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ABSTRACT: In a previous study, we found that treatment of rat heart mitochondria wi@ kesulted in

a decline and subsequent recovery in the rate of state 3 NADH-linked respiration. These effects were
shown to be mediated by reversible alterations in NAD(P)H utilization and in the activities of specific
Krebs cycle enzymeg-ketoglutarate dehydrogenase (KGDH) and succinate dehydrogenase. The purpose
of the current study was to examine potential mechanism(s) by whih keversibly alters KGDH
activity. We report here that inactivation is not simply due to direct interaction,@k kvith KGDH. In
addition, incubation of mitochondria with deferroxamine, an iron chelator, or 1,3-dimethyl-2-thiourea, an
oxygen radical scavenger, prior to addition of04 did not alter the rate or extent of inactivation. Thus,
inactivation does not appear to involve a more potent oxygen radical formed upon metal-catalyzed oxidation.
Inactive KGDH from BHO,-treated mitochondria was reactivated with dithiothreitol, implicating oxidation

of a protein sulfhydryl(s). However, the thioredoxin system had no effect, indicating that enzyme inactivation
is not due to the formation of intra- or intermolecular disulfide(s) or a sulfenic acid. Upon incubation of
mitochondria with HO,, reduced GSH levels fell rapidly prior to enzyme inactivation but recovered at
the same time as enzyme activity. Importantly, treatment of inactive KGDH with glutaredoxin facilitated
the GSH-dependent recovery of KGDH activity. Glutaredoxin is characterized as a specific and efficient
catalyst of protein deglutathionylation. Thus, the results of the current study indicate that KGDH activity
appears to be modulated through enzymatic glutathionylation and deglutathionylation. These studies
demonstrate a novel mechanism by which KGDH activity and mitochondrial function can be modulated
by redox status.

Emerging evidence indicates that certain pro-oxidants can In a previous study, we found that the rate of mitochondrial
act to modulate cellular function. Production of reactive respiration declines and subsequently recovers when intact,
oxygen species has been shown to increase in response teespiring mitochondria are treated with micromolar concen-
activation of various receptors. This increase has been linkedtrations of HO, (11). As shown in our earlier work, this
to the subsequent activation of certain signal transductionresponse to kD, was mediated, in part, by reversible
pathways. Purported mechanisms by which oxidant speciesalterations in the activities af-ketoglutarate dehydrogenase
modulate protein function include reversible oxidation of key (KGDH)! and succinate dehydrogenase (SDHY)( Inacti-
protein sulfhydryl residues and alterations in the interactions vation and reactivation of KGDH and SDH required mito-
between redox sensitive molecules and target protdins (  chondria to remain intact with respiratory substrates present.
8). The mitochondrial electron transport chain has long been In addition, removal of KO, alone was not sufficient for
recognized as a site of O production under both normal reactivation {1). These observations suggest that KGDH and
and pathophysiologic conditions9,( 10). To date, the SDH are responsive to the redox status of the mitochondria.
assumption has been that this is an unfortunate consequenc®hile it is well-established that proteins can be oxidatively
of electron transport that necessitates scavenging mechanismmactivated {2), the reversible nature of the inactivation of
for clearing potentially toxic pro-oxidants. However, a futile key Krebs cycle enzymes by pro-oxidants which are pro-
cycle such as this carries a high metabolic price. Theseduced by mitochondria suggests potential regulatory roles
considerations together with the growing body of evidence for these speciesl(). It is therefore critical to understand
implicating oxygen radicals as regulators of cellular function the mechanism by which enzyme activity is reversibly altered
suggest a physiological role for free radicals produced within in response to kD, to gain insight into the metabolic
mitochondria. relevance of these processes.

Alterations in KGDH activity are of particular interest
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the mechanism by which J@, reversibly alters KGDH B 950+ -+ pro-oxidant

activity. To accomplish this, solubilized mitochondria and £ l :

pure KGDH were treated with specific oxidants and reducing E

systems to provide evidence of the nature of inactivation and %

reactivation. In addition, the levels of various pro- and E

antioxidant species were monitored in®4-treated mito- >

chondria to define likely components involved in alterations &

in enzyme activity. The results demonstrate thaOH § ware Control
mediates the modification of sulfhydryl group(s) on KGDH. = —— 50 uM H,0,
Reactivation by glutaredoxin but not thioredoxin indicates 5 0 50 M t-BOOH
that KGDH is reversibly glutathionylated in response to & 4 .

H,0,. The mechanism as well as the specific and discreet 0 5 10 15 20

nature of the modification is discussed with regard to the Time (min)

physiologiggl significance of y0.-induced alterations in Ficure 1: Time-dependent alterations in KGDH activity upon
KGDH activity. treatment of mitochondria with 4, or tert-butylhydroperoxide.
e Ko [0 i 2 o SbSes a3

Reagents and Proteirighioredoxin, thioredoxin reductase, MM ADP (1.0 min) to initiate state 3 respiration. At 2.0 min,
mitochondria either were left untreated or were treated with40

and glutathione (reduced and oxidized) were obtained from .5 "o tert-butylhydroperoxide. At the times indicated on the
Sigma. Recombinant human glutaredoxin was purified from abscissa, mitochondria were solubilized with 0.1% Triton X-100
Escherichia colias described previoushyl§). and KGDH activity was measured spectrophotometrically.
Isolation of Subsarcolemmal Mitochondria from Rat Heart. )
mL in 125 mM KCI| and 5.0 mM KHPQ, at pH 7.25

Sprague-Dawley rats (2600 g) obtained from Zivic b Lt i
Miller Laboratories were anesthetized with sodium pento- €Ontaining S0«M p-hydroxyphenylacetic acid. The increase

barbital and decapitated. Hearts were removed and im-/n hydroxyphenylacetate fluorescence was monitored spec-
mediately immersed and rinsed in ice cold homogenization trofluorometrically (Shimadzu RF-5301PC), at excitation and
buffer containing 180 mM KCI, 5.0 mM MOPS, and 2.0 emission wavelengths of 320 and 425 nm, respectively, with
mM EDTA at pH 7.4. Hearts (0:91.1 g) were then minced ~ Slit widths of 5.0 nm, upon addition of 13 units/mL
and homogenized in 20 mL of homogenization buffer with horse@dsh peroxidasgqd). The correspondmg fluorescence
a Polytron homogenizer (low setting, 2 s). The homogenate iNtensities were converted to,8, concentration by com-
was centrifuged at 5@or 5 min (5°C), and the supernatant P&rison to a standard curve. _ _

was filtered through cheesecloth. The mitochondrial pellet Determination of Intramitochondrial Reduced Glutathione

was obtained upon centrifugation of the supernatant atg000 L€v€ls. Mitochondria were solubilized with 0.1% Triton
for 10 min (5°C). After two rinses with ice cold buffer, the ~ X-100 and diluted with an equal volume of a mobile phase

mitochondria were resuspended in homogenization buffer to €ontaining 10 mM trichloroacetic acid and 69 mM monochlo-

a final concentration of approximately 35.0 mg/mL. Protein "oacetic acid (pH 2.72, adjusted with NaOH). The sample
determinations were made using the bicinchroninic acid Was then sonicated for 30 s in a sonicating water bath and

(BCA) method (Pierce), with bovine serum albumin as a centrifuged at 15009for 5 min. The supernatant was ana-
standard. lyzed by HPLC (Hewlett-Packard series 1050). GSH was

Incubation of Intact Mitochondria with D, and tert- resolved on a ggreverse phase column (Vydac) and detected
Butylhydroperoxide Mitochondria were diluted to a con-  Using an electrochemical detector containing a glassy carbon
centration of 0.25 mg/mL in buffer composed of 125 mm Working electrode £0.75 V) and an AgCl reference elec-
KCl and 5.0 mM KHPO, at pH 7.25. Respiration was trode. A standard curve was generated using pure authentic
initiated by the addition of 15 mMu-ketoglutarate and GSH.
allowed to proceed for 1.0 min. State 3 respiration was then RESULTS
induced by addition of 2.0 mM ADP. One minute after

initiation of state 3 respiration, 4@, or tert-butylhydroper- Effect of HO, and tert-Butylhydroperoxide on KGDH
oxide (50uM) was added. All incubations were performed Activity. Intact respiring mitochondria were treated with 50
at room temperature. uM H0; or tert-butylhydroperoxide. At the indicated times

Assay ofr-Ketoglutarate Dehydrogenase Agty. KGDH (Figure 1), mitochondria were solubilized and KGDH activity
activity was evaluated after mitochondria had been subjectedwas measured to determine whether the two pro-oxidants
to various conditions. Mitochondria were diluted to a concen- exerted differential effects. Over the course of 20 min,
tration of 0.05 mg/mL in 25.0 mM KKPQO, and 0.5 mM KGDH activity in mitochondria treated with 4D, declined
EDTA at pH 7.25 and solubilized with 0.1% Triton X-100 and recovered as previously showiil). However, while
(Sigma). KGDH activity was assayed spectrophotometrically tert-butylhydroperoxide induced a similar decline in activity,
as the rate of NADH production (340 nrayapn = 6200 no recovery was observed (Figure 1). Extension of the incu-
M=t cm™1) upon addition of 5.0 mM MgG| 40.0 uM bation time to 60 min failed to show reversal of the inhibitory
rotenone, 2.5 mMu-ketoglutarate, 0.1 mM CoA, 0.2 mM  effect oftert-butylhydroperoxide on KGDH activity (results
thiamine pyrophosphate, and 1.0 mM NAID solubilized not shown). Addition of deferroxamine (from 0 to 5 mM,
mitochondria (0.05 mg/mL mitochondrial proteirf)1j. 5.0 min), an iron chelator, or 1,3-dimethyl-2-thiourea (from

Assay of HO,. Following various treatments, intact 0 to 5 mM, 5.0 min), an oxygen radical scavenger, prior to
mitochondria were diluted to a concentration of 0.05 mg/ treatment of mitochondria with D, or tert-butylhydroper-
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Ficure 2: Effect of DTT on KGDH inactivated by treatment of ‘v& ‘b&
mitochondria with HO,. Intact rat heart mitochondria (0.25 mg/ A\ N\ g

mL) were incubated with 15 mMu-ketoglutarate (0 min) as a Ficure 3: Effect of the thioredoxin and glutaredoxin reducin
respiratory substrate and 2.0 mM ADP (1.0 min) to initiate state 3 o oo on KGDH inactivated by treatmergwlt of mitochondria wi?h
respiration. At 2.0 min, mitochondria either were left untreated H,0». Intact rat heart mitochondria (0.25 mg/mL) were incubated

(Control) or were treated with 5aM H,O; (Inactive). At 7.5 min, : i : h
mitochondria were solubilized with 0.1% Triton X-100 and either \éw(t)hn%a rR’gg (klegogqlkjrg;\ ;gtieni(t(i) artrgrgte?tséagrreessp[;irﬁgg);sxtt)sztrgtﬁ]ﬁ]nd

left U”tfea(}?d tordtresated IWith 100 mM d(ijt_rl\ictm:jr?itocl) (O%TT) ;orLZ.O 4 Mitochondria either were left untreated (Control) or were treated
min as indicated. samples were then diluted 10 ©.Us mgimL and, in 50 ,M H,0, (Inactive). At 7.5 min, mitochondria were
assayed for KGDH activity spectrophotometrically. Values represent sy jjized with 0.1% Triton X-100 and treated with the thioredoxin
means § = 3) + SD. (5.0 uM thioredoxin, 5.0uM thioredoxin reductase, and M

oxide did not alter the rate or extent of inactivation or re- N'GDF';') oathe glutgrg%oxipﬂrg%u;)ir;g Szyj_}em (OMQE “E"/“;p-o“
. . . . . e 1M glutareaoxin an om or 2.5 min. Mitochonaria were
activation. In addition, neither commercially purified KGDH subsequently diluted to 0.05 mg/mL, and KGDH activity was

nor KGDH from solubilized mitochondria was inactivated assayed spectrophotometrically. Values represent means3)
by H,O, or tert-butylhydroperoxide (5.0 mM, 5.0 min). Thus, =+ SD.
inactivation does not appear to be due to direct interaction
of the enzyme with the peroxide or to a more potent oxygen thioredoxin reducing system exhibited no effect on inactive
radical formed upon metal-catalyzed oxidation. KGDH, indicating that inactivation of KGDH is not due to
Effect of DTT on HO, and tert-Butylhydroperoxide-  formation of a disulfide or a sulfenic acid. This is in keeping
Inactivated KGDH Likely sites of oxidative modification  with the inability of HO, or tert-butylhydroperoxide to
on a protein are sulfhydryl-containing amino acids. DTT will directly inactivate KGDH given the fact that these pro-
reduce sulfhydryl residues that are oxidized to either a oxidants have the potential to catalyze the formation of
disulfide (intra- or intermolecular or mixed) or a sulfenic disulfide bonds.
acid. Higher oxidation states cannot be reversed by DTT. Assessing KGDH as a Protein Mixed Disulfide with
To evaluate whether #@, or tert-butylhydroperoxide induces  Glutathione.An alternative mechanism by which KGDH
sulfhydryl oxidation on KGDH, HO,- andtert-butylhydro- may be inactivated in a sulfhydryl-dependent fashion is
peroxide-treated mitochondria were solubilized and subse-through glutathionylation of the protein. We therefore
quently treated with DTT. DTT was able to largely reverse undertook a series of experiments with the goal of obtaining
both HO,-mediated (Figure 2) antert-butylhydroperoxide- immunochemical and/or mass spectroscopic evidence for
mediated (not shown) inactivation. This indicates that glutathionylation of KGDH. KGDH is comprised of multiple
modification of a sulfhydryl residue(s) on KGDH is, in large copies of three subunitsy-ketoacid decarboxylase (E1),
part, responsible for inactivation. Interestingly, DTT-induced dihydrolipoyl transacetylase (E2), and dihydrolipoamide

recovery was not observed at concentrations<@d mM dehydrogenase (E3). Both E2 and E3 contain sulfhydryl
and was not improved by extending the incubation time residues which cycle between reduced and oxidized states
(>5.0 min). during enzyme catalysis and therefore represent potential sites

Effect of the Thioredoxin Reducing System on KGD#l. of glutathionylation 20, 21). Following treatment of intact
further explore the nature of KGDH inactivation and respiring cardiac mitochondria with J8,, we performed
reactivation, the ability of a disulfide/sulfenic acid reducing nonreducing one-dimensional (1D) (60ug of solubilized
system to reactivate KGDH was assessed. Thioredoxin in mitochondrial protein/lane) and two-dimensional (2D) (200
combination with NADPH and thioredoxin reductase will 500ug of delipidated mitochondrial protein/experiment) gel
reduce oxidized sulfhydryl residues within a protein in either electrophoresis and Western blot analyses utilizing antibodies
a sulfenic acid configuration or an intra- or intermolecular raised to glutathione. The appearance of glutathionylated
disulfide but is inefficient in removing glutathione from proteins, as assessed by these methods, was not observed
protein sulfhydryls. Intact, respiring mitochondria were upon HO, treatment. The lack of detectable primary
incubated in the presence or absence gdHFigure 3) or antibody binding could be due to insufficient sensitivity and/
tert-butylhydroperoxide until maximal inactivation was or to certain intrinsic properties of KGDH which make it
achieved. Mitochondria were then solubilized and treated difficult to use existing methodologies required to assess the
with thioredoxin, thioredoxin reductase, and NADPH. The glutathionylation status of a protein. (1) KGDH readily
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aggregates under nonreducing conditions necessary for 6- + pro-oxidant
analysis by 1D and 2D gel electrophoresis. This was par-
ticularly true for mitochondria treated with,B, and is likely

due to the presence of numerous sulfhydryl residues normally
involved in enzyme catalysis and the hydrophobic nature of
certain interactions between subunits. KGDH is also associ-
ated with the inner mitochondrial membrane, further com-
plicating extraction and analysis. (2) The maximum level of

--O--..

[GSH] nmoles/mg protein
W

inactivation achieved is typically 40%. In addition, KGDH N Og T * [H0,]50 M
is composed of multiple copi_e_s of_ three in_teracting subunits. -0 [-BOOH] 50 M
Therefore, the level of modification relative to the degree o I E— S

of inactivation may not be stoichiometric, even for a given 0 5 10 15 20

subunit, making it difficult to detect modified protein with Time (min)

the low sensitivity of commercially available antibodies t0  Fgyre4: Time-dependent alterations in GSH levels upon treatment
glutathionylated protein. Use of greater quantities of protein of mitochondria with HO, or tert-butylhydroperoxide. Intact rat
led to poor resolution and enhanced aggregation. Theseheart mitochondria (0.25 mg/mL) were incubated with 15 mM
technical difficulties could not be overcome by immunopu- o-ketoglutarate (0 min) as a respiratory substrate and 2.0 mM ADP

e o f 1.0 min) to initiat respiration. At 2.0 min H r
rification of the enzyme, as qugntltatlve gxtractlon of KGDH %ergbuty?r:gdrotpigiitgéev?af isnptrc?cEIL?ced.tMi?ochoh%ﬂa V\Z/Srzeosolu—
from H;O,-treated cardiac mitochondria was not accom- pjlized with 0.1% Triton X-100 at the times indicated on the
plished utilizing existing antibodies to lipoic acid or to the abscissa and diluted into mobile phase, and membranes were
E3 subunit of KGDH under nonreducing conditions required removed as described in Materials ar]q Methods. Samples were then
for further analysis. Finally, experiments aimed at introducing Iresolved by reverse phase HPLC utilizing & €olumn and GSH

. : - . . . - evels determined by electrochemical detection-8t75 V.
biotinylated GSH into intact cardiac mitochondria prior to
H,O, treatment, thereby providing a means for enhanced Intramitochondrial Redox Statuf contrast to that with
immunochemical detection of protefglutathione adducts,  H,0,, tert-butylhydroperoxide-induced inactivation of KGDH
were performed. However, consistent with previous findings was not reversible under the time frame of our experiments
that biotinylated GSH is impermeable to the plasma mem- (Figure 1). Additional evidence for glutathionylation as a
brane £2), sufficient quantities of the compound could not mechanism for reversible,-mediated KGDH inactivation
be introduced into mitochondria. Clearly, a variety of was sought by comparing the response of the glutathione
technical difficulties must be overcome to obtain direct redox status tdert-butylhydroperoxide versus #, using
evidence for glutathionylation of KGDH. reverse phase HPLC and electrochemical detection. Intact,

Glutaredoxin is a specific and efficient catalyst for respiring mitochondria were incubated in the presence of
deglutathionylating proteind 8, 23). We therefore used this  either 50 uM H,0, or tert-butylhydroperoxide. Control
enzyme to assess whether KGDH was glutathionylated mitochondria respired in the absence of peroxide. GSH levels
following H,O, treatment. Intact, respiring mitochondria were dropped to approximately 30% of control values immediately
incubated in the presence or absence gdHFigure 3) or upon treatment of intact mitochondria with peroxide and
tert-butylhydroperoxide until maximal inactivation was subsequently established a new steady state level (Figure 4).
achieved. Mitochondria were then solubilized and treated GSH levels recovered (Figure 4) at the same time as KGDH
with glutaredoxin and GSH. In contrast to the thioredoxin activity (Figure 1) in mitochondria treated with,8,. In
reducing system, the glutaredoxin system was capable ofcontrast, GSH levels continued to decline at a very slow rate
fully reactivating KGDH inactivated by treatment of mito- in tert-butylhydroperoxide-treated mitochondria, with no
chondria with either KO, (Figure 3) ortert-butylhydroper- recovery evident during the time course of the experiment
oxide (results not shown). Reactivation was complete within (Figure 4). It has previously been shown in brain and liver
30 s at all glutaredoxin concentrations tested. GSH had nomitochondria thatert-butylhydroperoxide causes a decline
effect when added in the absence of glutaredoxin. It is well- in the level of GSH and an increase in the level of GSSG,
known that GSH is required for the reactivation of glutare- with recovery of the GSH/GSSG ratio being dependent on
doxin following deglutathionylation of protein by glutare- experimental conditions26—30). Deglutathionylation of
doxin. KGDH reactivation was dependent on the addition protein by glutaredoxin requires reduced glutathione to
of GSH only when glutaredoxin concentrations equat€dl restore catalytically active glutaredoxin. Thus, these results
uM. At glutaredoxin concentrations ¢f0.1uM, increasing provide an explanation for the irreversible naturetert-
degrees of KGDH reactivation were observed in the absencebutylhydroperoxide-induced inactivation of KGDH and
of added GSH, indicating GSH acts specifically to regenerate further support the conclusion that peroxide-induced inac-
catalytically active glutaredoxin. It has previously been tivation is due to glutathionylation.
shown that glutaredoxin does not catalyze the reduction of It is known that there are at least three enzymes that
protein disulfidesZ3—25). In cases where glutaredoxin has scavenge kD, within cardiac mitochondria: glutathione
been used to reduce protein disulfides (R&R), thereisan  peroxidase, peroxiredoxin, and catalase. To assess the
absolute requirement for GSH to first form a mixed disulfide removal of HO, by mitochondria, HO, concentrations were
with the protein (RS SG) followed by subsequent deglu- measured spectrofluorometrically. As shown in Figure 5,
tathionylation by glutaredoxin2@—25). The results shown  approximately 80% of the #D, was removed within 3 min
here coupled with the inability of thioredoxin to restore of addition with a pseudo-first-order rate constant of 0.48
KGDH activity indicate that HO, treatment of mitochondria  min~* and aty;; of 1.4 min for 50uM H,O,. Recovery of
induces reversible glutathionylation of KGDH. GSH concentrations and KGDH activity to control values
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me {min mg/mL) were solubilized with 0.1% Triton X-100 and then treated
Ficure 5: Time-dependent alterations in KGDH activity and levels for 5.0 min with GSSG at the concentrations indicated on the
of H,O, and GSH upon treatment of mitochondria with®4. abscissa. Samples were subsequently diluted to 0.05 mg/mL, and

Incubation of mitochondria with D, and measurements of KGDH  KGDH activity was assayed spectrophotometrically. Values rep-
activity and levels of HO, and GSH were performed as described resent meansn(= 5) £+ SD. P values (determined from a two-
in the legends of Figures 1 and 4 and Materials and Methods. tailedt test) where asterisks indicgte< 0.01 relative control values.
KGDH activity was determined at the times indicated on the

abscissa, with time intervals between data points during the over, an additional advantage of this approach is that
inactivation process shorter than those depicted in Figure 1. Values o o . o
for GSH levels were taken from data presented in Figure 4. sufficient quantities of purified protein can be modified and
analyzed. Therefore, if exposure of pure KGDH to diamide
occurred only upon complete consumption et (Figures and GSH mimicked the mode of KGDH inactivation
1 and 4). Under the conditions used in our experiments, Observed upon treatment of intact mitochondria witd®Dkf
respiratory substrate was required for removal gDk this method would facilitate identification of a specific
indicating the requirement for reducing equivalents (results KGDH subunit(s) and site(s) susceptible to reversible glu-
not shown). NADPH is required for the reduction of tathionylation in response to-8,-mediated alterations in
glutathione peroxidase and peroxiredoxin cofactors. This, in Mitochondrial redox status. To evaluate the sensitivity of
combination with the rapid decline in GSH levels, suggests KGDH to in uitro glutathionylation, purified KGDH (0.3
that the glutathione peroxidase/glutathione reductase systerid/mL) was treated with varying concentrations of GSH and
plays a significant role in D, clearance under the conditions 100 «M diamide for 10 min. Increasing concentrations of
used in our experiments. GSH caused a progressive diamide-dependent decline in

Effects of GSH and GSSG on KGDH Adt§i. Upon KGDH gctivity to a maximqm level of inactivation of 50
addition of HO; to intact mitochondria, KGDH activity =~ 60% (Figure 7A). This decline was reversed upon treatment
declines at a steady rate during the subsequent 3 min (Figuref inactivated enzyme with DTT. In contrast, treatment with
5). This is in contrast to GSH, which exhibits a rapid decline 9lutaredoxin at a concentration 10-fold greater than that
in concentration within the first 30 s (Figures 4 and 5). This "€duired to reverse inactivation observed in intact mitochon-
suggests that GSSG or a reactive metabolite of GSH is thedri@ was unable to reactivate diamide/GSH-inactivated
species involved in the glutathionylation and inactivation of KGDH (Figure 7B). This indicates a mode of inactivation
KGDH. Solubilized mitochondria were therefore incubated distinct from that occurring in intact mitochondria. This is
in the presence of varying concentrations of GSH and GSSGNOt surprising given that diamide can prime numerous
under a variety of conditions to assess potential mechanismsSulfhydryl groups for glutathionylation, many of which may
of H,0,-mediated inactivation of KGDH. GSH {410 mM) not undergo modlflcatlon under more physiological condi-
had no effect on KGDH activity (results not shown). In tions of oxidative stress3(, 32). These results underscore
contrast, GSSG caused a 20% decline in KGDH activity but thg exquisite specificity of processes occurring within intact
only at concentrations of5.0 mM (Figure 6). Conditions ~ Mitochondria.
for _enhancing this 20% decline were extensively inv_estigated. DISCUSSION
Neither the presence of @, nor any combination of
o-ketoglutarate, CoASH, thymine pyrophosphate, NAD A unique contribution of this study is evidence that the
NADH, and MgC} was able to enhance the degree of Krebs cycle enzyme KGDH undergoes reversible glutathio-
inactivation. Additionallyjn vitro inactivation of KGDH by nylation in response to alterations in mitochondrial redox
GSSG could not be reversed by the glutaredoxin/GSH status. This process mediates loss and recovery of KGDH
system, indicating that the mechanism of inactivation differs activity in intact mitochondria treated with a physiologically
from that which occursin situ. Together, these results relevant oxidant. We have demonstrated that KGDH is highly
indicate that HO.-induced glutathionylation of KGDH is  resistant to direct inactivation by.B, or tert-butylhydro-
specific and dependent on the distinct composition of peroxide and that peroxides do not appear to exert their
mitochondria exposed to oxidative stress. effects through the production of more reactive oxygen

Inactivation of Purified KGDH by Diamide and GSH. radical species. Treatment of inactivated KGDH with DTT
Utilizing a proteomics approach, diamide in combination resulted in recovery of KGDH activity, demonstrating that
with glutathione has been used to demonstrate the suscepinactivation is due, in large part, to the oxidation of key
tibility of specific proteins to glutathionylatior(). More- sulfhydryl residues. Thioredoxin failed to reactivate KGDH,
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KGDH is sensitive to GSSG and/or a reactive metabolite of
o GSH. Nevertheless, while KGDH can be patrtially inactivated
1404 ® by GSSG, the mechanism appears to be distinct from that
b which occurs within intact mitochondria. The maximal level
105 * of inactivation of KGDH upon exposure to GSSG is
significantly lower than that observed in intact mitochondria,
70 ® . and importantly, addition of glutaredoxin does not result in
recovery of enzyme activity. In intact mitochondria, substrate
35 must be present to induce KGDH inactivation. However,
GSH levels fall even in the absence of substrate (results not
U . . r T . shown). This implies that the enzyme must be catalytically
active to be susceptible to,B,-induced inactivation. Nev-
[GSH] M ertheless, addition of various combinations of substrates and
cofactors of KGDH and/or kD, did not enhance GSSG-
N dependent inactivation. Together, these results suggest that
x KGDH is not passively inactivated in mitochondria exposed
> ‘bo';‘ to oxidative stress but that there is a highly specific set of
o&‘ f GQ-‘*' conditions that are necessary to induce inactivation. This
1757 CT“ L X process is likely to be dependent on the intrinsic structure
1 o 2 of KGDH within the mitochondria, the coordinated response
140 R 3 of multiple mitochondrial components, and/or an enzymatic
A process akin to well-known kinase/phosphatase systems. In-
1057 T terestingly tert-butylhydroperoxide has been shown to induce
formation of protein mixed disulfides with glutathione within
brain mitochondria; however, the proteins were not identified
(30). Identification of likely targets of glutathionylation,
namely, KGDH, will aid in the elucidation of factors that
0 control this form of post-translational modification.
FiGure 7: Inactivation of purified KGDH by diamide and GSH. Availiable methods lack sqﬁicignt sensitiyity for detecting
(A) Purified KGDH (0.3 mg/mL) was treated with a range of GSH  glutathionylation of KGDH in mitochondria exposed to a
concentrations (from 0 to 2&M) and 100uM diamide for 10 min. relatively mild oxidative stress. In addition, KGDH does not
Samples were then diluted to 0.03 mg/mL, and KGDH activity was represent an abundant protein and readily aggregates under
assayed as described in Materials and Methods. (B) Purified KGDH nonreducing conditions required for analysis. We therefore

(0.3 mg/mL) was either untreated (Control) or treated with:2D ht evid f likely site of dificati .
GSH and 10Q:M diamide for 10 min (Inactive). Where indicated, SOUgNt evidence for a likely site ol modificalion using a

samples were subsequently treated with either 20 mM DTT or 1 Variety of in uitro systems where sufficient quantities of
unit/mL glutaredoxin for 5 or 2.5 min, respectively, followed by protein could be analyzed. However, none of the systems

measurement of KGDH activity. tested mimics the selective nature of modification and the
rapid reversal of inactivation by glutaredoxin observed when
indicating that disulfide formation is not responsible for jntact mitochondria are treated with ,E. Utilizing a
enzyme inactivation. Importantly, KGDH activity was re-  proteomics approach, numerous proteins have been identified
stored upon addition of glutaredoxin, a thiol disulfide which undergo glutathionylation upon treatment of cells with
oxidoreductase specific for the removal of glutathione from the strong oxidant diamide in combination with GSBIL,
protein-SSG species. Additionally, glutaredoxin was able A |arge number of these proteins do not undergo detectable
to reverse KGDH inactivation in the absence of GSH, modification when diamide is replaced with® (31). Taken
indicating that glutaredoxin is not acting to reduce protein together, these findings underscore two important points. (1)
disulfide(s) @3—25). Assessment of the redox status of the The use of diamide and GSH is an efficient means for
mitochondria demonstrated that reduced glutathione |eVe|Sidentifying potentia' candidates for g|utathi0ny|ati0n; how-
fall (~70% within 30 s) prior to enzyme inactivation but eyer, the physiological significance of such results must be
recover at the same time as enzyme activity. These resultsnterpreted with caution. (2) Methods for detecting glutathio-
support the conclusion that KGDH activity is modulated via nylation under mild oxidative stress must be improved to
H2Oz-induced glutathionylation and deglutathionylation.  jdentify low-abundance proteins and/or those with properties
Upon close inspection, it is clear that there is a specific unfavorable for analysis.
order of events that lends insight into potential mechanisms While the exact mechanism by which KGDH becomes
by which mitochondria assess redox status. AfteOH glutathionylated remains to be defined, it is likely that
treatment for 30 s, approximately 40% of the®dd has been reactivation is an enzymatic process. Treatment of inactive
consumed and GSH levels have fallen to approximately 30% KGDH with glutaredoxin facilitated recovery of enzyme
of control values, establishing a new steady state concentra-activity. Glutaredoxin is characterized as a specific and
tion. In contrast to the concentration of GSH, KGDH activity efficient catalyst of protein deglutathionylation and requires
continues to decline at a steady rate for approximately 3 min reduced glutathione to maintain catalytic activity. Consistent
after the addition of KD,. tert-Butylhydroperoxide induces  with this requirement, KGDH activity recovered in,G,-
a similar time-dependent decline in both GSH levels and treated mitochondria in parallel with GSH levels, witiet-
KGDH activity. These observations support the notion that butylhydroperoxide-treated mitochondria exhibited no re-
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covery in GSH concentration or KGDH activity. Recently, ultimate source of oxygen radicals. In support of this
a novel glutaredoxin (GRx2) containing a mitochondrial possibility, KGDH activity and GSH concentration do not
leader sequence was identified in human and mouse tissuevary under relatively mild oxidative stress resulting from
(33, 34). Unlike other glutaredoxin isoforms, GRx2 is elevated HO, production during ADP-independent (state 4)
relatively insensitive to oxidative inactivation, making it an relative to ADP-dependent (state 3) mitochondrial respiration
effective enzyme for an oxidatively dynamic environment (not shown) 9, 10, 45—47). Thus, inhibition of KGDH
like the mitochondria34). The glutaredoxin used to reac- activity by glutathionylation would likely occur under
tivate KGDH in this study was the cytosolic form of the conditions where oxidant production exceeds antioxidant
enzyme (GRx1). The concentration of GRx1 necessary to capacity and the mitochondrial glutathione content declines.
completely reverse enzyme inactivation resulting frop@®H It has previously been reported that,iimzizo dog models
was small. This is in stark contrast to the high concentration of cardiac ischemia/reperfusion, the glutathione content of
of DTT necessary to recover KGDH activity under the same cardiac mitochondria isolated from control versus reperfused
conditions. Due to the short period of time and the relatively tissue drops from 2.6 to 1.4 nmol/mgg) and from 3.7 to
low concentration of glutaredoxin necessary for reactivation 2.2 nmol/mg 49). Interestingly, KGDH activity has been
in our model system, if the glutaredoxin isoform within the reported to decline during cardiac ischemia/reperfusion,
mitochondria exhibits similar activity it is likely that this  although the mechanism by which this occurs has not been
enzyme is responsible for reactivation of KGDH in intact fully elucidated (3, 50). There are numerous pathophysi-
mitochondria. ologic conditions during which redox status and, in particular,
The mechanisms responsible for enzyme inactivation andthe GSH/GSSG ratio are perturbed8( 49, 51, 52).
reactivation appear to be tightly linked to oxidant scavenging Identification of enzymes that are responsive to these
mechanisms, thus facilitating a coordinated response toalterations and consideration of conditions that evoke changes
changes in the mitochondrial redox status. There are threein redox status will provide an understanding of the physi-
enzymes present within cardiac mitochondria that can convertological significance of the metabolic response.
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