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ABSTRACT The purpose of this study was to test the
hypothesis that elevation in protein oxidative damage during
the aging process is a targeted rather than a stochastic
phenomenon. Oxidative damage to proteins in mitochondrial
membranes in the flight muscles of the housefly, manifested
as carbonyl modifications, was detected immunochemically
with anti-dinitrophenyl antibodies. Adenine nucleotide trans-
locase (ANT) was found to be the only protein in the mito-
chondrial membranes exhibiting a detectable age-associated
increase in carbonyls. The age-related elevation in ANT car-
bonyl content was correlated with a corresponding loss in its
functional activity. Senescent flies that had lost the ability to
fly exhibited a relatively higher degree of ANT oxidation and
a greater loss of functional activity than their cohorts of the
same age that were still able to fly. Exposure of flies to 100%
oxygen resulted in an increase in the level of ANT carbonyl
content and a loss in its activity. In vifro treatment of
mitochondria with a system that generated hydroxyl free
radicals caused an increase in ANT carbonyl level and a
decrease in ANT exchange activity. ANT was also the only
mitochondrial membrane protein exhibiting adducts of the
lipid peroxidation product 4-hydroxynonenal. Results of this
study indicate that proteins in mitochondrial membranes are
modified selectively during aging.

Presently, the nature of the mechanisms causing losses in the
efficiency of various biological functions during the aging
process is poorly understood. One hypothesis suggests that
accrual of molecular oxidative damage is a major causal factor
in the senescence-related decline of physiological fitness of
organisms (1-3). It is widely believed that the infliction of
molecular oxidative damage, associated with aging, is a ran-
dom rather than a selective or controlled phenomenon (4).
Accordingly, validation of this hypothesis has been sought on
the basis of measurements of oxidative damage in tissue
homogenates. Indeed, studies in several laboratories have
reported age-associated increases in concentrations of oxida-
tion products of macromolecules such as DNA (5), lipids (6),
and proteins (7) in the homogenates of different tissues. Many
have interpreted these increases as indicating that oxidative
damage during aging is a stochastic phenomenon.

Oxidative damage to proteins has been postulated to be of
key importance in the aging process, because oxidized proteins
often lose enzyme activity and may be targeted for preferential
degradation (8, 9). Attacks of reactive oxygen species on
proteins have been shown to increase their carbonyl content
because of the formation of aldehydes and ketones in certain
amino acid residues (8, 9). Age-associated increases in protein
carbonyls, reported in several model systems, are thus believed
to be of particular physiological relevance (8, 9). Studies on the
age-related pattern of activities of various enzymes have
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indicated no uniform trend (10). Indeed, activities of most of
the enzymes remain unaltered. However, some show an in-
crease, and only a few exhibit a decline during aging (11). Such
a diversified pattern is, seemingly, inconsistent with the view
that protein oxidative damage occurs randomly.

The present study tests the hypothesis that the age-
associated oxidative damaging of proteins, detected as car-
bonyl modifications, is a selectively targeted rather than a
randomly directed process. Mitochondrial membrane proteins
from the flight muscles of the housefly were chosen as a model
to test this hypothesis for a number of reasons: (7) mitochon-
dria have been implicated in degenerative diseases and aging
(12); (i) the inner mitochondrial membrane, being the major
intracellular site for the generation of superoxide anion radical
(13-15), a progenitor of other reactive oxygen species (16),
would be vulnerable to oxidative attacks; and (iif) flight-muscle
mitochondria in dipteran flies consume oxygen at one of the
highest rates known in biological systems (17) and also produce
0O3/H,0, at a high rate (18). The age-associated accrual of
oxidative damage could thus be predicted to occur in this
model system. Results of the present study indicate that
age-related increase in molecular oxidative damage to mito-
chondrial membrane proteins is indeed highly selective, pri-
marily involving adenine nucleotide translocase (ANT), with
severe loss of its functional activity.

MATERIALS AND METHODS

Materials. [2,8-*H]Adenosine 5’-diphosphate ([*H]JADP)
trisodium salt and atractyloside were purchased from Sigma.
Rat anti-2,4-dinitrophenyl (DNP) monoclonal antibody (IgG)
and mouse anti-rat IgG monoclonal antibody, conjugated with
horseradish peroxidase, were obtained from Zymed. Anti-4-
hydroxynonenal (anti-HNE) polyclonal antibodies were a kind
gift from Luke Szweda. Adult male houseflies (Musca domes-
tica) were used in all experiments.

Immunochemical Detection of Protein Carbonyls. Mito-
chondrial membranes, isolated as described (19), were solu-
bilized in 10 mM sodium phosphate buffer, pH 7.4, containing
1% Triton X-100 and 1 mM EDTA, followed by treatment with
10 mM 2,4-dinitrophenylhydrazine (DNPH) according to Le-
vine et al. (20). The DNPH derivatized sample, dissolved in 20
mM TrissHCl buffer, pH 7.4, containing 0.1% SDS, was
electrophoresed by SDS/PAGE according to Laemmli (21).
Proteins were then transferred to Immobilon-P membranes
(Millipore)according to Towbin et al. (22). Immunochemical
detection was performed as described (19). Protein-HNE
adducts were detected with anti-HNE antibodies (23). An
Alphalmager 2000 (Alpha Innotech, San Leandro, CA) was
used for all densitometric quantitations.

Purification and Identification of the Protein. The 33-kDa
protein shown in Fig. 1 was purified as follows. Mitochondrial

Abbreviations: ANT, adenine nucleotide translocase; DNP, 2,4-
dinitrophenyl; DNPH, 2,4-dinitrophenylhydrazine; HNE, 4-hy-
droxynonenal.
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F1G. 1. Immunochemical detection of protein carbonyls in mito-
chondrial membranes from flight muscles of houseflies. DNPH-
treated proteins (10 ug) were electrophoresed on SDS/PAGE (10%
resolving gel) under reducing conditions and transferred to Immo-
bilon-P membrane. Oxidized proteins were detected immunochemi-
cally as described in the text. Lane 1, protein standard markers; lane
2, proteins without DNPH treatment; lanes 3-5, 5-, 10-, and 15-day-old
fly mitochondrial proteins, respectively, treated with DNPH. A 33-kDa
protein in the membranes exhibited a strong immunoreaction for the
carbonyl groups.

membranes were solubilized in 20 mM 1,3-diaminopropane
buffer (pH 10.5, containing 1% Triton X-100 and 1 mM
EDTA). The solution was incubated in ice for 60 min and then
centrifuged for 60 min at 105,000 X g (24). Another pellet was
extracted under the same conditions, and the resulting super-
natants were pooled and applied to a diethylaminoethyl-
Sepharose fast-flow column (Pharmacia), which was preequili-
brated with the diaminopropane buffer. The column was
washed with the diaminopropane buffer containing an increas-
ing concentration of NaCl (0-500 mM, step gradient with 20
ml of elution buffer in each step; the increment of NaCl was
100 mM, diluted from a 2 M stock solution). Fractions
containing the 33-kDa protein were pooled, changed into 50
mM Hepes buffer (pH 7.5, containing 1% Triton X-100 and 1
mM EDTA) by using PD-10 columns, and applied to a
carboxymethyl-Sepharose fast-flow column, which was pre-
equilibrated with the Hepes buffer. The column was eluted by
the Hepes-buffer solution containing increasing concentration
of NaCl (step gradient, as above).

Further purification was achieved by gel electrophoresis (25)
of the fractions eluted from the carboxymethyl-Sepharose
column. Essentially, fractions containing the 33-kDa protein
were pooled, desalted by using PD-10 columns, and analyzed
by reverse isoelectric focusing according to Madden (26). The
33-kDa protein band in the isoelectric focusing gel (Fig. 2B)
was excised, equilibrated for 30 min in a solution containing
5% 2-mercaptoethanol, 62.5 mM Tris-HCI, pH 6.8, 2.3% SDS,
and 10 mM glycerol, and loaded onto SDS/PAGE (ref. 25; Fig.
2C). The N-terminal amino acid sequence of this protein was
determined by automated Edman degradation, which identi-
fied the protein as mitochondrial ANT.

Assay of ANT Exchange Activity. The activity of ANT was
measured by a slight modification of the inhibitor-stop method
(27). Briefly, mitochondria were suspended in ice-cold reac-
tion buffer (110 mM KCl/20 mM TrissHCl/1 mM EDTA, pH
7.4) and 50 nmol of [*H]ADP was added to a reaction medium
consisting of the buffer and 0.5 mg/ml of mitochondrial
proteins. The reaction was carried out on ice and stopped after
10 sec by 100 uM atractyloside. The reaction mixture was then
centrifuged at 10,000 rpm on a Microl4 benchtop centrifuge
(Fisher Scientific) for 5 min, and the supernatant was dis-
carded. Following six washes in ice-cold buffer, the pellet was
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F1G. 2. Purification and identification of the 33-kDa protein as
housefly mitochondrial ANT. (4) Lane 1, standard markers; lane 2,
crude membrane proteins; lane 3, eluate from DEAE column; lane 4,
eluate from carboxymethyl column. (B) Reverse isoelectric focusing
analysis of the eluate from carboxymethyl column. Arrow indicates the
focused 33-kDa protein. (C) The focused band in B was excised from
reverse isoelectric focusing gel and analyzed further by SDS/PAGE.
Arrow indicates the purified protein. (D) The purified protein was
immunochemically confirmed to be carbonylated. 4, B, and C are
protein stained by Coomassie blue; D is immunostain. (E) A com-
puter-assisted search from protein database. The underlined amino
acids show the N-terminal amino acid sequence homology in mito-
chondrial ANT from the housefly and Drosophila; the bold amino acids
show homology with the mosquito.

dissolved in 0.2 ml of 0.1 M NaOH and counted for radioac-
tivity.

Other Methods. Flies were exposed to 100% oxygen as
described (19). In vitro oxidation of mitochondria was carried
out with the vanadyl/H,O5 system (28). Membranes were then
isolated, and the concentration of carbonyls was measured
spectrophotometrically (20). Protein concentrations were de-
termined by bicinchoninic acid assay (29) with BSA as the
standard. For statistical analysis, differences between the
means were calculated by one-way ANOVA and Student’s
unpaired ¢ test. Values of P < 0.05 were considered to be
significant.

RESULTS

Identification of ANT as a Target of Oxidative Damage
During Aging. To determine whether various mitochondrial
membrane proteins were equally or differentially sensitive to
oxidative damage during aging, the carbonyl content of pro-
teins, obtained from 5-, 10-, and 15-day-old flies, was deter-
mined with an immunochemical assay. As expected, a consid-
erable number of protein bands were detected by Coomassie-
blue staining; however, only a single major protein, which had
a molecular mass of ~33 kDa, was found to be strongly positive
for carbonyls, and the increase of its immunostain intensity was
found to be age-associated (Fig. 1). No immunostaining was
detectable in the control samples, which were not exposed to
DNPH (Fig. 1).

A comparison of the immunostained preparations from 5-,
10-, and 15-day-old flies, representing young, middle-aged, and
old animals (30, 31), indicated an increase in relative carbonyl
content of the 33-kDa protein with increasing age (Fig. 3).
There were 36.5% and 69% carbonyl-content increases in
protein obtained from 10-day- and 15-day-old flies, respec-
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F16.3. Immunochemical estimation of the carbonyl content of the
33-kDa protein in housefly at different ages. Presented values are
mean * SD of relative densitometric determinations in four indepen-
dent experiments that used flies hatched on different dates. Immu-
nostain intensity of the protein from 5-day-old flies was assigned an
arbitrary value of 100; the ratio of 10- or 15-day-old flies and crawlers
to the 5-day-old flies is reported. The increase in ANT carbonyl
content between each age group was statistically significant.

tively, as compared with that obtained from 5-day-old flies
(Fig. 3). A densitometric comparison between 15-day-old flies
that had lost the ability to fly (“crawlers”) and their cohorts
that still retained the ability to fly (“flyers”) showed that the
carbonyl content of this protein was 50% higher in the crawlers
than in the flyers (Fig. 3). The purified 33-kDa protein (Fig.
2C), confirmed to be the major species for carbonylation (Fig.
2D), was subjected to N-terminal microsequencing that al-
lowed its identification as mitochondrial ANT (Fig. 2E).

Effect of Chronological and Physiological Age of Flies on
ANT Activity. To determine whether the observed age-related
increase in the carbonyl content of ANT was associated with
a corresponding loss of ANT activity, the ADP/ATP exchange
activity of ANT was measured with the inhibitor-stop method
(27). A comparison of ANT activity in mitochondria obtained
from 5-, 10-, and 15-day-old flies indicated a gradual loss of
activity, whereby the 15-day-old flies exhibited only 48% of the
activity of the 5-day-old flies (Fig. 4). Moreover, ANT ex-
change activity was 26% lower in the 15-day-old crawlers than
in 15-day-old flyers (Fig. 4). Thus, the age-related decrease in
ANT functional activity was related to both the chronological
and the physiological functional age of the flies as well as to
ANT carbonylation.

Hyperoxic Treatment and ANT Inactivation. Hyperoxia has
been shown to elevate the rate of mitochondrial O3 and H,O,
generation as well as the amount of mitochondrial carbonyl
content (31). Exposure of adult houseflies to 100% oxygen has
been reported to result in a total mortality within 4-5 days
(30). It was reasoned that if inactivation of ANT during normal
aging is caused by oxidative damage, exposure of houseflies to
hyperoxia would be expected to elevate ANT carbonyl content
and to enhance ANT inactivation. This hypothesis was tested
by exposing flies to 100% ambient oxygen for varying periods.
Compared with the controls, there were, respectively, 18%,
23%, and 72% increases in ANT carbonylation in flies exposed
to 100% oxygen for 24, 48, and 72 h (Fig. 54). During the same
period, ADP/ATP exchange activity was greatly decreased,
with only 27% activity remaining after 72 h of exposure to
100% oxygen (Fig. 5B).
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FiG. 4. Exchange activity of mitochondrial ANT in the flight
muscles of the houseflies at different ages. See text for the detailed
method. Values are the mean = SD of four experiments that used flies
hatched on different dates. The drop in exchange activity between each
age group was statistically significant.

Metal-Catalyzed Oxidation of ANT ir Vitro. To determine
whether the oxidation of housefly ANT and its activity loss in
vivo might be mediated by metal-catalyzed oxidation, whole
mitochondria were incubated with a system containing vanadyl
sulfate and H,O, that generated hydroxyl free radicals (28).
Incubation with this system was followed by either immuno-
chemical detection or ANT activity measurements. For im-
munochemical detection, mitochondrial membranes were iso-
lated after the in vitro oxidation. ANT was found to be
extensively oxidized by the vanadyl/H,O, system (Fig. 64). In
agreement with previous findings (32), exposure to the system
that generated hydroxyl free radicals also caused an attenua-
tion of the staining of oxidized proteins by Coomassie blue
(Fig. 6A Left). Nevertheless, there was a large increase in the
protein carbonyl content in the oxidized membranes (Fig. 6B),
suggesting that ANT carbonylation in vivo could be caused by
attacks from hydroxyl free radicals. This in vitro system, as
expected, also caused minor oxidations of two other mito-
chondrial membrane proteins (Fig. 64, Right). Fig. 6C shows
that there was a great drop in ANT activity after incubation of
whole mitochondria with this in vitro oxidation system.

In Vivo Modification of ANT by HNE. Because ANT is a
membrane protein and because lipid peroxidation of mito-
chondrial membranes has been reported to increase with age
(33), the possibility that the carbonyl groups of ANT might
have originated partially from lipid peroxidation products,
such as HNE, was examined by using anti-HNE antibodies that
recognize only the HNE adducts (34). Results indicated that
ANT was the only mitochondrial-membrane protein exhibiting
detectable protein-bound HNE (Fig. 7). Densitometric quan-
titation of HNE immunostain showed that there were no
notable differences in HNE adducts of ANT in flies of
different ages or between flyers and crawlers.

DISCUSSION

The results of this study indicate that among the various
proteins in the mitochondrial membranes, only ANT could be
discerned to exhibit an age-related increase in carbonyl con-
tent. Hypothetically, it is possible that the threshold sensitivity
of immunostaining employed here may have precluded the
detection of some proteins with a relatively minor degree of
oxidative damage. However, the relative amount of a specific
protein does not seem to be a criterion in the detection of
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F1G.5. Effects of hyperoxia on ANT carbonyl formation and ANT
activity. (4) Immunochemical estimation of ANT carbonyls in house-
flies exposed to 100% ambient oxygen. Shown are relative densito-
metric values expressed as mean * SD of four independent experi-
ments. Immunostain intensity of the control was assigned an arbitrary
value of 100, the ratio of oxygen-treated to control is reported. Flies
that were 9 days old were exposed to 100% oxygen for indicated
periods. (*, P <0.05vs. 0 h; #%, P < 0.01 vs. 48 h.) The changes between
0 and 24 h and between 24 and 48 h were not statistically significant.
(B) Effect of 100% oxygen on the exchange activity of mitochondrial
ANT. Shown are the mean * SD of four independent determinations.
(*, P < 0.001 vs. control; #*, P < 0.005 vs. 48 h.) The changes between
each group of the control (no oxygen exposure) and between 24 and
48 h of oxygen exposure were not statistically significant.

oxidative damage. For instance, another comparatively abun-
dant protein in the mitochondrial membranes, observed by
Coomassie-blue staining and with a molecular mass of ~55
kDa (Fig. 14), did not exhibit any detectable protein carbony-
lation. Similarly, in a previous study on the matrix fraction of
these mitochondria, aconitase was found to be the only protein
showing an age-associated increase in oxidation (19). Thus,
age-related accrual of oxidative damage to various mitochon-
drial proteins in the housefly is differential and affects only a
few targets. This finding supports the hypothesis that accrual
of protein oxidative damage during aging is highly selective.
The hypothetical possibility that some protein(s) of very low
abundance but with high degree of carbonylation may have
remained undetected does not contradict the inference drawn
here—namely, that oxidative damage to protein is selective.

Proc. Natl. Acad. Sci. USA 95 (1998) 12899
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Fi1G. 6. Metal-catalyzed oxidation of mitochondrial membrane
proteins and inactivation of ANT. Mitochondria were incubated with
1 mM vanadyl sulfate and 1 mM H»O», followed by either membrane
isolation or ANT activity measurements. (4) Immunochemical detec-
tion of ANT without oxidation (lane 1) and with oxidation (lane 2). (B)
Increase of total mitochondrial membrane protein carbonyls after
oxidation. Carbonyls were determined spectrophotometrically. (C)
Loss of ANT activity caused by metal-catalyzed oxidation. Whole
mitochondria were incubated with various concentrations of the
oxidants (vanadyl/H,O> = 1:1) before ANT activity measurements.
For both B and C, values are the mean = SD of four independent
determinations that used 10-day-old flies hatched on different dates.

Carbonylation of ANT under hyperoxia increases signifi-
cantly between 48 and 72 h. In contrast, the ANT activity
declines most sharply during the first 24 h. This apparent
incongruity may be caused by the fact that the initial damage
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Fi16. 7. Immunochemical detection of HNE adducts in ANT. HNE
detection was performed as described (23). Rabbit anti-HNE antibody
(IgG) was diluted to 1:10,000 in Tris-buffered saline containing 0.1%
Tween-20 with overnight exposure of the blot at 4°C. Goat anti-rabbit
IgG conjugated with horseradish peroxidase was diluted 1:50,000 in
Tris-buffered saline containing 0.1% Tween-20 with 3 h incubation at
room temperature. (4) Age-associated changes in HNE level in ANT.
(B) Comparison of HNE adducts in ANT between 15-day-old flies
(lane 1) and crawlers (lane 2).
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occurs near the active site of the protein, where it has a much
greater impact on the function than does damage elsewhere.
This issue may be resolved by identifying the specific amino
acid residues of ANT showing carbonyl modification. The
relatively small increase in carbonyl content of ANT during the
initial phase of hyperoxia may be caused by the fact that ANT,
being a transmembrane protein, has an extensive hydrophobic
domain that is protected by the antioxidants present in the
membrane, such as coenzyme Q and a-tocopherol (35). Dur-
ing the early phase of hyperoxia, this antioxidative protection
may remain effective. However, prolonged hyperoxia would
enhance lipid peroxidation, a chain reaction, and eventually
overcome and/or deplete antioxidative defenses. Indeed, data
seem to fit this hypothetical scenario.

An obvious question that arises from the present finding is
why ANT selectively undergoes a progressive carbonyl aug-
mentation with age and is relatively more susceptible to
oxidative damage. One factor may be the chemical structure
and topography of ANT. Studies on the mechanism of protein
carbonyl formation have revealed that it involves only certain
proteins and occurs by site-specific metal-catalyzed oxidations
of arginine, proline, and lysine residues (36, 37). Such a
mechanism may also be operative in the housefly, because
ANT contains a relatively large number of these three amino
acid residues (data not shown). Furthermore, the finding that
in vitro exposure of mitochondria to a system that generated
hydroxyl free radicals (vanadyl/H,O,) caused a notable in-
crease in ANT carbonyl formation is also consistent with the
predictions of this model. Rat-heart ANT has been shown to
be modified extensively by an oxidation system containing
Cu?* and tert-butyl hydroperoxide (38); this study suggested
that the reaction between membrane protein and lipid per-
oxidation products is the main cause of ANT modification.
ANT is known to be tightly bound to six molecules of cardi-
olipin, which contains highly unsaturated fatty acids (39).
Another possible mechanism by which carbonyl groups may be
added to proteins involves covalent interactions between lipid
peroxidation products (e.g., HNE and certain amino acid
residues; refs. 40—42). The finding that no age-related increase
of HNE adducts in ANT was observed suggests that some
additional mechanism(s) is responsible for the observed in-
crease of ANT carbonylation. Indeed, according to Stadtman,
HNE usually contributes no higher than 5-10% of the protein
carbonyl content (43). Nevertheless, the detection of HNE
adducts solely in ANT shows that HNE modification of
mitochondrial-membrane proteins in vivo is also a selective
process, which agrees with the phenomenon observed in this
study—namely that whatever the source of the carbonylation
may be, the age-associated increase in carbonylation occurs
only in specific proteins.

A relevant issue arising from this study is why oxidative
damage to specific proteins increases during aging. Results of
previous studies suggest that such an elevation in oxidative
damage may be determined by an interplay among several
different factors. One cause may be the discrepancy between
relative rates of oxidation and proteolysis of the specific
protein. Mild protein oxidation has been shown to be a
marking step in the preferential degradation of oxidized
proteins, whereas severe oxidative damage may lead to cross-
linking and resistance to proteolysis (8, 9). Loss of neutral/
alkaline protease activity has been reported to occur in some
mammalian tissues (44). However, in the housefly, no such loss
was detected with oxidized BSA as a substrate (44), which
implies that age-related decrease in proteolysis may not be a
universal phenomenon. Another factor may be the location of
the protein and the ambient redox state. ANT is an integral
protein in the inner mitochondrial membrane, which is the
primary intracellular site for the generation of O3 (14, 45), the
progenitor of a cascade of other reactive oxygen species. The
rate of mitochondrial O5/H,O, generation has been shown to
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increase ~75% during aging in the housefly (46). This increase
correlates with a corresponding increase in oxidative damage
to mitochondrial DNA (47) as well as to specific proteins such
as ANT and aconitase. The present finding that exposure of
houseflies to 100% oxygen caused an increase in the amount
of ANT carbonyl content and a loss of activity supports the
existence of a relationship between O5/H,O; generation and
protein oxidation. An additional contributory factor may be
the decline in antioxidative defenses with the increase in
protein oxidative damage. Compared with the young, tissues
from old houseflies and mammals have been shown to sustain
relatively greater damage in response to exogenous oxidative
stress, induced by exposure to x-rays (48, 49), suggesting a
decline in overall antioxidative capacity. Taken together, it
seems that an increased imbalance between prooxidant gen-
eration and antioxidant defenses is the most likely cause for the
increase in the steady-state amounts of oxidative damage
during aging.

This study identifies mitochondrial ANT as a target of
oxidative damage during aging and shows that ANT oxidation
and functional inactivation are associated with both the chro-
nological age as well as the physiological age of houseflies. The
decrease in ANT activity is likely to have global deleterious
functional consequences, because an efficient supply of ADP
is necessary to maintain an optimal rate of mitochondrial
state-3 respiration as well as the adequate release of ATP to
the cytosol. Identification of such modified proteins could
facilitate understanding of the mechanisms by which oxidative
molecular damage results in loss of cellular functions during
aging and may also provide potential biomarkers to assess the
rate of the aging process.
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