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Oxidative damage during aging targets mitochondrial aconitase
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ABSTRACT The mechanisms that cause aging are not
well understood. The oxidative stress hypothesis proposes that
the changes associated with aging are a consequence of
random oxidative damage to biomolecules. We hypothesized
that oxidation of specific proteins is critical in controlling the
rate of the aging process. Utilizing an immunochemical probe
for oxidatively modified proteins, we show that mitochondrial
aconitase, an enzyme in the citric acid cycle, is a specific
target during aging of the housef ly. The oxidative damage
detected immunochemically was paralleled by a loss of cata-
lytic activity of aconitase, an enzyme activity that is critical in
energy metabolism. Experimental manipulations which de-
crease aconitase activity should therefore cause a decrease in
life-span. This expected decrease was observed when flies were
exposed to hyperoxia, which oxidizes aconitase, and when they
were given fluoroacetate, an inhibitor of aconitase. The iden-
tification of a specific target of oxidative damage during aging
allows for the assessment of the physiological age of a specific
individual and provides a method for the evaluation of treat-
ments designed to affect the aging process.

The aging process or senescence is characterized by a ubiqui-
tous decline in the functional capacity of various physiological
systems and is perhaps most noticeably manifested in the loss
of motor ability and the stamina for sustained physical effort.
One hypothesis of aging proposes that the characteristic
changes of aging are a consequence of the accumulation of
random oxidative damage to cellular molecules, caused by
reactive oxygen or nitrogen species, produced under normal
physiological conditions (1, 2). This hypothesis is supported by
experimental data from many laboratories which established
that cellular steady-state level of oxidatively damaged macro-
molecules increases with age in all species examined thus far
(3–7). The increase is especially pronounced in the latter part
of the life-span. Although the oxidative modifications clearly
affect nuclear and mitochondrial DNA, they are also readily
observed in proteins (5). Oxidatively modified proteins are
generally dysfunctional, losing catalytic or structural integrity
(8). Thus, oxidative damage to proteins is considered to be of
key importance in the aging process. The protein carbonyl
content is a general measure of oxidative damage, and sub-
stantial increases in protein carbonyls have been reported
during aging in the homogenates of a variety of tissues and
species (8). Such findings have contributed to the prevalent
view that random modifications of protein molecules cause a
generalized decrease in metabolic efficiency occurring during
senescence.

However, we hypothesized that oxidative modification of a
particular target or targets occurs during aging and that loss of
activity of this key target initiates an amplification of oxidative
damage which becomes particularly evident during the latter
part of the life-span of an organism. Mitochondria are the

major cellular sources of reactive oxygen species such as
superoxide anion radical and hydrogen peroxide, and the rates
of their generation increase during aging (9–11). In insects as
well as in mammals, oxidative damage to mitochondrial pro-
teins and DNA increases whereas oxidative phosphorylation
declines during aging (12–14). Furthermore, oxidative damage
to an essential mitochondrial protein could also be a critical
initiator of age-related accumulation of oxidized proteins, a
phenomenon that would have been difficult to detect in
previous studies with whole cell homogenates (15). It was thus
reasoned that if specific mitochondrial protein oxidative dam-
age indeed plays a role in senescence and in the associated loss
of motor (flight) ability in flies, such protein(s) should be
detectable in mitochondria. Mitochondria from the flight
muscles of adult houseflies were selected for this study because
of the relatively high rate of oxygen consumption in this tissue
(16) and because it is possible to identify f lies of the same
chronological age which differ in physiological age. The dis-
tinction between chronological and physiological age can be
made because the ability to fly decreases with age and is
entirely lost in the days before death. Thus, in a cohort
population, f lies which only walk (‘‘crawlers’’) and are unable
to fly will die within a few days while those which can fly
(‘‘f lyers’’) will live considerably longer (17, 18).

MATERIALS AND METHODS

Materials. Acrylamideybis-acrylamide was purchased from
Fisher Scientific. Ammonium persulfate and N,N,N9,N9-
tetramethylethylenediamine were purchased from Bio-Rad.
BSA, Coomassie brilliant blue R-250, DTT, 2,4-dinitrophe-
nylhydrazine (DNPH), glycine, isocitrate, NADP1, Tris(hy-
droxymethyl) aminomethane, SDS, and Triton X-100 were
purchased from Sigma. Vanadyl sulfate trihydrate was ob-
tained from Aldrich. Bicinchoninic acid protein assay kit was
purchased from Pierce. Mouse anti-2,4-dinitrophenyl (DNP)
mAb (IgG) and rat anti-mouse IgG mAb conjugated with
horseradish peroxidase were purchased from Zymed. Immo-
bilon-P membrane was purchased from Millipore. Enhanced
chemiluminescence immunochemical detection kit was ob-
tained from Amersham. Protein standard markers were ob-
tained from Novex. Diethylaminoethyl Sepharose Fast Flow
and carboxymethyl Sepharose Fast Flow were purchased from
Pharmacia Biotech.

Animals. Male houseflies were used in all experiments.
After hatching from the pupae, houseflies were separated by
sex, and male flies were placed in 1-ft3 cages at 25°C and 50%
relative humidity. Flies were fed on sucrose and water, which
has been demonstrated in this laboratory to result in a longer
life-span than a diet additionally containing lipids andyor
proteins. Age-related studies were conducted in flies ranging
from 5 to 15 days of age because mitochondria undergo
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developmental maturation during the early phase of adult life,
and increased mortality begin around 15 days of age.

Isolation of Mitochondria. Mitochondria were isolated from
the thoracic flight muscles of adult f lies by a modification of
the procedure described by Van Den Bergh (19). Flies con-
fined in a plastic tube were immobilized by chilling and the
thoraces were separated from the head and the abdomen.
Thoraces were then placed in a mortar containing homoge-
nization buffer (5 mly200 thoraces) consisting of 154 mM KCl,
0.16 mM KHCO3, and 1.0 mM EDTA (pH 7.0) and gently
pounded. The resulting mash was centrifuged at 150 3 g for 5
min and the pellet was discarded. The supernatant was further
centrifuged at 3,000 3 g for 10 min. The mitochondrial pellet
was rinsed carefully, without disturbing the pellet, with two
portions of buffer and then stored at 280°C until analysis.

Polyacrylamide Gel Electrophoresis. Mitochondrial pro-
teins (typically 1 mgyml) were treated with 10 mM DNPH (in
2 M HCl) for 30 min at room temperature. The sample was
then neutralized and electrophoresed under reducing condi-
tions by SDSyPAGE according to Laemmli (20) using a
Mini-PROTEAN II electrophoresis cell (Bio-Rad). Gels were
stained with Coomassie brilliant blue R-250.

Immunochemical Detection. Immunochemical detection
was performed according to the methods of Keller et al. (21)
and Shacter et al. (22). Following SDSyPAGE, proteins were
transferred to Immobilon-P membranes with Mini Trans-Blot
electrophoretic transfer cell (Bio-Rad) using transfer buffer
[25 mM Trisy192 mM glyciney20% (vol/vol) methanol, pH 8.3)
and 100 V (constant voltage) for 1 h. The blots were incubated
with 50 ml 5% nonfat dried milk (wtyvol) for at least 1 h, and
then washed three times for 10 min with Tris-buffered saline
(20 mM Trisy500 mM NaCl, pH 7.5) containing 0.1%
Tween-20 (TBST). Blots were incubated for 1 h at room
temperature with anti-dinitrophenyl mAbs (diluted 1:1000 in
TBST containing 0.2% BSA). The primary antibody was
removed, and the blots were washed three times (10 min each)
with TBST. The blots were then incubated in horseradish
peroxidase-labeled mouse anti-rat IgG (diluted 1:10,000 in
TBST containing 0.2% BSA) for 1 h at room temperature.
After the blots were washed with TBST three times (10 min
each), the oxidized proteins were visualized with an enhanced
chemiluminescence detection kit. Proteins on the membrane
were stained with Amido Black. An 84-kDa mitochondrial
matrix protein exhibited a strong and an age-dependent in-
crease in staining for protein carbonyls.

Purification and N-Terminal Microsequencing of the 84-
kDa Protein. Mitochondria, resuspended in 50 mM sodium
phosphate (pH 7.4), were sonicated in Branson 2200 sonifier
four times for 30 s with 1-min intervals. The sonicated sample
was centrifuged at 8,250 3 g for 10 min, and the supernatant
further centrifuged at 80,000 3 g for 40 min. The supernatant
contained mitochondrial matrix, whereas the pellet contained
mitochondrial membranes. The matrix fraction was 70% sat-
urated by the addition of solid ammonium sulfate, and cen-
trifuged at 30,000 3 g for 30 min. The supernatant was dialyzed
against 50 mM sodium phosphate (pH 7.4) for at least 12 h with
several changes of buffer. The sample was concentrated and
applied to a diethylaminoethyl Sepharose fast f low column,
which was pre-equilibrated with 20 mM Tris buffer (pH 8.2).
The column was washed with Tris buffer containing increasing
concentration of NaCl (0–500 mM, step gradient with 20 ml of
elution buffer in each step, the increment of NaCl is 100 mM,
made from a 2 M stock solution). Fractions containing the
84-kDa protein were pooled together, concentrated, and ap-
plied to a carboxymethyl Sepharose fast f low column. The
84-kDa protein was eluted by 50 mM Mes buffer (pH 6.2)
containing increasing concentration of NaCl (step gradient,
same as above). The N-terminal amino acid sequence of this
protein, blotted to Immobilon-P membrane following SDSy

PAGE, was determined by automated Edman degradation on
a Hewlett–Packard model G1000A protein sequencer.

Enzyme Activity Assay. Mitochondria, resuspended in
TriszHCl buffer (154 mM, pH 7.4), were sonicated four times
for 30 s, with 1-min interval between each sonication. Unbro-
ken mitochondria were removed by centrifugation at 8,250 3
g for 10 min at 4°C. The aconitase activity was determined in
the supernatant using two different methods. Method 1 is a
coupled assay in which the formation of NADPH was followed
at 340 nm, using isocitrate as a substrate (23). Method 2 is
based on the formation of isocitrate from cis-aconitate, mea-
sured as the decrease in absorbance at 240 nm (24). Citrate
synthase was assayed according to Srere (25). Protein concen-
trations were determined by bicinchoninic acid assay (26)
using BSA as the standard.

Densitometric Estimation of Aconitase Carbonyl Content.
BSA was used as the standard for densitometric aconitase
carbonyl determination as described by Winn and Wells (27).
BSA (1 mgyml in 10 mM sodium phosphate, pH 7.4) was
oxidized by a hydroxyl radical generating system consisting of
1 mM vanadyl sulfate and 1 mM H2O2 (28–31). Immediately
after the addition of vanadyl sulfate, the protein was derivat-
ized with an equal volume of 0.5 mM DNPH in 0.1 M sodium
phosphate buffer (pH 6.3). The oxidized BSA carbonyl content
was determined spectrophotometrically as described by Levine
et al. (32). The obtained value was used for estimating acon-
itase carbonyls.

Treatment with Oxygen or Fluoroacetate. Flies confined
within a 1-ft3 cage were placed in a sealed Plexiglas container
connected via a gas manometer to a gas cylinder containing
100% oxygen. Oxygen was bubbled through water and then
passed into the Plexiglas chamber under a low, constant
pressure. Exposure to '100% oxygen is known to increase the
rates of mitochondrial superoxide and hydrogen peroxide
production (33, 34), providing a model of accelerated aging,
and causes death within 5 days (35, 36). For the fluoroacetate
experiments, houseflies (200ycage) were given tap water with
varying concentrations of fluoroacetate.

RESULTS

Identification of Mitochondrial Aconitase as a Target of
Oxidative Damage During Aging. To search for proteins which
were especially sensitive to oxidative damage during aging, we
used a previously developed immunochemical assay for pro-
tein carbonyl groups (21, 22). Mitochondrial matrix fraction
was reacted with the carbonyl reagent, DNPH, resolved by
SDSyPAGE, and oxidatively modified proteins were detected
with anti-DNP antibodies. The level of protein carbonyls in the
mitochondrial matrix (increased immunostain intensity) was
obtained from mitochondria that were not subjected to an
oxidative stress other than that imposed by age. Although a
relatively large number of protein bands were visualized by
Coomassie blue staining, only one major carbonyl-containing
band was seen (Fig. 1A). This protein, with molecular weight
of '84 kDa and pI of 7.3, exhibited a negative immunostain
when the sample was not treated with DNPH and showed an
increasing carbonyl content with increasing age (Fig. 1B). It
was therefore purified and subjected to automated Edman
sequencing which allowed its identification as mitochondrial
aconitase (Fig. 1C).

Determination of Aconitase Carbonyl Content and Aconi-
tase Activity at Different Ages. The carbonyl content of
mitochondrial aconitase was measured densitometrically (27)
in 5-, 10-, and 15-day-old flies, representing young, middle-
aged, and old animals (35, 36). Aconitase carbonyl content in
the 15-day-old flies was 0.71 mol carbonylymol protein, '50%
higher than that of 5- or 10-day-old flies (0.46 and 0.49
molymol, respectively). The catalytic activity of mitochondrial
aconitase was measured in flies of different ages using two
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different methods (23, 24), which yielded the same result (Fig.
2A). Aconitase activity decreased 62% between 7 and 15 days
of age, with a precipitous decline after 10 days of age. Thus, the
drop in functional activity matched the increase in oxidative
modification of the protein.

Aconitase Activity and Physiological Age. A universal fea-
ture of senescence in flies is the loss of flying ability a few days
prior to death, permitting the identification of senescent and
nonsenescent individuals, which are still able to fly (17, 18).
Thus, in a cohort of the same chronological age, one can
separate flies of relatively younger and older physiological age.
A comparison of carbonyl content and aconitase activity was
made between 15-day-old flies that had lost the ability to fly
(crawlers) and their cohorts which retained the ability to fly
(f lyers). Aconitase carbonyl content was distinctly lower in
flyers compared with crawlers (Fig. 2B) whereas enzyme
activity was 70% higher in the flyers (Fig. 2C). Thus, oxidative
inactivation of aconitase was inversely related to the physio-
logical age of the flies.

Effects of HyperoxiayFluoroacetate on Aconitase Inactiva-
tion and Aging. The above correlations support the hypothesis
that oxidative damage to aconitase is mechanistically impor-
tant in the aging process. We tested this idea experimentally in
two different fashions. In the first, f lies were exposed to

hyperoxia; in the second, f lies were treated with fluoroacetate,
an inhibitor of aconitase (37). In response to hyperoxic
exposure, the intensity of immunostaining of aconitase car-
bonyls increased progressively (Fig. 3A), with 23, 72, and 70%
increase, respectively, for 24-, 48-, and 72-h oxygen exposed
flies as compared with control f lies. Accordingly, aconitase
activity was remarkably decreased, with less than 10% activity
remaining after 72-h exposure (Fig. 3B). This was not simply
a generalized effect, as citrate synthase activity was only
slightly affected by the same treatment. The increasing effect

FIG. 1. Identification of housefly mitochondrial aconitase as a
target of oxidative damage. (A) Immunochemical detection of protein
carbonyls in mitochondria from flight muscles of houseflies (15 days
old). DNPH-treated mitochondrial matrix proteins were electropho-
resed on SDSyPAGE (8.5% resolving gel) and transferred to Immo-
bilon-P membrane. Oxidized proteins were detected immunochemi-
cally as described in the text. Lane 1 shows protein standard markers,
and lane 2 contains mitochondrial matrix proteins. Protein was stained
with Coomassie blue. An 84-kDa protein in the matrix exhibited a
strong immunoreaction for the carbonyl groups. (B) Increase in
carbonyl content of the 84-kDa protein in housefly at different ages.
(Upper) The protein band stained with amido black. (Lower) The
immunostain. The control (CTRL) shown is 5-day-old fly mitochon-
drial matrix protein without DNPH treatment. A 25-mg protein was
applied onto SDSyPAGE in both A and B. (C) A computer-assisted
search from protein database identified the 84-kDa protein as mito-
chondrial aconitase. The underlined amino acids show the N-terminal
amino acid sequence homology in mitochondrial aconitase from the
housefly and Caenorhabditis elegans; whereas the amino acids in bold
show the homology with bovine heart mitochondrial aconitase.

FIG. 2. (A) Mitochondrial aconitase activity in the flight muscles
of the houseflies at different ages. Two different methods were used
to determine aconitase activity. Method 1 (■) is a coupled assay in
which the formation of NADPH was followed at 340 nm, using
isocitrate as a substrate (23). Method 2 (}) is based on the formation
of isocitrate from cis-aconitate, measured as the decrease in absor-
bance at 240 nm (24). (B) Immunochemical quantitation of aconitase
carbonyls in 15-day-old flyers and crawlers, collected from the same
population of flies. The procedure was the same as in Fig. 1A. (C)
Aconitase enzyme activity in mitochondria from the flight muscles of
15-day-old flyers and crawlers, collected from the same population of
flies. Enzyme activity was determined by method 1.
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of hyperoxia on aconitase immunostain intensity was over the
constitutive levels in 6-day-old flies.

To test the relationship of aconitase activity to life-span,
f lies were exposed to different concentrations of fluoroacetate
in their drinking water. This aconitase inhibitor caused a
dose-dependent decrease in life-span (Fig. 4). Under our

experimental conditions, the maximum life-span of the non-
treated houseflies was 47 days, shortened to 38, 30, and 17 days
by addition of 1, 50, and 100 mM fluoroacetate to the drinking
water.

DISCUSSION

These studies show that oxidative damage to protein accumu-
lates selectively during aging of the fly. In the mitochondrial
matrix, aconitase is both oxidatively modified and inactivated
during normal aging. Experimental inactivation of aconitase
by either hyperoxia or fluoroacetate shortened life-span, in-
dicating a causal relationship between aconitase activity and
life-span.

Aconitase catalyzes the interconversion of citrate and isoci-
trate in the citric acid cycle, a reaction essential to normal
metabolic function. In housefly, aconitase was estimated to
account for '15% of the total mitochondrial matrix proteins
(data not shown). Therefore, it might be argued that it is the
high abundance of aconitase in mitochondrial matrix that leads
to our identification of this protein. This, apparently, is not the
case, because another highly abundant protein in the matrix,
with a molecular weight of 50 kDa (Fig. 1 A), did not exhibit
any detectable carbonyl groups. In addition, cytosolic aconi-
tase did not exhibit oxidative modification (data not shown).
The relative abundance of aconitase raises the question
whether the accumulation of inactive molecules actually has
functional importance. If aconitase activity became rate-
limiting, then citrate should accumulate during aging. Build-up
of citrate during aging of the fly was indeed demonstrated by
Zahavi and Tahori (38) some 30 years ago. It seems reasonable
to suggest that the decrease in aconitase activity of the
magnitude (62%) observed here would deleteriously affect
oxidative phosphorylation.

The particular susceptibility of mitochondrial aconitase to
oxidative damage may be related to the iron-sulfur cluster
[4Fe-4S] in its active site (39). Studies in vitro established that
aconitase is particularly sensitive to reaction with superoxide
(40–44), which causes release of one iron atom from the
cluster (45). Under normal redox conditions, the release of
aconitase iron by superoxide anion and the resultant inacti-
vation of its activity can be reversed (46). However, elevation
in the rate of superoxide generation, occurring during aging,
can lead to a corresponding enhancement in the production of
H2O2 and hydroxyl free radical. The latter may cause carbony-
lation and an irreversible inactivation of aconitase through
metal-dependent, site-specific oxidations, according to the
mechanism proposed by Stadtman (47).

Inactivation of aconitase may block normal electron flow to
oxygen, leading to an accumulation of reduced metabolites
such as NADH. This condition has been termed ‘‘reductive
stress,’’ and can cause an increased production of reactive
oxygen species through autoxidation of the reduced metabo-
lites, thus further increasing oxidative damage to macromol-
ecules (48, 49). Therefore, oxidative inactivation of aconitase
can initiate a cascade with the potential to cause a dramatic
increase in the cellular burden of oxidative damage. This can
account for the exponential increase in oxidized proteins
during aging, which has been documented in flies, rodents, and
humans (8).

The physiologic age of flies could be distinguished from
their chronological age by assessment of the extent of oxidative
modification of aconitase or by assay of its catalytic activity.
The observation that serum citrate of rabbits increased with
age is consistent with age-dependent inactivation of aconitase
in mammals (38). If the same or some other similar correla-
tions can be demonstrated in different species, such measure-
ments may provide a general surrogate (or biomarker) mea-
sure of physiologic age. Such a surrogate would be useful in
assessing interventions designed to affect the aging process. It

FIG. 3. (A) Immunochemical detection of aconitase carbonyls in
houseflies exposed to 100% ambient oxygen. The assay was performed
as described in Fig. 1. (B) Effect of 100% ambient oxygen on the
activities of mitochondrial aconitase and citrate synthase. Six-day-old
flies were exposed to 100% oxygen for indicated times. Aconitase
activity was determined by method 1, as described in the legend of Fig.
2. Citrate synthase was assayed according to Srere (25).

FIG. 4. Survivorship curves of adult male houseflies administered
with different concentrations of fluoroacetate in their drinking water.
Flies were housed in 1-ft3 cages with 200 flies per cage. A concentra-
tion of 1 mM resulted in 80% mortality within 24 h. Data are based
on the mortality of 200 flies in each population.
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also follows that interventions which specifically protect mi-
tochondrial aconitase from oxidative inactivation would be
predicted to prolong life-span. Any treatments that directly or
indirectly accelerate the oxidation of aconitase would be
predicted to decrease life-span.

The increase in the steady-state level of oxidatively modified
aconitase may be due either to an increased rate of oxidation
or to a decreased rate of removal of the modified protein by
proteolysis (8). Regardless of the causes, the build-up of
inactive forms of enzymes which occupy crucial positions in
intermediary metabolism will certainly impair cellular func-
tion. Aconitase is central to carbohydrate and energy metab-
olism. Similarly, glutamine synthetase affects a panoply of
pathways (50). Its activity declines in the brain of aging
mammals, paralleling an increase in oxidative modification of
proteins (51). Treatment of older animals with an antioxidant
spin-trap restored glutamine synthetase activity to the level of
younger animals (51). Treatment also decreased protein oxi-
dation, increased protease activity, and, most notably, im-
proved cognitive function of the animals. It will be of interest
to determine the effect of treatment on aconitase activity.
Finally, although aconitase is a selective target of oxidative
damage during aging, the present results do not warrant the
conclusion that aconitase is a causal factor of senescence in the
housefly or other organisms. Such an inference may be drawn
only if retardation of the oxidative modification of aconitase
also delays senescence.
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