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Abstract

Mice wherein the wild-type mitochondrial DNA polymerase (pol v) is replaced by a proofreading-deficient ver-
sion are born with mutation frequencies in mitochondrial DNA (mtDNA) much higher than are ever normally
seen in old rodents or humans. These mice, however, are phenotypically normal at birth, raising the question
regarding how the much lower frequencies observed in normal aging could possibly contribute to the aging
process. In contrast, transgenic mice with cardiac-specific expression of a proofreading-deficient poly y from
birth onwards accumulate mtDNA mutations to levels normally seen in aging. But these mice develop dilated
cardiomyopathy suggesting that age-related mtDNA mutations are pathogenic. Using computer simulation,
we show that both findings are predicted based on the hypotheses that (1) rare lethal mutations that cause
apoptosis underlie the pathogenesis of mutagenesis in mtDNA and (2) most sporadic mtDNA mutations are
phenotypically recessive and therefore nonpathogenic. Biochemical evidence is presented that mitochondria
with mtDNA mutations generate a peptide that causes the release of cytochrome c, providing a mechanism for
the increased apoptosis observed in aging. Simulation also predicts that normal, age-related accumulation of
mtDNA mutations causes significant levels of cell death. These findings suggest that mtDNA mutations play

an important role in the aging process and that their pathogenic mechanism is linked to apoptosis.

Introduction

CONTROVERSY EXISTS OVER THE ROLE played in aging by mu-
tations in mitochondrial DNA (mtDNA). The Mito-
chondrial Theory of Aging posits that mitochondrial respi-
ratory function declines with age to the point where energy
needs go unmet leading to physiological senescence.! De-
clining respiratory function may also generate more reactive
oxygen species (ROS) due to dysfunctional respiratory en-
zyme complexes, setting up a vicious cycle of further dam-
age to the respiratory machinery and in turn still more ROS
generation.? With the discovery that levels of mtDNA mu-
tations rise hundreds of fold with age? a plausible mecha-
nism appeared to be in hand for the declining respiratory
function with age, because all 13 mitochondrial protein genes
encode essential subunits of respiratory enzyme complexes.*
Certainly a wealth of data shows a correlation with age of
declining respiratory function, increased oxidative stress,
and rising levels of mtDNA mutations.’ However, the causal
role played by mtDNA mutations in age-related mitochon-
drial dysfunction has been difficult to demonstrate.

To address that question we constructed the first trans-
genic mouse model for accelerated accumulation of mtDNA
mutations.>” By expression of a proofreading-deficient
mtDNA polymerase (pol ) specifically in the heart, trans-
genic mice were constructed wherein the frequencies of ran-
dom point mutations in mtDNA mutations rapidly increase
by 4 weeks of age to levels commonly found in rodent or hu-
man hearts at late ages, i.e,, 1 per 10* base pairs (bp) of
mtDNA, equaling approximately 1 point mutation per ge-
nome. These transgenic animals simultaneously develop di-
lated cardiomyopathy showing that low levels of random
mtDNA mutations are indeed pa’chogenic.8 Surprisingly,
however, pathogenesis is accompanied by neither decreased
respiratory function nor increased oxidative stress in the
heart.” Rather, disease arises because mtDNA mutations
cause apoptotic cell death: by 3-4 months of age these mice
lose nearly 40% of their cardiomyocytes.!%1! Furthermore,
surviving cardiomyocytes are not physiologically senescent
as their contractility increases twofold over normal car-
diomyocytes, reflecting compensatory mechanisms to pre-
serve cardiac output.!! These findings support a mitochon-
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drial theory of aging, but they focus attention on how
mtDNA mutations lead to apoptosis rather than on how they
impair mitochondrial respiratory function.

Recent findings, however, cast doubt that age-related
mtDNA mutations are pathogenic.!>!® They imply that age-
related mutations are an epiphenomenon that like grey hairs
accompany aging but do not cause it.'*!® Following our
model, two other “knock-in” mouse models were con-
structed for the accelerated accumulation of mtDNA muta-
tions.'®!7 Similar to our model, they relied on a proofread-
ing-deficient pol vy to generate mutations in mtDNA. Unlike
our model, however, they replaced the endogenous nuclear
gene with the mutant version so that expression, and there-
fore the accumulation of mutations, occurs in all tissues start-
ing early in embryogenesis. In our model, the mutant pol y
is a chromosomal transgene, and its expression is driven by
the cardiac-specific a-myosin heavy chain (a-MHC) pro-
moter, which does not turn on until after birth. Thus, in our
model embryonic development of the heart is normal and
mutations do not begin to accumulate until after most cell
division has ceased, and then only in the heart.>” The co-
nundrum is that homozygous mutator mice in the knock-in
models are born with much higher frequencies of mtDNA
point mutations (approximately 100-fold) than are ever nor-
mally seen in aged mice or humans.'?1%181° These mice ap-
pear phenotypically normal at birth.1®!” Heterozygous mice
are born with frequencies some 30-fold higher than old nor-
mal mice, accumulate still more mutations with age, yet
show neither specific pathologies nor a decreased life-
span.1216

Homozygous mutator mice do show accelerated onset of
age-related pathology—for instance, they too develop di-
lated cardiomyopathy—but the frequenqcy of mtDNA mu-
tations climbs to more than 1000-fold higher than in normal
aging.1?1” These findings appear to rule out the likelihood
that the much lower frequencies of age-related mtDNA mu-
tations in normal aging could be pathogenic.

We show here that the findings with the mutator mice are
not inconsistent with a causal role for mtDNA mutations in
aging. In our transgenic mice, and indeed in the mutator
mice as well, characterization of tissue pathology points to
apoptotic cell death as the mechanism for disease.810:11.17.20
Previously, we demonstrated increased cytochrome c release
in transgenic hearts and a protective role for Bcl2, implying
that mtDNA mutations lead to cell death by activating the
intrinsic pathway for apoptosis.®-1° In this paper, we pres-
ent evidence that mitochondria with elevated levels of
mtDNA mutations secrete a peptide that induces cytochrome
c release. This finding suggests that continuing mutagenesis
of mtDNA gives rise to lethal mutations which cause apop-
tosis. A corollary to that suggestion is that by far most of the
random mutations generated in the various mouse models
for accelerated aging are nonpathogenic, as would be the
vast majority of mtDNA mutations accumulating with nor-
mal aging. The lack of pathology in neonatal mutator mice
despite high frequencies of random mtDNA mutations sup-
ports that corollary. By computer simulation of the effects of
both normal and accelerated mtDNA mutagenesis during
embryogenesis and in the postmitotic heart, we show that
pathogenesis based on the generation of rare lethal mtDNA
mutations demonstrates the importance that mtDNA muta-
tions could play in aging.
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Materials and Methods
Simulation

The simulation of cell death in the heart from rare lethal
mtDNA mutations is based upon the following data and as-
sumptions. The number of mtDNA molecules during em-
bryogenesis is on average 600 copies per cell based on mea-
surements of mtDNA content in mouse embryonic cells.?! A
total of 40 doublings of mtDNA in the 21-day embryonic pe-
riod is used, which models not only the rapid increase in cell
number occurring during this time but also turnover of
mtDNA and cell death and replacement during tissue de-
velopment. After birth the heart undergoes hypertrophic ex-
pansion wherein the number of cardiomyocytes does not
change significantly but the mtDNA content increases to
10,000 copies per cell on average as the volume of car-
diomyocytes increase.?? After reaching adult size (approxi-
mately 6 weeks of age) mtDNA copy number in cardiomy-
ocytes is held constant, and turnover of mtDNA is modeled
to occur with a half-life of 15 days.?3?* During embryogen-
esis only mtDNA replication is assumed (i.e., no turnover)
and replication of all classes of mtDNA molecules (i.e., wild-
types, molecules with nonpathogenic mutations, and mole-
cules with lethal mutations) is modeled by a mechanism of
sampling with replacement, consistent with mtDNA repli-
cation in cultured cells.?> An mtDNA molecule is chosen at
random from the cellular pool, replicated, and then both mol-
ecules are added back to the pool before the next molecule
is replicated, a process continuing until the copy number
doubles, on average. Segregation of all mtDNA classes dur-
ing cell division is random and daughter cells receive on av-
erage 50% of the mtDNA molecules. In this and all other
parts of the simulation, actual numbers are derived from
Poisson distributions with the stated means. During hyper-
trophic expansion, replication and turnover are modeled as
occurring with no cell division. For each round of replica-
tion, one third of the existing mtDNA molecules are ran-
domly destroyed (on average) and the remaining molecules
then duplicated (as above) for a total of ten rounds until
mtDNA copy number increases to 10,000 per cell on aver-
age. In the adult heart, turnover is modeled so that 50% of
the molecules on average are randomly destroyed in every
round and the remaining molecules replicated to maintain
an average of 10,000 copies per cell.

Mutations are imposed on the system during replication.
When using a proof-reading deficient pol v, a mean error
rate of 1.2 X 10~° mutations per base is used, based upon in
vitro studies on the fidelity of proofreading-deficient mutants
of human pol y and observed mutation frequencies in mu-
tator mice.'>26 Mutator mice are assumed to have error-
prone replication from the beginning of embryogenesis, as
mtDNA replication in mouse development initiates early in
the blastocyst stage.?” Cardiac specific transgenic mice are
modeled to have error-prone replication from birth onwards
consistent with characterization of transgene expression.” In
normal mice, a 100-fold reduced error rate (i.e., 1.2 X 1077
mutations per base) is used during embryogenesis based on
studies comparing the error rates of wild-type versus proof-
reading-deficient pol y.28 Error rates are modeled to increase
exponentially with age (reflecting, for instance, mutagenesis
arising from oxidative damage) consistent with the observed
age-related exponential increase in mutation frequencies,!?
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so that by 3 years of age normal nice have frequencies of
point mutations of about 1 per 10* bp, as typically reported
in aging.!

Lethal mutations are modeled to arise randomly at a ra-
tio of 1 per 16,000 nonpathogenic mutations. Biochemical
fractionation of the cytochrome c releasing activity from mi-
tochondria with elevated levels of mtDNA mutations indi-
cates that it consists of a single factor (see Results), suggest-
ing that it arises by mutagenesis of a unique target in the
mitochondrial genome. Given a genome size of 16,300 bp, a
conservative assumption is that a single, specific nucleotide
in the genome constitutes the target for random mutagene-
sis leading to the formation of the lethal factor. Another un-
known variable in the simulation is the number of lethal mu-
tations needed to induce apoptosis. Presumably that number
varies depending not only on the levels of antiapoptotic pro-
teins in a cell, but also on the rate of synthesis of the lethal
factor in mitochondria and on cell size, due to mass action.
By 6 weeks of age all cardiomyocytes in our transgenic mice
upregulate Bcl2 as well as other antiapoptotic proteins in an
effort to counteract the apoptotic signal emanating from mi-
tochondria.#19 Assuming that the signal derives from the ac-
tivity of the lethal factor, this observation implies that ma-
ture cardiomyocytes can tolerate at least a single copy of the
lethal mutation. In the simulations we model the effects of
between 1 and 20 lethal hits per cell in order to discern the
effects of a prosurvival response on cell death.

Simulation was performed with code written in Python,
using RPy for generation of Poisson distributions. One thou-
sand cells were modeled to start embryogenesis, and the ac-
cumulation of lethal and nonpathogenic mutations was de-
termined in those cells for each round of replication. Data
were saved to a text file, imported into Excel, and then ana-
lyzed for cell death and mutation frequencies under differ-
ing scenarios for the number of lethal mutations (hits)
needed to kill a cell. Mutation frequencies were calculated
for each remaining live cell and averaged to give overall tis-
sue frequencies at each round. Source code for each simula-
tion (i.e., mutator, transgenic, and normal mice) is presented
in Supplementary Material and is freely available upon re-
quest.

Cytochrome c releasing factor

Factor was generated by incubation of transgenic cardiac
mitochondria (12 mg protein, prepared as described previ-
ously” from mice 8-12 weeks of age) for 1 hour at 37°C in
500 uL of a buffer consisting of 0.6 M sorbitol, 150 mM KCl,
10 mM Tris-HCI, pH 7.4, 10 mM KPOy, 0.1 mM ethylendi-
aminetetraacetic acid (EDTA), 13 mM MgSO,, 5 mM adeno-
sine triphosphate (ATP), 5 mM phosphoenol pyruvate (PEP),
0.1 mM guanosine triphosphate (GTP), 1 mg/mL a-keto-
glutarate, 2 units pyruvate kinase, and the protease inhibi-
tors leupeptin, aprotinin, pepstatin, and phenylmethyl sul-
fonyl fluoride (PMSF). After centrifugation of the reaction
mixture (20 minutes, 17,000g), the supernatant was fraction-
ated by gel filtration (Superdex 30, 100 mM ammonium bi-
carbonate buffer), collecting 0.5 mL fractions.

To assay cytochrome c releasing activity, aliquots (50 uL)
were lyophilized, dissolved in 25 uL mitochondrial isolation
buffer (0.25 M sorbitol, 10 mM Tris-HCI pH 7.4, 0.1 mM
EDTA, 0.1% bovine serum albumin [BSA]), and added to 25
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L suspensions of control mitochondria (100 ug protein) sus-
pended in the same buffer. After incubation for 30 minutes
at 37°C, the reaction mixture was centrifuged for 10 minutes
at 17,000¢ and 30 ul of the supernatant added to an equal
volume of 2X Laemmli buffer for analysis by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blotting for cytochrome c¢ using an anticy-
tochrome ¢ antibody from BD Biosciences (San Jose, CA) and
enhanced chemiluminescence (ECL) detection (Amersham,
Uppsala, Sweden).

Reverse-phase chromatography was performed on pooled
fractions from gel filtration chromatography that contained
activity (and equivalent fractions from the control sample
lacking activity). These pools were lyophilized, dissolved in
5% acetonitrile, 0.1% trifluoroacetic acid (TFA) and fraction-
ated by C18 reverse-phase chromatography. The column was
developed with a linear gradient of 5% acetonitrile, 0.05%
TFA to 95% acetonitrile, 0.045% TFA (flow rate 0.5 mL/min,
40 minutes elution, 1 mL fractions collected). Aliquots (50
L) from each fraction were lyophilized, dissolved in 25 uL
mitochondrial isolation buffer and assayed for cytochrome c
releasing activity as described above.

Biochemical analyses of the cytochrome c releasing factor
was performed on pooled fractions from gel filtration chro-
matography (as well as equivalent fractions from controls
lacking activity) that were lyophilized, and dissolved in 1 mL
water. Equal aliquots (except were noted) were distributed
into separate tubes, lyophilized, dissolved in 50 uL 10 mM
ammonium bicarbonate (except where noted) and subjected
to the treatments as described in the legend to Figure 4.

Results

Our hypothesis is that it is the rare lethal mutation, rather
than the burden of overall mutations, that drives pathogen-
esis by causing cell death. However, to evaluate this hy-
pothesis critically we need to know how much cell death is
expected in a tissue given observed mutation frequencies.
Furthermore, the amount of cell death would depend on
what fraction of overall mutations are lethals. To gain insight
into those questions we performed simulations that model
expected cell death with age as mutation frequencies rise.
For these simulations a ratio of 1 lethal mutation per 16,000
overall mutations was used, based on the assumption that a
single nucleotide position in the mitochondrial genome is the
target for a lethal mutation.

The relationship between overall tissue mutation fre-
quencies and cell death is shown in Figure 1. Considering
first simulated mutator mice (Fig. 1A), we see that mutation
frequencies at birth are high: 6 X 10~* mutations per base
pair. By 2 months of age, simulation yields a mutation fre-
quency of 8 X 10~* mutations per base pair, which is close
to reported values of 1.5 X 10~3 mutations per base pair.'?
Yet accumulated cell death by birth is remarkably low—even
assuming that a single lethal mutation is sufficient to cause
cell death, simulation predicts that only approximately 20%
of mitotically active embryonic cells die. Since lost cells can
be replaced by replication during embryogenesis, it is not
surprising that mutator mice are phenotypically normal at
birth. These mice validate the conclusion that most random
point mutations in mtDNA are genetically recessive. Because
any specific mutation is low in frequency, its effects are likely
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masked by complementation within mitochondria. At a fre-
quency of even several mutations per genome, it is unlikely
that within any one mitochondrion approximately all 5
mtDNA molecules suffer mutations in the same gene.

After birth, however, cell death continues in the simula-
tion and indeed accelerates, but in a post mitotic organ like
the heart these cells are not replaced. Continuing cell death
is driven by the generation of new lethal mutations during
the hypertrophic expansion phase and during turnover of
mtDNA in the adult heart. Cell death accelerates because
adult cardiomyocytes contain many more mtDNA molecules
than embryonic cells. Since lethal mutations are hypothe-
sized to be gain of function mutations, i.e., to be biochemi-
cally dominant, a greater mtDNA copy number per cell in-
creases the probability of generating lethal mutations and,
in turn, cell death. Depending on the number of lethal mu-
tations needed to kill a cell, the extent of cell death becomes
significant as these virtual mutator mice age. For instance,
by 1 year of age, cell death over and above that having oc-
curred by birth ranges from approximately 15% for a 20-hit
model to approximately 65% for a 1-hit model. Experimen-
tal models for chronically elevated sporadic apoptosis in the
mouse heart demonstrate that low but persistent levels of
cell death lead to dilated cardiomyopathy and death of mice
at young ages.?’ By 9 months of age mutator mice demon-
strate dilated cardiomyopathy and increased apoptosis in the
heart, suggesting that here too mutation-driven cell death is
pathogenic.

Simulation is also consistent with several features of trans-
genic mice with accelerated mutagenesis of mtDNA starting
after birth in the heart (Fig. 1B). In the virtual heart, muta-
tion frequencies are predicted to be 1.2 X 10~* mutations per
base pair by 1 month of age, close to the measured value of
1 X 10~* mutations per base pair. By 3 months of age, these
frequencies double in the virtual heart whereas we observed
a 50% increase in transgenic mice.” During the first half of
the hypertrophic expansion phase (birth to 3 weeks of age)
cell death is low in the virtual heart, even for the most acute
1-hit model, but then increases greatly during the latter half
of hypertrophic expansion (3-6 weeks of age). Up to 3 weeks
of age transgenic mice likewise show apoptosis frequencies
little changed from controls.® But between 4-6 weeks of age
a wave of apoptosis occurs that subsides by 10 weeks of age
to low but still elevated levels compared to controls. Since
Bcl2, as well as other antiapoptotic proteins, rise several fold
during this phase of declining apoptosis, it appears that a
prosurvival response is upregulated that reduces cardiomy-
ocytic death.!” In the simulation this upregulation is mod-
eled by having the virtual transgenic mice follow a 2-hit tra-
jectory until the prosurvival response engages whereupon
they shift to a 4-hit trajectory (Fig. 1B, dotted black curve).

Transgenic mice homozygous for a Bcl2 null allele show
more cell death due to mtDNA mutations than do transgenic
mice fully wild-type for Bcl2.!! Simulation is consistent with
this finding in that in the absence of a prosurvival response
virtual transgenic mice would follow a low hit trajectory,
e.g., the 1-hit curve, where cell death is rapid and extensive
as mtDNA mutation frequencies rise. In transgenic mice
(wild-type for Bcl2) we find that by 3—4 months of age some
40% of cardiomyocytes are lost, despite upregulation of the
prosurvival response.!’ Simulation, in which their virtual
counterparts follow a normal 2-hit trajectory until 5 weeks
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of age and then shift to a 4-hit trajectory when the prosur-
vival response engages, predicts 25% cell death by 3.5
months of age. The similarity between this value and mea-
sured cell death in transgenic mice further supports the hy-
pothesis that the generation of lethal mutations underlies the
pathogenesis of increased levels of mtDNA mutations.

Simulation also predicts a significant effect on cell death
for naturally occurring age-related mtDNA mutations (Fig.
1C). Longevity studies indicate that laboratory mice have in-
creased age-specific death rates after 2 years of age, so that
by 3 years of age most animals have died.!? Likewise,
mtDNA mutation frequencies are relatively low until 2 years
of age after which they increase exponentially.!? In the sim-
ulation we model mutation frequencies in normal animals
as rising exponentially with age, so that by 3 years of age,
these virtual mice have frequencies of mtDNA mutations of
approximately 1 X 10~* mutations per base pair. In aged ro-
dents and humans, point mutation frequencies are generally
reported to range between 0.1 and 2 X 10~* mutations per
base pair, but with substantial variation according to region
of the mitochondrial genome examined, tissues analyzed,
and techniques employed'?153031 (and references therein).
Thus, the simulation is consistent with naturally occurring
age-related mutation frequencies. Their effect on cell death
in the virtual heart is significant depending on the sensitiv-
ity of the aged heart to lethal mutations in mtDNA, i.e., to
the number of hits (lethal mutations) needed to kill a cell.
For example, using the same 2-hit model as with transgenic
mice, nearly 30% of virtual cardiomyocytes are lost by 3 years
of age. In the rodent heart, apoptosis frequencies rise with
age.3>% In men, more than a third of cardiac myocytes are
lost by 70 years of age.3* Simulation is consistent with these
observations and highlights the importance to aging of the
sensitivity of the heart to apoptosis caused by lethal muta-
tions in mtDNA. It is not clear how aging affects apoptosis
in the heart® but simulation predicts that if resistance to
apoptosis wanes with age, then the impact of mtDNA mu-
tations would magnify.

In the Supplementary Material (Figs. S1-54) we examine
model behavior in response to variations in the mutation rate
and the ratio of lethal to benign mutations. With increases
or decreases in those parameters of up to fourfold relative
to the values used here the percentage of cell death is for the
most part linearly proportional to each parameter—doubling
either the mutation rate or the ratio of lethal to benign mu-
tations doubles the percentage of cell death at a given age
(Fig. S3). It is only with high levels of lethal mutations that
increases in either parameter result in proportionately less
cell death.

Two hypotheses guide these simulations: (1) most random
mtDNA mutations are nonpathogenic and (2) rare lethal mu-
tations underlie the pathogenesis of elevated frequencies of
mtDNA mutations. That mutator mice are normal at young
ages despite high mutation frequencies supports the first hy-
pothesis. Evidence for the second derives from the finding that
transgenic mitochondria, incubated in a medium that sup-
ports the secretion of peptides,® synthesize a factor that in-
duces the release of cytochrome c (Fig. 2). To detect factor ac-
tivity, the incubation medium is cleared of mitochondria by
centrifugation and then fractionated by gel filtration to sepa-
rate the factor from both high and low molecular weight con-
taminants that interfere with the assay for cytochrome c re-
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FIG.1. Computer simulation of aging in mice. The effects of mtDNA mutations on cell survival in the heart are modeled
for mutator mice (A), where error-prone mitochondrial DNA (mtDNA) replication starts from embryogenesis onwards,
transgenic mice (B), where error-prone replication starts from birth onwards, and normal mice (C), where mutation rates
are 100-fold lower than mutator mice but rise exponentially with age so as to yield about 1 mutation per genome in aged
animals. Lethal mutations are modeled to occur randomly at a ratio of one per 16,000 nonpathogenic mutations, based upon
the assumption that a single nucleotide position in the mitochondrial genome is the target for lethal mutagenesis. Each sim-
ulation encompasses four life stages (demarked by the solid vertical lines in each panel and labeled in C): embryogenesis
for 21 days, hypertrophic expansion for 6 weeks, adult postmitotic phase lasting up to 2 years of age, and old age from 2-
3 years of age. The vertical dotted line in each panel designates the 1 year age point. Simulation of mutator and transgenic
mice ends by 2 years of age reflecting their shorter life-span. In each simulation, percent cell survival is determined for a
variable number of lethal mutations (hits) needed to kill a cell (1, 2, 4, 8, 12, and 20; family of curves bottom to top, re-
spectively, as labeled). This number presumably varies depending on the level of antiapoptotic proteins in a cell and the
concentration of the apoptosis inducing factor that is generated from lethal mutations in mtDNA. Thus, these curves sim-
ulate the effect of mtDNA mutations in tissues with different sensitivities for apoptosis. Transgenic mice upregulate an an-
tiapoptotic prosurvival response by 5 weeks of age, which is modeled by constructing a cell survival trajectory in which 2
hits are needed to kill a cell up to 5 weeks of age and then afterwards 4 hits are required (dotted black curve, B). Rising
tissue mutation frequencies in mtDNA (right axis, per base pair [bp]) are indicated by the thick line in each panel; note the
change of scale for normal mice (C). These frequencies do not change significantly in the various scenarios of the number
of lethal mutations required to kill a cell. Note that the bottom axis marks rounds of mtDNA replication.
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FIG. 2. Gel filtration chromatography of a factor secreted
by transgenic mitochondria that induces the release of cy-
tochrome c. Mitochondria were incubated in a medium sup-
porting the secretion of peptides generated within the or-
ganelle.3 After centrifugation, the incubation medium was
fractionated by gel filtration. Shown are the absorbance pro-
files (230 nm) from separate fractionations of transgenic
(filled triangles) and control (filled circles) samples with the
elution position of size markers indicated. Shown below the
elution profiles are results from the activity assay for cy-
tochrome c release by Western blotting of that portion of the
profile in which factor activity was found.

lease. Figure 2 shows that the factor has an apparent molecu-
lar weight of approximately 1500 daltons and is generated by
transgenic but not control mitochondria. Reverse-phase chro-
matography of pooled fractions from gel filtration shows that
the factor elutes as a single peak (Fig. 3), as it does by anion
exchange chromatography (data not shown), suggesting that
it is not composed of a heterogeneous mixture of compounds.

08
|
= ! Transgene
2 ' A
E | A A ; .
S | annni
| Y
v v v v - v
(Fraction# 1 2 3 4 5 6 7 B 910 11 12 13 14 15 16 17 18 19 20
& Y 'Y Y &
- - -
08 !
- ‘ | Control
| ’
E | .
SR _wanmER
(Fraction#) 1 2 3 4 5 6 7 B 9 -u: 112 13 14 15 16 17 18 19 zn
& 'Y

FIG. 3. Fractionation of the peptide factor by C18 reverse-
phase chromatography. Fractions from gel filtration that con-
tained activity (and equivalent fractions lacking activity from
controls) were pooled, lyophilized, and solubilized in 5%
acetonitrile, 0.1% trifluoroacetic acid (TFA) and fractionated
by reverse-phase chromatography. Shown are the elution
profiles measured at 220 nm with the results from the ac-
tivity assays by Western blotting positioned below so as to
correspond to the fractions analyzed.
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FIG. 4. Biochemical analyses of the cytochrome c releasing
factor. Factor was treated as described below and then tested
for cytochrome c release activity. Shown are the results of
the Western blot assay for cytochrome c release. Lane 1, un-
treated; lanes 2 and 3, extraction (2X) with n-butanol: lane
2, aqueous phase, lane 3, pooled organic phase; lane 4, boiled
for 2 minutes; lane 5, protease K (1 ng), 37°C, 1 hour fol-
lowed by inactivation of the protease with phenylmethyl sul-
fonyl fluoride (PMSF); lane 6, inactivated protease K (1 ug,
pretreated with PMSF and boiled 10 minutes) 37°C, 1 hour;
lane 7, chymotrypsin (10 ng), 37°C, 1 hour followed by in-
activation of the protease with PMSF; lane 8, inactivated chy-
motrypsin (10 ng, pretreated with PMSF and boiled 10 min-
utes) 37°C, 1 hour; lanes 9-11, dose response containing 1X,
0.2X, and 0.1X aliquots, respectively; lane 12, 37°C, 1 hour;
lane 13, trypsin (10 ng) 37°C, 1 hour followed by inactiva-
tion of the protease with PMSF; lane 14, inactivated trypsin
(10 ng, pretreated with PMSF and boiled 10 mins), 37°C, 1
hr; lanes 15-18, lyophilized aliquots were dissolved in 20 ul
10 mM Tris-HCl, pH 7.4, 2 mM MgCl,. lane 15, 37°C, 1 hour,
followed by the addition of 4 mM ethylenediaminetetraacetic
acid (EDTA); lane 16, 1 unit DNase I, 37°C, 1 hour, followed
by the addition of 4 mM EDTA; lane 17, 1 unit DNAse I plus
4 mM EDTA, 37°C, 1 hour; lane 18, 1 unit inactivated DNase
I (boiled 10 minutes), 37°C, 1 hour; lane 19, RNase T1, 10
units, 37°C, 1 hour; lane 20, 10 units inactivated RNase T1
(boiled 10 minutes), 37°C, 1 hour. Lane 21, boiled 2 minutes;
lane 22, boiled 2 minutes in 2M acetic acid. Following treat-
ments all samples were lyophilized and assayed for cy-
tochrome c release activity as described in Methods.

Biochemical characterization of the factor indicates that it
is a peptide (Fig. 4). Activity is destroyed by incubation with
chymotrypsin and protease K, but not by trypsin, DNAse,
or RNAse, suggesting that it is a peptide lacking lysine or
arginine residues. Further support that the factor is a pep-
tide derives from data that activity does not partition into
the organic phase upon extraction with n-butanol, and that
activity is resistant to inactivation by boiling in 2 M acetic
acid. As expected, activity is dose dependent. The simplest
interpretation for the origin of the peptide is that it derives
from proteolytic turnover of a specific mutant mitochondrial
protein. Until its amino acid sequence is determined, how-
ever, the possibility cannot be ruled out that it derives from
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an alteration in the processing of a normal protein which is
caused by the lethal mutations.

Discussion

Peptides containing a BH3 motif are able to bind BAK or
BAX, inducing the conformational change that leads to their
oligomerization in the mitochondrial outer membrane and
consequent release of cytochrome ¢.37% The human mito-
chondrial genome encodes a peptide, termed humanin,
which contains a sequence similar to the BH3 motif and
which binds BAX, BID, and BIM, all pro-apoptotic pro-
teins.3*! However, the action of the wild-type humanin
peptide is to prevent BAX oligomerization. Furthermore,
there is controversy whether the humanin peptide is nor-
mally expressed, in part because its coding sequence is em-
bedded within the 165 rRNA gene.*?#3 The mouse mito-
chondrial genome likewise encodes a humanin homolog,
raising the possibility that it might serve as a target for mu-
tagenesis leading to the generation of a mutant peptide ca-
pable of promoting cytochrome c release. Mitochondria effi-
ciently secrete peptides generated within the matrix of the
organelle.’® Our data suggest that secretion of pro-apoptotic
peptides may add yet another mechanism whereby mito-
chondria promote cell death, in addition to the generation of
reactive oxygen species (ROS) and opening of the perme-
ability transition pore.

Simulation provides a tool to test how well experimental
findings are accounted for by the hypothesis that rare lethal
mutations in mtDNA drive pathogenesis due to apoptosis.
That simulated findings are consistent with many observa-
tions made with mutator and transgenic mice lends support
to the hypothesis. Simulation also helps to clarify the role
that mtDNA mutations play in aging. How the phenotypic
impact of age-related mutations is interpreted depends crit-
ically on what model is chosen for their pathogenesis. A
model positing that a burden of random mtDNA mutations
depresses mitochondrial respiratory function, and perhaps
concomitantly increases oxidative stress, leads rightly to the
interpretation that the very high frequencies of mtDNA mu-
tations in phenotypically normal mutator mice make it un-
likely that naturally occurring age-related mutations are sig-
nificant for aging.'? As some commentators have written, the
case is closed on mtDNA mutations affecting longevity.4 On
the other hand, a different interpretation follows from a
model positing that rare lethal mutations in mtDNA lead to
apoptosis, where it is the resulting cell death that underlies
the pathogenesis of mtDNA mutagenesis. As simulated here,
such a model is not refuted by the very high mutation fre-
quencies seen in mutator mice. That is because most of those
mutations are phenotypically recessive. It should be noted,
however, that pathogenesis from rare but phenotypically
dominant lethal mutations would most significantly impact
tissues having cell types with large numbers of mtDNA mol-
ecules (e.g., cardiomyocytes, neurons, pancreatic 8 cells). It
would primarily be such cell types that over a lifetime would
have sufficiently high probabilities of suffering a lethal mu-
tation.

These and other models*#> for the pathogenesis of
mtDNA mutations underscore another important aspect for
their role in aging: namely, that without detailed mechanis-
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tic information linking mtDNA mutations to specific
pathologies, it will remain difficult to assess the importance
of mtDNA mutations to aging. For instance, even if the
amino acid sequence of the lethal peptide identifies specific
mutations(s) in mtDNA that cause cell death, the importance
of such cell death to either physiologic or mitochondrial
function in aged tissues would need to be determined. As
the cardiac transgenic mice demonstrate, a response to lethal
mutations occurs at a cellular level, e.g., upregulation of an-
tiapoptotic proteins and cellular contractility, and at a tissue
level, e.g., dilatation. Thus, it may not only be cell death it-
self that impacts the aging organ, but physiologic senescence
may also be driven by cellular and tissue responses to lethal
mutations in mtDNA.

Correlations of either overall or specific mutation fre-
quencies with physiologic function or longevity may not be
adequate to determine how mtDNA mutations contribute to
the aging process. It seems clear, however, that the various
mouse models for accelerating (and slowing down?®) the rate
of mutagenesis in mtDNA provide powerful tools for un-
dertaking such mechanistic studies.
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