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ABSTRACT

Endonuclease G, a protein historically thought to be
involved in mitochondrial DNA (mtDNA) replication,
repair, recombination and degradation, has recently
been reported to be involved in nuclear DNA
degradation during the apoptotic process. As a
result, its involvement in mtDNA homeostasis has
been called into question and has necessitated
detailed analyses of its precise location within the
mitochondrion. Data is presented localizing rat liver
endonuclease G activity exclusively to the mito-
chondrial intermembrane space with no activity
associated with either the interior face of the inner
mitochondrial membrane or with the mitochondrial
matrix. Additionally, it is shown that endonuclease
G can be selectively released from the mitochon-
drion via induction of a Ca?*-induced mitochondrial
permeability transition and that, upon its release, a
further nuclease activity loosely associated with
the interior face of the inner mitochondrial mem-
brane and distinct in its properties from that of
endonuclease G can be detected.

INTRODUCTION

Endonuclease G (endoG) is a mitochondrial enzyme that
has been proposed to play a role in the maintenance of
mitochondrial DNA (mtDNA). The exact nature of its
function, however, has remained somewhat enigmatic with it
alternatively being implicated in mtDNA repair (1,2),
recombination (3) and replication (4). Recently, a role in
apoptosis has been suggested with Li ef al. (5) demonstrating
that endoG is released from mouse fibroblast mitochondria

when they are treated with caspase-8-activated BID (tBID). In
cells, release of endoG by the mitochondria is followed by its
translocation to the nucleus where, in conjunction with DNase
I and exonucleases, it initiates DNA fragmentation (6). This
involvement of endoG in apoptosis leaves open the question of
whether it also plays a part in mtDNA homeostasis. It would
not be the first mitochondrial protein to be involved in both
apoptosis and essential mitochondrial processes, e.g. cyto-
chrome c. If endoG has a role in mtDNA maintenance, it
would be expected to reside inside the mitochondrial matrix or
to be associated with the interior face of the inner mito-
chondrial membrane. If, however, it is exclusively involved in
the apoptotic process, it is likely to be confined to the
intermembrane space, similar to other pro-apoptotic proteins
such as cytochrome c (7), procaspase 9 (8), apoptosis-inducing
factor (9) and others (10,11).

Here we present a detailed characterization of rat liver
endoG. Contrary to previously published data where it was
reported to be a monomeric protein of 55 kDa (12), we find
endoG to be purified as a dimer comprised of 27-29 kDa
subunits. Utilizing a 400 bp, double-stranded fragment of
linearized DNA with a specific endoG cleavage site, we
localize its activity exclusively to the mitochondrial inter-
membrane space. Additionally, we show that endoG can be
released along with cytochrome c¢ during Ca**-mediated
induction of a mitochondrial permeability transition (MPT)
and that this release can be prevented by pretreatment of the
mitochondria with cyclosporin A. Further, upon removal of
endoG activity from the mitochondria, we reveal the presence
of a nuclease activity associated with the interior face of the
inner mitochondrial membrane that cleaves DNA in a manner
distinct from that of endoG. Taken together, our data suggest
that endoG activity is involved exclusively in apoptosis and
that other nucleases are likely to be responsible for mtDNA
maintenance and degradation.
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MATERIALS AND METHODS
Mitoplast preparation

Hepatic mitochondria were isolated from male Sprague—Dawley
rats in a sucrose—HEPES buffer by differential centrifugation
as described by Cohen et al. (13). Mitoplasts were prepared
from the mitochondria by the addition of digitonin (0.11 mg
digitonin/mg mitochondrial protein), gently stirred on ice for
15 min, diluted with 20 vol buffer A (2 mM HEPES, pH 7.4,
0.25 M sucrose) and centrifuged at 20 000 g for 20 min at 4°C.
The pellet was washed in buffer A and resuspended in buffer B
(5 mM Tris—HCI, pH 7.4, containing protease inhibitors;
Roche Molecular Biochemicals, Indianapolis, IN).

Extraction of endonuclease activity from the inner
mitochondrial membrane by salt washing

Mitoplasts were subjected to six freeze—thaw cycles at —-80°C
followed by centrifugation at 100 000 g for 1 h at 4°C. The
supernatant containing released mitochondrial matrix was
carefully decanted. The pellet was resuspended using a Potter
homogenizer in water containing protease inhibitors and
subjected to a second round of six freeze—thaw cycles.
Unbroken mitoplasts were removed by centrifugation at
12 000 g for 10 min and inner mitochondrial membrane
fragments recovered by centrifugation at 100 000 g for 1 h. The
pellet was resuspended in 5 ml of buffer B containing 150 mM
KCl and recentrifuged at 100 000 g for 1 h at 4°C. The
supernatant was carefully decanted and placed on ice and the
pellet was again salt extracted. The salt-extracted proteins
were pooled, precipitated by the addition of ammonium sulfate
to 80% saturation and resuspended in 10 mM Tris—HCl, pH 7.4,
5% glycerol in the presence of protease inhibitors.

Size exclusion column chromatography

Salt-extracted proteins from the inner mitochondrial mem-
brane were separated by size exclusion chromatography using
a 20 X 0.5 cm Sephacryl HR-200 or Sephacryl HR-100
(Sigma, St Louis, MO) column. The column was equilibrated
overnight with 40 mM HEPES, pH 7.5, 0.5 mM EDTA, 2 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride,
15% glycerol and 400 mM NaCl. The elution buffer was
passed through the column at <50 pl/min under gravity.

Localization of endoG activity: salt extraction of the
exterior and interior face of the inner mitochondrial
membrane

Mitoplasts were washed twice in either buffer A or buffer C
(2 mM HEPES, pH 7.4, 150 mM KCI) and re-pelleted at
20 000 g for 20 min at 4°C. The supernatants were carefully
decanted and stored on ice and the pellets resuspended in 5 ml
of buffer B and subjected to six freeze—thaw cycles at —-80°C.
Unbroken mitoplasts were removed by centrifugation at
20 000 g for 10 min at 4°C. The supernatant, containing
fragmented inner mitochondrial membrane and soluble matrix
proteins, was carefully decanted and the pellet subjected to a
second round of six freeze—thaw cycles. Following removal of
unbroken mitoplasts, the supernatants were pooled and
centrifuged at 100 000 g for 1 h at 4°C. Membrane fragments
obtained from the salt-extracted and unextracted mitoplasts
were washed with 5 ml of buffer B and recentrifuged at
100 000 g for 1 h at 4°C.
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The membrane pellets were resuspended in 10 ml of buffer
A and divided into two aliquots each. An equal volume of
buffer or buffer containing 300 mM KCI was added to one
aliquot from each preparation. After gentle inversion, the
membrane preparations were centrifuged at 100 000 g for 1 h
at 4°C. The supernatant was carefully decanted and the
membrane pellet resuspended in buffer B.

Induction of the mitochondrial permeability transition

Mitochondria (75 pg/ml) were suspended in 2 ml of buffer D
(2 mM HEPES, pH 7.5, 0.25 M sucrose, 10 mM succinate,
1 mM potassium phosphate) and a MPT initiated by the
addition of calcium (1 uM final concentration) (14). The
progression of the MPT was monitored by the change in
absorbance at 540 nm over 15 min at room temperature. The
mitochondria were then centrifuged at 10 000 g for 10 min and
the supernatant carefully decanted. Mitochondria were
resuspended in buffer E (10 mM Tris, pH 7.5, 10% glycerol
in the presence of protease inhibitors) while the proteins
released into the supernatant were precipitated by the addition
of ammonium sulfate (80% saturation) and stored overnight at
4°C. The precipitated proteins were pelleted by centrifugation
at 13 000 g for 30 min at 4°C and dissolved in 100 pl of buffer
E. This procedure was also repeated in the absence of calcium
chloride and with mitochondria that had been preincubated
with cyclosporin A (4.5 pg/ml for 5 min).

EndoG activity gel

Protein fractions (25 pg) in Laemmli buffer were loaded,
without prior boiling, onto a 12% polyacrylamide gel
containing 20 pg/ml BamHI endonuclease-restricted pBR322
plasmid DNA and electrophoresed at 12 mA/gel for 90 min as
described by Low and Gerschenson (15). The SDS in the gel
was removed by washing with 50 mM Tris—HCI, pH 8.0,
0.1 mM EDTA, 1 mM DTT and 0.5% (w/v) Triton X-100 at
room temperature for 1 h. The gel was incubated in 50 mM
Tris—HCI, pH 8.0, 0.1 mM EDTA, 5 mM DTT, 0.25 mM
Mg(OAc), and 0.02% (v/v) Tween-20 at 37°C overnight and
stained with ethidium bromide (0.5 pg/ml) for 15 min. The
digested DNA was visualized by UV transillumination and the
image captured using a Kodak image station 440CF (Eastman
Kodak Co., New Haven, CT).

Western blotting of cytochrome ¢ and endoG

For cytochrome c, protein fractions (20 pg) in Laemmli buffer
were loaded onto a 12% polyacrylamide gel and electro-
phoresed at 200 V for 45 min. The proteins were transferred to
nitrocellulose (200 mA for 2 h) and the membrane was
blocked with dried milk (5%) in Tris-buffered saline (TBS),
pH 7.4, containing Tween-20 at 0.5% (TBST) for 1 h at room
temperature. Cytochrome ¢ was probed with mouse anti-
cytochrome c (Santa Cruz Biotechnology, Santa Cruz, CA) at
a 1:2000 dilution in TBST for 1 h and then anti-mouse
IgG-horseradish  peroxidase conjugate (Santa Cruz
Biotechnology) at 1:5000 dilution for 1 h in TBST. Between
each stage the membrane was washed (three times) in TBST
for 5 min. Visualization was by addition of chemiluminescent
substrate (SuperSignal; Pierce Biotechnology Inc., Rockville,
IL) and quantification was carried out using a Kodak image
station 440CF. For detection of endoG by western blotting,
activity gels containing regions of digested DNA were
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incubated in 10% SDS for 1 h and the proteins present
transferred to nitrocellulose membranes at 300 mA for 80 min.
The membranes were then blocked with phosphate-buffered
saline (PBS) containing 0.1% Tween-20, 5% milk and 5%
fetal calf serum for 24 h at 4°C with gentle rocking.
Membranes were incubated with a primary antibody to
endoG (a kind gift from Dr X. Wang, 1:1000 dilution)
overnight at 4°C, washed (3 X 30 min) with PBS containing
0.1% Tween-20, then incubated with secondary antibody
(1:5000 goat anti-rabbit IgG conjugated to horseradish
peroxidase; Sigma) in blocking solution for 45 min at room
temperature. The membranes were washed with PBS/0.1%
Tween-20 for 3 X 30 min and endoG detected by
chemiluminescence.

Preparation of endoG-specific substrate and
determination of endoG activity

Rat liver mtDNA was amplified (forward primer, 5’-gacatc-
tcgatggtaacggg-3’; reverse primer, 5’-tcgggaaattttaccaatgc-3)
between nucleotides 15828 and 16231. This region of the
mitochondrial D-loop encompasses a poly(dG), residue tract
that has been shown to be susceptible to site-specific cleavage
by endoG (3). In some cases mtDNA was amplified using a 5’-
fluorescein-labeled forward primer. Endonuclease G activity
was determined by incubating 100 ng of amplified DNA with
250 pg/ml of each of the protein fractions in a 20 pl reaction
volume (25 mM HEPES, 5 mM MgCl,, pH 7.5) for varying
time periods. The reactions were stopped by the addition of
2 ul of agarose loading buffer and the products immediately
separated by electrophoresis through a 1.7% agarose gel,
containing 50 pg/ml ethidium bromide, in TBE (0.1 M Trizma
base, 90 mM boric acid, | mM disodium ethyldiaminote-
traacetic acid) buffer at an applied voltage of 110 V. In some
cases, linearized pBR322 plasmid was used as a substrate for
endoG activity. The plasmid possesses a number of poly(dG),
tracts and site-specific cleavage by endoG results in a
characteristic banding pattern. The DNA was visualized by
UV transillumination and quantification was carried out using
a Kodak image station 440CF (Eastman Kodak Co.). In some
cases the DNA was transferred to uncharged nylon mem-
branes (Duralon-UV; Stratagene, La Jolla, CA) and detected
by Southern hybridization as described previously (16).

Protein and DNA determinations

Protein was determined using the Bio-Rad Detergent
Compatible protein assay (Bio-Rad Laboratories, Hercules,
CA) or the Micro BCA protein assay (Pierce Biotechnology
Inc.). DNA was assayed by fluorescence using Picogreen
(Molecular Probes, Eugene, OR).

Enzyme assays

Malate dehydrogenase activity was assayed by following the
decrease in NADH absorbance at A4 nm in the presence of
rotenone as described by Huang et al. (17).

RESULTS
Isolation and characterization of endonuclease activity

An endonuclease activity was extracted from the inner
mitochondrial membrane of rat hepatocytes and extensively

characterized. In order to minimize the possibility of nuclear
contamination, mitochondria were first treated with digitonin
to remove the outer membrane. The resulting mitoplasts were
then disrupted by repeated freeze—thawing in a hypotonic
buffer and the matrix removed. The remaining membranes
were extensively washed before being salt washed. This
procedure results in the selective extraction of proteins (yield
2.8 mg/liver) with endonuclease activity (0.52 ng linearized
pBR322 degraded/min/pg protein) associated with, but not
integral to, the inner mitochondrial membrane. Figure 1A
shows the Sephacryl HR-200 elution profile of the salt-
extracted proteins along with the associated endonuclease
activity as determined by the degradation of linearized
pBR322 plasmid DNA. Activity was found to be associated
with proteins of an apparent molecular mass range of
27-54 kDa (yield 0.8 mg/liver; endonuclease activity
1.47 ng/min/ug). The active fractions were pooled, concen-
trated by ammonium sulfate precipitation and passed over
a Sephacryl HR-100 column (endonuclease activity
10 ng/min/ug). Figure 1B shows two peaks of activity at
apparent molecular mass ranges of 48-64 and 24-29 kDa,
respectively.

The endonuclease activity was found to be dependent on
divalent cations with the optimum Mg?* and Mn?* concentra-
tions being 5 and 0.7 mM, respectively (data not shown).
Activity was not detected in the presence of Na* or Ca?* but
was present when either of these ions was used in conjunction
with 5 mM Mg?* (data not shown), indicating that neither of
these ions was inhibitory. Examination of pH dependence in
the presence of 5 mM MgCl, reveals two pH optima for
activity at pH 5.5 and pH 7.5 (Fig. 1C). These pH optima were
found to be identical for both the 48-64 and 24-29 kDa
fractions. Further, the activity of both fractions was found to
be site-specific with cleavage of linearized pBR322 plasmid
DNA producing a characteristic banding pattern, pictured in
Figure 1B. Incubation of supercoiled pPBR322 with the active
endonuclease extracts resulted in a progressive linearization of
the plasmid via an open circular intermediate (Fig. 2A). As the
relaxed circular DNA is an intermediate substrate in the
conversion of supercoiled to linear DNA, it was predicted that
the protein(s) associated with the endonuclease activity would
still remain attached to this conformation in order to convert it
to the linearized product. The open circular plasmid DNA
shown in Figure 2A was therefore excised from the agarose
gel, electroeluted and ethanol precipitated. The DNA, along
with any associated proteins, was resuspended in Laemmli
buffer, boiled and run on a 12% SDS—polyacrylamide gel. The
large plasmid DNA remains in the wells while any associated
proteins are able to enter the gel. Figure 2B shows one such gel
that, upon silver staining, reveals two proteins of 29 and
31 kDa, respectively. Further incubation of this open circular
DNA-protein complex at 37°C in the presence of 50 mM
HEPES, pH 7.4, and 5 mM MgCl, resulted in degradation of
the DNA (data not shown). No degradation was seen when
supercoiled plasmid DNA, not previously incubated with
protein, was excised from an agarose gel and incubated in the
same buffer (data not shown), suggesting that one or both of
the associated proteins (29 or 31 kDa) was responsible for the
degradation. All the properties outlined above are consistent
with the endonuclease activity isolated from the inner
mitochondrial membrane being that of endoG.



300+ ~1.0

H0.5

(wyBw) uiayoud

0.0

50 4

254

endonuclease activity
(ng pBR322 degraded / pg protein / min)

ol 1]

Nucleic Acids Research, 2003, Vol. 31, No.4 1367

B
-
X
— o
ﬂl'] -
= @
-— =3
= 3
= @
= 3

0 : 0.0
13 14 15

Ve/ Vo

'!"l'!--_

il

(1]

88 B84 78 75 72 70 67 63 55 51 47

pH

Figure 1. Size exclusion chromatography and endonuclease activity of salt-extracted mitochondrial inner membrane proteins. Separation of proteins extracted
from the inner mitochondrial membrane was achieved by means of size exclusion chromatography. The elution of known standards was used to identify the
approximate size of the proteins in the active fractions: 1, B-amylase (200 kDa); 2, alcohol dehydrogenase (150 kDa); 3, bovine serum albumin (66 kDa);
4, carbonic anyhdrase (29 kDa); 5, cytochrome ¢ (12.4 kDa). The relative activity of each fraction was determined by the loss of 20 ng of linearized pBR322
incubated in 20 pl of buffer containing proteins extracted from the inner mitochondrial membrane at a concentration of 0.02 mg/ml. (A) Sephacryl HR-200
separation; proteins were incubated with DNA for 1 h at 37°C. (B) Sephacryl HR-100 separation; proteins and DNA were incubated for 10 min at 37°C.

(C) pH dependence of endonuclease activity.

Site-specific cleavage of DNA by endoG

Previous studies have demonstrated the ability of endoG to
selectively cleave mtDNA at a poly(dG), site within the
mitochondrial D-loop (18-20), the region of the genome
responsible for control of replication. This preferred site of
cleavage lies within a region of the mitochondrial genome that
is highly conserved across multiple organisms, i.e. conserved
sequence block 2 (CSB 2). In the rat, this block contains two
tracts of successive dG bases (five and seven, respectively)
separated by a thymidine residue. The ability of the isolated
endonuclease to specifically cleave this sequence was utilized
in the development of an endoG-specific cleavage assay.
Figure 3A shows a time course of endonuclease cleavage of

the 403 bp amplified fragment by endoG. Only one site of
cleavage can be detected resulting in two smaller fragments of
~150 and 250 bp. As with linearized pBR322 plasmid DNA
(Fig. 10), the site-specific cleavage of the amplified fragment
was maximal at pH values 5.5 and 7.5 (data not shown), the
pH optima characteristic of endoG. In order to determine
the exact location of the cleavage site, the forward primer was
labeled with fluorescein at the 5’-end. Amplification using this
primer along with the unlabeled reverse primer results in a
403 bp fragment that is selectively labeled at one end.
Incubation of this fragment with endoG resulted in cleavage at
a site 250 bp away from the site of labeling (Fig. 3B and C).
This places the cleavage site in the middle of the poly(dG),
tract, within the CSB2 region, and provides further evidence to
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Figure 2. Endonuclease digestion of supercoiled pBR322 plasmid DNA
and analysis of proteins associated with open circular intermediate.
(A) Supercoiled pBR322 plasmid DNA (1 pg) was incubated at 37°C in the
presence of the active 48-64 kDa endonuclease preparation (0.01 mg/ml)
from Figure 1B. Aliquots (100 ng) were removed at the time points indi-
cated and analyzed by agarose gel electrophoresis. Control lane indicates
plasmid DNA incubated in the absence of protein for 60 min.
(B) SDS-PAGE analysis of proteins associated with open circular plasmid
DNA separated in (A).

support the fact that the predominant nucleolytic activity in
our preparations is that of endoG.

Location of endoG activity within the mitochondrion

In order to determine the exact location of the endoG activity
within the mitochondrion, mitoplasts were incubated in the
presence of the amplified endoG-specific substrate. Figure 4
(lanes 2—4) shows that mitoplasts washed with sucrose buffer
possess significant endoG activity. This activity can be
removed upon washing with 150 mM KCI (Fig. 4, lanes
5-7), indicating that endoG is not an integral inner
mitochondrial membrane protein but is loosely associated
with the exterior face of the membrane, presumably via ionic
interactions. No leakage of mtDNA or malate dehydrogenase
(solubilized mitoplasts, 4.3 umol NADH/min/mg protein;
digitonin extracted outer membrane and intermembrane space,
0.07 umol NADH/min/mg protein; KCl wash of mitoplasts,
not detected) was detected during these washing procedures,
an indication that the structural integrity of the mitoplasts was
retained. The possibility that a percentage of the endoG
activity is associated with the internal face of the inner
mitochondrial membrane was investigated by taking salt-
washed mitoplasts and disrupting them with numerous
freeze—thaw cycles. The membranes were then collected by
centrifugation and washed extensively in either buffer A or
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Figure 3. Analysis of endonuclease-mediated cleavage of PCR-amplified
mtDNA D-loop fragment. (A) Time course of D-loop fragment cleavage.
PCR amplified mtDNA D-loop fragment was incubated in the presence of a
48-64 kDa (see Fig. 1B) active endonuclease fraction (0.05 mg/ml) at 37°C
for the times indicated. Aliquots (100 ng) were removed and analyzed by
agarose gel electrophoresis. Lanes 1-5, time course; lane 6, mtDNA D-loop
incubated for 120 min in the absence of protein; lane 7, Sspl cleavage of
mtDNA D-loop fragment; lane 8, 1 kb DNA ladder (Life Technologies,
Rockville, MA). (B and C) D-loop fragment was amplified using primer 1
5’-end-labeled with fluorescein. Lane 1, 1 kb DNA ladder; lane 2, unlabeled
D-loop fragment; lane 3, unlabeled D-loop fragment incubated with active
endonuclease; lane 4, labeled D-loop fragment incubated with active endo-
nuclease; lane 5, fluorescein-labeled A/HindIll fragments. (B) Agarose gel,
ethidium bromide stained. (C) DNA transferred to membrane and developed
using anti-fluorescein antibody.
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Figure 4. EndoG activity associated with inner mitochondrial membrane
detected by degradation of 403 bp fragment of mtDNA. Mitoplasts
(0.25 mg/ml) were incubated with amplified D-loop fragment (100 ng) for
the times indicated at 25°C. Lane 1, molecular weight markers; lanes 24,
time course using sucrose-washed mitoplasts; lanes 5-7, time course using
salt-washed mitoplasts.



150 mM KCI. No increase in endoG activity was seen upon
exposure of the internal face of the mitoplast membrane and
no activity was detected in the matrix fraction, isolated upon
disruption of the mitoplasts (data not shown). To further
confirm that endoG activity is absent from the interior face of
the inner membrane, salt-washed mitoplasts were sonicated
and submitochondrial particles (SMP, inverted inner mem-
brane vesicles where the cristae lie on the external face)
prepared. The SMP were either assayed directly for endoG
activity or solubilized first and then assayed. While there was
some loss of DNA when compared to control incubations,
there was no endoG-specific cleavage of the DNA when either
the mitochondrial D-loop fragment or linearized pBR322 was
used as substrate, demonstrating an absence of enzyme
activity associated with the inner face of the mitochondrial
inner membrane. In addition, mitochondrial matrix, derived
from mitoplast sonication, was incubated with the DNA. As
with the SMP, some loss of DNA occurred but no endoG-
specific activity was detected. Taken as a whole, these
experiments suggest that rat liver endoG activity is located
exclusively on the outer face of the inner mitochondrial
membrane.

Release of endoG activity upon initiation of a MPT

Since our studies with mitoplast membranes suggest that
endo@G activity is loosely associated with the outer face of the
inner mitochondrial membrane, it may be that, like cyto-
chrome c, it is also present in the intermembrane space from
where it would be released upon damage to the outer
membrane. In order to investigate this, mitochondria were
incubated in the presence of Ca®* (1 uM) and the release of
endoG activity and cytochrome c protein was monitored.
Calcium treatment results in the induction of a MPT (Fig. 5A)
that can be prevented by preincubation of the mitochondria
with cyclosporin A. Figure 5 shows the activity of endoG and
amount of cytochrome c released from the mitochondria
during induction of a MPT (Fig. 5B and C) and the quantities
remaining behind (Fig. 5D and E). Induction of a MPT results
in the total loss of endoG activity from the mitochondria along
with virtually all of the cytochrome c protein. Pretreatment of
the mitochondria with cyclosporin A completely prevents this
loss. We conclude that rat hepatic endoG activity, like
cytochrome c, is exclusively located in the mitochondrial
intermembrane space loosely associated with the outer surface
of the inner membrane and is readily released upon rupture of
the outer mitochondrial membrane.

Identification of DNase activity

In order to further confirm that the activity released upon
induction of a MPT belonged to endoG, an activity gel was
prepared. Proteins released following induction of a MPT
were separated on a 12% polyacrylamide gel containing
linearized pBR322 plasmid DNA. This substrate had pre-
viously been shown to be attacked by endoG in an initially
site-specific manner with prolonged incubation resulting in
widespread degradation (Fig. 1A and B). Figure 6 shows the
results of the activity gel. At pH 7.5, one of the enzyme’s two
pH optima (Fig. 1C), two clear bands of DNA degradation can
be visualized (lane 1) with apparent molecular weights of 27
and 54 kDa. These molecular weights correspond exactly to
the expected sizes of the monomeric and dimeric forms of
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Figure 5. Effect of a MPT upon the retention of endoG activity and cyto-
chrome ¢ protein by rat liver mitochondria. (A) Mitochondria (75 pg/ml)
were suspended in 2 mM HEPES, pH 7.5, 0.25 M sucrose, 10 mM succinate
and 1 mM potassium phosphate at 25°C, in the presence or absence of
cyclosporin A (CyA, 4.5 pg/ml), and a MPT induced by the addition of
Ca?* (1 uM final concentration). Absorbance was monitored at 540 nm.
(B and D) EndoG activity released and retained by the mitochondria upon
induction of a MPT. (C and E) Cytochrome c protein released and retained
by the mitochondria upon induction of a MPT. Lane 1, control mitochon-
dria; lane 2, Ca’*-induced MPT; lane 3, Ca’*-induced MPT following
pre-treatment (5 min) with CyA.
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Figure 6. Western blotting of endoG activity gel. An endoG activity gel
was run, transferred to nitrocellulose and probed with an antibody to endoG
as described in Materials and Methods. (A) Activity gel. Lane 1, proteins
released during induction of a MPT; lane 2; molecular weight markers
(MW). (B) Western blot of lane 1. (C) Coomassie blue stained MW.
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Figure 7. Characterization of mitochondrial endo-exonuclease activity. (A) Time course of amplified mitochondrial D-loop degradation by an endo-
exonuclease extract isolated from SMP that had been freeze—thawed and the membranes removed by centrifugation. DNA (100 ng) was incubated in the
presence of endo-exonuclease extract (0.25 pg/ul) at 37°C for the times indicated. (B) Dose-response degradation of linearized pBR322. All incubations
proceeded for 15 min. CI1, control DNA; C2, control DNA incubated for 15 min at 37°C. (C) Time course of supercoiled mtDNA cleavage and subsequent
degradation. Mitochondrial protein (0.15 pg/pl) was incubated with DNA (100 ng) at 37°C for the times indicated. C1, control mtDNA; C2, control mtDNA
incubated for 60 min at 37°C. (D) pH dependence of endonuclease activity. Supercoiled mtDNA (100 ng) was incubated in the presence of endo-exonuclease

extract (0.15 pg/ul) for 3 min.

endoG and are in the same size ranges as those isolated by size
exclusion chromatography (Fig. 1B). In addition, a very faint
activity band can be seen above the 54 kDa band at 63 kDa.
Both the 27 and the 54 kDa bands exhibited the same pH
activity profile (Fig. 1C) as seen with the 24-29 and 48-
64 kDa fractions isolated by size exclusion chromatography
(Fig. 1B). The proteins in the activity gel were denatured, by
incubating the gel in SDS, transferred onto nitrocellulose and
probed with an antibody to endoG. Lane 3 of Figure 6 shows
the resulting western blot. Major bands can be seen at 27 and
54 kDa, the two regions of the gel that also displayed DNase
activity (lane 1). A number of other bands can also be
detected, including the 63 kDa band. As this band also
appeared in the activity gel, it is likely that it is either an
alternative conformation of endoG or a complex between the
monomeric/dimeric forms and another protein that is unable to
be disassociated under the denaturing conditions used. Other
proteins detected by the antibody were found to be without
activity, suggesting that they are not endoG or that they are
inactive forms of the enzyme. Taken together, these data
strongly support the contention that the enzyme activity being
studied is that of endoG.

Characterization of a mitochondrial nuclease distinct
from endoG

Having determined that endoG activity is localized exclu-
sively to the mitochondrial intermembrane space, the question
remains what other nuclease activities exist internal to the
mitochondrial inner membrane. It is extremely likely that a
nuclease, responsible for the general degradation of irrepar-
ably damaged mtDNA, resides within the mitochondrial
matrix or in loose association with the inner face of the
inner mitochondrial membrane. Up until now it has been
difficult to study this because of endoG contamination.
Localization of endoG activity to the intermembrane space
now allows its selective removal from the mitochondria.
Following induction of a MPT and subsequent salt washing of
the mitochondria, SMP were prepared and mitochondrial
matrix isolated. The matrix was incubated with a number of
DNA substrates that had previously been shown to be
susceptible to cleavage by endoG and the results are displayed
in Figure 7. Both the amplified region of the mitochondrial
D-loop and linearized pBR322, two substrates that are cleaved
by endoG in a site-specific manner (Figs 1 and 3), were not



similarly cleaved by the matrix nuclease activity. Instead, a
gradual degradation of both substrates in a manner more
consistent with an exonuclease activity was observed (Fig. 7A
and B). When mtDNA isolated from rat liver was used as a
substrate, both endonuclease and exonuclease activities were
detected (Fig. 7C). Supercoiled DNA was cleaved to a linear
conformation that was subsequently degraded. Additionally, a
time-dependent accumulation of mtDNA at the top of the gel
was observed (Fig. 7C). This activity can be further distin-
guished from that of endoG by its pH profile. Mitochondrial
DNA was incubated with matrix protein at varying pH values
for 3 min. This time period was found to be sufficient to
form linear mtDNA without any further degradation. Endo-
nucleolytic cleavage of DNA, as measured by formation of
linearized mtDNA, was found to have a single pH optimum at
6.4 (Fig. 7D), in marked contrast to the dual pH optima of 5.5
and 7.5 seen with endoG (Fig. 1C).

DISCUSSION

For many years endoG has been linked with mtDNA
maintenance. Suggested functions have ranged from repair
of oxidative damage (1,2), degradation of defective mitochon-
drial genomes (12), mtDNA recombination (3) and the
initiation of mtDNA replication by the generation of RNA
primers (4). Recently, however, data by Li et al. (5) have cast
some doubt as to its involvement with the mitochondrial
genome by demonstrating tBID-induced release of endoG
from mitochondria and its subsequent translocation to the
nucleus where it can initiate chromatin DNA degradation in a
caspase-independent apoptotic process. The question of
whether endoG activity resides solely within the mitochon-
drial intermembrane space is an important one when con-
sidering mtDNA homeostasis. We therefore conducted a
detailed characterization of rat liver endoG with the aim of
determining both its properties and location within the
mitochondrion. Previously, it had been reported that rat liver
endoG was a monomeric protein of 55 kDa (21). This is in
marked contrast to the bovine isoform that has been shown to
be a homodimer consisting of subunits of 27-29 kDa (20,22).
Our data, however, suggest that the liver isoform is similar to
that found in the bovine system, with activity being associated
with apparent protein molecular weights of 24-29 and 48-
54 kDa, as determined by size exclusion chromatography
(Fig. 1B), or 27 and 54 kDa, as determined by western blotting
(Fig. 6). These activities most likely represent the monomeric
and homodimeric forms of the enzyme. Further support for
this comes from experiments where open circular pBR322
plasmid DNA, an intermediate in the endoG-elicited conver-
sion of supercoiled DNA to linear DNA (Fig. 2A), was
electroeluted from an agarose gel and associated proteins
separated by SDS-PAGE and detected via silver staining.
Only two proteins, with apparent molecular weights of 29 and
31 kDa, were found to be associated with the isolated DNA
(Fig. 2B). As the open circular conformation is eventually
cleaved to the linear form, it is likely that one of the associated
proteins was endoG. Other properties of the rat isoform, i.e.
requirement for divalent cations for activity, dual pH optima
(Fig. 1C) and preferential cleavage of poly(dG:dC), tracts
(Figs 1B and 3A), are similar to those reported for the bovine
enzyme.

Nucleic Acids Research, 2003, Vol. 31, No.4 1371

In order to assay endoG activity and to distinguish it from
any other potential nucleases within the mitochondrion, a
region of the mitochondrial D-loop incorporating the CSB 2
tract was amplified and utilized as a specific substrate
(Fig. 3A). In the rat, the CSB 2 comprises successive 5 and
7 bp poly(dG), tracts separated by a single dT residue and has
been shown to be selectively susceptible to endoG-mediated
cleavage (18-20). This finding, along with the highly
conserved nature of the CSB 2 region across multiple species,
represents the major contributing data behind the long-held
concept that endoG is involved in mtDNA homeostasis. The
amplified 403 bp substrate is selectively cleaved by endoG
within the poly(dG:dC), tract into two distinguishable bands
of 250 and 150 bp, respectively (Fig. 3). The highly specific
nature of the DNA substrate makes it an ideal tool for
determining the precise localization of endoG activity within
the mitochondrion. Data suggest that endoG activity is
localized exclusively to the mitochondrial intermembrane
space where it is readily released in its entirety, along with
cytochrome c, during onset of a cyclosporin A-sensitive
permeability transition (Fig. 5). Studies involving fractiona-
tion of mitochondria into mitoplasts and submitochondrial
particles support this contention with only intact mitoplasts
possessing any endoG activity (Fig. 4). Upon washing with
150 mM KCI all the endoG activity is removed (Fig. 4).
Further, both matrix proteins and solubilized SMP, derived
from salt-washed mitoplasts, fail to reveal any endoG activity
(data not shown), an indication that enzyme activity does not
reside on the interior face of the mitochondrial inner
membrane or within the mitochondrial matrix. That the
enzyme activity being detected is that of endoG is supported
by the data in Figure 6. An activity gel performed with
proteins released upon induction of a MPT reveals pronounced
DNase activity associated with bands of 27, 54 and, to a lesser
extent, 63 kDa, all of which are recognized by an antibody
specific to endoG. Proteins of similar molecular weight ranges
(separated by size exclusion chromatography) were also
associated with the site-specific degradation of linearized
pBR322 (Fig. 1C), suggesting that both methodologies were
detecting the same proteins.

The presence of endoG activity within the intermembrane
space raises the question of whether its role is solely to assist
in apoptosis or if it has some other physiological function.
Endonuclease G is a member of an ever-growing family of
sugar-non-specific nucleases that are ubiquitous in their
occurrence. Included in this group are a number of prokaryotic
nucleases including the Anabaena nuclease, the Serratia
nuclease and EndA from Streptococcus pneumoniae that are
secreted by the bacterium in order to digest exogenous nucleic
acid. The nucleotides produced are then taken up by the
bacterium and used as precursors for nucleic acid synthesis
(23). It may be that endoG performs a role in protecting
mitochondria from invasion by extra-mitochondrial nucleic
acid and in doing so also provides a source of nucleotides that
are taken up into the matrix and used in the synthesis of
mtDNA.

An interesting observation is that upon removal of endoG
activity from the mitochondria, another nuclease activity can
be detected internal to the inner mitochondrial membrane.
This nuclease causes a gradual degradation of amplified DNA
and linearized pBR322 plasmid DNA (Fig. 7A and B) without
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the site-specific cleavage seen with endoG (Fig. 1B). In this
case it appears to be acting as an exonuclease. When
supercoiled mtDNA is used as a substrate, however, both
endo- and exonuclease activities can be detected (Fig. 7C).
That the endonuclease activity is not due to the presence of
endoG activity is shown by the fact that the matrix enzyme has
a single activity optimum at pH 6.4 (Fig. 7D) whereas endoG
has two optima for activity at pH values 5.5 and 7.5,
respectively (Fig. 1C). Whether the endo- and exonucleolytic
activities arise from the same enzyme or from separate
enzymes has yet to be determined. The bulk of the enzyme
appears to reside in the mitochondrial matrix with a much
smaller amount detected in solubilized SMP. This may be
artifactual, however, since the matrix was isolated during
preparation of SMP, which involves sonication of the inner
mitochondrial membrane. This can result in proteins becom-
ing disassociated from the membrane and appearing in the
matrix fraction. If it is associated with the membrane, it is
likely to be either an integral membrane protein or loosely
associated with the interior face of the membrane, as it was not
removed during salt washing of the mitoplasts, in contrast to
endoG activity (Fig. 3). The physiological role of this enzyme
has yet to be determined but it may be involved in the general
degradation of mtDNA. To date, an enzyme devoted solely to
the turnover of the mitochondrial genome has yet to be
identified.

The localization of endoG activity to the intermembrane
space raises questions about the other endo-exonucleases
characterized in mitochondria from other species. Major
mitochondrial endo-exonucleases have been identified in
species as diverse as Podospora anserina (24), Neurospora
crassa (25), Crithidia fasciculata (26) and Saccharomyces
cerevisiae (27). In all of these organisms, the enzymes show
activity towards both DNA and RNA and have a requirement
for divalent cations, most notably Mg2*. Many appear to be
homodimeric with the monomers ranging in size from 32 kDa
in Crithidia (26) to 49 kDa in Podospora (24) and all have
optimum activities around physiological pH with the excep-
tion of that found in the kinetoplasts of Crithidia, which
exhibits endonuclease activity at pH 6.4, interestingly the
same pH value as the optimum for the unknown matrix
enzyme presented in this study. The role of these enzymes
remains somewhat elusive and, in view of the data presented
in this manuscript, it is clear that accurate localization of these
enzymes within the mitochondrion is imperative in order to
ascribe a function. To date it appears that the DNase content of
mammalian mitochondria consist of a number of base excision
repair endonucleases, e.g. OGG1 (28), located internal to the
inner mitochondrial membrane, in close proximity to the
mitochondrial genome, and a potent endo-exonuclease
(endoG) residing within the intermembrane space. Whether
the only DNase activities residing within the mitochondrial
matrix are involved in mtDNA repair or whether there are
others involved solely in mtDNA degradation, such as the
matrix activity described in this manuscript, remains to be
seen.

In conclusion, our data demonstrate that rat hepatic endoG
is a homodimeric enzyme with subunits of 27 kDa, according
to western blot analysis, or 24-29 kDa, according to size
exclusion chromatography. In this respect and in its
properties, i.e. pH optima, requirement for divalent cations

and preference for homopolymeric (dG:dC), tracts, it is
identical to the bovine isoform already characterized in detail
(20,22). Additionally, its activity is localized exclusively to
the mitochondrial intermembrane space where it exists in
loose association with the mitochondrial inner membrane. No
endoG activity could be detected in association with the
internal face of the mitochondrial inner membrane or within
the mitochondrial matrix. Further, upon release of endoG
activity, via induction of a MPT, an alternative nuclease(s)
activity can be demonstrated internal to the inner mitochon-
drial membrane. The precise location and physiological role of
this enzyme(s) with regard to mtDNA homeostasis are
currently under study. Taken together these data strongly
suggest that endoG activity is not involved in mtDNA
homeostasis, a finding that may be utilized in the development
of new gene therapies for various mitochondrial disease states.
Endonuclease G is a potent endonuclease capable of efficient
digestion of circular DNA. Its presence on the exterior face of
the inner mitochondrial membrane probably contributes
significantly to the difficulty of transfection of mitochondria
with plasmid DNA. Hence, a selective knockout of endoG
may have no deleterious consequences to mtDNA mainten-
ance, allowing for the successful transfection of respiration-
ally impaired mitochondria with plasmids harboring deficient
genes.
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