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Abstract

This study evaluated the effect of ageing on brain mitochondrial function mediated through protein post-translational
modifications. Neuronal nitric oxide synthase increased with age and this led to a discreet pattern of nitration of
mitochondrial proteins. LC/MS/MS analyses identified the nitrated mitochondrial proteins as succinyl-CoA-transferase and
F,-ATPase; the latter was nitrated at Tyr®®°, suggesting deficient ADP binding to the active site. Activities of succinyl-CoA-
transferase, F;-ATPase and cytochrome oxidase decreased with age. The decreased activity of the latter cannot be ascribed
to protein modifications and is most likely due to a decreased expression and assembly of complex IV. Mitochondrial protein
post-translational modifications were associated with a moderately impaired mitochondrial function, as indicated by the
decreased respiratory control ratios as a function of age and by the release of mitochondrial cytochrome ¢ to the cytosol, thus
supporting the amplification of apoptotic cascades.
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Abbreviations: nNOS, neuronal nitric oxide synthase; SCOT, succinyl-CoA-transferase; PK, pyruvate kinase; LDH, lactic
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Introduction of nitric oxide synthase (iNOS) due to pro-inflam-

.. . . . . matory responses is a feature of not only neurode-
Nitric oxide (*NO), a free radical formed in a variety Y resp . ony
generative disorders but also brain ageing [2,4,5].

.Of cle , dtypes b.}:j putrie o?,ld; syr;thgsei (I\CIiOS)’h 18 These actions of *NO can be partly explained by
involved in a wide array ol physiological and patho- the involvement of physiological concentrations

physiological phenomena. The diffusibility of *NO— of *NO (1-100 nM) in well known cell signalling

as an intercellular messenger—and its concentration pathways: (a) its interaction with the soluble guany-

gradients [1] in brain intra- and extracellular com- late cyclase, thus yielding cGMP and resulting in
partments and, hence, in pre-synaptic, synaptic and signal amplification upon activation of cGMP-
post-synaptic regions, supports its regulatory func- dependent protein kinases [6], (b) the reversible

tions in brain synaptic plasticity, neurodegeneration inhibition of mitochondrial cytochrome oxidase [7]

and ageing [2-4]. The involvement of *NO in
neurodegenerative disorders, such as Alzheimer’s
and Parkinson’s disease, is well documented: the
excessive production of *NO by the inducible form

and (c) protein post-translational modifications,
mainly S-nitrosylation of cysteine residues [8].
When the cellular *NO concentration exceeds the
physiological levels, as in the case of induction of
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astrocyte iNOS wupon pro-inflammatory respon-
ses, *NO-derived species of higher chemical reactiv-
ity (reactive nitrogen species) are generated and
impair protein function [9]. Elevated *NO produc-
tion and RNS formation have been implicated in the
ageing process and in increased neuronal apoptosis.

The *NO-cytochrome oxidase signalling pathway
referred to above is of special interest to brain ageing,
because it establishes the principle of a mitochondrial
redox—energy axis critical for cell function. This
pathway defines a new level of regulation of mito-
chondrial respiration determined by the availability of
ADP to F{-ATPase and by that of O, and *NO to
cytochrome oxidase [10]. These *NO effects on
mitochondria may be accomplished by cytosol-
generated *NO diffusing to mitochondria or by the
activity of a mitochondrial nitric oxide synthase
(mtNOS). However, the existence of a mtNOS
remains controversial, despite functional evidence
for a mtNOS and the report on a 144 kD nNOS
variant in rat brain localized in the inner mitochon-
drial membrane [11,12]. Of note, the present study
reports on increased cytosolic nNOS expression with
age and, as mentioned above, the *NO effects on
mitochondria are a function of cytosol-generated
*NO diffusing to these organelles.

*NO signalling involving protein post-translational
modifications becomes relevant when considering
that, on the one hand, mitochondria are major sites
of O,* " production and, on the other hand, the
diffusion-controlled reaction of O,°~ with *NO to
yield peroxynitrite (ONOO 7) [13]. Hence, it might
be surmised that mitochondrial formation of
ONOO ™ would be favoured over the same reaction
in the cytosol, considering the about one order of
magnitude higher concentration of O,° ™ in mito-
chondria (10~ '° M) than in cytosol (10~ '' M) [14].
An intramitochondrial steady-state concentration of
~2nM ONOO ™~ was calculated, taking into account
the rate constants of ONOO ™~ reactions and the
concentrations of ONOO ™~ reductants (NADH,
UQH, and GSH) [15]. ONOO " is a strong oxidizing
and nitrating species that inhibits mitochondrial
NADH-ubiquinone reductase (complex I) activity
[16] with implications for Parkinson’s disease [17];
ATP synthase, cytochrome oxidase, aconitase
and creatine kinase are inhibited by nitration or
ONOO -mediated oxidation of cysteinyl residues
[18-20]. ONOO ~ also induces mitochondrial mem-
brane depolarization. * NO-mediated mitochondrial
protein modifications (S-nitrosylation and nitration)
lead to mitochondrial dysfunction, often associated
with a decrease of the inner mitochondrial membrane
potential and induction of mitochondrial permeabil-
ity transition leading to mitochondrion-driven apop-
tosis triggered by cytochrome ¢ release from the
organelles and activation of downstream signalling
apoptotic cascades [21-23].

This study was aimed at determining the effect
of ageing on mitochondrial function mediated
through protein post-translational modifications. It
is shown that an increase in expression of cytosolic
nNOS as a function of age results in a specific and
discreet pattern of mitochondrial protein nitration,
with implications for mitochondrial bioenergetics
and mitochondrion-driven apoptosis.

Materials and methods
Animals

Fisher 344 rats of different ages (6, 14 and 26
months) were purchased from the National Institute
of Ageing (NIA). Each rat was individually housed in
the animal facility under standard conditions (12/12
light-dark cycle, humidity at 50 + 15%, temperature
22+ 2°C and 12 air changes/h). All procedures were
approved by the local Animal Care and Use Com-
mittee.

Isolation of rat brain mitochondria

Rat brain mitochondria were isolated from adult male
Fisher rats by differential centrifugation [24]. Rat
brains were excised, chopped into fine pieces, washed
with 0.25 M sucrose and homogenized in an isolation
buffer containing 230 mM mannitol, 70 mM sucrose
and 2 mM Hepes, pH 7.4, plus 0.05% (w/v) bovine
serum albumin. The homogenate was centrifuged at
800 g for 8 min, the pellet was removed and the
centrifugation process was repeated. The supernatant
was centrifuged at 8000 g for 10 min, the pellet was
washed with the isolation buffer and the centrifuga-
tion was repeated. The pellet containing a mixture of
organelles was further fractionated by centrifugation
at 8500 g for 10 min in a Percoll gradient (consisting
of three layers of 18, 30 and 60% (w/v) Percoll
in sucrose/Tris buffer (0.25 M sucrose, 1 mM
EDTA and 50 mM Tris/HCI), pH 7.4). Mitochon-
dria were collected from the interface of 30% and
60% Percoll and washed with the sucrose/Tris buffer.
Mitochondrial protein concentration was determined
using Bio-Rad protein assay dye reagent (Bio-Rad,
Hercules, CA).

Detection of nNOS, cytochrome ¢ and nitration

One hundred micrograms of mitochondrial protein
were prepared in non-reducing sample buffer
(Pierce, Rickford, IL), separated by 10% SDS-
PAGE, celectro-transferred to a polyvinylidene fluo-
ride (PVDF) membrane and immunostained by
standard methods. a-nNOS (Upstate, Lake Placid,
NY), a-cytochrome ¢ (Santa Cruz Biotech, Santa
Cruz, CA) and a-nitrotyrosine (Upstate, Lake Placid,
NY) antibodies were used to detect nNOS, cyto-
chrome ¢ and protein nitration, respectively.
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Immunoprecipitation

Mitochondria isolated from 26-month old rat brains
were lysed by the freeze-thaw method in RIPA buffer
containing a protease inhibitor cocktail (Roche,
Germany); 1 mg/ml of total mitochondrial protein
was incubated with 10 pg of anti-nitrotyrosine anti-
body (Upstate, Lake Placid, NY) overnight at 4°C.
Immune complexes were collected by incubation with
protein G-agarose (Santa Cruz Biotech, Santa Cruz,
CA) for 4 h at 4°C. Immunoprecipitated proteins
were released from agarose by boiling in non-redu-
cing sample buffer (Pierce, Rickford, IL), separated
on 10% SDS-PAGE gel and sequenced by LC/MS/
MS at the Proteomic Core Facility at the School of
Pharmacy, University of Southern California.

LC/MS/MS analyses

Immunoprecipitated protein bands were excised from
the gel and then subjected to in-gel tryptic digestion.
Analysis of tryptic peptide sequence tags by tandem
mass spectrometry was carried out as previously
described [19]. Protein identification was carried
out with the MS/MS search software Mascot 1.9
(Matrix Science, Boston, MA) with confirmatory or
complementary analyses with TurboSequest of the
Bioworks Browser 3.2, build 41 (ThermoFinnigan,
Madison, CT). Tyrosine (+ 45 Da) and methionine
(+16 Da) of each MS/MS spectrum was analysed
as specific nitration and oxidation, respectively. F;-
ATPase amino acid numbering is based on NCBI
sequence NP_599191 and the structure shown in
Figure 3 was generated with the WeblLab Viewer Pro
3.7 (Molecular Simulations, Inc., San Diego, CA)
from the Protein Data Bank (Structure explorer,
1BMF) based on the F;-ATPase crystal structure
[25].

Measurement of enzyme activities

Succinyl-CoA-transferase (SCOT) activity was mea-
sured as described [26]: mitochondria were disrupted
by sonication and then centrifuged at 10 000 g for
20 min. The supernatant was incubated in a 50 mM
Tris-HCI buffer, pH 8.0, containing 5 mM MgCl,,
4 mM iodoacetamide, 0.2 mM acetoacetate and
0.1 mM succinyl-CoA. Activity was measured spec-
trophotometrically at 313 nm. Complex IV (cyto-
chrome oxidase) activity was measured using a
MitoProfile Assay Kit (Mitosciences, Eugene, OR)
according to manufacturer’s instructions. Complex
IV was immunocaptured with cytochrome oxidase
antibody and the activity was measured by the
oxidation of reduced cytochome ¢ at 550 nm (¢=21
mM~™! cm™1). ATPase (complex V) activity was
measured in purified mitochondria from rat brain:

nNOS and ageing 433

50 pg of broken mitochondria were added to 1 ml
reaction buffer containing 250 mM sucrose, 50 mM
HEPES, pH 8.0, 5 mM MgSQO,, 2.5 mM sodium
phosphoenolpyruvate, 2 pg antimycin, 5 ml of PK/
LDH mixture and 2.5 mM ATP. Reaction was
initiated by addition of 0.35 mM NADH and initial
rates were measured at 340 nm at 25°C (&340 = 6.22
mM™! cm™!). Protein levels of SCOT and F;-
ATPase were assessed by immunoblotting using
specific antibodies against SCOT (Novus, Littleton,
CO) and F,-ATPase (Santa Cruz Biotech, Santa
Cruz, CA).

Polarographic assays

Oxygen consumption was measured with a Clark-
type electrode (Hansatech, UK) assembled to a
thermostatic water jacket. The assay buffer consisted
of 100 mM KCl, 75 mM mannitol, 25 mM sucrose,
5 mM KH,PO,, 5 mM MgCl,, 0.05 mM EDTA,
20 mM HEPES, pH 7.4. The mitochondrial suspen-
sion was maintained under continuous stirring with a
magnetic agitator in the electrode chamber. State 4
respiration was measured with complex I substrates
(2.5 mM pyruvate+ 2.5 mM malate) and state 3
respiration in the presence of 350 uM ADP.

Statistical analysis

Data are reported as means+ SD of at least six
independent experiments. Significant differences be-
tween mean values were determined by Student
t-test. Means were considered to be statistically
significant if p < 0.05.

Results

Rat brain nNOS protein level is elevated
during ageing

The total nNOS content in rat brain homogenate
increased during ageing, as detected by Western blot
using an antibody targeting the C-terminal of nNOS
(BD Biosciences, Cat # 610308). A specific nNOS
band with a molecular weight ~ 155 KDa, which
corresponds to the cytosolic form of nNOS [12], was
observed. After normalizing with B-actin, the level of
nNOS was found to be elevated ~ 2-fold in 26
month-old rats as compared to 6 month-old rats
(Figure 1). Furthermore, regardless of whether anti-
body targeting either N- or C-terminal of brain NOS
was used, mitochondrial NOS (mtNOS, 144 kDa)
was not detected in isolated mitochondria from
Fisher rat brains (data not shown). The existence of
mtNOS has been reported in experiments using
Wistar rats [12], thus suggesting that the expression
of mtNOS is strain-specific.
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Figure 1. Increase of nNOS protein content in rat brain during
ageing. Representative western blots of total brain homogenate
obtained from Fisher 344 rats at 6, 14 and 26 months of age. The
nNOS protein in the cell homogenate was detected by using the «-
nNOS antibody. The intensity of nNOS bands were quantified and
calculated against f-actin levels using a Versa Doc imaging system
(Bio-Rad). n =9, *p <0.05.

Increased mitochondrial protein nitration level
during ageing

The elevated nNOS levels as a function of age were
accompanied by increased level of protein nitration in

Mitochondria
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Figure 2. Increase of nitrosylation and nitration of rat brain
cytosolic and mitochondrial proteins during ageing. Rat brains at 6,
14 and 26 months of age were immunoblotted for the assay of
protein nitration. Nitrotyrosine in the mitochondrial fraction was
detected by the a-nitrotyrosine antibody.

mitochondria, assessed by immunoblotting. Nitration
was detected in the mitochondrial fraction (Figure 2)
but not in the cytosolic fraction, thus supporting the
notion that mitochondria are major cellular sources of
O,° and, hence, they set a favourable environment
for ONOO ™~ formation. No band was detected after
incubating the same membrane with 1 mM dithio-
nite, indicating the specificity of the anti-nitrotyrosine
antibody (data not shown). Nitration of mitochon-
drial proteins increased during ageing. Only a few
mitochondrial proteins containing nitrotyrosine were
detected (Figure 2). This suggests that nitration is
limited to a number of mitochondrial proteins, thus
implying a specific age-dependent functional impair-
ment of these proteins.

Succinyl-CoA-transferase and F;-ATPase are nitrated
during ageing

The nitrotyrosine immunoreactive 58 kDa proteins
that were isolated from rat brain mitochondria were
immuno-precipitated by anti-nitrotyrosine antibody
and subjected to LC/MS/MS analyses. The mito-
chondrial enzymes succinyl-CoA-transferase (SCOT)
and F-ATPase (Complex V) were identified as these
nitrated proteins (Figure 3 and Tables I and II). The
sequence coverage for SCOT and F,-ATPase are
24% and 26%, respectively. The site of nitration of
F,-ATPase was identified as Tyr*®° of the § sub-unit
(Figure 3 and Tables I and II). 3D mapping of Tyr>®°
was based on the crystal structure of bovine ATPase,
which shared high sequence similarity for comparison
purposes (Figure 3). The nitrated tyrosine appears to
be at the periphery of the active site and carbon three
(position of nitration) is relatively close (~10 A) to
the Mg®" ion associated with the catalytic core
(Figure 3B and C). It is surmised that the increased
production of *NO by cytosolic nNOS and diffusion
into the mitochondria, a compartment with higher
0O,°* ™ concentration and a more favourable site for
ONOO ™~ formation, results in the specific nitration
of both SCOT and F;-ATPase.

Upon analysis of the observed peptides in F;-
ATPase, the nitrated VALVYGQMNEPPGAR pep-
tide was found. Tyrosine residue of this particular
peptide is located in the catalytic pocket. Total mass
of the peptide (mass +16 and +45 Da for
methionine oxidation and tyrosine nitration) corre-
sponded with the sequence and multiple MS2
spectra for different y- and b-ion masses (Figure
3A). Peptide ions Y5 and B; (Figure 3A and Table
II) ionized well for the peptide. Other spectra also
showed significant intensity of tyrosine nitration
(Figure 3A and Table II) and it is noted that Y,
Y5T, Bs, By, B;s, and By, all demonstrate the
presence of nitrotyrosine (+ 45 Da). These findings
support the occurrence of tyrosine nitration on the

RIGHTS

Ay



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/04/11

For personal use only.

nNOS and ageing 435

. o VALV [Fa N EFF AR

Relative Abundance

‘- y-chain

i

Bg
1149.48

By3

140126 Blg
1471.56
1558.62

Nitration of Tyr"®” of ATPase B-subunit

Tryptic peptide

VALVYGQMNEPPGAR Nitro(Y)
VALVYGQMNEPPGAR Nitro(Y)
VALVYGQMNEPPGAR Nitro(Y)

residue Xc Acn
Tyr™® 2.509 0.188
Tyr™® 2.876 0.293
Tyr™ 2.269 0.349

Figure 3. Succinyl-CoA-transferase and F;-ATPase f sub-unit identified as nitration targets by LC/MS/MS during ageing. The ATP
synthase f-sub-unit was identified by LC/MS/MS and was found to be nitrated on Tyr?®°, as mentioned in the Materials and methods and
Result sections. (A) MS spectrum of nitrated peptide from ATP synthase (*, +45 Da, ¥, +16 Da for Y and M, respectively; see Table II).

(B) 3D mapping of Tyr*®’

in the protein and (C) magnification of the active site from the crystal structure of bovine F;-ATPase.

Components and their corresponding colours: a-chains (red); f-chains (blue); y-chain (purple); Fy-o active site residues (red); F,-f active
site residues (blue); Mg? " (green); ANP (violet); ADP (turquoise) and nitrotyrosine 269 (yellow, 219 in crystal structure). (D) Sequest

scores of nitrated peptide of F{-ATP synthase f sub-unit.

peptide, further confirmed by Sequest scores (Xc
and Acn) (Figure 3D).

It is worth noting that the mitochondrial pro-
tein nitration pattern in i vitro and i vivo models
differ substantially: on the one hand, when isolated
mitochondria are treated with ONOO ', a multitude

of 3-nitrotyrosine positive bands are observed [27].
On the other hand, in normal ageing, as the experi-
mental model used in this study, the increases in
cytosolic nNOS activity leads to a discreet and
specific mitochondrial nitration pattern, as shown in
Figure 2.
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Table I. LC/MS/MS analyses of Succinyl-CoA-transferase and
F,-ATPase.

Tryptic peptide Xc Acn

Succinyl-CoA-transferase”
DGSVAIASKPR 2.424 0.365
FYTDPVEAVK 2.328 0.315
GMGGAMDLVSSSK 4.224 0.514
YGDLANWMIPGK 4.952 0.639
GGHVNLTMLGAMQVSK 3.444 0.108
AGGAGVPAFYTSTGYGTLVQEGGSPIK 4.926 0.540

F,-ATPase’
TIAMDGTEGLVR 3.555 0.462
VLDSGAPIK 3.018 0.269
VLDSGAPIKIPVGPETLGR 4.068  0.447
IPVGPETLGR 3.283 0.541
IMNVIGEPIDER 3.993 0.785
VVDLLAPYK 3.708 0.426
IGLFGGAGVGK 2.949 0.361
TVLIMELINNVAK 4.547 0.406
VALVYGQMNEPPGAR 4.222 0.465
FTQAGSEVSALLGR 5.146  0.550
IPSAVGYQPTLATDMGTMQER 5.179  0.297

“50 total SCOT high quality peptides (six unique) were identified
by LC/MS/MS (Mascot scores ranged from 37-73).

®80 total F;-ATPase f-chain high quality peptides (11 unique)
were identified by LC/MS/MS (Mascot scores ranged from 30-94).

Nitration compromises succinyl-CoA-transferase
and F;-ATPase activities

Although the protein levels of both SCOT and F;-
ATPase remained unchanged with age, their activi-
ties following nitration were significantly decreased
(Figure 4A and B). It is well documented that
cytochrome oxidase (complex IV) activity, the term-
inal electron acceptor of the mitochondrial electron-
transfer chain, decreases with ageing [26], a fact that
is illustrated by Figure 4C and D. The decline in
cytochrome oxidase activity was less pronounced

than that of SCOT and F;-ATPase (Figure 4D).
The age-dependent decline in SCOT and F{-ATPase
activities suggests that these enzymes may become
rate limiting, thereby affecting energy metabolism.
Moreover, the age-dependent decline in SCOT
activity implies a less efficient ketone body metabo-
lism as an energy source in the brain. Thus, the age-
dependent decline in SCOT activity may become
more detrimental if simultaneously coupled to an
impaired glucose metabolism.

Owverall mitochondrial function and ageing

The respiratory control ratios (RCR) of brain
mitochondria respiring on complex I substrates
(malate/glutamate) were decreased as a function
of age (Table III): a 25% decrease in oxidative
phosphorylation efficiency was observed in 26-
month old animals as compared with 6-month old
rats. The lower RCR values were accounted for
largely by an increase in state 4 respiration, with
state 3 respiration remaining somehow constant
with age (Table III). The P:O ratio was ~ 20%
lower in 26-month old animals as compared with
the young animals (6-month old).

Compromised energy production enhanced cytochrome
¢ release

The compromised energy metabolism as a function of
age referred to above was associated with a decrease
in mitochondrial cytochrome ¢ and corresponding
increases in the cytosolic levels of the same hemo-
protein (Figure 5). This establishes a link between
impaired energy metabolism and mitochondrion-
driven apoptosis.

Table II. Theoretical masses of nitrated ATPase peptides from MS2 spectrum.

Modifications M+16 Da and Y +45 Da

N° b mass b*" mass y mass vyt mass N°
\'% 1 100.0763 50.038 14 1662.811 831.405 5 15 \%
A 2 171.1134 85.556 7 1563.743 781.871 3 14 A
L 3 284.1975 142.098 7 1492.706 746.352 8 13 L
\'% 4 383.2659 191.632 9 1379.621 689.810 7 12 \%
Y 5 591.3292 295.664 6 1280.553 640.276 5 11 Y
G 6 648.3507 324.175 3 1072.49 536.244 9 10 G
Q 7 776.4092 388.204 6 1015.468 507.734 1 9 Q
M 8 923.4497 461.724 9 887.4097 443.704 8 8 M
N 9 1037.493 518.746 3 740.3692 370.184 6 7 N
E 10 1166.535 583.267 6 626.3262 313.163 1 6 E
P 11 1263.588 631.794 497.2837 248.641 8 5 P
P 12 1360.641 680.320 4 400.2309 200.115 4 4 P
G 13 1417.662 708.831 1 303.1781 151.589 1 3 G
A 14 1488.699 744.349 7 246.1567 123.078 3 2 A
R 15 1644.8 822.400 2 175.1196 87.559 78 1 R

Y* (tyrosine) +45 and M® (methionine) +16 Da for nitrated VALVY*GQM®N EPPGAR are shown and observed peptides are shown in
italic that are within 0.8 Da of the theoretical mass. Observed masses for the nitrated peptide are annotated in Figure 3A.
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Figure 4. Succinyl-CoA-transferase and ATPase activities during ageing. The enzymatic activities of (A) SCOT and (B) F,-ATPase were
significantly decreased during ageing. Top panels indicate that protein levels were unchanged. (C) A moderate decline of cytochrome
oxidase activity was observed during ageing. (D) Comparison of the effect of ageing on the declines of enzymatic activities: SCOT (@, solid
line; slope —2.07); ATP synthase (M, broken line; slope —1.81) and cytochrome oxidase ( A, solid line; slope —1.06). The slopes in D
indicate that the reduction of SCOT and ATDP synthase activities were more pronounced than that of cytochrome oxidase. n =9, * p <0.05.

Discussion

*NO produced in the central nervous system can be
neuroprotective or neurotoxic [2,28]. Neuronal nitric
oxide synthase (nNOS) is the Ca®"-calmodulin-
dependent NOS isoform that is constitutively ex-
pressed in all brain cell types including neurons,
astrocytes and glial cells. Excessive formation of *NO
as either in excitotoxicity (excessive activation of
NMDA receptor with concomitant glutamate release)
or induction of nitric oxide synthase in astrocytes and
microglial cells (as a response to pro-inflammatory

Table III.  Respiratory function of rat whole brain mitochondria in
ageing.

State 3 State 4
Age (months) ng at O/min/mg protein RCR PO
6 35.6+1.6 5.2+0.3 6.840.3 2.924+0.60
14 32.841.6* 55+0.3 5941.5 2.61+0.62
26 35.5+2.1 6.94+0.1* 5.14+0.3* 2.4040.56

*p <0.05, n.=9.

stimuli) is likely involved in the pathophysiology of
age-related neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s diseases [29].

This study recognized that the expression of
cytosolic nNOS increases with age and this is
associated with increased and specific patterns of
nitration of mitochondrial proteins. This modifica-
tion is expected, because mitochondria are major
cellular sources of O,* ', thus providing an adequate
setting for ONOO ~ formation. Due to its short half-
life, its high chemical reactivity and its electrical
charge, it is unlikely that mitochondrial ONOO ™
would be able to diffuse to the cytosol and be
involved in the nitration of cytosolic proteins. Under
conditions of enhanced *NO and O,°* ~ production
in the mitochondrial compartment, *NO can out-
compete Mn-superoxide dismutase for O,°* ~ [30],
thus resulting in ONOO ™~ formation and mitochon-
drial protein nitration.

The catalytic activities of brain SCOT and F;-
ATPase are compromised by nitration during ageing.
SCOT mediates the rate-determining step of ketolysis
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Figure 5. Increased mitochondrial cytochrome ¢ release during
ageing. Mitochondrial and cytosolic fractions of rat brain from
different rat ages were collected and subjected to immunoblotting
using the anti-cytochrome ¢ antibody. Mitochondrial cytochrome ¢
decreased with age with a corresponding increase in cytosolic
cytochrome ¢. Cytochrome oxidase staining was included as a
loading control. n =9, *p <0.05.

in extrahepatic tissues by conversing ketone bodies
into acetoacetyl-CoA, which subsequently enters the
citric acid cycle for energy production. In the brain,
ketone bodies are the only alternative energy source
during periods of glucose deficiency. Ketone bodies
have been suggested to help rescue mitochondrial
respiration in Parkinson’s disease models by increas-
ing succinate generation, which involves SCOT-
mediated catalysis and bypasses the presumed com-
plex I deficiency by boosting mitochondrial function
and ATP production [31,32]. Thus, nitration of
SCOT as a function of age renders the brain more
susceptible to an energy crisis, especially in the case of
age-associated type II diabetes due to the compound-
ing effect of impaired glucose and ketone body
utilization. The SCOT activity in the heart has been
reported to increase during ageing due to nitration of
a tryptophan residue [33]. The reason for this
discrepancy can be partly explained by the facts that
(1) nitration occurred on different residue: tryptophan
residues in heart but tyrosine in brain; and (ii) the
heart is the main ketone body-utilizing organ,
whereas the brain only utilizes ketone bodies as an
alternative backup energy source.

This is the first study showing the F;-ATPase is
being nitrated at Tyr*®® during ageing with a com-
promised catalytic activity. 3D mapping of Tyr*®°
in F{-ATPase (Figure 3) suggests deficient ADP

binding to the active site, thus lowering the ATP
production rate. However, the sequence coverage of
F,-ATPase is only 26%, thus suggesting that there
may be other potential nitration sites yet to be
determined.

Of note, the declines in the activities of SCOT and
F,-ATPase with age were due to *NO-mediated
protein post-translational modifications (nitration),
whereas the lower decline in cytochrome oxidase
(complex IV) activity may be ascribed to a decreased
expression (and possibly assembly) of the enzyme. In
addition, it is interesting to note that *NO binds to
the enzyme complex IV and inhibits rapidly (seconds
or faster) its activity at ratios of O, to *NO in the
40-500 range. However, the increased cytosolic
nNOS activity reported here would be able to elicit
a physiological cytochrome oxidase inhibition. The
levels of cytochrome oxidase found in cells seem to
be optimized to allow a moderate but not excessive
overlap between the signalling roles of *NO and
the inhibition of state 3 mitochondrial respiration
by *NO [34], but the increase of nNOS with ageing
seems to augment the magnitude of this overlap. The
inhibition of cytochrome oxidase by *NO is also
associated with an increase in O,°  generation at
complex III sites and optimizes the setting for
ONOO " -dependent protein nitration [3].

The cytochrome c release observed as a function of
age correlated with the increase in cytosolic nNOS
activity and may be ascribed to excessive formation of
ONOO ™ in mitochondria. It is well documented that
ONOO ™ can induce both necrotic and apoptotic cell
death which eventually leads to neurodegeneration
[35].
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