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ABSTRACT. Aconitases are iroasulfur cluster-containing proteins present both in mitochondria and cytosol

of cells; the cubane ironsulfur (Fe-S) cluster in the active site is essential for catalytic activity, but it

also renders aconitase highly vulnerable to reactive oxygen and nitrogen species. This study examined
the sites and mechanisms of aconitase inactivation by peroxynitrite (OlN@Gtrong oxidant and nitrating

agent readily formed from superoxide anion and nitric oxide generated by mitochondria. GN&2@vated
aconitase in a dose-dependent manner (half-maximal inhibition was observed-8vigii ONOO™).

Low levels of ONOO caused the conversion of the F8 cluster from the [4Fe4SF* form to the

inactive [3Fe-4ST+ form with the loss of labile iron, as confirmed by low-temperature EPR analysis. In
the presence of the substrate, citrate, 66-fold higher concentrations of OM@f@ required for half-
maximal inhibition. The protective effects of citrate corresponded to its binding to the active site. The
inactivation of aconitase in the presence of citrate was due to ON@€&xriated cysteine thiol loss and
tyrosine nitration in the enzyme as shown by Western blot analyses. LC/MS/MS analyses revealed that
ONOO treatment to aconitase resulted in nitration of tyrosines 151 and 472 and oxidation to sulfonic
acid of cysteines 126 and 385. The latter is one of the three cysteine residues in aconitase that binds to
the Fe-S cluster. All other modified tyrosine and cysteine residues were adjacent to the binding site, thus
suggesting that these modifications caused conformational changes leading to active-site disruption.
Aconitase cysteine thiol modifications other than oxidation to sulfonic acid, such as S-glutathionylation,
also decreased aconitase activity, thus indicating that glutathionylation may be an important means of
modulating aconitase activity under oxidative and nitrative stress. Taken together, these results demonstrate
that the Fe-S cluster in the active site, cysteine 385 bound to theF-eluster, and tyrosine and cysteine
residues in the vicinity of the active site are important targets of oxidative and/or nitrative attack, which

is selectively controlled by the mitochondrial matrix citrate levels. The mechanisms inherent in aconitase
inactivation by ONOO are discussed in terms of the mitochondrial matrix metabolic and thiol redox
state.

Aconitases [citrate (isocitrate) hydrolyase, EC 4.2.1.4] are ligated to inorganic sulfur and participates in the binding of
iron—sulfur cluster-containing proteins present both in mi- the substrate to the active sité, @, 5). Superoxide anion
tochondria and cytosol of cells; the enzymes catalyze the (O,), hydrogen peroxide (#D,), and peroxynitrite (ONOO)
stereospecific conversion of citrate to isocitrate via the have been shown to inactivate mitochondrial aconitase
intermediate formation ofis-aconitate {, 2). The cubane  through modifications of the [4Fe4SF" cluster é—7).
[4Fe—4SF+ cluster in the active site is essential for catalytic ONOO™ is believed to disrupt the FeS cluster by causing
activity, but it also renders aconitase highly vulnerable to a loss of labile Fe from the cluster resulting in an inactive
reactive oxygen and nitrogen specié&s 4). Three of the [3Fe—4ST* form (4). However, direct measurements con-
iron atoms in the cubane structure are bound to cysteinefirming the nature of ONOO-mediated modifications of the
sulfurs of the protein backbone; the fourth iron {JFés Fe—S cluster have not been obtained yet.

ONOO™ may also modulate aconitase activity through
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thiol residues can be oxidized by ONO@nd HO- (5, 9), oxidation and nitration were identified. The significance of
they remain potential targets of oxidative attack. The reaction these mechanisms within the context of the mitochondrial
of ONOO™ with thiols generates primarily a thiyl radical thiol/disulfide status was assessed in terms of the sensitivity
(reaction 1), which may decay to a sulfenic acid (reaction of aconitase to glutathionylation.
3) via a nitrated sulfur intermediate (reaction 2p)

EXPERIMENTAL PROCEDURES

RSH+ [HO™-NO,] = RS +NO, + H,O (1) Chemicals4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic

acid (HEPES), ethylenediaminetetraacetic acid (EDTA),

RS + NO, — RSNG, (2) bovine serum albumin, dithiothreitol (DT F)ascorbic acid,

NADPT*, 5,5-dimethyl-1-pyrollineN-oxide (DMPO), 3-mor-

RSNQ, + OH — RSOH+ NO, 3 pholino-sydnonimine (SIN-1), and DTNB [3;8ithiobis(2-
nitrobenzoic acid)] were from Sigma Chemical Co. (St Louis,
Tyrosine residues react with ONOQo form 3-nitroty- MO). Supelco P-10 sephadex G-25 columns were from

rosine as the major product (reactions 4 and 5 show one Amersham Pharmacia Biotech (Piscataway, NJ). Peroxyni-
possible mechanism)L{). Aconitase contains 22 tyrosine trite (ONOO") was obtained from Upstate (Waltham, MA).
residues, and whether nitrotyrosine formation in some of Ajl other reagents were of analytical grade. A water solution
these residues may affect enzyme activity remains to beof DMPO containing 0.1 mM DETAPAC (diethyenetri-
determined. amine-pentaacetic acid) was purified several times with
. . . . activated charcoal; the DMPO concentration was calculated
R-TyrH + [HO--*NO,] — RTyr + NO, + H;,0 (4)  gpectrophotometricallyefs, = 7700 M cm™2); and the
stock solution was kept under He -a20 °C. The ONOO
RTyr + NO, — R-Tyr-NO, (5) concentration was verified on the day of the experiment by
UV absorption spectrometryg4,, = 1670 M1 cm™3).
Appreciation of the mechanisms inherent in aconitase pgrcine aconitase preparations obtained from Sigma
inactivation by ONOO in a cellular setting requires  chemical Co. (St Louis, MO) had been similarly used in a
consideration of enzyme .sub_strat_e availak_)ility anq the previous study involving ONOO (4). Analysis of the
pathways of ONOO formation in mitochondria. Cysteine  gconitase preparation using SDS gel and mass spectometry
and tyrosine residues of aconitase may be important targetgeyealed the fraction to contain other proteins, particularly
of oxidant attack, because the fF8]-containing active sit¢  porcine serum albumin used to stabilize aconitase. Therefore,
of aconitase may be protected by citrate in a cellular setting. mass spectrometry was used to confirm the identity and
It has been shown that the presence of citrate can protecCtyyrity of the aconitase band used in Western blot analysis.
the thiol residues in the active site from thiol alkylating Aconitase AssayPorcine heart aconitase (15 mg) was
agents, such as NEMB), and shield the FeS cluster from  5ctivated in a reaction containing 0.5 mM ferrous ammonium
inactivation by Q~ (12). Whether citrate may sterically  g,ifate and 5 mM DTT buffered with 100 mM Tris-HCI at
block the Fe-S cluster from ONOO in a similar fashion,  pH 7.5 and incubated under He at® for 30 min. Activated
thereby rendering amino acid residues vulnerable to oxida- gconitase was rapidly separated on Sephadex G-25 pre-
tion, has not been explored. equilibrated with He-saturated 100 mM Tris/HCI at pH 7.5
Mitochondria are important sources of ONO(ecause  (29). Aliquots of activated aconitase were stored under He
the mitochondrial respiratory chaild, 14) and the inner at —80 °C. Aconitase activity was assayed on a reaction
membrane-associated mitochondrial nitric oxide synthase pixture consisting of 50 mM Tris-HCI at pH 7.4, 30 mM
(15-17) furnish both reactants, O and'NO, requi_red for sodium citrate, 0.6 mM MnGJ 0.2 mM NADP*, and 1 unit/
ONOO™ formation (@ + 'NO —~ ONOO), areactionthat | of isocitrate dehydrogenase; the reaction was followed
proceeds at diffusion-controlled rates. In additioNO at 340 nm és0 = 6.22 mM cmY) for 10 min at room
regulates both mitochondrial respiration and'@roduction  temperature. An aconitase activity of 1 mU corresponded to
by its reversible binding to cytochrome oxidad8<20) and 1 nmol NADPH formed per minute3().
inhibition of electron transfer at thiec, segment 21, 22), Aconitase (2 mU/mL) in 50 mM Tris-HCI at pH 7.4 was
respectively. ONOQG, thus formed, has been reported 10  tregted with varying amounts of ONOCDuring the addition
inhibit complex | activity 23: 24), stimulate inner membrane ¢ ONOO, the aconitase-containing solution was rapidly
proton permeability 25), trigger cytochromec release to  yortexed to ensure complete mixing before significant

regulate apoptosis2€), and appears to contribute to the gecomposition of ONOOoccurred. Aconitase activity was
pathology of many diseases including Alzheimer's disease, measured immediately after mixing.

myocardial ischemia, and amyotrophic lateral sclerdsf. ( For experiments involving SIN-1, aconitase samples were
Similarly, O, " diffusing from mitochondria to cytosol via jncubated at room temperature with varying amounts of
voltage-dependent anion channe2§)(can combine with- SIN-1 for 10 min. To remove SIN-1 from aconitase, treated

NO to yi_eld ONOOQO in cytosol, thus Wide_ning thE_E Spectrum - samples were spun in a micro bio-spin desalting column
of protein targets (among them cytosolic aconitase) of this (Biorad, Hercules, CA) for 4 min at 4C. The desalted

powerful oxidant. samples were immediately analyzed for aconitase activity.

_ In this study, the sites and mechanisms of aconitase pconitase samples treated with glutathione disulfide (GSSG)
inactivation by ONOO were examined using a porcine

aconitase prepa(atlon.: the role of citrate in qulated 1 Abbreviations: GSSG, glutathione disulfide, DTT, dithiotreitol;
damage of aconitase irersulfur cluster and amino acids was  pmpo, 5,5-dimethyl-1-pyrrolineN-oxide; maleimide PE@-biotin,
investigated, and specific targets for ONO@ediated (+)-biotinyl-3-maleimidopropionamidyl-3,6-dioxa-octanediamine.
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were preincubated for 10 min with GSSG before aconitase (c) Protein Identification Protein identification was carried
activity was assessed. Control experiments were performedout with the MS/MS search software Mascot 1.9 (Matrix
to verify that GSSG did not affect isocitrate dehydrogenase Science) with confirmatory or complementary analyses with
activity. In samples treated with DTT, aconitase was TurboSequest as implemented in the Bioworks Browser 3.2,
incubated with citrate and GSSG followed by a 10-min build 41 (ThermoFinnigan). NCBI Sus scrofa protein se-
treatment with 10 mM DTT. The presence of citrate was quences were used as the primary search database, and
required when working with DTT, because DTT directly searches were complemented with the NCBI nonredundant
affected the active site of aconitase. protein database. Each MS/MS spectrum was analyzed for
Immunoblotting for Protein Thiols, Glutathionylation, and methionine and cysteine oxidatior-16), tryptophan and
Nitrotyrosine Aconitase preparations (4 mU/mL) were tyrosine nitration 445), and cysteine and tryptophan for
treated with either ONOOor GSSG in 50 mM Tris-HCl at  dioxidation and trioxidation £32 and +48) as specific
pH 7.4 and run on an 8% SBD$AGE nonreducing gel. differential modifications. Aconitase amino acid numbering
Western blot analysis for nitrotyrosine in aconitase was is based on the Sus scrofa reference sequence NP 999119;
determined with an anti-nitrotyrosine antibody (Upstate, for comparison with the amino acid numbering in the
Charlottesville, VA). Glutathionylation of aconitase was reported crystal structure of aconitasg?)( it should be
assessed by Western blotting using an anti-glutathione considered that the first amino acid in the crystal structure
monoclonal antibody (Virogen, Watertown, MA3Y) after is number 28 in the reference sequence at NCBI. The
incubation with various concentrations of GSSG for 10 min. aconitase structure shown in Figure 7 was generated with
Changes in aconitase protein thiols were determined bythe WebLab Viewer Pro 3.7 (Molecular Simulations, Inc.,
labeling the enzyme with+)-biotinyl-3-maleimidopropi- San Diego, CA) from the Protein Data Bank (Structure
onamidyl-3,6-dioxa-octanediamine (maleimide BEdtin, explorer, 6ACN) based on the aconitase crystal structure
20 mM,; Pierce, Rockford, IL) for 1 h. Western blot analysis (32).
of biotinyllat.ed pr.oteins was subsequently performed u;s_ing Electron Paramagnetic Resonance (EPR): (a) DMPO/
astrepta\_ndln antlb_ody (Pierce, Rockford, IL). Band densmes Cysteinyl RadicatProtein Spin Adduct measuremerE®R
were estimated with a Versadoc Image SVSte".‘ (B|01Rad, spectra were recorded with a Brucker ECS 106 spectrometer,
Hercules, CA). The ban_d corresponding to aconitase in all equipped with a TNE® room-temperature cavity. Spectra
Western blots was confirmed by LC/MS/MS analysis. acquisition began 2 min after the rapid mixing of ONOO

LC/MS/IMS: (a) In-Gel Tryptic Digeskrotein spots from (0,75 mM) into a mixture containing 50 mU/mL aconitase
SDS-PAGE were excised from the gels using biopsy and 65 mM DMPO in 100 mM Tris-HCI at pH 7.5.
punches (Acuderm). In-gel tryptic digest was carried out |nstrument settings: microwave frequency, 9.77 GHz; mi-
using trypsin that was reductively methylated to reduce crowave power, 20 mw; field modulation frequency, 100
autolysis (Promega, Madison, WI). Prior to digestion, gz field modulation amplitude, 2 G; receiver gain,<8
samples were neither reduced with DTT nor alkylated with 15 time constant, 328 ms: scan rate, 0.9°G and number
iodoacetamide to keep potential cysteine modifications stable.of scans accumulated, 5. Experiments were performed at
The digestion reaction was carried out overnight atG7 room temperature. Computer simulations of spectra were

Digestion prodoucts were extracted from the gel with a 5% performed using the WinSIM program (EPR calculations for
fo_rr_nlc ac'd/5Q/° acetonitrile solution @ and one aceto-  \is.windows NT 95, version 0.96, from P.E.S.T., Public
nitrile extraction followed by evaporation using an APD  £pRr goftware Tools)3).

SpeedVac (ThermoSavant). ) ;
vsis of . . (b) Glutathionyl Radical (G$ MeasurementsSpectra
(b) Analysis of Tryptic Peptide Sequence Tags by Tandemy oo racorded 1 min after the rapid mixing of ONO@.7

Mass Spectrometrylhe dried tryptic digest samples were mM) in 100 mM Tri o

. X : s HCl at pH 7.5 containing 18 mM GSH,
chzne&\wﬂh ?pTlp ";r.]d resusptt_ende(];j;rr]]u]_tOof ?0% fotrlrglc 52 mM DMPO, and different concentrations of aconitase.
aC|h.. (;omg ogra;_)rhlc sepga lon o S etryp IclagpFl’ ESWaStne EPR signal intensities were calculated by double
achieved using a fhermorinnigan Surveyor “Fump N integration of the 3470 G line. Instrument settings: micro-

conjunction with a BioBasic-18 106 0.18 mm reverse- wave frequency, 9.77 GHz: microwave power, 20 mWw: field

Eﬂh;ZeaﬁZ?lggzvgglg;l gz?ﬁrrgqri:grgggi’nr?iagané% geAC)émodulation frequency, 100 kHz; field modulation amplitude,
y 9 9 1 G; receiver gain, & 10°; time constant, 82 ms; and scan

XP Plus ion trap mass spectrometer equipped with a ) .
nanospray ion source (ThermoFinnigan) employing a 4.5- :::ﬁbelr;[uree §". Experiments were performed at room

cm long metal needle (Hamilton, 950-00954) using a data-
dependent acquisition mode. Electrical contact and voltage (C) Aconitase [3Fe-4SJ* Measurementshe active form
application to the probe tip took place via the nanoprobe Of aconitase ([4Fe4SF*) is EPR silent, whereas the inactive
assembly. Spray voltage of the mass spectrometer was se@conitase form ([3Fe4SJ*) shows an EPR signature @t

to 2.9 kV and heated capillary temperature at 280 The ~ 2.02 at low temperature84). EPR spectra were recorded
column equilibrated for 5 min at 1.aL/min with 95% at 10 K. Aconitase suspensions (50 mU/mL) were rapidly
solution A and 5% solution B (A, 0.1% formic acid in water; mixed with various concentrations of ONOG1 100 mM

B, 0.1% formic acid in acetonitrile) prior to sample injection. Tris-HCI at pH 7.5 and frozen in liquid nitrogen before
A linear gradient was initiated 5 min after sample injection measurements. Instrument settings: microwave frequency,
ramping to 35% A and 65% B after 50 min and 20% A and 9.177 GHz; microwave power, 100 mW; field modulation
80% B after 60 min. Mass spectra were acquired inntie frequency, 100 kHz; modulation amplitude, 0.5 mT; and
400-1800 range. number of scans accumulated, 5.
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RESULTS

Aconitase Inactiation by ONOO: Protective Effect of
Citrate. Treatment of the porcine heart aconitase preparation
with ONOO™ resulted in a dose-dependent loss of aconitase
activity (Figure 1A). In the absence of citrate, the enzyme
substrate, half-maximal inhibition was observed with M
ONOO . Citrate significantly protected aconitase against
inactivation by ONOO, with ~66-fold higher levels of the
oxidant (200uM) being required to elicit a 50% inhibition
of enzyme activity. The treatment of aconitase with SIN-1,
which generates a continuous flow of ONOGsimilarly
inactivated aconitase, with citrate having a protective effect
(Figure 1B). The difference in doseesponse curves ob-
served for ONOO and SIN-1 may be explained as a lack
of linear dependence between ONO@roduced and the
SIN-1 concentration35). All subsequent experiments were
performed with known concentrations of ONOO

The difference in the ONOO concentration needed to

inactivate aconitase in the absence and presence of citrate
suggests that two different sites on aconitase can be affected

by ONOO: (a) the Fe-S cluster in the active site, which

is sensitive to low levels of ONOO(4) and is protected by
citrate, and (b) amino acid residues, which are less sensitive
to ONOO™ and cannot be protected by citrate. To determine
if the doses of citrate required to protect aconitase from
ONOO™ were associated with the binding of citrate to the
active site, a doseresponse curve was performed (Figure
1C). TheKy of citrate for aconitase was estimated as 33
uM (3). The percent of the aconitase active site occupied
with citrate (Yaconitasecitrate) IS given by the equation

(%)aconitasecitrate= [citrate]/[citrate]+ KM

The protective effects of citrate tallied its binding to the
active site of aconitase (Figure 1C). These results confirm
that citrate protects aconitase by sterically blocking ONOO
access to the FeS cluster-containing active site.

Modification of the Fe-S Cluster by ONOQ The
modification of the Fe 'S cluster in the active site of
aconitase by low doses of ONOQvas confirmed by EPR
spectroscopy. The active [4F4SP cluster of aconitase is
EPR silent, but when converted to the inactive [3B&T"
form, it becomes detectable by EPR at low temperat@@s (
Untreated aconitase contained a small EPR signal (Figure
2A). Both low (30 uM) (Figure 2B) and high (50Q:M)
(Figure 2C) levels of ONOO vyielded an EPR signal
characteristic of aconitase in the [3FSJ* form. Higher
ONOO concentrationsX1 mM) caused a loss of the EPR
signal (Figure 2D), thus indicating the further degradation
of the [3Fe-4S}* cluster to an EPR-silent form. Because
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Ficure 1: ONOO -mediated inactivation of aconitase. Effect of
citrate. (A) ONOO-mediated inactivation of aconitase. Porcine
aconitase (2 mU/mL) in 50 mM Tris-HCI at pH 7.4 was rapidly
mixed with varying amounts of ONOOIn the absence®) or
presence®) of 2.5 mM citrate. (B) SIN-1-mediated inactivation
of aconitase. Porcine aconitase (2 mU/mL) in 50 mM Tris-HCI at
pH 7.4 was incubated with varying concentrations of SIN-1 for 10
min in the absence®) or presenced) of 2.5 mM citrate. To
remove SIN-1, samples were spun down in a micro bio-spin

high concentrations of aconitase (50 mU/mL) are necessarydesalting column for 4 min at 2C and immediately analyzed for

for EPR analysis, corresponding high levels of citrate and
ONOO™ were used. Citrate protected aconitase from ONOO
inactivation (Figure 2E). These results support the notion
that low levels of ONOO inactivated the enzyme upon
modification of the [Fe-S] cluster at the active site ([4Fe
4SP — [8Fe—4S]) and that citrate protected the F8
cluster from damage. In the presence of citrate, however,
the inactivation of aconitase by ONOQparts A and B of
Figure 1) is likely due to its reaction at a site other than the
Fe—S cluster-containing active site.

aconitase activity(C) Dose-response curve of citrate protection
against ONOO-mediated inactivation of aconitase. Porcine ac-
onitase (2 mU/mL) was rapidly mixed with varying amounts of
citrate and ONOO (200 uM). (O) Measured percent protection
by citrate against ONOQ (®) Estimated percentage of aconitase
active site occupied by citrate. The percent of citrate binding to
aconitase was calculated using the equation in the textKihef
aconitase for citrate was estimated asu38.

Spin Trapping of an Immobilized Protein Thiyl Radical
To assess if ONOOinactivation of aconitase in the presence
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[4Fe-4SF* cluster that becomes EPR-detectable when converted figyre 3: Detection of an immobilized DMPO/cysteiny! radieal

to the inactive [3Fe4S]* form. Aconitase (50 mU/mL) was
rapidly mixed with various concentrations of ONO@ 100 mM

protein radical adduct after ONOQreatment. Aconitase (50 mU/
mL) was rapidly mixed with various concentrations of ONOI@

Tris-HCI buffer at pH 7.5 and frozen under liquid nitrogen before 50 'mM Tris/HCI at pH 7.5 containing 65 mM DMPO. (A)
measurements. Measurements were performed at 10 K with oconitase treated with 25M ONOO-. (B) Aconitase treated with
instrument settings as described in the Experimental Proceduressgg 4M ONOO-. (C) Computer simulation of Br(= 0.802)

(A) Aconitase, untreated. (B) Aconitase treated with @M
ONOO". (C) Aconitase treated with 50&M ONOO~. (D)
Aconitase treated with 1 mM ONOO (E) Aconitase treated with
500 uM ONOO™ plus citrate (50 mM).

of citrate was due to modification of cysteine residues, EPR
in conjunction with the spin-trap DMPO was used. The
interaction of thiols (RSH) with ONOO(or its protonated
form, which disassociates within a cage) yields mainly thiyl
radicals (R (reaction 1). EPR analysis with DMPO was
employed to determine the formation of protein thiyl radicals
during ONOO treatment. The addition of a low concentra-
tion of ONOO™ (25 uM) did not generate an EPR signal
(Figure 3A), whereas the addition of a high concentration
of ONOO™ (500 uM) resulted in formation of a DMPO/
cysteinyl radical spin adduct (Figure 3B) consisting of a
broad, anisotropic EPR signal: the broad lines in the
spectrum are characteristic of a slow tumbling, protein-
derived radical. Figure 3C shows a computer-simulated
spectrum of the DMPO/protein cysteinyl radical spin adduct
(an = 14.5 G;&% = 15.6 G; line width= 7.7 G), which
matches that of the DMPO/protein cysteinyl radical adduct
of hemoglobin and myoglobin previously report&,(37).

assuminggy = 14.5 G,a%4 = 15.6 G, and line width= 7.7 G. (D)
Aconitase treated with 500M ONOO™ plus 200 mM citrate. (E)
ONOO™ (500 M) in the absence of aconitase. (F) Aconitase
pretreated with 2 mM NEM (2 mMprior to treatment of 50&M
ONOO".

intensity signal probably corresponding to the spin adduct
of the hydroxyl radical (Figure 3E). The protein cysteinyl
radical adduct signal was abolished upon alkylation of protein
thiols by NEM (Figure 3F). Because NEM binds to all thiol
residues, the loss of the EPR signal upon NEM treatment
confirms that the EPR spectrum originated form a thiol
residue in the protein.

Reaction of ONOOwith Cysteine and Tyrosine Residues
in AconitaseThiyl radicals generated from ONOreaction
1) or other oxidants can decay to stable oxidation products,
such as disulfides and sulfenic acids (reaction 3); the latter
have reactive properties different from thiols. Protein thiols
can be labeled using maleimide (such as maleimide PEO
biotin, i.e., biotinylation), while oxidized cysteine products
do not bind to maleimides (i.e., cannot be biotinylated). To
assess protein thiols levels after ONOteatment, Western
blot analysis was performed using maleimide BE@iotin.

Because the aconitase preparation contained some otheFigure 4A shows that thiols in aconitase are lost in a dose-

proteins, particularly albumin to stabilize aconitase, the
DMPO/cysteinyl radical spin adduct could not be solely

dependent manner upon ONO®@eatment. Aconitase prepa-
rations that had not been labeled with maleimide PEO

attributed to aconitase. However, Western blot analysis with biotin failed to show a band; this demonstrated that no

maleimide PE@-biotin demonstrated that aconitase was one
of the few thiol-containing proteins (data not shown), thus
implying that aconitase contributed significantly to the
formation of the DMPO/protein thiyl radical spin adduct.
The formation of such an adduct is consistent with a
mechanism entailing oxidation efSH moieties by ONOO

to yield a thiyl radical (reaction 1). The EPR signal was not
affected by high concentrations of citrate (2001; Figure
3D). In the absence of aconitase, ONO@elded a low-

endogenous biotin group(s) existed within aconitase. The
presence of citrate did not prevent the loss of thiols upon
ONOO treatment (data not shown), thus strengthening the
notion that cysteine oxidation occurred at sites other than
the active site.

Besides cysteine, tyrosine residues represent a major target
for ONOO -induced modification (reactions 4 and 5).
Western blot analysis using anti-nitrotyrosine antibodies
showed a dose-dependent increase in nitrotyrosine formation
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Ficure 4: Loss of aconitase thiols and nitrotyrosine formation following ONQ@atment. (A) Loss of aconitase protein thiols following
ONOO treatment. Porcine aconitase (4 mU/mL) was rapidly mixed with varying amounts of ONO&D mM Tris-HCI buffer at pH

7.4. The aconitase preparation was then treated with maleimidg-RE®in as described in the Experimental Procedures. Samples were
run on an 8% SDSPAGE nonreducing gel, and LC/MSMS was used to confirm the aconitase band. (Upper panel) Western blot analysis

of biotinylated proteins (performed using a streptavidin antibody). (Lower panel) Semiquantitative analysis (densitometry) of Western
blots. (B) Nitrotyrosine formation following ONOOtreatment. Porcine aconitase (4 mU/mL) was rapidly mixed with varying amounts of
ONOO™ in 50 mM Tris-HCI buffer at pH 7.4; samples were run on a SIPRAGE (8%) nonreducing gel. LC/MSMS was used to

confirm the aconitase band. (Upper panel) Western blot analysis for nitrotyrosine (performed using a polyclonal anti-nitrotyrosine antibody).
(Lower panel) Semiquantitative analysis (densitometry) of Western blots.
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in aconitase with increasing ONOQevels (Figure 4B), thus  Table 1: LC/MS/MS Analysis of Aconitase Amino Acid
suggesting that some of the 22 tyrosyl residues in aconitaseModifications!

were nitrated upon treatment with ONOOAs with the tryptic peptide residue charge MSc XQ@cn
protein thiols mentioned above, citrate did not prevent protein 33 27 045
tyrosine nitration (data not shown), thus suggesting that the VAVPSTIHCDHLIEAQLGGEK Cys? 3 30 23 050
latter occurs even when the active site of the enzyme is 3 25 2.1 0.34
occupied by its substrate and that citrate does not react with 2> 83 49 054
ONOO-. 2 81 4.8 056
i ) . DINQEVYNFLATAGAK Tyrtst 2 73 4.0 065

LC/MS/MS Analysis of Aconitase Modified by ONOO - 2 59 43 0.65
Treatment. LC/MS/MS analysis of aconitase following 2 13 2.4 0.39
ONOO™ treatment revealed four amino acid modifications: o 2 64 46 071
oxidation of cysteines 126 and 385 to sulfonic or cysteic VGLIGSCTNSSYEIMGR Cys g gz j'g 8'22
acid and nitration of tyrosines 151 and 472. These results 2 43 43 066
confirm the Western blot analysis that revealed the loss of 2> 33 25 0.54
cysteine residues (Figure 4A) and nitrotyrosine formation NTIVISYNR Tyr47? g 23 g-g 81232

(Figure 4B) as major consequences of ONOi@atment. : : : _ :
Cysteine 385 is one of three cysteine residues that bind the *Aconitase amino acids modified upon treatment with ONOO
Fe—S cluster in the active site of aconitase. This suggests Experiments were carried out with 4 mU/mL aconitase supplemented

- . . . . with 300 uM ONOO". Included are the tryptic peptide fragment
that aconitase may be partly inactivated by disrupting the sequence, peptide charge, Mascot lons Score (MSc), Sequest XC, and

binding of the Fe-S cluster to cysteine 385. Acn value Acn is the difference in the cross correlation score between
Sequence coverage for aconitase in both control andthe top two candidate peptides or proteins for a given input data file.
ONOO -treated samples was approximately 40% in samples Charge and score values are presented for each instance of identification
subjected to LC/MS/MS analysis. The four amino acid over the course of at least six proteomic analyses. Residues were
. . determined from the spectra in Figure®®Spectra shown in Figure 5.
modifications were observed over the course of analysis of
at least six separate distinct sample preparations. In each ofvalues from 0.39 to 0.65 (Table 1). Retention time for the
the four cases, tryptic peptides containing the identified nitrotyrosine-modified peptide was consistent among separate
modification were observed by both Mascot and SequestLC/MS/MS runs, and nonmodified peptide sequences were
analysis in at least two or more separate sample preparationglso observed with equal or higher XC values compared to
and LC/MS/MS analyses. In no instance were these oxidative modified peptide (data not shown). A representative MS/
and nitrative modifications observed in control samples (not MS spectra (XC= 4.8) is presented in Figure 5B. The
treated with ONOQO). Table 1 summarizes the amino acid precursor ion was doubly charged with a mass of 900.1 Da
residues modified to cysteic acid or nitrotyrosine over the corresponding to a 16-residue tryptic peptide, comprising
course of multiple sample analyses by Mascot and Sequesamino acids 145160, with one nitration modification.
search software. Fragment b and y ions were observed for nearly all-
Tyrosine 151 Nitration of tyrosine 151 was observed in observable single-charged fragments, and four of each of
the same doubly charged 16 amino acid tryptic peptide 5 doubly charged b and y ions were assigned as well.
times in four separate LC/MS/MS analyses. Sequest cross Cysteine 385 Cysteine 385, one of the three cysteine
correlation (XC) values ranged from 2.4 to 4.9 andn residues to bind the F€S cluster, was oxidized to cysteic




11992 Biochemistry, Vol. 44, No. 36, 2005 Han et al.

A B
N f}}_rff_rff_rff_r_rfff_l—_l—_r v p.RJIN[2]E Wﬂ_ F—'_L ﬂ_ NI

......

15 ++

(y18]2+ vl
100 ly1813+ 9890 11554
6653

“ [y19]3+

6934 ¥8 yimz2

2 va 12124] | (228313 [y19]2+ 13

12249 3907 4701 5693 6547 79961 9445 10381 M%A 12943 14603
Oty S ST ST AT ot

Relative Abundance

355 iee s

11“ a

Tn b14 ‘

Relative Abundance

L.

|

x+. e bl : Lt}
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 1600
miz mz
C 5++ «4 D EH- 7u» ++
3 244 Y
b_VlGlLlIlGlSI*ITlNISISIYlElDlMlGR ¥ b- —I_—I_—I_—I_—I_—I_ﬂ_

13++
Y ¥6
10743 7842
vE
0 )2+ 6851
5477

y13

14709 via

1583.2

5238 ys b7 782 sz
623.1 6782 11736 12228003 9

v7
40 o3 bd 8972
2 sl B0 b 5484
1
20d 2157 K oge2 1852

v 2
\ 300——3-1 4104 539]1 j 6287 822, -&983 01

Relative Abundance
Relative Abundance

va.

M\y ZL .

H\“ Hm\ i

o SR e e o fliper ‘ T
400 600 800 1000 1200 1400 1600 200 300 400 500 600 700 800 900 1000 1100
miz

FiGurRe 5: MS/MS spectra for aconitase tryptic peptides carrying an oxidative/nitrative modification. MS/MS spectra for peptides modified
at (A) Cys28 (B) Tyr'5%, (C) Cys®5 and (D) Tyf"2 Charge state and identification scores are listed in Table 1. Above each spectra is the
peptide sequence with observed b and y ions indicated by their fragmentation number above (y ions) or below (b ions) the sgguence.
or +++ indicate doubly or triply charged ions. Single-charged ions are not designated witfifze ion annotation is based upon results
presented in Sequest’s “display ions view” window that were corroborated by the dta file. Y* indicates a nitrotyrosine, C* indicates cysteine
sulfonic acid or cysteic acid, and M# indicates oxidized methionine.

acid following ONOO treatment in four separate sample 138. The Sequest XC amficn values ranged from 2.1 to
analyses by LC/MS/MS. Each identification was based on 2.7 and 0.34 to 0.50, respectively. Retention times were
the same doubly charged 17 amino acid tryptic peptide with consistent among different LC/MS/MS runs. The XC values
consistent retention times among each LC/MS/MS run (data are relatively low, with an XC value of 3 generally being
not shown). Sequest XC scores ranged from 4.0 to 4.6 with considered the cutoff for assigning an identification of a
Acn values of 0.590.66 (Table 1). A representative tandem triple-charged peptide. A representative MS/MS spectra is
MS/MS spectra (XG= 4.6) is shown in Figure 5C. Cysteic  presented in Figure 5A (X& 2.7). The precursor ion for
acid at position 385 observed in the doubly charged tryptic the triple-charged peptide was 756.2 Da. The collision-
peptide corresponded to 17 amino acids,-3395, of porcine induced fragmentation pattern shows a highly biased frag-
aconitase. The precursor ion mass of 927.7 Da correlatedmentation where two major peaks dominate the spectra that
with the cysteic acid modification and also a single oxidation correspond to double- and triple-charged y18 with the next
at methionine 393, a commonly observed modification in two highest peaks corresponding to the double- and triple-
tandem MS/MS analyses. The MS/MS collision-induced charged y19. This biased fragmentation pattern where the
fragmentation pattern (Figure 5B) allowed near complete double- and triple-charged y18 ions were by far the largest
assignment of all observable single-charged b and y fragmentpeaks with the y19 double and triple ions being the next
ions and also included instances of doubly charged b and yhighest set was consistently observed in several LC/MS/MS
ions. runs. Despite the abundance of the y18 and y19 ions, almost
Tyrosine 472 Nitration of tyrosine 472 was observed in  all of the observable y ions were assigned in either single-
three doubly charged nine amino acid tryptic peptides in two Or double-charged state (sometimes both), and 9 of 21 total
separate sample analyses by LC/MS/MS. Sequest XC valuegossible b ions were observed in either the double- or triple-
for the double-charged peptide ranged from 2.0 to 2.5 with charged state. The cysteine modification was observed in
Acn values from 0.24 to 0.62 (Table 1). Retention times for every possible double-charged y ion that would carry the
the peptide were consistent among different LC/MS/MS runs. modified cysteine (i.e., y13y20).
A representative MS/MS spectra is shown in Figure 5D (XC  Modulation of Aconitase Actity by GSSGCysteine and
= 2.5). Precursor mass corresponding to the nitrotyrosine- tyrosine residues in aconitase were affected by ONG®d
modified double-charged tryptic fragment comprising ac- these modifications were associated with a decrease of
onitase residues 466174 was 557.2 Da. The collision-  aconitase activity. It may be hypothesized that cysteine thiol
induced ion fragmentation pattern included all observable modifications other than oxidation to sulfonic acid (Figure
single-charged b and y ions; two double-charged b and threes) may similarly decrease aconitase activity. An important
double-charged y ions were also observed. physiological thiol modification is glutathionylation of
Cysteine 126Modification of cysteine to cysteic acid at protein thiols by GSSG through disulfiel¢hiol exchange
position 126 was observed 3 times, each in a separate LC/(38, 39) (reaction 6).
MS/MS analysis, in a triple-charged 21 amino acid length
tryptic peptide that corresponded to aconitase residues 118 protein—SH+ GSSG— proteinr—-SSG+ GSH (6)
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Ficure 6: Effect of GSSG on aconitase activity and aconitase protein thiols. Glutathionylation of aconitase. (A) Effect of GSSG on aconitase
activity. Various concentrations of GSSG were mixed with aconitase (2 mU/mL) in 50 mM Tris-HCI at pH 7.4 in the presence of 2.5 mM
citrate for 10 min. ©) Aconitase plus GSSG®( Aconitase plus GSSG plus DTT. In the DTT-treated samples, aconitase was incubated
with GSSG and citrate followed by a 10-min treatment with DTT (10 mM). (B) Western blots showing the loss of aconitase protein thiols
following treatment with GSSG and the corresponding semiquantitative analysis (densitof@t/estern blots showing glutathionylation

of aconitase, which was determined using an anti-glutathione monoclonal antibody as described in the Experimental Procedures, and the
corresponding semiquantitative analysis (densitometry). Porcine aconitase (4 mU/mL) was rapidly mixed with varying amounts of GSSG
in 50 mM Tris-HCI at pH 7.4 for 10 min.
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Incubation of aconitase with GSSG in the presence of ONOO™ to the Fe-S cluster upon citrate binding. In this
citrate led to a loss in enzyme activity (Figure 6A). Maximal regard, recent X-ray crystallography studies have shown that
inhibition (35%) was observed witk200uM GSSG. The binding of citrate induces a conformational change of the
loss of aconitase activity caused by GSSG corresponded withaconitase active sitel). Hence, citrate may shield the F8
a decrease in protein-free thiols [as measured by Westerncluster against ONOO attack by (a) sterically hindering
blot analysis after maleimide PE©biotin labeling (Figure access of reactive molecules to the—= cluster or (b)
6B)], as expected upon protein thiol glutathionylation. The causing a conformational shift of the active site that makes
glutathionylation of aconitase was confirmed by Western blot the Fe-S cluster less accessible to reactive molecules. It is
analysis using a monoclonal antiglutathione antibody (Figure likely that a combination of both mechanisms contributes to
6C), thus showing that GSSG glutathionylate aconitase in athe effectiveness of citrate protection of the—= cluster
dose-dependent manner. DTT, which reduces disulfide bondsfrom oxidant attack. Whichever the mechanism underlying
to the corresponding thiols, fully reversed the loss of the protection by citrate, it may be surmised that citrate levels
aconitase activity brought about by GSSG (Figure 6A).  in the mitochondrial matrix will determine the site of

These results demonstrate that aconitase activity can beONOO™ attack on aconitase by shifting ONOQ®@eactions
modulated by glutathionylation and suggest that modification from Fe-S clusters to cysteine, tyrosine, and other amino
of cysteine residues outside the active site of aconitase caracid residues of aconitase. Physiological levels of citrate in

result in an impairment of enzyme activity. the matrix are determined by the metabolic state of mito-
chondria, but in bacteria, citrate levels have been estimated
DISCUSSION in the millimolar range 40). If similar levels were to apply

§ to mammalian mitochondria, the & cluster of aconitase

Aconitase activity is frequently viewed as a marker o . :
oxidative stress in biological systems because the enzymemay not be as vulnerable to oxidants as previously reported.

[4Fe—4SF* cluster is readily inactivated by,/O, H,O,, and In the presence of citrate, the inhibitory effect of ONOO
ONOO". This study puts forward two mechanisms by which suggested the occurrence of sensitive sites other than the
the Fe-S cluster in the active site could be modified by low Fe—=S cluster-containing active site in the regulation of
levels of ONOO': (a) conversion of the active F¢S cluster aconitase activity. LC/MS/MS analysis revealed that cysteine
from the [4Fe-4SF" form to the inactive [3Fe4S}* form 385 (one of three cysteine residues that bind the$-eluster
with the loss of labile iron (as confirmed by low-temperature in the active site of aconitase) was oxidized to cysteic acid
EPR analyses), and (b) disrupting the binding of thee§e  and that three other amino acids (tyrosines 151 and 472 and
cluster to cysteine residues (cysteine 385) of the protein cysteine 126) outside the active site were modified upon
through oxidation of cysteine to cysteic acid (as shown by ONOO™ treatment. The other two cysteines involved in
LC/MS/MS analyses). However, whether the disruption in cluster ligation are cysteines 448 and 481)( The crystal
Fe—S binding to cysteine causes+8® degradation or the  structure of porcine aconitasg? 41) indicates that all three
breakdown of the FeS cluster into the inactivate [3Fe modified amino acids (tyrosines 151 and 472 and cysteine
4ST* form remains to be elucidated. 126) were adjacent to amino acids comprising the active site
Binding of citrate to the aconitase active site selectively (parts A and B of Figure 7). Tyrosine 472, for example, lies
protected against modifications of the F& cluster by as close as 3.86 A to cysteine 451, which binds the $e
ONOO', but this protection was not extended to amino acid cluster (Figure 7B). Nitration of tyrosine 472 can greatly
residues (distal from or in close proximity to the active site). crowd the active site, thus diminishing the catalytic activity
The mechanism by which citrate protects the-Becluster of aconitase. Thus, modifications to tyrosines 151 and 472
from ONOO™ probably involves inhibition of the entry of and cysteine 126, because of their close proximity to the
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FIGURE 7: Structure of aconitase and amino acid modifications
elicited by ONOO'. (A) Full aconitase structure is illustrated in a
ribbon format. Amino acid residues that compose the active site
are shown in a stick format in red. Key molecules are illustrated in
space-filling format: components of the 8 cluster (Fe shown

in metallic green and sulfur shown in yellow), cysteine residues
ligated to the FeS cluster (red), and citrate (orange). Cysteine
residues oxidized to sulfonic acid (blue) (including modified
cysteine 385 that binds the +& cluster), and tyrosine residues
converted to 3-nitrotyrosine (purple) by ONO®@eatment are also
shown in space-filling format. (B) Close-up view of the active site
with the same illustrative scheme as in A except that citrate is
displayed in a stick configuration. The position of the view differs
from that of A for the sake of clarity.

Han et al.

R—SH—R-SOH—R-SOH—R-SOH (7)
R-SH—R-S — R—-SOH—R-SO—
R-SOH—R-S0,—R-SOH (8)

These conformational changes may account for the
ONOO -mediated decrease in aconitase activity observed
in the presence of citrate. Nonetheless, it remains to be
determined whether there is one critical modification in-
volved in the modulation of aconitase activity or whether
all modifications contribute to the loss of aconitase activity.
However, on the basis of the sensitivity of aconitase to
glutathionylation, cysteine modifications appear to be more
critical than tyrosine modifications in modulating aconitase
activity. The loss of aconitase after GSSG treatment suggests
glutathionylation of one or more cysteine residues may cause
conformational changes that affect enzyme activity, and thiols
may be required to stabilize a protein structure associated
with the function.

This study provides the first evidence that aconitase is
susceptible to glutathionylation and that this process may
modulate aconitase activity. These findings suggest that
glutathionylation of aconitase may be an important means
of modulating aconitase activity under oxidative and nitro-
sative stress. The mitochondrial matrix contains high levels
of GSH, which is believed to scavenge ONOé@nd protect
sensitive enzymes such as aconitase. However, GSSG is the
major end product4b) originating from the reaction between
GSH and ONOQO (reaction 9-11), thus providing a reactant
for protein-mixed disulfide formation (reaction 6).

GSH+ [HO++*NO,] — GS + NO, + OH™  (9)
GS- + GS — GSSG™ (10)
GSSG + 0,— GSSG+ 0, ~ (11)

ONOO™ formation in the mitochondrial matrix may
therefore modulate aconitase activity in two ways: (a)
directly, upon modifications of the FeS cluster and/or
critical amino acids residues, and/or (b) indirectly, through
oxidation of mitochondrial GSH to GSSG, which in turn can
lead to gluathionylation of aconitase. Because of the high
levels of GSH in mitochondria, glutathionylation of aconitase
would appear as a major physiological consequence of
ONOO™ formation in the mitochondrial matrix. Mitochon-
drial GSH may have other functions, because it was reported

active site, may cause conformational changes that destabilizehat the recovery of aconitase activity ([3F4SJt+ — [4Fe—

the active site. The oxidative reactions by ONO€an take

4SP*) was accomplisheih zivo by a process involving GSH

place by both one- and two-electron mechanisms (sequence$46) or the iron chaperone protein frataxid7j. Of note,

in reactions 7 and 8, respectivelyy 43). The oxidation
of cysteine residues (RSH) in aconitase to sulfonic acid
(R—SGsH) involves oxidation steps beyond the initial
formation of sulfenic acid (RSOH) (reactions +£3): these

citrate, in addition to sterically protecting the active site, plays
an important role in repair of the F€ cluster. The inactive
[3Fe—4ST* cluster, formed upon oxidant attack, is repaired
by frataxin; an iron-binding protein and recent studis (

steps are likely to encompass another stable product, such7) have shown that citrate is required to stabilize the

as sulfinic (R-SOH) (reaction 7). Alternatively, the thiyl
radical (R-S), formed in reaction 1, can undergo further
ONOO -mediated one-electron oxidations and reactions with
molecular oxygen leading to cysteine sulfenic acid formation
(sequence in reaction 844) followed by similar reactions

to sulfinic and sulfonic products.

frataxin—aconitase interaction so that iron is reinserted to
form the active [4Fe-4SF cluster. In the absence of citrate,
aconitase is not effectively repaired in mitochondria follow-
ing oxidative challenge and remains inactive. This suggests
that citrate levels may be an important factor in modulating
aconitase activity during oxidative stress.
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It may be surmised that [GSH]/[GSSG] ratios in the
mitochondrial matrix are important factors that determine
aconitase functionality. GSSG levels are tightly regulated
in mitochondria, and GSSG is rapidly reduced to GSH by

glutathione reductase. This indicates that aconitase activity

is finely regulated by the mitochondrial metabolic and redox
states, which determine citrate and NADPH levels, with the
latter closely tied to GSSG level regulation. Reactive oxygen

and nitrogen species levels, citrate concentration, and the

[GSH)/[GSSG] ratio may be intrinsically involved in the
regulation of aconitase activity in mitochondria, and the sites
and mechanisms of inactivation will be determined by the
interaction of these factors. Thus, the metabolic and thiol
redox status of the mitochondrial matrix may play an
important role in the physiological regulation of aconitase
activity.
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