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Aconitase and ATP synthase are targets of malondialdehyde
modification and undergo an age-related decrease
in activity in mouse heart mitochondria ™
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Abstract

The main purpose of this study was to identify mitochondrial proteins that exhibit post-translational oxidative modifications
during the aging process and to determine the resulting functional alterations. Proteins forming adducts with malondialdehyde
(MDA), a product of lipid peroxidation, were identified by immunodetection in mitochondria isolated from heart and hind leg
skeletal muscle of 6-, 16-, and 24-month-old mice. Aconitase, very long chain acyl coenzyme A dehydrogenase, ATP synthase,
and o-ketoglutarate dehydrogenase were detected as putative targets of oxidative modification by MDA. Aconitase and ATP
synthase from heart exhibited significant decreases in activity with age. Very long chain acyl coenzyme A dehydrogenase and
a-ketoglutarate dehydrogenase activities were unaffected during aging in both heart and skeletal muscle. This suggests that the
presence of a post-translational oxidative modification in a protein does not a priori reflect an alteration in activity. The biological
consequences of an age-related decrease in aconitase and ATP synthase activities may contribute to the decline in mitochondrial

bioenergetics evident during aging.
© 2005 Elsevier Inc. All rights reserved.
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The accumulation of molecular oxidative damage is
suspected to be a major cause of cellular dysfunctions
observed during the aging process [1] and is also a fea-
ture of age-related neurodegenerative disorders like Par-
kinson’s [2] and Alzheimer’s diseases [3,4]. The
mitochondrion is a major producer and target of oxida-
tive damage during aging. Indeed, the rate of mitochon-
drial superoxide/hydrogen peroxide production and the
amount of oxidative damage to macromolecules such as
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proteins, lipids, and DNA have been shown to increase
with age in a variety of species [5-7]. Post-translational
oxidative modifications to proteins may play a funda-
mental role in the aging process because they have been
shown to cause losses in structural and functional integ-
rity and, in some cases, accelerated degradation [8,9].
A frequently observed post-translational oxidative
modification is the addition of carbonyl groups to cer-
tain amino acid residues [10,11]. Protein carbonylation
is an irreversible oxidative modification which tends to
remain unrepaired, resulting in either removal of the
protein by degradation or accumulation of the damaged
or unfolded protein [11]. Reactive oxygen species (ROS),
including superoxide anion, can react with unsaturated
fatty acids in the lipid bilayer to generate a number of
secondary products, including reactive dicarbonyl
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compounds like malondialdehyde (MDA). In aqueous
solutions at pH 7.4, MDA principally exists as the
low-reactive enolate anion. However, certain amino acid
residues, such as lysine, histidine, tyrosine, arginine, and
methionine, within proteins have been found to be par-
ticularly susceptible to modifications by MDA or a re-
lated condensation product [10].

While it was originally thought that oxidative damage
to proteins during aging is random and ubiquitous [1],
the majority of the proteins in tissue homogenates do
not appear to be structurally or functionally altered dur-
ing the aging process [12—-15]. Nevertheless, several pro-
teomic investigations have identified proteins involved
in energy metabolism and production, stress resistance,
and cellular structural integrity as targets of oxidative
modification during aging [14-17]. However, the func-
tional consequences of in vivo oxidatively damaged pro-
teins have rarely been demonstrated or remain unclear.
In fact, an oxidative modification to a protein may not
necessarily correlate with any apparent functional
consequence.

In the present study, mitochondrial proteins showing
an MDA-induced post-translational modification have
been identified and their age-related functional altera-
tions analyzed. The rationale is that oxidized proteins,
even those that do not appear to accumulate, may exhi-
bit functional alterations with age. By assaying only
mitochondrial proteins, targets of oxidation, which are
obscured in whole cell homogenates, may be identified.
Mitochondria from heart and skeletal muscle of rela-
tively young (6 month), middle age (16 month), and
old (24 month) mice were used, based on the obvious
age-related decline in motor function apparent in
mammals.

Materials and methods

Materials. All chemicals were obtained from Sigma (St. Louis,
MO) unless otherwise stated. Electrophoresis supplies were purchased
from Bio-Rad. Anti-malondialdehyde polyclonal, affinity-purified,
antibodies were purchased from Academy Bio-Medical Company
(Houston, TX).

Animals. Male C57BL/6N mice, aged 6, 16, and 24 months, were
obtained from the National Institute on Aging—National Institutes of
Health.

Preparations of mitochondria from heart and skeletal muscle. Mice
were killed by cervical dislocation and their tissues were quickly re-
moved and placed in ice-cold antioxidant buffer containing 50 mM
potassium phosphate buffer, pH 7.4, 2mM EDTA, and 0.1 mM
butylated hydroxytoluene. For each preparation, tissues from three
mice were pooled, minced, and homogenized in 10 vol.(w/v) of isola-
tion buffer (for heart, 0.3 M sucrose, 0.03 M nicotinamide, and 0.02 M
EDTA, pH 7.4; for hind leg skeletal muscle, buffer 1 containing 0.12 M
KCl, 2mM MgCl,, 1mM EGTA, 0.5mg/mL BSA, and 20 mM
Hepes, pH 7.4, and buffer 2 containing 0.3 M sucrose, 0.1 mM EGTA,
and 2 mM Hepes, pH 7.4). Low- and high-speed differential centrifu-
gations for mitochondrial isolation were, respectively, 700g for 10 min
and 10,000g for 10 min for heart and 600g for 12 min and 17,000g for

12 min in buffer 1 and 1200g for 12 min and 12,000g for 12 min in
buffer 2 for skeletal muscle. Mitochondria from all tissues were isolated
within 1-2 h after tissue dissection. Mitochondria were resuspended in
0.25 M sucrose for heart and in buffer 2 for skeletal muscle and frozen
at —80 °C. They were disrupted by four freeze-thaw cycles.

The protein content was measured using a bicinchoninic acid
protein assay kit and BSA as a standard.

Immunodetection and quantitation of MDA-modified proteins. Fol-
lowing 10% SDS-PAGE, proteins were transferred to a PVDF mem-
brane, which was then blocked with 5% milk in TBST (Tris-buffered
saline containing Tween 20), washed, incubated overnight at 4 °C with
anti-MDA antibodies (1:20,000), washed, incubated for 1.5 hours at
37 °C with secondary antibodies (1:100,000), washed, and visualized
with the ECL Plus detection system (Amersham BioSciences). Oval-
bumin modified with MDA was used as the positive control. Densi-
tometry was performed using the VersaDoc Imaging system and
Quantity One software (Bio-Rad).

Identification of M DA-modified proteins. The 80, 70, and 50 kDa
mouse proteins shown in Fig. 1 were identified from rat heart tissue. 50
rat hearts were purchased from Pel-freez (Rogers, AK) and mito-
chondria were prepared as described above for mouse tissue. Matrix
and membrane fractions were prepared by sonicating three times (each
consisting of a 30 s pulse) at 1 min intervals, at 4 °C. The sonicated
mitochondria were centrifuged at 8250g for 10 min to remove the
unbroken organelles; the supernatant was recentrifuged at 80,000g for
45 min, and the resulting pellet was resuspended in 50 mM imidazole,
pH 7.0, 50 mM NacCl, and 5 mM 6-amino-n-hexanoic acid, resoni-
cated, and recentrifuged. The matrix fractions were combined and
fractionated by chromatofocusing using MonoP PBE 94 media and
Polybuffer 74 as the eluent (Amersham). Fractions were then assayed
for MDA-modified proteins by immunodetection, as described above.
Fractions containing the 80 kDa protein were further fractionated with
a Phenomenex BioSep-SEC S3000 gel filtration column and
rescreened.

In-gel tryptic digest, analysis of tryptic peptide sequence tags by
tandem mass spectrometry, and protein identification were per-
formed by the Proteomics Core Facility at the University of
Southern California School of Pharmacy. Protein spots from SDS-
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Fig. 1. Immunodetection and identification of MDA-modified pro-
teins in heart and skeletal muscle mitochondria from mice of different
ages. (A) Heart mitochondrial proteins from 6-, 16-, and 24-month-old
mice were separated by SDS-PAGE, transferred to PVDF, and probed
with antibodies against MDA. Left panel, proteins stained with
Coomassie blue. Right panel, blot probed with anti-MDA antibodies.
(B) Identification of proteins putatively modified by MDA. NCBI
refers to the accession number; MW, molecular weight.
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PAGE corresponding to MDA-modified proteins were excised from
the gel using biopsy punches (Acuderm). Coomassie blue stained
bands were destained, reduced with dithiothreitol, and alkylated
with iodoacetamide to decrease peptide retention in the gel after
digestion and extraction, followed by in-gel tryptic digestion at
37 °C overnight using trypsin which had been reductively methyl-
ated to reduce autolysis [18] (Promega). Following an ammonium
carbonate (100 mM) wash, the digestion products were extracted
from the gel with a 5% formic acid/50% acetonitrile solution, which
was evaporated using an APD SpeedVac (ThermoSavant). The dried
tryptic digest samples were resuspended in 10 pL of 60% formic
acid.

Chromatographic separation of the tryptic peptides was achieved
using a ThermoFinnigan Surveyor MS-Pump in conjunction with a
BioBasic-18 100 mm x 0.18 mm reverse phase capillary column
(ThermoFinnigan). Mass analysis was done using a ThermoFinnigan
LCQ Deca XP Plus ion trap mass spectrometer equipped with a
nanospray ion source (ThermoFinnigan) employing a 4.5 cm long
metal needle (Hamilton, 950-00954) using data-dependent acquisition
mode. Electrical contact and voltage application to the probe tip took
place via the nanoprobe assembly. Spray voltage of the mass spec-
trometer was set to 2.9 kV and the heated capillary temperature was
190 °C. The column equilibrated for 5 min at 1.5 pL/min with 95% A,
5% B (A, 0.1% formic acid in water; B, 0.1% formic acid in acetonitrile)
prior to sample injection. A linear gradient was initiated 5 min after
sample injection, ramping to 35% A, 65% B after 50 min and 20% A,
80% B after 60 min.

Protein identifications were accomplished using the MS/MS search
software Mascot (Matrix Science) with confirmatory or complemen-
tary analyses using TurboSequest, as implemented in the Bioworks
Browser 3.2, build 41 (ThermoFinnigan) and Sonar ms/ms (Genomics
Solutions). Carbamidomethyl modification was designated as fixed
(due to iodoacetamide based alkylation prior to tryptic digestion) in
the Mascot search and variable modifications included methionine,
histidine or tryptophan oxidation. NCBI rat genome database server
complemented with the NCBI non-redundant protein database was
used for searching.

Enzyme assays. All enzyme assays were conducted at 30 °C.
Aconitase activity was assayed by measuring the formation of aconi-
tate from isocitrate in a reaction mixture containing 90 mM Tris, pH
8.0, 20 mM isocitrate, and 60-100 pug of protein for skeletal muscle
mitochondria or 10-25 pg of heart mitochondrial protein [19]. a-Ke-
toglutarate dehydrogenase complex activity was measured by the
addition of mitochondrial protein, 80-110 pg for skeletal muscle or 25—
65 ng for heart, to assay mixtures consisting of 50 mM potassium
phosphate, pH 7.4, 0.1 mM coenzyme A, 0.2 mM thiamine pyro-
phosphate, 1| mM NAD?, 0.5mM EDTA, 5mM MgCl,, 40 uM
rotenone, 0.1% Triton X-100, and 2.5 mM o-ketoglutarate [20]. Very
long chain acyl coenzyme A dehydrogenase (VLCAD) activity was
measured by adding 60-100 pg of skeletal muscle mitochondrial pro-
tein or 15-35 pg protein from heart mitochondria to a mixture of
100 mM potassium phosphate, pH 7.6, 0.1% Triton X-100, 20 pM
palmitoyl CoA, 2 mM N-ethylmaleimide, 0.45 mM potassium cyanide,
28 uM dichlorophenol-indolphenol (DCIP), and 0.65 mM phenylme-
thosulfate (PMS) [21]. ATP synthase was assayed in an assay mixture
consisting of 50 mM Hepes, pH 8.0, 5 mM MgSO,, 0.35 mM NADH,
250 mM sucrose, 2.5 mM phosphoenolpyruvate, 50 ug pyruvate ki-
nase, 50 pg lactate dehydrogenase, 2 pg antimycin A, 40 uM rotenone,
2 mM potassium cyanide, 15-30 pg of skeletal muscle mitochondrial
protein or 7-12 pg of heart mitochondrial protein, in the absence or
presence of 3 pg oligomycin. The reaction was initiated by the addition
of 2.5mM ATP [22]. Mitochondrial ATP synthase activity was
determined as the oligomycin-sensitive activity.

Enzymes were assayed in four independent preparations of heart
and skeletal muscle mitochondria, each consisting of tissues pooled
from three animals with three or more replicate measurements per
preparation. All rates were linear with respect to enzyme concentration

for the amount of protein added. Data are presented as aver-
ages + standard error of the mean (SEM).

Results

Determination of MDA-modified proteins at different
ages

MDA-modified proteins were detected in heart and
skeletal muscle mitochondria from mice of three differ-
ent ages by immunostaining with anti-MDA antibodies.
Three major bands, corresponding to approximately 80,
70, and 50 kDa, were evident in mice at each of the three
ages, 6, 16, and 24 months (Fig. 1A). The MDA content
of the protein bands was quantitated by densitometry,
which showed no statistically significant, age-related dif-
ferences in heart or skeletal muscle (Fig. 2).

Identification of mitochondrial targets of MDA
modification

To determine which mitochondrial proteins corre-
sponded to the 80, 70, and 50 kDa targets of MDA
modification in vivo (Fig. 1), pooled rat heart mitochon-
dria were used because of the larger quantities available
from rat compared to mice. Mitochondrial matrix frac-
tions were resolved by SDS-PAGE, and MDA-modified
proteins were detected with anti-MDA antibodies. The
corresponding protein bands were subjected to trypsin
digest and mass spectrometry analysis, and were identi-
fied as mitochondrial aconitase in the 80 kDa band, very
long chain acyl coenzyme A dehydrogenase and rat
albumin in the 70 kDa band, and the B-polypeptide of
the mitochondrial F1 complex of ATP synthase and
the E2 component of a-ketoglutarate dehydrogenase
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Fig. 2. Quantitation of bands immunodetected with antibodies to
MDA. Top panel shows representative blots for skeletal muscle (left)
and heart (right) mitochondrial proteins. The bottom panel shows the
integrated optical density of the MDA-modified bands for 6- (black),
16- (white), and 24- (gray)-month-old mice. Data represent aver-
ages + standard deviations of four independent mitochondrial prepa-
rations, each consisting of tissue pooled from three mice.
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complex in the 50 kDa band. Rat albumin was likely
present as a blood contaminant from the rat heart.

Determination of enzyme activity

The enzymatic activities of the proteins identified in
the MDA -positive bands were determined in heart and
skeletal muscle mitochondrial preparations from 6-,
16-, and 24-month-old mice. The rationale was that
there may be an age-related alteration in maximal activ-
ity, even though there was no age-dependent change in
MDA content in the bands.

The catalytic activities of aconitase and ATP synthase
were significantly altered with age in heart mitochon-
dria. Aconitase exhibited the most significant age-re-
lated decrease in activity in the heart, approximately

z
=

Aconitase activity >
(umolsaconitate/min/mg)
e bl - b
= 2 g ¢
ES
= =
g
S

=
[
=
®

Age (months)

Skeletal muscle

g
£°2 020 4
££
220151
2%
g g 0.10
Z E 0054

3

0.00
6 16 24
Age (months)

ATPase activity

ATPase activity
(umols NADH/min/mg)

= =] -
g E g

20% (Fig. 3A). The maximal activity of aconitase in
16-month-old  (0.97 & 0.05 pmol  aconitate/min/mg
protein) and 24-month-old (0.92 4 0.02 pmol/min/mg
protein) mice was consistently lower than that from
6-month-old (1.16 4 0.01 pmol aconitate/min/mg pro-
tein) mice. ATP synthase activity from heart also de-
creased significantly with age (Fig. 3B). ATP synthase
activity from 24-month-old mice (2.9 4+ 0.2 pmol
NADH/min/mg protein) was approximately 18% lower
compared to 6-month-old animals (3.4 4+ 0.1 pmol
NADH/min/mg). Activities of aconitase and ATP syn-
thase in skeletal muscle were not altered with age (Fig. 3).

Very long chain acyl coenzyme A dehydrogenase and
a-ketoglutarate dehydrogenase activities displayed no
age-related change in activity in heart or skeletal muscle
(Fig. 4).
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Fig. 3. Aconitase and ATP synthase activities in heart and skeletal muscle mitochondria from mice of different ages. Maximal activities of aconitase
(A) and ATP synthase (B) in 6-, 16-, and 24-month-old mice were determined by at least triplicate assays of four independent preparations of heart
and skeletal muscle mitochondria, as described in Materials and methods. Statistically significant alterations are indicated by an asterisk, **p < 0.001,
*p <0.05 for old vs. young, based on a ¢ test: two-sample, assuming equal variance.
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Fig. 4. o-Ketoglutarate dehydrogenase and very long chain acyl coenzyme A dehydrogenase activities in heart and skeletal muscle mitochondria
from mice of different ages. Maximal activities for a-ketoglutarate dehydrogenase (A) and very long chain acyl coenzyme A dehydrogenase (B) in 6-,
16-, and 24-month-old mice were determined by at least triplicate assays of four independent preparations of heart and skeletal muscle mitochondria,

as described in Materials and methods.
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Discussion

This study shows that mitochondrial aconitase and
ATP synthase are likely targets of MDA modification
with an age-related decrease in activity in the mouse
heart. It is also shown here that oxidative damage to
proteins is selective and the targets are similar in both
the heart and skeletal muscle, but the presence of an
MDA modification does not directly confer an alter-
ation in function. Aconitase, very long chain acyl coen-
zyme A dehydrogenase (VLCAD), the B-polypeptide of
the mitochondrial F1 complex of ATP synthase, and the
E2 component of a-ketoglutarate dehydrogenase com-
plex were identified in protein bands showing the pres-
ence of an MDA modification in both heart and
skeletal muscle mitochondria from mice of three differ-
ent ages. While the amount of MDA-modified proteins
did not appear to change during aging, aconitase and
ATP synthase exhibited an age-related decrease in activ-
ity in heart whereas VLCAD and a-ketoglutarate dehy-
drogenase activities remained unchanged.

Aconitase, the citric acid cycle enzyme responsible for
the interconversion of isocitrate to citrate, is known to
be highly susceptible to oxidative damage [23-26] and
exhibited the largest age-related decrease in activity with
age (Fig. 3A). Rat heart mitochondrial aconitase has
also been shown to be a target of the post-translational
modification, 3-nitrotyrosine, in vivo during the normal
aging process [15] and carbonylation in vitro following
treatment with H,O, [26]. Exposure to superoxide and
hydrogen peroxide can oxidize the [4Fe-4SF" cluster
of aconitase, but it was suggested that aconitase is more
likely inactivated by a post-translational modification
since the amount of [4Fe—4ST" cluster oxidation does
not reflect the magnitude of enzyme inactivation [26].
Interestingly, superoxide and hydrogen peroxide did
not appear to directly inhibit aconitase, instead required
a membrane component responsive to peroxide [26]. It is
tempting to suggest that this membrane component may
be polyunsaturated fatty acids, but the membrane-sensi-
tive inactivation of aconitase was abolished after heating
the membrane component to 100 °C for 3 min [26],
implying the role of a protein instead of a fatty acid.
Notwithstanding, a decrease in aconitase activity is
likely to affect the overall efficiency of the citric acid cy-
cle by altering the amounts of the products of the down-
stream reactions in the cycle. In addition, an
accumulation of citrate, an activator of fatty acid syn-
thesis, may result from a decrease in aconitase activity.

ATP synthase, or complex V in the mitochondrial
electron transport chain, also exhibited a decrease in
activity with age in the mouse heart (Fig. 3B) and was
identified as a putative target of oxidative modification,
as shown here (Fig. 1, 50 kDa band) and in other studies
[15-17]. The activity of ATP synthase has previously
been shown to decrease with age in rat heart mitochon-

dria [27,28]. Since this protein is responsible for the syn-
thesis of ATP via oxidative phosphorylation, an age-
related decrease in activity may be relevant to the decline
in mitochondrial function observed with age, in particu-
lar the decrease in stamina, characteristic of aged
animals.

Very long chain acyl coenzyme A dehydrogenase
(VLCAD) and the E2 component of a-ketoglutarate
dehydrogenase complex were also identified in protein
bands positive for MDA modification (Fig. 1, 70 and
50 kDa bands, respectively) in both heart and skeletal
muscle, albeit there was no apparent age-related alter-
ation in activity in either tissue. Located in the mitochon-
drial matrix, o-ketoglutarate dehydrogenase complex
catalyzes the irreversible oxidative decarboxylation of
o-ketoglutarate in the citric acid cycle. The E2 core of
a-ketoglutarate dehydrogenase is an oligomeric dihydro-
lipoamide succinyltransferase. While this enzyme has not
been identified in previous proteomic studies identifying
targets of oxidative modification, a-ketoglutarate dehy-
drogenase has been shown to be reversibly inactivated
in rat heart mitochondria, likely by enzymatic glutath-
ionylation and deglutathionylation [29]. VLCAD is a fla-
voprotein which catalyzes the initial step of
mitochondrial fatty acid B-oxidation for very long chain
fatty acids. This enzyme has not previously been identi-
fied as a putative target of oxidative modification, but
is the basis of a genetic disorder of fatty acid metabolism,
VLCAD deficiency, which can result in cardiac disease
and death. Results from this study suggest that there is
neither an age-related accumulation of modified protein
nor alteration in activity for either enzyme.

It can be reasoned that an understanding of the mech-
anisms by which oxidative stress affects the aging process
would be greatly facilitated by the identification of the
protein targets of oxidative damage. However, as shown
here, oxidative damage to proteins, though selective and
even affecting the same proteins in different tissues, does
not, a priori, reflect a corresponding alteration in func-
tion. Although four functionally important mitochon-
drial enzymes were identified as putative targets of
modification by MDA, there was no apparent age-re-
lated accumulation of the modified proteins. However,
there was an age-related decrease in activity for two of
the enzymes. Although a few studies have successfully
correlated an in vivo age-associated increase in oxidative
damage with a decrease in activity for specific proteins
[12,13,30,31], in most proteomic investigations, the func-
tional consequences of the oxidative modifications were
not assayed. Thus, any suggestions that the presence of
an oxidative modification implies a functional conse-
quence may be premature. Functional assays need to
be performed to better define the molecular mechanisms
linking oxidative stress to aging.

In summary, aconitase, very long chain acyl
coenzyme A dehydrogenase, the B-polypeptide of the
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mitochondrial F1 complex of ATP synthase, and the E2
component of a-ketoglutarate dehydrogenase complex
were identified as putative targets of MDA modification
in heart and skeletal muscle mitochondria. However,
only aconitase and ATP synthase exhibited an age-asso-
ciated decrease in activity while a-ketoglutarate dehy-
drogenase and acyl coenzyme A dehydrogenase
activities remained unaffected. This suggests that the
presence of a post-translational oxidative modification
to a protein does not necessarily reflect an alteration
in activity. The biological consequences of an age-re-
lated decrease in aconitase and ATP synthase may con-
tribute to the decline in mitochondrial bioenergetics
evident during aging.
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