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Introduction

A large body of evidence exists showing that mitochondria 
are the major source of free radicals that contribute to cellu-
lar aging (for a recent review, see reference 1). Mitochondrial 
sources of free radicals include electron leakage or incom-
plete reduction of molecular oxygen by the mitochondrial 
electron transport chain (ETC), leading to the generation 
of reactive oxygen species (ROS) such as superoxide (O

2
•–), 

hydrogen peroxide (H
2
O

2
), alkyl peroxyl (ROO•), lipid per-

oxyl (LOO•), and hydroxyl (HO•) radicals2. As much as 1–2% 
of O

2
 used in mitochondrial respiration is converted to ROS, 

primarily by complexes I and III of the ETC2. In addition, 
mitochondrial ROS are produced enzymatically by pyru-
vate, -ketoglutarate, acyl-coenzyme A (CoA), isocitrate, 

and dihydrolipoyl dehydrogenases, as well as monoamine 
oxidase B3–7. Located in close proximity to the sites of ROS 
production, the enzymes of the citric acid cycle are espe-
cially prone to oxidative attack. The most notable targets are 
aconitase8,9 and -ketoglutarate dehydrogenase5,6,10.

Citrate synthase (CS), the first enzyme of the citric acid 
cycle, catalyzes the irreversible condensation of oxaloa-
cetate and acetyl-CoA to form citrate and CoA-SH. The 
enzyme is controlled by the availability of oxaloacetate 
(which is present in concentrations much less than 1 M 
in the mitochondria) as well as by allosteric inhibition by 
NADH (reduced nicotinamide adenine dinucleotide), ATP 
(adenosine triphosphate), and succinyl-CoA (all products 
of the citric acid cycle). The binding of oxaloacetate induces 
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Abstract
In mammals, aging is linked to a decline in the activity of citrate synthase (CS; E.C. 2.3.3.1), the first enzyme of 
the citric acid cycle. We used 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH), a water-soluble generator 
of peroxyl and alkoxyl radicals, to investigate the susceptibility of CS to oxidative damage. Treatment of iso-
lated mitochondria with AAPH for 8–24 h led to CS inactivation; however, the activity of aconitase, a mitochon-
drial enzyme routinely used as an oxidative stress marker, was unaffected. In addition to enzyme inactivation, 
AAPH treatment of purified CS resulted in dityrosine formation, increased protein surface hydrophobicity, and 
loss of tryptophan fluorescence. Propyl gallate, 1,8-naphthalenediol, 2,3-naphthalenediol, ascorbic acid, glutath-
ione, and oxaloacetate protected CS from AAPH-mediated inactivation, with IC50 values of 9, 14, 34, 37, 150, and 
160 μM, respectively. Surprisingly, the antioxidant epigallocatechin gallate offered no protection against AAPH, 
but instead caused CS inactivation. Our results suggest that the current practice of using the enzymatic activity 
of CS as an index of mitochondrial abundance and the use of aconitase activity as an oxidative stress marker may 
be inappropriate, especially in oxidative stress-related studies, during which alkyl peroxyl and alkoxyl radicals 
can be generated.
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a conformational change in the enzyme that facilitates the 
binding of acetyl-CoA. CS is found in both prokaryotes and 
eukaryotes, and in the latter, it is located exclusively in the 
mitochondrial matrix11.

CS activity has been widely used as an indicator of cel-
lular mitochondrial content, function, and integrity12–15 
(for a review, see reference 16). However, recent evidence17 
suggests that changes in CS activity do not parallel changes 
in mitochondrial DNA content and other mitochondrial 
respiratory enzymes. Similarly, the increase in CS activity 
during postnatal development did not correlate with that of 
cytochrome c oxidase, a key enzyme of mitochondrial res-
piration18. That, along with the possible susceptibility of CS 
to oxidative modifications investigated here, may limit the 
use of CS enzyme activity as an indicator of mitochondrial 
abundance or integrity.

CS activity is significantly reduced in the brains and livers 
of old mice, with concomitant age-dependent increases in 
oxidative stress parameters (such as products of lipid peroxi-
dation and activities of antioxidant enzymes (e.g. superoxide 
dismutases))19. Aged rats also display a decline in CS activ-
ity20. Decreased CS activity was noticeable in rat brain tumors 
where lipid peroxidation (as measured by thiobarbituric acid 
reactive substances or TBARS) occurs; as parallel decreases 
in antioxidant enzyme activities were observed, it was sug-
gested that conditions of oxidative stress could inactivate 
CS21. In addition, CS activity was lower in aged compared to 
young and middle-aged humans22. Finally, a recent study12 
showed that CS activity falls significantly under conditions 
of oxidative stress (as measured by the ratio of reduced to 
oxidized glutathione) during cardiac arrest. This, together 
with evidence that citric acid cycle enzymes may be respon-
sible for the decline in ATP production in the failing heart13, 
makes a study on CS oxidation and antioxidant protection of 
CS clinically relevant.

AAPH is a water-soluble and cell-permeable peroxyl radi-
cal generator utilized in many studies involving lipid per-
oxidation and the characterization of novel antioxidants23,24. 
Decomposition of AAPH produces nitrogen gas and two 
carbon-centered radicals, which react with oxygen to pro-
duce hydrophilic alkyl peroxyl and alkoxyl radicals25,26. These 
radicals differ in their types and rates of reactivity toward 
proteins from hydroxyl radicals generated during Fe2+/H

2
O

2
 

(Fenton) reactions. The specific effects of peroxyl radicals 
on the enzymes of the citric acid cycle remain to be inves-
tigated. To our knowledge, ours is the first study to examine 
the effects of peroxyl radicals on mitochondrial enzymes.

Naphthalenediols (NDs) constitute a novel class of phe-
nolic antioxidants that may be used to restore CS activity, 
provided that the mechanism of CS inactivation involves 
free radical attack14,15. NDs are thought to work by transfer-
ring a hydrogen atom to either the attacking free radical or 
to an oxidized amino acid (such as a tyrosyl radical (R-Tyr-
O•))27. Our previous studies showed that 1,8-NDs are potent 
antioxidants with low cytotoxicity14.

Our primary goals were to investigate CS for its suscep-
tibility to oxidation by peroxyl radicals generated by AAPH, 

both as the purified enzyme and in isolated mitochon-
dria, as well as to evaluate and compare the ability of both 
natural (ascorbate (ASC), glutathione (GSH), propyl gallate 
(PG), and epigallocatechin gallate (EGCG)) and synthetic 
antioxidants (1,4-, 1,8-, and 2,3-naphthalenediols (1,4-ND, 
1,8-ND, and 2,3-ND, respectively)) to protect CS against 
AAPH-induced inactivation.

Materials and methods

Chemistry
1,4-ND and 2,3-ND were obtained from Sigma-Aldrich 
(Oakville, Ontario). 1,8-ND was synthesized from 1,8-naph-
thosultone (Sigma-Aldrich) as previously described28 (for 
an alternative method of synthesis refer to reference 29). All 
structures were verified by 1H and 13C nuclear magnetic res-
onance (NMR) and mass spectrometry. 1,8-ND was a kind 
gift from Dr. Tony Durst (Chemistry, University of Ottawa, 
Ottawa, Ontario, Canada).

Materials
Purified porcine heart CS was purchased from Roche 
Diagnostics (Mannheim, Germany). Reagents for sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; Protogel) were from National Diagnostics (Atlanta, 
Georgia). Prestained protein markers were from New 
England Biolabs (Beverly, Massachusetts). Chelex-100 
and protein dye reagent were purchased from Bio-Rad 
Laboratories (Hercules, California). All other reagents were 
purchased from Sigma-Aldrich. Trypsin gold (mass spec-
trometry grade) was purchased from Promega.

Cell culture, mitochondrial isolation, and treatment with 
glucose and AAPH
PC12-AC cells, an adherent clone of the rat adre-
nal pheochromocytoma cell line, were a gift from 
Dr. Steffany Bennett (Biochemistry, Microbiology 
and Immunology, University of Ottawa, Ontario, 
Canada). The cells were thawed and grown in RPMI 
1640 medium supplemented with 5% newborn calf 
serum, 10% heat-inactivated horse serum, glutamine, 
bicarbonate, 100 U/mL penicillin G (sodium salt),  
100 g/mL streptomycin sulfate, and 0.25 g/mL ampho-
tericin B (Invitrogen, Carlsbad, California). The cells were 
maintained at 37°C in a humidified atmosphere (5% CO

2
 

in air) and passed at a density of approximately 5 × 105 
cells/mL twice a week.

Mitochondria were isolated from cells as previously 
described30. Briefly, cells were detached from plates using a 
cell scraper into phosphate buffered saline (PBS) and cen-
trifuged at 600g for 10 min at 4°C. Cells were homogenized 
in IBc buffer without sucrose (10 mM Tris-MOPS, pH 7.4, 
1 mM EGTA/Tris) with 40 strokes using a glass–Teflon potter 
at 1600 r.p.m. The supernatant was collected and centrifuged 
at 7000g for 10 min at 4°C. The resulting pellet of mitochon-
dria was washed with IBc buffer without sucrose and centri-
fuged again at 7000g for 10 min at 4°C. Mitochondria were 
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resuspended in a small volume of IBc buffer without sucrose 
and used for treatment with glucose and AAPH.

Initial studies showed that the CS in isolated mitochondria 
was susceptible to AAPH inactivation at concentrations sim-
ilar to that of purified CS (results not shown). Mitochondria 
were therefore incubated with either 30 mM glucose or 
40 mM AAPH, or a combination of both treatments, at 37°C 
for either 8 or 24 h. Aliquots of treated mitochondria were 
removed for measurement of CS and aconitase activities 
or protein determination by Bio-Rad (Hercules, California) 
protein dye reagent.

Treatment of purified CS with AAPH or EGCG
Purified CS was diluted to final concentrations of 6 or 12 M 
(0.29 or 0.58 mg/mL, respectively) in 150 mM potassium 
phosphate buffer (pH 7.3) prepared by combining appro-
priate volumes of mono- and dibasic potassium phosphate 
until the desired pH was achieved. Stock solutions of AAPH 
were prepared at a concentration of 700 mM in ultra-pure 
Milli-Q water (to minimize transition metal contamination) 
pre-heated to 37°C for 5 min. The stock solutions (or Milli-Q 
water for controls) were then added to CS at 40–100 mM 
final concentration. The reactions were performed in open 
tubes in an Isotemp hybridization oven (Fisher Scientific, 
Ottawa, Ontario), which provided constant air ventilation 
ensuring sufficient oxygen supply for the AAPH-mediated 
alkyl peroxyl radical formation. The reactions were stopped 
by the addition of excess (36-fold) sample dilution buffer 
(0.1 M Tris-HCl, pH 7.0) and assayed immediately to prevent 
CS oxidation during the enzyme assay. Dilution in Tris-HCl, 
a potent free radical scavenger at this concentration31, and 
transfer of samples from 37 to 25°C ensured negligible free 
radical production during the course of enzyme assays32. 
Non-interference of residual AAPH or free radicals present 
in solution with the enzyme assay was verified by the addi-
tion of equal amounts of either reaction buffer (control) or 
assay concentration of AAPH to CS and performing enzy-
matic assays. For EGCG treatment, the same conditions 
were used except that the concentration of the EGCG stock 
(15 mM in 150 mM potassium phosphate buffer, pH 7.3) was 
prepared immediately prior to the experiments and was 
kept on ice until addition to CS samples to minimize pos-
sible autooxidation.

Enzymatic activity
CS enzymatic activity was measured by monitoring the appear-
ance of thionitrobenzoate at 412 nm (ε = 13.6 mM− 1 cm−1) 
from DTNB (5,5′-dithiobis(2-nitrobenzoic acid)) as a result 
of its reaction with coenzyme A (CoA-SH), as described 
previously33,34. The assay solution contained 0.25 mM acetyl-
CoA, 0.5 mM oxaloacetate (OAA), 0.25% (v/v) Triton X-100, 
and 0.1 mM DTNB in 100 mM Tris-HCl buffer, pH 8.1. Under 
these conditions, the initial enzyme velocity was directly 
proportional to the CS concentration (data not shown). The 
assays were performed at 25°C and the reaction was initi-
ated by the addition of 10 L of reaction mix (0.17 M of 
porcine CS or 10 L of isolated mitochondria and varying 

concentrations of AAPH) to 90 L of assay mixture (100 L 
total reaction volume) pre-incubated at 25°C for 5 min prior 
to CS addition. A microplate reader (Spectromax 340PC; 
Molecular Devices, Sunnyvale, California) was used for the 
assays. Chelex-100 treatment of CS reaction buffer (batch 
method following the manufacturer’s instructions) prior to 
AAPH treatment produced results identical to Chelex-100 
untreated samples (data not shown), suggesting that con-
taminating transition metals were not a factor in our experi-
ments. Full (100%) CS activity was defined as the amount of 
enzyme in the assay that produced 80.4 ± 2.0 mol of citrate 
min−1 mg−1 CS (80.4 ± 2.0 IU mg−1 CS). One unit of mitochon-
drial CS activity was defined as the amount of enzyme in the 
assay required to convert 1 mol of OAA and acetyl-CoA to 
citrate per min.

Aconitase activity was assayed according to Tretter and 
Adam-Vizi10. Briefly, 100 L of isolated mitochondria was 
assayed for activity in a buffer containing 50 mM Tris-HCl, 
pH 7.4, 0.2% Triton X-100, 30 mM sodium citrate, 0.6 mM 
manganese chloride, 0.2 mM NADP+, 1 U/mL catalase, and 
0.2 U/mL isocitrate dehydrogenase at 37°C for 20 min with 
an initial 5 min incubation period. Reactions were initi-
ated with NADP+ and read at 340 nm with an ultraviolet 
(UV)-visible spectrophotometer (Cary 100 Bio; Varian, Inc., 
Palo Alto, California). One unit of mitochondrial aconitase 
activity was defined as the amount of enzyme in the assay 
required to convert 1 mol of citrate to isocitrate per min.

Antioxidant protection
To determine the protective effect of various compounds on 
AAPH-mediated CS inactivation, each antioxidant was added 
immediately prior to the addition of AAPH and the reactions 
were allowed to proceed at 37°C as described above. GSH, 
ASC, and OAA were dissolved in 150 mM potassium phos-
phate buffer, pH 7.3. NDs and PG were prepared in DMSO 
(dimethylsulfoxide) so that the final concentration of DMSO 
in the assay, in both treated and control samples, was 0.2% 
(v/v). DMSO did not interfere with the assay at concentra-
tions up to 1% (v/v) (data not shown). The IC

50
 was defined as 

the concentration of an antioxidant required to prevent 50% 
loss of CS enzymatic activity as a result of AAPH treatment.

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE)
After AAPH treatment, protein samples were subjected to 
SDS-PAGE35 to examine possible structural modifications. 
Protein samples (14 g) were mixed with 4X loading buffer 
(40% glycerol, 20% -mercaptoethanol, 8% SDS, and 0.01% 
bromophenol blue in 250 mM Tris-HCl buffer, pH 6.8), 
heated for 3 min at 95°C, and loaded into 12.5% polyacryla-
mide gels. A Mini-PROTEAN 3 system (Bio-Rad Laboratories 
Inc., Hercules, California) was used and the gels were run for 
1 h at 150 V. Gels were stained with staining solution (0.25% 
Coomassie Brilliant Blue R, 50% (v/v) methanol, 7.5% (v/v) 
acetic acid), dried in a GelAir Drying System (Bio-Rad, 
Hercules, California) and scanned with a CanoScan LIDE 80 
scanner (Canon, Mississauga, Ontario). Band densitometry 
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was performed using AlphaEaseFC software, Version 3.1.2 
(Alpha Innotech, San Leandro, California).

Dityrosine (diTyr) and tryptophan (Trp) measurements
To further characterize oxidative modifications induced by 
AAPH, CS samples were analyzed for diTyr formation and 
intrinsic (inherent, native to the protein) Trp fluorescence 
using a PerkinElmer LS 50 Spectrofluorimeter (Wellesley, 
Massachusetts). DiTyr fluorescence was measured with 
the following parameters: excitation : 325 nm, emission 
: 360–560 nm, excitation slit width: 2.5 nm, emission slit 
width: 4.0 nm, scan speed: 50 nm/min. For Trp fluores-
cence, the excitation  was 295 nm, with all other param-
eters of diTyr measurement. CS samples were diluted 
five-fold with 0.1 M Tris-HCl, pH 7.0 prior to analysis. 
Non-interference of residual AAPH with each type of meas-
urement was verified by adding either reaction buffer or 
the appropriate AAPH concentration to CS and measuring 
the emission intensity.

Mass spectrometry (MS)
Both control and treated (8 h, 40 mM AAPH) CS samples were 
spun six times through Ultrafree-0.5 columns (molecular 
weight cut-off 5 kDa; Millipore) by centrifugation at 12,000g 
for 30 min at 4°C. Each time, 400 L of 0.1 M ammonium 
bicarbonate pH 7.5 was added to approximately 100 L 
of CS concentrate. Samples were heated for 5 min at 70°C, 
treated with dithiothreitol (DTT; 5 mM final concentration), 
and heated at 56°C for 1 h. After cooling to room temperature 
and adding iodoacetamide (10 M final concentration; 1 h 
treatment in dark), 200 g of each sample was incubated 
overnight with 10 g trypsin at 37°C.

Peptides were desalted using ZipTip C
18

 tips (Millipore, 
Billerica, Massachusetts) according to the manufacturer’s 
instructions and loaded into glass nanoelectrospray capil-
laries (Proxeon, Odense, Denmark). Mass analysis was 
conducted on both the control and treated samples using a 
QSTAR XL mass spectrometer (Applied Biosystems, Foster 
City, California) equipped with a manual nanoelectrospray 
ionization source and operating in time-of-flight (TOF) 
mode. The resultant spectra were manually analyzed and 
compared in order to discern which peptides contained dity-
rosine linkages. Several peptides were also analyzed by MS/
MS and identified using the commercially available peptide 
identification software Mascot (Matrixscience, London, UK).

Protein surface hydrophobicity
To determine whether any other structural changes arise 
as a result of AAPH treatment, protein hydrophobicity was 
measured. CS samples (1 M) were incubated with 100 mM 
of 8-anilino-1-naphthalenesulfonic acid (ANSA), a protein 
surface hydrophobicity probe36, for 40 min at 37°C. Excitation 
and emission  were 370 and 400–600 nm, respectively, 
with all other parameters of diTyr measurements. AAPH 
non-interference was verified by comparing AAPH and 
reaction buffer addition to untreated CS just prior to ANSA 
incubation.

Statistics
Data are presented as mean with standard error of the mean 
from no less than three independent experiments. One-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc 
test was used for multiple comparisons unless otherwise 
specified. Data were considered statistically significant 
when p < 0.05 unless otherwise specified.

Results

Inactivation of mitochondrial enzymes by AAPH
To investigate the effects of treatment of AAPH on CS and 
aconitase within intact mitochondria, the organelles iso-
lated from PC-12AC were incubated with 40 mM AAPH, 
and/or with 30 mM glucose to stimulate accelerated cell 
senescence due to mitochondria-generated oxidative 
stress25,26. CS and aconitase activities were assayed after 8 
and 24 h of treatment (Figure 1A and B). AAPH had a dra-
matic effect on CS (Figure 1A), bringing CS activity to 22 and 
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Figure 1.  The effect of 2,2′-azobis(2-amidinopropane) dihydrochloride 
(AAPH) on the enzymatic activity of mitochondrial citrate synthase (CS) 
and aconitase. Whole mitochondria were isolated from PC-12AC cells, 
treated with 30 mM glucose, 40 mM AAPH, or a combination of both for 
8 and 24 h at 37°C and assayed for CS and aconitase activities. Ten or 
100 L of the incubation mixture was removed for the assay of CS (A) or 
aconitase (B) activities, respectively. Means of three independent experi-
ments ± SEM are shown. *Significantly different from untreated controls 
at p < 0.001 as tested with one-way ANOVA followed by Tukey test.
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2% of control rates by 8 and 24 h, respectively. In contrast, 
aconitase activity did not change significantly with AAPH 
treatment (Figure 1B). Similar to previous results, we found 
that H

2
O

2
 inactivated aconitase, but not CS10 (and data not 

shown), in whole mitochondria, suggesting that AAPH- and 
H

2
O

2
-generated free radicals have opposite effects on the 

activities of these two enzymes.

CS inactivation by AAPH
The susceptibility of CS to AAPH-produced alkyl peroxyl 
(and alkoxyl) radicals was determined by measuring the 
loss of its enzymatic activity upon AAPH treatment. As 
shown in Figure 2A, CS activity was sensitive to the free 
radicals supplied by thermal decomposition of AAPH. 
Using the formula R

i
 = 1.36 × 10−6[AAPH], where R

i
 is the 

rate of free radical generation in M/s23, the amount of free 
radicals required for 50% AAPH-provoked loss of CS activ-
ity was found to be 0.34, 0.35, and 0.38 mM for 40, 80, and 

100 mM AAPH respectively. This corresponded to 113-, 
118-, and 125-fold excess of radicals over CS. Since both 
substrates for the enzymatic reaction were at saturating 
concentrations and CS activity was proportional to its con-
centration, 50% inactivation of the enzyme corresponds to 
the oxidative damage leading to the loss of activity of half 
of the total CS used (3 M). Therefore, one CS molecule is 
inactivated by 118 ± 6 AAPH-derived radicals. The amount 
of AAPH required to inactivate CS is much higher than that 
required to inactivate other enzymes (Table 1), revealing 
relative resistance of CS to oxidative modification. Even 
though high AAPH concentrations were used, the rate of 
ROS generation during AAPH decomposition was approxi-
mately the same order of magnitude as the maximal rate of 
mitochondrial ROS generation (0.2 nmol H

2
O

2
 min−1 mg−1 

protein43).

Protein aggregation
In order to further characterize the protein oxidative damage 
as a result of the pro-oxidant treatment, SDS-PAGE analysis 
was performed. It allows monitoring gross structural protein 
modifications such as aggregation and fragmentation. CS 
migrated with an apparent molecular weight of approxi-
mately 39 kDa, while the estimated monomeric molecular 
weight of CS is 46 kDa44. This error may be due to the use 
of pre-stained proteins as markers, whose mobility may be 
altered by dye molecules. Figure 2B reveals that progres-
sively increasing protein aggregation occurs with AAPH 
treatment over time. At the same time, the intensity of the 
CS monomer gradually diminishes. The band density of the 
monomer decreased significantly at 6 and 8 h of treatment 
compared to controls (p < 0.001; data not shown). In addi-
tion, no protein fragments (bands) are seen on the gel below 
the CS monomer band. The persistence of higher molecular 
weight species under highly reducing conditions of SDS-
PAGE (700 mM -mercaptoethanol) as well as the failure of 
10 mM DTT to restore the CS activity after AAPH treatment 
(results not shown) rules out the possibility of protein aggre-
gation due to intermolecular disulfide bridge formation.
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Figure 2.  (A) CS inactivation by AAPH. CS (6 M) was incubated with 
various concentrations of AAPH. Sample aliquots were taken at the 
time intervals indicated, the reaction was stopped by excessive dilu-
tion in 0.1 M Tris-HCl, pH 7.0, and the remaining enzymatic activity 
was measured immediately, as described in “Materials and methods.” 
Means of at least three independent experiments ± SEM are shown. (B) 
CS aggregates as a result of AAPH treatment. CS (12 M) was incubated 
with 40 mM AAPH, and aliquots were removed at various time intervals 
as shown, frozen immediately and stored at −80°C until use. For sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 14 g 
of total protein was loaded per lane and the electrophoresis was run fol-
lowed by Coomassie staining, as described in “Materials and methods.” 
Representative gel of three independent experiments is shown. C is con-
trol and T is AAPH-treated sample. M and A denote the CS monomer and 
aggregates, respectively.

Table 1.  The susceptibility of different enzymes to 2,2′-azobis 
(2-amidinopropane) dihydrochloride (AAPH)-mediated inactivation.

Enzyme

Number of AAPH-derived 
radicals required to inactivate 

one enzyme molecule Reference

Alcohol dehydrogenase 5.2 32

Lysozyme 5.8 37

Ca2+-ATPase 8.0 38

Horseradish peroxidasea 25 39

Glutamine synthetase 68 40

Glucose oxidasea 77 39

Cu,Zn-superoxide 
dismutase

89 41

Catalase 100 42

Citrate synthase 118 This work

Note. The number of AAPH-derived free radicals required to inactivate 
one molecule of each enzyme was calculated as in the “Results” section.
aThe values for horseradish peroxidase and glucose oxidase were taken 
directly from reference 39.
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Increase in protein surface hydrophobicity
Another AAPH-provoked oxidative modification observed 
was the increase in CS surface hydrophobicity, as measured 
by the extent of ANSA binding. This method is used to deter-
mine the accessibility of protein hydrophobic regions to the 
hydrophobicity probe ANSA, which can change as a result of 
protein partial unfolding or increases in protein flexibility45. 
Figure 3 reveals that the emission intensity of ANSA bind-
ing increases with the time of AAPH treatment, while no 
change is observed for control CS. The emission intensity 
increase and the characteristic blue shift observed (Figure 
3A) correspond to ANSA binding to protein and ANSA 
transfer from a hydrophilic to a hydrophobic environment45. 
The binding shows a biphasic pattern, increasing linearly in 
the first 120 min of AAPH treatment, after which it remains 
unchanged (Figure 3B). The increase in ANSA binding 
may indicate protein unfolding45 or decreased association 
between two subunits of the CS dimer, exposing hydropho-
bic regions in the subunit interfaces that would be otherwise 
less accessible to ANSA.

Loss of tryptophan fluorescence
In addition, exposure of CS to AAPH-derived radicals resulted 
in the loss of intrinsic Trp fluorescence (Figure 4). Trp fluo-
rescence was observed at 

exc
 of 295 nm, which measures 

only Trp and not Tyr46. The emission spectra of CS had a 
max

 
of 339 nm, suggesting that the overall environment of its nine 
Trp residues is relatively hydrophobic. Since in a folded pro-
tein not all Trps contribute to the fluorescent signal equally 
(as a result of quenching of their fluorescence by adjacent 
residues, for example), only the fluorescence of unquenched 
Trp residues was measured. The AAPH-mediated loss of 
Trp fluorescence was accompanied by an 11 nm blue shift, 
indicative of a slight overall decrease in the polarity of oxi-
dized CS47. It is noteworthy that both Trp fluorescence and 
surface hydrophobicity experiments pointed to an increased 
hydrophobic environment of AAPH-treated CS.

Dityrosine formation
The appearance of a diTyr peak measured at 

em
 of 370–

560 nm and 
exc

 of 32538 was also evident upon treatment 
of CS with AAPH (Figure 5A). The increase in emission 
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Figure 3.  AAPH-induced increase in CS surface hydrophobicity. CS 
(6 M) was incubated with 40 mM AAPH, aliquots were removed at 
several time points, diluted, and 1 M CS was incubated with 100 M 
8-anilino-1-naphthalenesulfonic acid (ANSA) for 40 min at 37°C. The 
emission intensity was measured upon excitation at 325 nm, as described 
in “Materials and methods.” (A) Hydrophobicity spectra of AAPH-treated 
CS over time. (B) Increase in the emission intensity at 490 nm, character-
istic for ANSA binding to protein surface hydrophobic residues. Means of 
at least three independent experiments ± SEM are shown.
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Figure 4.  Kinetics of tryptophan (Trp) fluorescence loss of CS as a result 
of AAPH treatment. CS (6 M) was incubated with 40 mM AAPH, aliquots 
were removed at several time points, diluted, and the fluorescent emis-
sion intensity was measured at 300–400 nm upon excitation at 295 nm, 
as described in “Materials and methods.” (A) Trp fluorescence spectra 
of AAPH-treated CS over time. (B) Decrease in the emission intensity at 
330 nm. Means of three independent experiments ± SEM are shown.
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intensity at 420 nm, indicative of diTyr formation38, was 
essentially linear during the first 8 h of AAPH treatment, with 
a plateau occurring toward the end of the treatment (Figure 
5B). The increase in emission intensity at 420 nm using 

exc
 

of 325, characteristic of diTyr, correlates well (R2 = 0.98) with 
AAPH-provoked CS activity loss (Figure 5B inset), suggest-
ing that Tyr cross-linking may be responsible for the loss of 
CS enzymatic activity reported in this work.

Loss of Tyr-containing peptides
In order to determine whether diTyr was forming as a 
result of CS treatment with alkyl and alkoxyl radicals, we 
subjected CS samples to MS analysis. The disappearance of 
m/z peaks representing Tyr-containing peptides of CS par-
ticipating in the diTyr formation during AAPH treatment 

would be expected to occur with the concomitant appear-
ance of diTyr dipeptide peaks. The sequence coverage of 
CS was 28% at a cut-off of 5000 counts. Interestingly, two 
out of 14 trypsin-generated peptides that contained Tyr 
were present in the control, but not in the treated sam-
ple. These were LDWSHNRTNMLGYTDAQFRELMR and 
DYIWNTLNSGR (Figure 6), containing Tyrs 246 and 331, 
respectively. Further MS/MS confirmed the sequences of 
these two peptides, as well as SMSTDGLIK, from the con-
trol sample.

Antioxidant protection
After brief characterization of the types of oxidative damage 
of CS induced by AAPH, antioxidants shown in Figure 7 
were tested for their ability to protect CS against AAPH 
inactivation. To this end, we added different concentrations 
of each antioxidant to CS prior to AAPH treatment. Using 
the results in Figure 8, we found that the IC

50
 values for PG, 

1,8-ND, 2,3-ND, ASC, GSH, and OAA were 9, 14, 34, 37, 150, 
and 160 M, respectively. PG and 1,8-ND offered the best 
protection, whereas 1,4-ND was unable to protect CS from 
50% loss of activity.

EGCG-mediated inactivation
Contrary to our expectations, the antioxidant EGCG was 
protective against AAPH-mediated loss of CS activity at low 
concentrations, but inhibitory in an AAPH-additive manner 
at high concentrations (Figure 9A). EGCG alone was found 
to induce the loss of CS activity, with approximately 70% 
inactivation occurring within the first 30 min with 2 mM 
EGCG (Figure 9B).

Discussion

AAPH oxidatively modifies and inactivates CS
Our study has described, for the first time, the susceptibil-
ity of CS to oxidative modifications using AAPH as a source 
of alkyl peroxyl and alkoxyl radicals. AAPH is a slow radi-
cal generator, and high concentrations of the compound 
(40 mM) generate a physiologically relevant flux of free 
radicals at a constant rate23,24. This concentration of AAPH 
lowered CS activity (as well as cell viability; EC

50
 = 10.5 mM 

for 24 h treatments at a concentration of 4.0 × 105 cells/
mL14, and data not shown) in isolated mitochondria and 
purified CS.

AAPH-generated radicals inactivated CS, but had no 
effect on mitochondrial aconitase activity (Figure 1A and B, 
respectively). In contrast, H

2
O

2
 had the opposite effects on 

these enzymes (data not shown, and reference 10). Purified 
CS was inactivated by AAPH in a time- and concentration-
dependent manner (Figure 2). Despite the distinguishable 
induction periods in the CS inactivation curves (Figure 2), 
the increase in surface hydrophobicity, Trp loss, and diTyr 
formation proceeded without any noticeable delay (Figures 
3–5). This demonstrates that CS can withstand some oxi-
dative damage that does not immediately lead to enzyme 
inactivation.
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Figure 5.  CS exposure to AAPH leads to dityrosine (diTyr) formation. CS 
(12 M) was incubated with 40 mM AAPH, and aliquots were removed 
and fluorescent emission intensity was measured using excitation wave-
length of 325 nm, as described in “Materials and methods.” (A) diTyr 
spectra of AAPH-treated CS over time. (Inset) The emission intensity of 
1 mM Tyr treated with 40 mM AAPH for 2 h at 37°C and excited at 325 nm. 
(B) Increase in emission intensity at 420 nm, indicative of diTyr forma-
tion. (Inset) The correlation between diTyr formation (as measured by 
emission intensity) and CS activity loss. Means of three independent 
experiments ± SEM are shown.
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CS activity is unchanged by H
2
O

2
10, NO•, or O

2
•–48, which 

react preferentially with cysteines and methionines, the 
amino acids most susceptible to oxidation49. H

2
O

2
 is a signifi-

cantly milder oxidative stressor compared to AAPH-derived 
peroxyl radicals, in the present study, could not inactivate 
CS (data not shown). Unlike aconitase and -ketoglutarate 
dehydrogenase that contain essential cysteines5,6,8–10 and are 
inactivated by H

2
O

2
, NO•, and O

2
•–, CS lacking essential Cys 

residues50 is resistant to these stressors.
DiTyr, a very common oxidative modification of proteins, 

has been suggested as a marker of protein oxidation51, and its 
increased levels are implicated in many pathologies52. DiTyr 
forms by the combination of two tyrosyl radicals produced 
via one-electron oxidation of Tyr. Porcine CS contains 19 Tyr 
residues (out of 437 residues in total). Given the rather high 
Tyr content of CS, it is reasonable to expect diTyr formation 
by the action of alkyl peroxyl radicals in accordance with 
previous AAPH studies38,40. Indeed, we observed a signifi-
cant increase in diTyr emission intensity peak (Figure 5A). 
Treating a range of Tyr concentrations with 40 mM AAPH 
over an 8-h period, monitoring the fluorescence emission 
intensity of diTyr product, and assuming the 100% conver-
sion of Tyr to diTyr, we estimated that approximately 10 
(10.3 ± 1.0, n = 3) out of 19 (in total) Tyr residues are converted 
to five diTyr pairs per CS molecule during 8 h incubation of 
12 M CS with 40 mM AAPH (data not shown).

Close examination of Figure 5A reveals that, in addition 
to the diTyr emission intensity peak near 420 nm matching 
that of the diTyr standard (Figure 5A inset), there are other 
peaks at approximately 436, 486, and 522 nm. These may rep-
resent other fluorescent products such as Trp, kynurenine 
(

exc
 365 nm, 

em
 480 nm) and N-formylkynurenine (NFK; 

exc
 

325 nm, 
em

 434 nm)53,54. Since the loss of Trp was observed 
with AAPH treatment of CS (Figure 4), the possibility of NFK 
formation cannot be ruled out based on our results.

The active site of CS consists of residues Arg164, His238, 
His274, His320, Arg329, Asp375, Arg401, and Arg421, and 
the adenine recognition loop stretching from amino acids 
314 to 32055. OAA binding to the active site initiates the clo-
sure of the small domain over the large domain of a single 
subunit. Domain closure over the substrate is produced 
by the summation of many small shear motions between 
pairs of packed helices. The shear motions are facilitated by 
small deformations in the loops linking the helices. DiTyr 
formation between two adjacent Tyrs may disrupt binding 
of substrates or domain closure and have a profound effect 
on CS activity. Two Tyr–Tyr sequences occur at positions 
384,385 and 392,393. DiTyr formation amongst these may 
affect the shearing motion of the helices during domain 
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Figure 9.  EGCG-mediated inactivation of CS and protection against 
AAPH. (A) CS (6 M) was incubated with the indicated concentrations 
of EGCG prior to 40 mM AAPH treatment for 2 h. CS was then diluted 
and enzyme assays were performed as described in “Materials and 
methods.” Untreated CS controls (100% activity) and the residual CS 
activity compared to controls are shown. Means of at least three inde-
pendent experiments ± SEM are presented. *Significantly different from 
40 mM AAPH-treated CS at p < 0.05 as tested with one-way ANOVA fol-
lowed by Tukey test. **Significantly different from untreated CS controls 
at p < 0.001 as tested by Student’s t-test. (B) CS (6 M) was incubated 
with indicated concentrations of EGCG for 30 min at 37°C, diluted, and 
the residual activity was measured. Mean values of at least three inde-
pendent experiments ± SEM are shown.
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closure as they lie at the edge of loop 386–391. Three Tyrs 
are found close to the active site (Tyrs 318, 330, and 354). 
Many of the abovementioned Tyrs are within 5 Å of each 
other (190,194; 190,219; 190,392; 194,392; 330,354), and, 
with opening or closure of the enzyme domains, may be 
brought even closer for intratyrosine (carbon–carbon) 
bond formation. The specific Tyr residues involved in diTyr 
formation in the presence of peroxyl radicals merit further 
investigation. Mass spectrometry of control and AAPH-
treated CS showed that at least two Tyr-containing peptides, 
LDWSHNRTNMLGYTDAQFRELMR and DYIWNTLNSGR, 
disappeared in the treated enzyme (Figure 6). These pep-
tides contain Tyrs 246 and 331, respectively. These Tyrs are 
found quite distal to one another, both within and between 
subunits. Peaks were not observed in the treated sample 
spectrum indicative of either of these two peptides being 
involved in a diTyr linkage. DiTyr-modified peptides are 
more difficult to observe by MS relative to non-modified 
peptides for a number of reasons. The complexity of an 
AAPH-treated sample would be inherently greater than 
a control sample, as any Tyr-containing peptide could be 
involved in at least one diTyr linkage reaction. Increasing 
sample complexity amplifies the dynamic range and 
accentuates ion suppression (more competition for avail-
able protons), resulting in a relatively lower percentage of 
peptide species being observed. Moreover, a single peptide 
could form multiple diTyr linkages with different peptides, 
lowering its effective concentration. Larger peptides are 
often more difficult to observe than those of lesser mass; 
a diTyr-linked peptide would have twice the mass of the 
average of the individual peptide components.

The possibility that intramolecular disulfide formation 
led to CS aggregation was ruled out based on the persist-
ence of the aggregates in reducing SDS-PAGE. Similarly, 
DTT, a strong reducing agent capable of breaking disulfides, 
failed to restore CS activity (results not shown). Besides 
diTyr formation, other mechanisms such as carbonyl for-
mation-mediated intermolecular Schiff-base cross-links56 
may be responsible for the CS aggregation observed in this 
study.

H-atom abstraction from proteins by either ROO• or RO• 
can destroy some H-bonds crucial for structural integrity, 
leading to protein unfolding. Hydrophobic residues, which 
become more exposed to solvent upon protein unfolding, 
become available for binding to hydrophobic probes such as 
ANSA; this was probably the case given the increased extent 
of ANSA binding to CS observed upon AAPH treatment 
(Figure 3). The possibility that increased surface hydro-
phobicity led to CS aggregation is unlikely, as hydrophobic 
aggregation is typically reversible with SDS57 and, therefore, 
no higher molecular weight species would be seen on SDS-
PAGE. Thus, CS aggregates observed here arise via covalent 
intramolecular cross-linking.

Antioxidant effectiveness
The overall antioxidant capacity of the compounds tested, 
in terms of their protective effect against AAPH-mediated 

CS inactivation, was (from the most to the least protective): 
PG ≅ 1,8-ND > 2,3-ND > ASC > GSH > OAA > 1,4-ND >> 
EGCG. The best natural and synthetic antioxidants were PG 
and 1,8-ND, with IC

50
 values of 9 and 14 M, respectively. 

The antioxidant capacity of synthetic compounds arises 
from their ability to undergo hydrogen atom abstraction 
from the phenolic OH groups by peroxyl radicals. This is 
reflected in their bond dissociation enthalpy (BDE) values, 
which can be used to predict hydrogen atom transfer feasi-
bility. It is desirable that BDE

1
 (assigned to the weakest O–H 

bond) is low, to ensure potent hydrogen atom donation to a 
free radical. At the same time, the second O–H bond should 
not be easy to break (high BDE

2
), in order to avoid qui-

none formation and toxicity associated with it. The BDEs 
of 1,8-ND, 2,3-ND, 1,4-ND, and EGCG are BDE

1:2
 = 72:104, 

79:84, 75:55, and 71:74, respectively14. Thus, according to 
BDEs, 1,8-ND should offer the highest protective effects 
while 1,4-ND should offer the least, which was the case in 
this study.

Despite its high antioxidant potential and use in the 
pharmaceutical and food industries (ingredient E-31058), 
PG can induce cell death58,59 and DNA fragmentation59. 
Thus, the NDs were tested as synthetic alternatives to 
PG. The high antioxidant potential of 1,8-ND seen here 
is in accordance with our previous studies on rat adrenal 
pheochromocytoma cells14 and cortical neurons15, where 
1,8-ND acted as an effective cytoprotector against AAPH-
mediated oxidative stress, showing low cytotoxicity. Of the 
NDs tested, 1,8-ND is the most effective antioxidant due 
to its ability to donate hydrogen atoms to peroxyl radicals 
without forming quinones (see references 14, 15, and 27 
for an exhaustive overview of antioxidant properties of 
these phenols). Thus, 1,8-ND provided an effective buffer 
against AAPH-generated peroxyl radicals, protecting CS 
activity.

Even though the protective behavior of NDs can be suffi-
ciently explained by their BDE values, the possibility exists 
that the antioxidant capacity of the compounds stems not 
from their free radical scavenging properties, but arise as a 
result of their binding specifically to CS (with dissociation 
constant (K

d
) values as low as 10 M), perhaps: (1) in the 

active site of CS, (2) by blocking access of AAPH to its tyro-
sine targets, or (3) by selecting for protein conformations 
that do not form diTyr easily. The dissociation constant 
for the OAA–CS complex is 4.5 ± 1.6 M60. According to 
simple calculations assuming chemical equilibrium, CS 
is 100% saturated with OAA at 250 M OAA; however, CS 
was about 30% inactivated at that concentration (Figure 
8). This suggests that the enzyme inactivation observed 
cannot be entirely attributed to oxidative damage at the 
OAA active site, such that mechanism (1) as a potential 
mode of action of the antioxidants is irrelevant, while the 
possibility of (2) and (3) cannot be ruled out. To account 
for possible competitive inhibition of CS by NDs, we ran 
controls with 1 mM of each ND (no AAPH). Only 1,4-ND 
treatment resulted in about 50% inactivation of CS activity 
(data not shown).
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Antioxidant protection: Other compounds
Significant protection of CS activity was observed with OAA 
at ≥100 M (Figure 8). OAA binding to CS converts CS from 
its open to its closed form, minimizing the solvent (and 
hence AAPH in aqueous phase) access to the CS active 
site11. Therefore, if AAPH-generated peroxyl radicals oxidize 
essential residues within the OAA active site, conformational 
change due to OAA addition may have protected the enzyme 
against free radical attack.

Full protection of CS activity occurred with GSH concen-
trations of 0.5–1.0 mM (Figure 8), an 84-fold excess of GSH 
over CS. However, the concentration of GSH in mitochondria 
is approximately one-tenth that of CS61, and therefore GSH 
is expected to be only weakly protective against peroxyl-
induced inactivation and aggregation of CS in vivo.

EGCG-mediated inactivation of CS
To compare the effectiveness of our novel antioxidants 
against AAPH-induced CS inactivation, EGCG, a known 
polyphenolic antioxidant62, was used. EGCG has been previ-
ously shown to provide pronounced cytoprotection against 
AAPH-mediated damage, similar to 1,8-ND14,15, in whole 
cell treatments. In this study, EGCG failed to protect CS 
against AAPH-dependent inactivation at concentrations of 
0.25–1 mM (Figure 9A). Surprisingly, EGCG treatment alone 
inactivated CS (Figure 9B) concentrations several orders of 
magnitude higher than maximal EGCG blood levels (<1 M) 
(see reference 63 and references therein). However, mito-
chondrial CS concentration is also significantly lower than 
the 6 M used here. Therefore, considerably lower EGCG 
concentrations could, in theory, inactivate CS in vivo.

There are several reasons why EGCG may be cytopro-
tective in vivo and inhibitory in vitro. First, EGCG is capa-
ble of auto-oxidation at neutral pH, producing H

2
O

2
 and 

O
2
•–64 that could inactivate CS via covalent modifications. 

However, treatment of CS with bolus addition of H
2
O

2
 and 

O
2
•– had no effect on CS activity38 (and results not shown). 

Similarly, H
2
O

2
 generation alone cannot be entirely respon-

sible for the pro-oxidant effects of EGCG65,66. Second, EGCG 
contains ortho-OH groups that can auto-oxidize to very 
unstable ortho-quinones that easily undergo nucleophilic 
attack64. Protein nucleophiles react with ortho-quinones 
via 1-4 Michael addition. However, EGCG quinone is a poor 
electrophile due to its low pK

a
 (4.3), and thus nucleophilic 

adducts of EGCG-produced quinones with CS are unlikely. 
Finally, EGCG, being a water-soluble tannin67, can cross-link 
proteins reversibly via hydrogen bonds57 or irreversibly via 
protein–semiquinone radical covalent bond formation68. 
This mechanism (EGCG-catalyzed protein cross-link forma-
tion) appears to be the most probable for the CS inactivation. 
Supporting this view, EGCG with two phenolic moieties suit-
able for protein multiple linkages68, but not PG with only one 
phenolic moiety, inactivated CS (Figures 7 and 8).

Use of CS as mitochondrial marker may be misleading
It is currently thought that a decrease in CS activity follow-
ing oxidative stress during hypoxia–ischemia in the brain 

occurs as a result of mitochondrial membrane rupture 
and CS release from mitochondria69. At the same time, the 
activity loss of another citric acid cycle enzyme, aconitase, 
is used as an assessment of oxidative damage69. Many stud-
ies use Fe2+/H

2
O

2
 as an oxidative stressor and therefore 

do not provide a full assessment of the effects of different 
types of radicals on mitochondrial enzyme activities. The 
present study shows that CS, rather than aconitase, is sus-
ceptible to peroxyl radical inactivation. Similarly, in vivo, 
the activity of CS fell to only 19% of control activity under 
oxidative stress conditions accompanying cardiac arrest12. 
Therefore, even though further evidence from animals 
or tissues subjected to conditions of oxidative stress is 
required to support this claim, our results strongly suggest 
that the current practice of using CS as an index of mito-
chondrial integrity or abundance and the use of aconitase 
as an oxidative stress marker can lead to erroneous con-
clusions, especially in studies where oxidative stress is a 
factor. Decreased CS activity may reflect oxidative inac-
tivation of CS rather than lowered intact mitochondria 
content.
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