activity, demonstrating that
this latter activity is not a consequence of nuclear con-
tamination. Although the nuclear and mitochondrial DEB
activities are independent of each other, they are never-
theless closely related, since mitochondrial DEB activity
was ‘supershifted’ by both anti-Ku70 and anti-Ku86
antisera. The nuclear DEB protein Ku plays an essential
role in nuclear DNA double-strand break repair. The DEB
activity described herein may therefore play a similar
role in mitochondrial DNA repair.

INTRODUCTION

base excision repair pathway exists. First, a mitochondrial
version of the uracil DNA glycosylase enzyme has been
identified (6). The mitochondria-specific form has been shown
to result from alternative splicing of the gene encoding the
nuclear version of this enzyme, which functions to remove
uracil residues misincorporated into DNA during replication
(7). An alternate form of DNA ligase lll is similarly targeted to
the mitochondria (8). Second, purifieenopus laevisnito-
chondrial enzymes can efficiently repair abasic sites in DINA
vitro (9). Third, mitochondrial forms of oxidative damage-
specific endonuclease (10) and apurinic/apyrimidinic nuclease
(11) have been identified. Fourth, studies have detected the
repair of oxidatively damaged mitochondrial DNA in rat (12)
and Chinese hamster ovarian (13) cells. Taken together, these
results strongly argue for the presence within mammalian
mitochondria of a base excision DNA repair pathway that
closely resembles that found in the nucleus of these cells.

These experiments prompted an investigation into other
nuclear DNA repair pathways that may also function in
mammalian mitochondria. Results from such studies indicate
that common pathways to repair damaged DNA exist in both
organelles. For example, it is known that mammalian nuclei
rely on both homologous recombination and non-homologous
end-joining to repair DNA double-strand breaks (reviewed in 14).
Similarly, mammalian mitochondrial protein extracts possess
both homologous recombination and non-homologous DNA
end-joining activity (15,16). The existence of these activities in
mitochondrial protein extracts is consistent with the hypothesis
that pathways for the repair of DNA double-strand breaks
function in that organelle.

Efficient nuclear non-homologous DNA end-joining is
dependent upon Ku, a heterodimeric protein comprised of two

Mammals possess two cellular genomes, one in the nuc]elwbunits, Ku70 and Ku86 (reviewed in 17) Cells deficient in

and a second within the mitochondria (1). Nearly 25 years ageither of these proteins display hypersensitivity to X-rays (18-22).
it was shown that, in contrast to the nucleus, mammaliahn addition, nuclear extracts prepared from these mutant cells
mitochondria are unable to repair UV photodamage (2). Thidack a characteristic DEB activity that is detected using an
observation, which has recently been confirmed (3,4), formeélectrophoretic mobility shift assay (20,23). Studies with purified
the cornerstone of the hypothesis that mammalian mitochorprotein have proved that Ku binds with high affinity to the ends
dria are devoid of DNA repair activity (5). According to this of linear DNA molecules (24). Furthermore, a recent report has
theory, the high cellular copy number of the mitochondrialshown that addition of Ku protein substantially enhances the
genome rendered individual mitochondrial DNA (mtDNA) ability of purified mammalian DNA ligase to re-join linear
molecules functionally redundant, thereby obviating the nee®NA substratesn vitro (25). A series of recent papers have
for DNA repair within this organelle. identified yeast homologs of Ku70 and Ku86 and shown that

However, a number of findings strongly refute this notion. Inthese proteins are essential for non-homologous end-joining in
particular, there is compelling evidence that a mitochondriathat organism (19,20,26—28).
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We therefore reasoned that if mammalian mitochondridhen end-labeled using the Klenow large fragment of
possess a non-homologous DNA end-joining pathway, extrac&scherichia coliDNA polymerase | (New England Biolabs)
prepared from this source would likely contain a DNA end-and [a-32P]dATP.
binding (DEB) activity functionally equivalent to Ku. Consistent  Circular ¢X174 replicative form DNA was used as circular
with this hypothesis, we detected DEB activity in mammaliancompetitor DNA for electrophoretic mobility shift assays. Linear
mitochondrial extracts. Mitochondrial DEB activity in cells lacking competitor DNA was prepared by restriction endonuclease
a functional Ku86 gene is identical to that present in wild-typedigestion of replicative formpX174 with Asd and Mlul or
cells. This indicates that DEB activity in mitochondrial protein pRER, with Dpnl, as indicated for each experiment. Competitor
extracts is not due to contamination by nuclear proteins. ThBNA substrates with different ends (i.e. a 5-overhang, a 3'-
possible role this DEB activity may play in the mitochondria isoverhang or blunt-ended) were generated by cutgpiXgd74
discussed. with Avd, Pst or Stu, respectively.

Electrophoretic mobility shift assay (EMSA)

MATERIALS AND METHODS A modification of the assay used by Rathmell and Chu (23)
Cells was employed to detect DEB activity in mitochondrial and
) ) nuclear extracts. The binding reaction contained radioactive
Chinese hamster cell lines V79 and XR-VI5B and humansg, yrope, unlabeled supercoiled plasmid DNA (to compete
HT1080 cells were grown in Dulbecco's modified Eagle’ss. non-specific DNA-binding proteins), unlabeled linear
medium supplemented with 10% fetal bovine serum, Sc.)d'urﬁlasmid DNA (to specifically compete for DEB activity) and
pyruvate, penicillin, streptomycin and amphotericin B. LiVers.i:ochondrial or nuclear extract in binding buffer (12 mM
were obtained from adult Fisher 344 rats. HEPES, 5 mM MgCJ, 4 mM Tris, pH 7.9, 100 mM KCl,
0.6 mM EDTA, 0.6 mM DTT and 12% glycerol). The amount
) ) ) ) of linear and circular competitor DNA as well as the amount of
Mitochondria from mammalian cells or rat liver were prepared agadioactive DNA included in the reaction is indicated for each
described (29). Briefly, cells were washed with phosphateaxperiment. The final volume of the reaction wasl0The
buffered saline (PBS) and sedimented by centrifugation at §3005ppropriate amount of protein extract was added to initiate the
for 5 min. Cells were then resuspended in a buffer containingssay and the reaction was incubated @Clfor 30 min.
0.3 Msucrose, 1 MM EGTA, 5mM MOPS, 5mMKPRQ,, 0.1%  Following incubation, % loading buffer (0.25% bromphenol
BSA, pH 7.4, and disrupted using a Dounce homogenizer (thrggye, 0.25% xylene cyanol, 30% glycerol) was added to each
consecutive sets of 20 strokes). The treated cells were centrifuggghction and the entire reaction was subjected to electrophoresis
three times at 260@Q for 5 min. The resulting supernatant was gn g 5% polyacrylamide gel inxLTBE (90 mM Tris—borate,
centrifuged at 15 008 for 10 min to obtain a crude mitochondrial 2 v EDTA) running buffer. The gel was run at 20 V/cm for
fraction. This mitochondrial fraction was purified by Percoll =2 h at 4C, then dried. Detection of radioactivity was

density gradient centrifugation. The integrity of the mito- 5chieved using a phosphorimager (Molecular Dynamics).
chondrial preparation was assessed by measuring cytochrome

c oxidase activity (30). Supershift assay

An EMSA (see above) was conducted. Following the 30 min
incubation period at 1©C, between 10 and Lig of anti-Ku70
Cells were rinsed with PBS, scraped from tissue culture dishesy anti-ku86 polyclonal antiserum (provided by Drs Susan
and collected into centrifuge tubes, then sedimented atd@00  Critchlow and Stephen Jackson, Wellcome/CRC Institute,
5 min. Cells were then resuspended in a buffer containing 10 M\JK) or rabbit IgG antibody (Sigma) was added to the reaction.
KCI, 10 mM MgCl,, 10 mM Tris, pH 7.4, and 10 mM DTT and  Antibody was incubated with the binding reaction &C4for
homogenized. Disrupted cells were centrifuged three times 3th. Loading buffer (8) was then added to each reaction and
15009 for 5 min to separate the nuclei from the supernatant.  the entire contents loaded onto a 5% polyacrylamide gel in
TBE running buffer. Gel electrophoresis and radioactivity
detection were carried out as described above.

Protein extracts were prepared by resuspending intact mitochondria )

or nuclei in a buffer containing 10 mM KCI, 10mM Mgglomm  Western blot analysis

Tris, pH 7.4, 10 mM DTT and 350 mM NaCl in the presence ofAliquots of 5ug of either nuclear or mitochondrial protein extract
pepstatin (0. ig/ml), aprotinin (Jug/ml), leupeptin (0.21g/ml) and  were fractionated by 10% SDS-PAGE, then electrophoretically
PMSF (1 mM). Preparations were incubated for 1 h on ice. Lysatagansferred for 1 h to a nitrocellulose membrane. The membrane
were then centrifuged for 30 min in a Beckman Ultra-TL100 centrivwas submersed in 5% BSA in PBS for at least 1 h. Membranes
fuge at 70 000 r.p.m. The supernatant was dialyzed against 25 miere then probed with either anti-Ku70 or anti-Kug6 polyclonal
Tris, pH 7.5, 1 mM EDTA, 1 mM PMSF, 1 mM DTT and 10% antiserum (1/2500 dilution in 5% BSA in PBS) for 1 h with gentle
glycerol, concentrated and stored at 2@0Protein concentration agitation, then washed for 15 min in three changes of 0.02% BSA
was determined using the Bradford assay (31). in PBS. Following this treatment, membranes were probed with
: alkaline phosphatase-conjugated, goat anti-rabbit 19G (1/5000
Preparation of DNA substrates dilution; Sigma) for 1 h with gentle agitation, then washed in
The DNA fragment f394 is a 394 bp restriction fragment (spannin@.02% BSA in PBS for 15 min before adding the alkaline phos-
nt 2358-2752) released from the plasmid pREP4 (Invitrogenphatase substrate 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
upon digestion withEcaRIl. The fragment was gel purified, tetrazolium (BCIP/NBT; Sigma).

Isolation of mitochondria

Isolation of nuclei

Preparation of protein extracts
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RESULTS A 1 2 3

) i A Al &k
DEB in mitochondrial extracts a :

To determine whether mammalian mitochondrial extracts pos-
sessed DEB activity, we used EMSA. As depicted in Figure 1A
(lane 1), free 394 DNA probe migrated to the bottom of a poly-
acrylamide gel. When probe 394 (0.2 ng) was incubated with
mitochondrial protein extract in the presence of 120 ng of non-
radioactive circular DNA, we detected a band of radioactivity
with reduced mobility relative to the free probe (Fig. 1A, lane 2).
This retarded band was not present in a parallel experiment in
which 20 ng of unlabeled linear DNA was included in the reaction
(Fig. 1A, lane 3). This latter finding indicates that the band with B 100%
reduced mobility seen in Figure 1A (lane 2) resulted from the \
interaction of 394 and a protein that bound specifically to DNA
ends.

To confirm the specificity of this mitochondrial DEB factor for
DNA ends, we conducted an EMSA in which increasing amounts
of either circular or linear DNA were added to a reaction containing
radioactive probe f394 and mitochondrial protein extract. The
amount of gel-shifted radioactivity present in each reaction was
quantitated using phosphorimager analysis and this activity
normalized to that detected in a standard reaction (see legend to
Fig. 1B). As Figure 1B indicates, we observed a concentration-
dependent decrease in amount of DEB activity as increasing
amounts of unlabeled linear DNA were included in the 20% ,
reaction. Inclusion of 14 ng of unlabeled linear DNA in the 0 20 40 60 80 100 120
incubation reaction reduced by 60% the amount of probe .
displaying reduced electrophoretic mobility (Fig. 1B). In con- ng competltor DNA
trast, inclusion of an additional 120 ng of circular unlabeled
DNA resulted in On.ly a 6% reductlon in this vglue. (Note thatF'gure 1. Mammalian mitochondrial extracts possess DEB activity. $tandad
the standard reaction contained 100 ng of circular UnlabeledSMAs were performed as described in Materials and Methods with specific
DNA. The amounts of added competitor DNA noted in Fig. 1Bchanges as noted below. Lane 1, 0.2 ng probe 394 alone; lane 2, 0.2 ng probe
indicate the amount of DNA present in excess of this 100 ng 0894, 120 ng circular competitor DNA and 2.4 mitochondrial extract; lane 3,

. S 0.2 ng probe 394, 100 ng circular competitor DNA, 20 ng linear replicative
circular DNA') We saw no further reduction in the amount Ofform X174 competitor DNA (see Materials and Methods for details on the

probe that displayed a gel shift when 300 ng of circular DNAcompetitor DNA used). The bold arrowhead indicates the position of the free
was added to the reaction (data not shown). This experimef#94 probe, while the thin arrowhead indicates the position of the DEB—probe
clearly demonstrates that the ability of a DNA to compete forsttt o, B e e ot of inear (1l ircies) o
the mitochondrial DEB activity ,IS not dependent upon ItScircular (open circlespX174 competitor DNA were included in the reaction.
sequence, but rather whether it possesses DNA ends. VW8iiowing PAGE the gel was subjected to phosphorimager analysis. The band
further confirmed this finding by performing an EMSA intensity of the shifted probe DNA was quantified using the program IPLab
experiment in which equa| amounts of Iineﬂ(174 or pRER Gel. ;00% DEB activity is defined as the value obtained from the standarq

L eaction [see (A), lane 2]. The data are presented as the percent DEB activity
DNA Were_used_ to compete for DEB activity. The presence Ofn each reaction relative to that detected in the standard reaction. (Note that the
100 ng of |lnearlze@X174 or DREB DNA reduced by 85 and amount of linear DNA added indicates the amount of competitor DNA added
86%, respectively, the amount of 394 probe bound by thén addition to the 100 ng present in the standard reaction.)

mitochondrial DEB activity (data not shown).

80%

DEB Activity

40%- —e— Linear Competitor

—o— Circular Competitor

Specificity of mitochondrial DEB activity for different types of linear DNA molecules reduced by ~75% the amount
DNA ends of radioactivity present in the shifted band. Statistical analysis
We performed a series of competition experiments to determiref this data revealed that there was no significant difference in
the specificity of the mitochondrial DEB factor for different the ability of these substrates to compete for binding
types of DNA ends. DEB experiments were performed agP > 0.05). We therefore conclude that the DEB activity binds
described above. Each reaction contained 0.2 ng of radioactiva-overhang, 3'-overhang and blunt-ended DNA ends with
394 probe and 250 ng of circular competitor DNA. In parallelessentially equivalent affinity.

experiments, 100 ng of linear DNA containing a 5'-overhang, a, .. . . . . .
3‘-gverhang or blungt}ends were included. Eagh experimentg\)/v%ff'n'ty of the mitochondrial DEB protein for cohesive
performed in triplicate and the ability of each DNA substrate to NA ends

compete with the radioactive probe for the DEB activity wasThe results presented above indicate the presence of DEB
determined. As Figure 2 indicates, addition of any of the threactivity in mitochondrial extracts. We measured the affinity of
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Figure 2. The mitochondrial DEB activity recognizes a broad range of DNA
end substrates. Standard EMSAs were conducted in the presence |af 1.6 0.065 +— T T . ‘ 3
crude rat liver mitochondrial extract. Each reaction also contained 100 ng 0.5 0.75 1.0 1.25 L5 L75
circular and 100 ng of lineagX174 competitor DNA that had either a 3'-overhang, -10
a 5'-overhang or blunt DNA ends as indicated. The percent DEB activity present Bound (E )

under these various conditions was calculated as described in the legend to
Figure[JLB. The averages and standard errors were calculated from three inde-

pendent experiments. Figure 3. The mitochondrial DEB factor has a high affinity for DNA ends. A
series of EMSA experiments was performed using increasing amounts of 5'-
overhang lineagX174 competitor DNA. Phosphorimager analysis was used to
measure the amount of bound (gel shifted) and free radioactivity present for
each condition and a Scatchard analysis was performed (32).

this DEB factor for DNA ends by Scatchard analysis (32). This

analysis revealed that the mitochondrial DEB factor bound

linear DNA with a dissociation constant of 5 nM (Fig. 3). This

value is very similar to that previously reported for Ku binding

to double-stranded linear DNA (33,34). V79 V7%m  VISBn VI1SBm
12345 6 7 89

Mitochondrial DEB activity is present in cells that lack 1

nuclear DEB activity & E

The results presented above indicate that the mitochondrial T &

DEB activity is functionally similar to Ku, a DEB protein that = 3 e

plays an essential role in nuclear DNA double-strand break m u

repair (DSBR). It was therefore conceivable that Ku could be

responsible for the DEB activity present in the mitochondrial
extracts. For example, it was possible that the mitochondrial

; ; ; :Figure 4. Mitochondrial DEB activity is present in cells that lack nuclear DEB
protein extracts described above were contaminated WltzEctivity. DEB activity was measured using standard EMSAs. Lane 1, free

nuclear _p_rOteinS- If this were th_e case, one WQUId expect t_h%tfobe £394; lanes 2 and 3, QU of V79 nuclear extract (V79n); lanes 4 and 5,
DEB activity measured as a function of total protein concentration.s pg of V79 mitochondrial extract (V79m); lanes 6 and 7, fiof XR-V15B

would be significantly decreased in mitochondrial extractgwclear extract (V15Bn); lanes 8 and 9, uf of XR-V15B mitochondrial
relative to nuclear extracts. To test this, we measured nucle&ftract (V158m). Aliquots of 60 ng of lineapx174 competitor DNA were
. . .. L also included in lanes 3, 5, 7 and 9.

and mitochondrial DEB activity using a standard EMSA
followed by quantification of the shifted probe f394 using the
program IPLab Gel. We observed that at all protein
concentrations tested, the amounts of DEB activity in nuclear
and mitochondrial extracts were similar (data not shown). Théhe Chinese hamster cell lines V79 and XR-V15B. The XR-
minimal concentration of protein extract needed to detect DEB/15B cell line (35) harbors a deletion in the gene encoding the
activity was also similar among nuclear and mitochondrialKu86 protein and was previously shown to lack nuclear DEB
extracts, indicating that the mitochondrial DEB activity is activity (20,23). Figure 4 confirms that whereas nuclear
roughly equivalent in potency to that found in the nucleusextracts prepared from V79 cells have DEB activity (V79n;
These observations strongly suggest that the mitochondrigdnes 2 and 3), XR-V15B nuclear extracts do not (V15Bn;
activity is not dependent on the presence of contaminatintanes 6 and 7). In contrast, mitochondrial extracts prepared
nuclear proteins. from V79 (V79m; lanes 4 and 5) and XR-V15B cells (V15Bm;

To conclusively rule out the possibility that contaminatinglanes 8 and 9) have equivalent levels of DEB activity. These
Ku is responsible for the observed mitochondrial DEB activity,data rule out the possibility that mitochondrial DEB activity
we prepared mitochondrial and nuclear protein extracts fromesults from contamination of the extract by Ku.
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The mitochondrial DEB factor is structurally related to
Ku70/86 |

Although we ruled out the possibility that mitochondrial DEB
activity resulted from contamination by Ku, the striking func- : L B -97.4
tional similarity led us to investigate whether antibodies to Ku e
would cross-react with the mitochondrial DEB factor. A 10% 3 —66
SDS-PAGE was prepared and molded to a comb that generated .
wells of either 1 or 3 cm in width. An aliquot of fig of . ~—46
HT1080 nuclear protein extract was loaded in duplicate 1 cm L_R_I'Tl—l
. ; . u 70 Ku
wells, one on either side of a 3 cm well. An aliquot of 1 of 70 + 86
HT1080 mitochondrial extract was loaded into the 3 cm well.
Following electrophoretic transfer to nitrocellulose membrane,
the membrane was cut length-wise into three strips. The thr&ggyre 5. Anti-ku70 and anti-ku86 antisera cross-react with proteins in the
cuts were made to permit us to perform western blot analysigammalian mitochondria. Aliquots of g of duplicate samples of nuclear
on nuclear and mitochondrial extracts using either or both antierotein extract from human HT1080 cells were loaded in lanes 1 and 3. An

Ku70 and anti-Ku86 antisera. Western blot analysis of humaﬁliquot of 15ug of mitochondrial protein extract from these same cells was
) . loaded in a single larger well (lane 2). Western blot analysis was performed as

nuclear (Ianes 1 ?-nd 3) and mnOChQnd”aI (lane 2) proteif},gicated using anti-Ku70, a mixture of anti-Ku70 and anti-Ku86 or anti-Ku86
extracts using anti-Ku polyclonal antisera showed that botlolyclonal antisera (see Materials and Methods). The positions of marker
anti-Ku70 and anti-Ku86 antisera cross-reacted with mitoproteins and their molecular weights are indicated (in kDa).

chondrial proteins (Fig. 5). As expected, nuclear proteins of 70

and 86 kDa were recognized by the anti-Ku70 and anti-Ku86

antisera, respectively (Fig. 5, lanes 1 and 3). These same argEB complex was not seen when excess linear competitor

NA was included in the reaction.
Analysis of Figure 6 indicates that the mobility of the mito-
ondrial DEB complex appeared to be greater than the mobility
the nuclear DEB complex (compare Fig. 6A, lanes 2 and 4).
o confirm this finding, an additional EMSA experiment was
performed on human nuclear and mitochondrial extracts using
a smaller (94 bp) DNA fragment as a probe. Again, we observed
@at the mitochondrial DEB complex migrated faster than did the
uclear DEB complex (data not shown). Interestingly, this
ifference in mobility of the nuclear and mitochondrial DEB

sera also cross-reacted with mitochondrial proteins of 70 an
68 kDa, respectively (Fig. 5, lane 2). (When we initially con-
ducted western blot analysis of mitochondrial protein extract
both anti-Ku70 and anti-Ku86 antisera seemed to cross-reagﬁ1
with a single protein; however, the experiment described ab0\§
clearly indicates that anti-Ku70 antiserum cross-reacts wit
one mitochondrial protein and anti-Ku86 antiserum cross
reacts with another mitochondrial protein.)

We next wanted to test the hypothesis that the protein
recognized by anti-Ku antisera were also responsible for th

mitochondrial DEB activity. To do this, we incubated radio- . .
active probe f394 with circular competitor DNA and mito- complexes was observed only in human extracts. No difference

chondrial extract for 30 min at P&. After the 30 min Was detected between the mobility of nuclear and mito-

incubation, anti-Ku70 antiserum, anti-Kugé antiserum or controfondrial DEB  complexes prepared from hamster cells using
rabbit IgG was added to the EMSA reaction mixture, which€ither 1394 (Fig. 4) or the smaller 94 bp probe (data not shown).
was then incubated for an additional 1 h at@4Methods similar Inspection of Figure 6 also revealed the presence of multiple
to these have been successfully employed by others to identifje!-Shifted bands in EMSA experiments performed using both
proteins involved in EMSA experiments (36,37). As seen inuclear and mitochondrial extract (Fig. 6B, I_anes_2 and 6). It
Figure 6A and B, addition of anti-Ku70 and anti-Ku86 antiserahas been shown that the purified Ku heterodimer is capable of
but not of control rabbit IgG, resulted in a ‘supershift’ of the forming multiple gel-shift complexes. These complexes result
DEB complex. In Figure 6A, free probe (lane 1) incubated withfrom the binding of multiple Ku heterodimers to the probe and
nuclear and mitochondrial extract in the presence of circulaiheir formation is dependent upon Ku protein concentration
DNA formed bands with retarded mobility (lanes 2 and 4,and probe length (38). To determine if the mitochondrial DEB
respectively). In parallel experiments, nuclear and mitochondrigtomplex formed multiple gel shift bands we conducted an
extracts were supershifted by 1@ of anti-Ku70 antiserum EMSA where the concentration of mitochondrial protein was
(lanes 3 and 5, respectively) (the gel position of the superincreased from O to 0.4g. As Figure 7 reveals, as the amount
shifted DEB complex was dependent on the concentration dif mitochondrial protein increased formation of multiple gel-shift
anti-Ku70 antiserum used; data not shown). Rabbit Ig@omplexes was observed. This experiment further reveals the
(10 ug) did not supershift the DEB complex (lane 6). Includingfunctional similarities between nuclear and mitochondrial
linear competitor DNA in the reaction abolished DEB to the DEB activities.

radioactive probe f394 (lane 7). Similar experiments were per-

formed using anti-Ku86 antiserum, as shown in Figure 6B

Again, the mobility of free probe (lane 1) was retarded byDISCUSSION

inclusion of nuclear or mitochondrial extract in the presence offhe results presented above demonstrate that mammalian
circular competitor DNA (lanes 2 and 4, respectively). Themitochondria possess DEB activity. We provide compelling
nuclear and mitochondrial DEB complexes were then supershiftegliidence that this activity is not due to contamination of
by 16ug of anti-Ku86 antiserum (lanes 3 and 5, respectively), butmitochondrial extract by nuclear proteins. First, the level of
not by 16ug of rabbit IgG (lane 6). As lane 7 indicates, the DEB activity in both the nuclear and mitochondrial protein
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' i - Figure 7. Mitochondrial DEB activity forms multiple gel shift bands as a function
it of protein concentration. Lane 1, free probe f394; lanes 2—4, 0.1, 0.2 apd 0.4
HT1080 mitochondrial protein extract, respectively; lane 5, [lg4HT1080
mitochondrial protein extract in the presence of 100 ng linear pRBRpetito

" - DNA. Arrows indicate positions of gel-shifted bands due to mitochondrial
ot ' -— DEB activity.
ifalle -

In addition to these functional similarities, the human nuclear
and mitochondrial DEB activities appear to be structurally similar
as well, since antisera that recognize each of the components of
the nuclear Ku DEB activity are able to ‘supershift’ the mito-
fhondrial DEB complex in EMSA experiments. Anti-Ku70

(A) Standard EMSAs were performed with changes as indicated below. Lane I, S - e
free probe f394 alone; lanes 2 and 3, Oj&5of nuclear protein extract from _antiserum had a qualitatively similar effect on supershifting
human HT1080 cells; lanes 4—7, 03§ of mitochondrial protein extractfro ~ both nuclear and mitochondrial DEB proteins. In contrast,

these same cells. Aliquots of 3@ of anti-Ku70 antiserum were included in while anti-Ku86 antiserum cross-reacted with the mitochondrial

lanes 3 and 5. An aliquot of 4y of rabbit IgG antibody was included in lane 6. sty ;
An aliquot of 200 ng of linear pRERompetitor DNA was included in lane 7. DEB activity, it clearly reacted more strongly with the nuclear

The arrow indicates the location of the Ku70-mediated supershift of nucleapEB complex. Intere_stlngly, human nUde"_ir and mitochondrial
and mitochondrial DEB activities in lanes 3 and 5 respectiv@lyldentical to ~ €Xtracts both contained a 70 kDa protein that cross-reacted
the conditions in (A) with the following changes. Lane 1, free probe f394with anti-Ku70 antiserum. In contrast, western blots performed
alone; lanes 2 and 3, 0.3 of nuclear protein extract from HT1080 cells; ;5ing anti-Ku86 antiserum revealed the presence of proteins of
lanes 4-7, 0.35ug qf m|tochor_1dr|a| protein extract f(om HT1080 cells. Allq_- 86 d 68 kD tivelv. in th t tracts. It i
uots of 16ug of anti-Ku86 antiserum were included in lanes 3 and 5. An alig- an a, respectively, In these Same_ WO €X I‘_aC S IS
uot of 16ug of rabbit IgG antibody was included in lane 6. An aliquot of 200hg o POssible, although not yet proven, that the difference in size of
linear pRER competitor DNA was included in lane 7. The large arrow these anti-Ku86 cross-reacting proteins provides an explanation
indicates the location of the Ku86-mediated supershift of nuclear DEB activitfor the difference between the mobility of the nuclear and
g‘f'ﬁq?tifhggsr;TglgaBrrggi%‘i}Ciﬁtgsng'gllocat'on of the Kug6-mediated supershify i chondrial DEB complexes. We have been unable to per-
form similar analysis on hamster nuclear and mitochondrial
DEB complexes due to poor cross-reactivity of these anti-Ku
antisera with hamster proteins.
extracts was similar. In fact, the mitochondrial extract often Based on the results summarized above, one can imagine at
had more DEB activity per unit of protein than did the nuclear€ast three possible sources for the mitochondrial DEB activity.
extract. More convincingly, we have shown that wild-type lev- The first possibility is that mitochondrial DEB activity results
els of mitochondrial DEB activity are present in mitochondrial rom alternative splicing of either or both of the nuclear Ku70
proteins extracts prepared from the cell line XR-V15B. Thesé@nd KL.J86 genes. T_he secpnd possibility is that post-
data are inconsistent with the hypothesis that trace amounts E@nslatlona_l modification of either or both of the Ku70 and
nuclear protein in the mitochondrial extract are responsible fo u86 proteins generate novel molecules. In either event, the
mitochondrial DEB activity. novel forms of t_hese proteins would pres_umably _be _targeted to
. . L . the mitochondrial compartment. The third possibility is that
Nevertheless, the mitochondrial DEB activity is functionally

il | diated ) irst b hone or more novel nuclear genes encode the mitochondrial
very similar to nuclear Ku-mediated DEB activity. First, both peg activity. Obviously these different possibilities are not

the nuclear and mitochondrial DEB activities are highly ytyally exclusive, since the multiple components of the mito-
specific for linear DNA. Second, both the nuclear and mito-chondrial DEB activity could arise from more than one of these
chondrial DEB activities bind with similar affinity to different ggyrees.

types of DNA ends. Third, both the nuclear and mitochondrial The XR-V15B cell-line is characterized by a 46 amino acid

DEB activities have an affinity for DNA ends in the low deletion in the Ku86 mRNA (20). The presence of mitochon-
nanomolar range. Fourth, both the nuclear and mitochondri@lrial DEB activity in this cell line, however, does not permit us

DEB activities form multiple gel shifted bands in EMSAs. to distinguish between these three possibilities. While the
Formation of these multiple gel-shift complexes is dependentuclear Ku86 protein of XR-V15B cells is defective, either

on the protein concentration. alternative splicing or post-translational modification could

Figure 6. Anti-Ku70 and anti-Ku86 antisera ‘supershift DEB activity.
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extracts possess potent DNA end-joining activity (16).
Furthermore, our recent data indicate that this activity is 7.
catalyzed by a mitochondria-specific form of DNA ligase Il
(8). Experiments performed using purified DNA ligase Il
reveal that this enzyme is nearly incapable of catalyzing DNA;
end-joining in vitro (25). Intriguingly, these investigators
observed that when purified recombinant Ku heterodimer isl1.
present, there was a substantial (~30-fold) increase in enq—
joining activity of ligase Ill. Thus, the ability of mitochondrial
protein extracts to catalyze efficient DNA end-joiniimgvitro 13.
(16) strongly suggests the presence of an activity functionally
analogous to Ku. It is therefore possible that the mitochondrial
DEB activity described herein is involved in DSBR in this
organelle.

The existence of a mtDNA DSBR pathway is also consistent’:
with the observation that mtDNA deletions accumulate in age&
humans and other mammals. Molecular analysis reveals that,
these deletions span direct DNA sequence repeats (39—-42). As
our laboratory has previously demonstrated (16), DNA end-

5.
6.

joining reactions catalyzed by mitochondrial protein extracts
occasionally result in the generation of deletion-bearing.
molecules strikingly similar to those that arise in aged mam-
malian tissues. Thus, it is conceivable that the presence &
deletion-bearing mtDNA in aged mammals results from the
occasional mis-repair of mtDNA double-strand breaks. A3,
number of observations raise the prospect that deficient mito24.
chondrial DSBR could play a role in the generation of these?>:
deletions. For example, studies examining DSBR in yeas
revealed that the absence of nuclear DEB activity is associated
with faulty DNA end-joining (26,28). Under these conditions, 28.
the great majority of products of the end-joining reaction have?®-
suffered deletions that span direct DNA sequence repeats.
addition, it has been shown that end-joining in Ku86-deficients .
cells is imprecise, relative to wild-type cells (43). Based on32.
these observations, we believe that the mitochondrial DEB
activity we have described is involved in a pathway for DSBR
similar to that observed in the nucleus.

34.
35

ACKNOWLEDGEMENTS

We thank G. Chu and M. Zdzienicka, who generously provideds?.
the V79 and XR-V15B cell lines, and Dr Susan Critchlow,
Wellcome/CRC Institute, UK, who provided polyclonal Ku70/ 38
80 antibody. We also thank members of the Campbell laboratory
for helpful editorial comments. This work was supported in
part by grants from the NIH (R29 CA61906), the American 40.
Heart Association (9601390) and the American Cancer Societ§*:
(DHP-171). U.L. was supported by a fellowship from the
American Heart Association.

36.

43.

16.

. Shadel,G.S. and Clayton,D.A. (199%nu. Rev. Biochent6, 409—-435.

Clayton,D.A., Doda,J.N. and Friedberg,E.C. (1924)c. Natl Acad. Sci.
USA 71, 2777-2781.

Pascucci,B., Versteegh,A., van Hoffen,A., van Zeeland,A.A.,
Mullenders,L.H. and Dogliotti,E. (1997) Mol. Biol., 273 417-427.
LeDoux,S.P., Wilson,G.L., Beecham,E.J., Stevnsner,T., Wassermann,K.
and Bohr,V.A. (1992 Carcinogenesisl3, 1967-1973.

Miquel,J. (1992Mutat. Res.275, 209-216.

Slupphaug,G., Markussen,F.H., Olsen,L.C., Aasland,R., Aarsaether,N.,
Bakke,O., Krokan,H.E. and Helland,D.E. (1998)cleic Acids Res21,
2579-2584.

Nilsen,H., Otterlei,M., Haug,T., Solum,K., Nagelhus,T.A., Skorpen,F.
and Krokan,H.E. (1997Mlucleic Acids Res25, 750-755.

8. Lakshmipathy,U. and Campbell,C. (1998!. Cell. Biol, 19, 3869-3876.
9. Pinz,K.G. and Bogenhagen,D.F. (198&)!l. Cell. Biol,, 18, 1257-1265.
. Croteau,D.L., ap Rhys,C.M., Hudson,E.K., Dianov,G.L., Hansford,R.G.

and Bohr,V.A. (1997). Biol. Chem.272 27338-27344.
Tomkinson,A.E., Bonk,R.T. and Linn,S. (1988)Biol. Chem.263,
12532-12537.

2. Driggers,W.J., LeDoux,S.P. and Wilson,G.L. (19938iol. Chem.268

22042-22045.
Taffe,B.G., Larminat,F., Laval,J., Croteau,D.L., Anson,R.M. and
Bohr,V.A. (1996)Mutat. Res.364, 183—-192.

4. Chu,G. (1997). Biol. Chem, 272 24097-24100.
5. Thyagarajan,B., Padua,R.A. and Campbell,C. (199Bj)ol. Chem.271,

27536-27543.
Lakshmipathy,U. and Campbell,C. (198R)cleic Acids Res27, 1198-1204.
Dynan,W.S. and Y00,S. (199R)icleic Acids Res26, 1551-1559.

8. Smider,V., Rathmell,W.K., Lieber,M.R. and Chu,G. (1984jence266,

288-291.

Taccioli,G.E., Gottlieb,T.M., Blunt,T., Priestley,A., Demengeot,J.,
Mizuta,R., Lehmann,A.R., Alt,F.W., Jackson,S.P. and Jeggo,P.A. (1994)
Science265, 1442-1445.

20. Errami,A., Smider,V., Rathmell,W.K., He,D.M., Hendrickson,E.A.,

Zdzienicka,M.Z. and Chu,G. (1996)ol. Cell. Biol,, 16, 1519-1526.
Gu,Y.,Jin,S., Gao Y., Weaver,D.T. and Alt,F.W. (19P79c. Natl Acad.
Sci. USA94, 8076-8081.

Ouyang,H., Nussenzweig,A., Kurimasa,A., Soares,V.C., Li,X., Cordon-
Cardo,C., Li,W., Cheong,N., Nussenzweig,M., lliakis,G., Chen,D.J. and
Li,G.C. (1997)J. Exp. Med.186, 921-929.

Rathmell,W.K. and Chu,G. (199¥)ol. Cell. Biol,, 14, 4741-4748.
Mimori,T. and Hardin,J.A. (1986). Biol. Chem,.261, 10375-10379.
Ramsden,D.A. and Gellert,M. (199BMBO J, 17, 609—-614.

6. Boulton,S.J. and Jackson,S.P. (19B8)BO J, 15, 5093-5103.
7. Feldmann,H., Driller,L., Meier,B., Mages,G., Kellermann,J. and

Winnacker,E.L. (1996). Biol. Chem.271, 27765-27769.
Wilson,T.E., Grawunder,U. and Lieber,M.R. (198@}ure 388 495-498.
Darley-Usmar,V.M., Rickwood,D. and Wilson,M.T. (1987)
Mitochondria: A Practical ApproachiRL Press, Washington, DC.

%. Storrie,B. and Madden,E.A. (1990ethods Enzymql182, 203-225.

Bradford,M.M. (1976Anal. Biochem.72, 248-254.
Segel,l.H. (1976Biochemical Calculation2nd Edn. John Wiley &
Sons, Toronto, Canada.

33. Blier,P.R., Griffith,A.J., Craft,J. and Hardin,J.A. (1993Biol. Chem,

268 7594-7601.
Yo00,S. and Dynan,W.S. (199B)ochemistry37, 1336-1343.

. Zdzienicka,M.Z., Tran,Q., van der Schans,G.P. and Simons,J.W. (1988)

Mutat. Res.194, 239-249.

Warriar,N., Page,N. and Govindan,V. (1996Biol. Chem.271,
18662-18671.

Han,Z., Johnston,C., Reeves,W.H., Carter,T., Wyche,J.H. and
Hendrickson,E.A. (1996). Biol. Chem,.271, 14098-14104.

de Vries,E., van Driel,W., Bergsma,W.G., Arnberg,A.C. and
van der Vliet,P.C. (1989). Mol. Biol.,, 208 65-78.

. Cortopassi,G.A., Shibata,D., Soong,N.W. and Arnheim,N. (1992)

Proc. Natl Acad. Sci. USAR9, 7370-7374.
Arnheim,N. and Cortopassi,G. (1992tat. Res.275 157-167.
Tanhauser,S.M. and Laipis,P.J. (1993Biol. Chem.270, 24769-24775.

2. Gadaleta,M.N., Rainaldi,G., Lezza,A.M., Milella,F., Fracasso,F. and

Cantatore,P. (199utat. Res.275 181-193.
Liang,F. and Jasin,M. (1998) Biol. Chem.271, 14405-14411.



	Mammalian mitochondrial extracts possess DNA end-binding activity
	Mammalian mitochondrial protein extracts possess DNA end-binding (DEB) activity. Protein binding ...
	INTRODUCTION
	MATERIALS AND METHODS
	Cells
	Isolation of mitochondria
	Isolation of nuclei
	Preparation of protein extracts
	Preparation of DNA substrates
	Electrophoretic mobility shift assay (EMSA)
	Supershift assay
	Western blot analysis

	RESULTS
	DEB in mitochondrial extracts
	Specificity of mitochondrial DEB activity for different DNA ends
	Affinity of the mitochondrial DEB protein for cohesive DNA ends
	Mitochondrial DEB activity is present in cells that lack nuclear DEB activity
	The mitochondrial DEB factor is structurally related to Ku70/86

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


