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Abstract
α-Ketoglutarate dehydrogenase (KGDH), a key regulatory enzyme within the Krebs cycle, is
sensitive to mitochondrial redox status. Treatment of mitochondria with H2O2 results in reversible
inhibition of KGDH due to glutathionylation of the cofactor, lipoic acid. Upon consumption of
H2O2, glutathione is removed by glutaredoxin restoring KGDH activity. Glutathionylation appears
to be enzymatically catalysed or require a unique microenvironment. This may represent an
antioxidant response, diminishing the flow of electrons to the respiratory chain and protecting
sulphydryl residues from oxidative damage. KGDH is, however, also susceptible to oxidative
damage. 4-Hydroxy-2-nonenal (HNE), a lipid peroxidation product, reacts with lipoic acid
resulting in enzyme inactivation. Evidence indicates that HNE modified lipoic acid is cleaved
from KGDH, potentially the first step of a repair process. KGDH is therefore a likely redox
sensor, reversibly altering metabolism to reduce oxidative damage and, under severe oxidative
stress, acting as a sentinel of mitochondrial viability.
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Introduction
It is widely theorized that declines in physiological and cellular function observed with
ageing and a variety of degenerative diseases are due, at least in part, to free radical derived
damage to critical cellular components. Indirect evidence has been gleaned from studies
showing positive correlations between age- and disease-related increases in certain measures
of oxidative stress and the accumulation of oxidized forms of protein, DNA and/or lipids.
The traditional view is that prolonged and/or elevated production of free radical species,
such as occurs with age and/or disease, overwhelms the large variety of antioxidant enzymes
(Scheme 1) and small molecular weight scavengers present within cells, thereby enabling
reactive free radical species to interact with and damage biomolecules. This view has been
challenged by the failure of traditional antioxidant interventions to consistently minimize
various functional manifestations of ageing and disease. In addition, emerging evidence
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indicates that free radical species are important elements of certain signal transduction
pathways [1–6] and can, under certain conditions such as ischemic pre-conditioning [7–14],
exert beneficial effects. Moreover, mitochondria, a major intracellular source of pro-
oxidants [15,16], are reversibly responsive to changes in redox status [17,18]. These
findings indicate that cells possess previously unanticipated mechanisms for rapidly sensing
and responding to changes in redox status and underscore the need for reconsideration of the
response to oxidative stress and molecular factors that underlie free radical damage.

Evidence is presented that the mitochondrial Krebs cycle enzyme α-ketoglutarate
dehydrogenase (KGDH) is a component of the mitochondrial antioxidant system and a key
sensor of redox status, altering function to induce critical changes in mitochondrial and
cellular metabolism to prevent oxidative damage. KGDH is uniquely sensitive to oxidative
stress, capable of undergoing fully reversible free radical mediated inhibition [17,19,20] or,
under certain conditions, oxidative inactivation [21–24]. KGDH represents a key regulatory
site within the Krebs cycle, controlling the supply of reducing equivalents generated by the
Krebs cycle and, as such, electron transport and ATP production [23,25,26]. Given that
KGDH is also sensitive to free radical mediated alterations in activity, redox regulation of
KGDH would provide a means for controlling energy production in response to changes in
mitochondrial and cellular oxidative stress. Nevertheless, KGDH has been reported to
decline in activity during a number of neurological and cardiovascular disorders associated
with oxidative stress [27–33]. The purpose of this review is to highlight structural and
functional features of KGDH that render the enzyme uniquely responsive to changes in
mitochondrial redox status. In this context, key findings that underscore the potential
antioxidant function(s) of KGDH and direct future studies addressing the physiological and
pathophysiological significance of redox-dependent regulation and oxidative inactivation of
KGDH are presented and discussed.

Structure and catalytic mechanism of α-ketoglutarate dehydrogenase
α-Ketoglutarate dehydrogenase (KGDH) is a large multi-sub-unit enzyme complex
composed of multiple copies of three sub-units: E1 (α-ketoacid decarboxylase), E2
(dihydrolipoyl transacetylase) and E3 (dihydrolipoamide dehydrogenase) (Scheme 2). A
variety of co-factors are utilized by KGDH to catalyse the multistep reaction that converts α-
ketoglutarate to succinyl-CoA, CO2 and NADH. These co-factors are: (1) Thiamine
pyrophosphate (TPP) tightly bound to the E1 sub-unit; (2) Lipoic acid covalently bound to
the E2 sub-unit; (3) CoASH, which interacts with the succinyl group on lipoic acid; (4)
FAD+, which is tightly bound to the E3 sub-unit; and (5) NAD+, which is reduced by the
FADH2 on E3 to form NADH. The reaction mechanism for KGDH is as follows: α-
Ketoglutarate is covalently bound to TPP on the E1 sub-unit. The binding process initiates
the oxidative decarboxylation of α-ketoglutarate to form CO2 and a covalently bound
succinyl group. The succinyl group is then transferred to oxidized lipoic acid on the E2 sub-
unit. CoASH reacts with the succinyl group to form succinyl-CoA and reduced lipoic acid.
Lipoic acid subsequently reduces vicinal sulphydryl groups on the E3 sub-unit. The reducing
equivalents are then transferred to the tightly bound FAD+. Finally, FADH2 reduces NAD+

to NADH, completing a catalytic cycle [34–36]. It is noteworthy that enzyme catalysis
involves cycling of the oxidation states of various sulphydryl groups, functionalities that
readily react with (pro-)oxidants and electrophilic byproducts of lipid peroxidation [37].
Thus, the chemical features of KGDH predict a strong likelihood that the enzyme would be
sensitive to changes in mitochondrial redox status.

Reversible redox-dependent regulation of KGDH
Investigations of the effects of oxidative stress on mitochondrial function revealed the
capacity to reversibly alter respiratory activity. Upon treatment of isolated mitochondria
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with H2O2, electron transport and oxidative phosphorylation activity were diminished [17].
However, activity was fully recovered upon consumption of the H2O2, indicative of redox
regulation [17]. Further investigation revealed that H2O2-induced declines in the rates of
electron transport and oxidative phosphorylation were associated with reversible inhibition
of the Krebs cycle enzymes KGDH [17] and aconitase [38,39]. Because KGDH represents a
rate-limiting enzyme for the production of NADH and NADH production, not consumption,
limits the rate of electron transport and ATP synthesis [23,25,26], inhibition of KGDH was
deemed responsible for H2O2-induced loss in the rate of oxidative phosphorylation [17].
Inhibition of KGDH occurred as a result of formation of a mixed disulphide between a
sulphydryl group on KGDH and glutathione (glutathionylation) [20]. Upon consumption of
H2O2, glutathione is removed by the enzyme glutaredoxin resulting in restoration of KGDH
activity. Glutathionylation of KGDH occurred on the covalently bound cofactor, lipoic acid
(Scheme 3) [19]. In support of this, glutathionylated lipoic acid sulphydryl groups were
protected from modification by sulphydryl reactive compounds such as N-ethylmaleimide or
2-alkenals [19]. The reversible nature of H2O2-induced inhibition and glutathionylation of
KGDH provokes intriguing questions as to: (1) What are the functional consequences of
redox-dependent regulation of KGDH and (2) What are the molecular mechanisms that
govern the glutathionylation of KGDH?

Functional consequences of redox regulation of KGDH
A strong possibility is that glutathionylation of KGDH may represent an antioxidant
response. KGDH plays a pivotal role in controlling flux through the Krebs cycle and, thus,
the supply of reducing equivalents in the form of NADH for electron transport and ATP
production [23,25,26]. When pro-oxidant production increases, such as may occur when
electron transport is impaired, inhibition of KGDH would be expected to limit the supply of
reducing equivalents generated by the Krebs cycle. This would ultimately reduce free radical
production by a compromised electron transport chain, a possibility currently under
investigation in our laboratory. In addition, glutathionylation of KGDH would protect
critical sulphydryl groups from damage until the oxidative stress is relieved. This would be
important because each lipoic acid bound to the E2 sub-unit contains two sulphydryls and
the E3 sub-unit possesses a pair of vicinal sulphydryls, each of which is required for enzyme
activity [34–36]. Glutathionylation of lipoic acid protects the sulphydryls from adduction by
lipid peroxidation products [19] and would lock the sulphydryls on E3 in the disulphide
form reducing their reactivity with free radicals and related products. Fine-tuning of the
antioxidant function of KGDH may also exist. In support of this possibility, the maximal
degree of H2O2-induced KGDH inhibition does not exceed a defined threshold (50%
relative to control), irrespective of H2O2 concentration [17,20]. Previous findings indicate
that a sub-population of KGDH appears to directly interact with complex I and channel the
reductive potential of NADH directly to the electron transport chain [40–43]. Selective
glutathionylation and inhibition of complex I associated KGDH would preserve the activity
of free KGDH maintaining biosynthetic processes, while slowing electron transport to
reduce superoxide production.

If glutathionylation of KGDH were purely an anti-oxidant response, it might be predicted to
occur in mitochondria from all tissues. We have found that this is not the case. In cardiac
mitochondria treated with H2O2, reversible inhibition of KGDH by glutathionylation is
observed, however skeletal muscle mitochondria exhibit no deficits in KGDH activity under
similar conditions. This may reflect inherent differences in mitochondria isolated from
different tissues or a lack of in-depth understanding of the molecular events that govern the
glutathionylation of KGDH. Nevertheless, additional ramifications of KGDH
glutathionylation and the role of pro-oxidants in other processes that depend on KGDH
activity must also be considered. While KGDH is generally studied with regard to the
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production of NADH and, therefore, in the synthesis of ATP, the enzyme also represents a
key site for the utilization of amino acids for energy production, produces succinyl-CoA for
heme biosynthesis, and the enzyme’s substrate α-ketoglutarate plays a role in other
important processes such as HIF-1α degradation. In addition, specific inhibition of KGDH
has been shown to result in cytochrome c release from the mitochondria and cell death [44].
Therefore, in addition to playing a role in the mitochondrial antioxidant response, reversible
inhibition of KGDH by redox-dependent glutathionylation may provide a means to modulate
energy production during processes such as development, cancer growth, hibernation and
other events that require a rapid transition from energy production to biosynthesis.

There is also evidence to support alternative functions for KGDH that may underlie
observed glutathionylation of the enzyme. Thioredoxin 2 can protect KGDH from self-
inactivation [45–47] and has been implicated in other roles involving KGDH. Thioredoxin 2
reduces peroxiredoxin, allowing for peroxiredoxin to undergo another round of H2O2
reduction. Thioredoxin reductase then regenerates reduced thioredoxin. In vitro evidence
indicates that oxidized thioredoxin can also be reduced by free lipoic acid which in turn is
reduced by KGDH to complete the catalytic cycle and regenerate thioredoxin activity [48].
There is also evidence to suggest that lipoic acid on the E2 sub-unit can participate in
reduction of peroxidases and serve in other potential antioxidant roles [49,50]. In addition,
the E3 sub-unit in the bacteria Mycobacterium tuberculosis has been shown to exhibit
thioredoxin reductase activity [51]. Moreover, E3 has high structural and catalytic homology
to glutathione reductase [52–54]. The potential therefore exists that in response to oxidative
stress, KGDH shifts to a reductase role as a means of aiding the removal of pro-oxidants.
This would have the added benefit of reducing electron flow and thus O2

·− production.
Finally, E3 has recently been reported to act as a protease upon dissociation from the multi-
enzyme complex [55]. How glutathionylation of lipoic acid may be involved in these
processes is not yet clear. Glutathionylation may cause structural alterations allowing for the
switch in function or, alternatively, may reflect an enzyme intermediate required for
peroxidase/reductase function.

Mechanism of KGDH glutathionylation
The mechanism by which KGDH undergoes glutathionylation has not yet been defined.
Glutathione exists primarily in the reduced form intracellularly. However, under conditions
of oxidative stress, the ratio of reduced-to-oxidized glutathione (GSH/GSSG) can decrease
dramatically [20,56,57]. Under these conditions, GSSG is believed to react with low pKa
cysteine residues on protein resulting in the formation of a mixed disulphide
(glutathionylation). Alternatively, cysteine sulphydryl residues can undergo limited
oxidation, effectively priming them for glutathionylation by GSH [58–60]. It is noteworthy
that glutathionylation and inhibition of KGDH cannot be readily reconstituted using purified
protein or solubilized mitochondria treated with GSSG in combination with various
substrates, co-factors and oxidants. H2O2-induced inhibition requires actively respiring
mitochondria [17,20]. In addition, H2O2-induced glutathionylation of KGDH appears to be
tissue-specific, occurring in mitochondria isolated from cardiac but not skeletal muscle.
These observations suggest the possibility that glutathionylation of KGDH represents a
novel enzymatically-driven process or requires a unique microenvironment that is not
readily reconstituted using purified enzyme or solubilized mitochondria. It will be important
to identify the mechanism of KGDH glutathionylation. This information is critical to
understanding how the process is regulated, when it is likely to occur and the physiological
ramifications of redox-dependent regulation of KGDH.
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Redox-dependent self-inactivation of KGDH
In light of the potential impact of KGDH glutathionylation on a number of mitochondrial
and cellular processes, it is intriguing that KGDH is capable of producing superoxide anion
and, subsequently, undergoing self-inactivation [46,61–64]. This occurs under conditions
when NADH concentrations are elevated or low levels of NAD+ are available as electron
acceptors. Superoxide anion production at the FAD component of E3 causes generation of a
thiyl radical on the reduced lipoic acid bound to E2. Reduction of the thiyl radical in the
presence of α-ketoglutarate and CoA results in the formation of a carbon-centred radical
within the active site of E1 and, thus, inhibition of the enzyme [46,62]. This form of KGDH
self-inactivation can be prevented in the presence of thioredoxin [45–47]. It is believed that
thioredoxin interacts specifically with KGDH, neutralizing the thiyl radical on lipoic acid
and preventing the formation of the carbon-centred radical on E1. The formation of this
radical may play a role in priming lipoic acid for glutathionylation.

Oxidative inactivation of KGDH
Paradoxically, the chemical properties of lipoic acid that enable glutathionylation of KGDH
render the enzyme susceptible to oxidative inactivation. The cytotoxic lipid peroxidation
product 4-hydroxy-2-nonenal (HNE) is formed under conditions of severe oxidative stress
[37]. Treatment of cardiac mitochondria with HNE diminishes the rate of oxidative
phosphorylation [22]. This is the result of selective inactivation of KGDH by virtue of the
high reactivity of HNE with E2-bound lipoic acid [21]. The susceptibility of KGDH to
oxidative inactivation is reflected by the fact that the enzyme has been reported to decline in
activity during a large variety of neurological and cardiovascular disorders associated with
oxidative stress [27–33]. This raises the question that if the enzyme can be readily protected
from oxidative damage and reduce oxidative stress by virtue of glutathionylation, why then
does it become oxidatively inactivated? The answer may lie in the magnitude and duration
of the oxidative stress and reveal a terminal antioxidant sensing mechanism. Prolonged or
excessive production of reactive oxygen-derived free radicals and pro-oxidants would be
indicative of irreparable damage. Recent evidence indicates that HNE-induced inactivation
of KGDH is followed by cleavage of the modified lipoic acid residue (Scheme 4).
Mitochondria possess an enzyme capable of hydrolysing the lipoamide bond as well as the
machinery to synthesize lipoic acid and covalently attach the co-factor to the E2 sub-unit of
the enzyme [65–72]. Cleavage of the lipoic acid–HNE adduct may therefore represent the
initial step in enzyme repair followed by insertion of native lipoic acid and restoration of
KGDH activity, an intriguing possibility under investigation in our laboratory. However,
high levels of HNE modification to the enzyme are likely to occur only when mitochondria
have undergone significant alterations in structure and function. We are currently assessing
whether extensive externalization of lipoic acid–HNE on the outer mitochondrial membrane
may represent a signal for the recognition of irreparably damaged mitochondria and the
initiation of mitophagy. In addition, selective inhibition of KGDH has been shown to result
in release of cytochrome c and cell death [44], as previously discussed. The relative level of
KGDH modification by the lipid peroxidation product HNE could therefore serve as a
sensor of mitochondrial viability.

Summary
Increases in tissue and cellular free radical production and the subsequent occurrence of free
radical mediated modification(s) to various biomolecules have traditionally been viewed as
deleterious to mitochondrial, cellular and physiological function. In this context, oxidative
inhibition of specific enzymes has been considered primarily as a form of oxidative damage
that, under normal conditions, can be countered by the integrated actions of antioxidant
enzymes and small molecular weight free radical scavengers that remove well-known free
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radical and pro-oxidant species such as superoxide anion and H2O2. Nevertheless, it is
becoming increasingly evident that free radical species are components of a series of normal
cellular processes and can exert reversible and potentially beneficial effects. The Krebs
cycle enzyme KGDH, an enzyme that controls the reductive potential (NADH/NAD+) of the
mitochondria, can be regulated by subtle alterations in mitochondrial redox status [17,19,20]
but is also susceptible to free radical damage [21–24]. In addition, at high ratios of NADH/
NAD+, KGDH is a source of oxygen-derived free radical species [46,61–64]. This enzyme
therefore occupies a central position at the cross-roads of the redox environment, capable of
altering enzyme function and/or mitochondrial metabolism to reduce oxidative damage
while being a source of free radical production and a target of oxidative inactivation.

In summary, the unique perspective gained through analyses of mitochondria exposed to
oxidative stress reveals that the antioxidant response is complex, dynamic and involves
processes and enzymes not previously considered in this context. The antioxidant response
is not confined simply to the removal of free radical and pro-oxidant species, but also likely
involves regulated alterations in metabolism to both reduce free radical production and
protect critical mitochondrial components from oxidative damage. Further characterization
of molecular mechanisms by which multiple mitochondrial systems co-ordinately respond to
oxidative stress and induce specific molecular and functional adaptations is necessary to
define perturbations in these processes that contribute to oxidative damage and loss of
cellular viability during ageing and the progression of numerous degenerative diseases
associated with oxidative stress.
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Scheme 1.
Multiple enzymatic processes exist for the removal of superoxide anion and hydrogen
peroxide.
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Scheme 2.
α-Ketoglutarate dehydrogenase catalytic cycle. E1 sub-unit: α-Ketoacid decarboxylase; E2
sub-unit: Dihydrolipoyl transacetylase; and E3 sub-unit: Dihydrolipoamide dehydrogenase.

MCLAIN et al. Page 11

Free Radic Res. Author manuscript; available in PMC 2011 September 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 3.
α-Ketoglutarate dehydrogenase is regulated through the reversible glutathionylation of the
enzyme’s cofactor lipoic acid. Evidence suggests that glutathionylation of KGDH represents
an antioxidant response and is either enzyme catalysed or requires a unique
microenvironment.
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Scheme 4.
α-Ketoglutarate dehydrogenase is sensitive to oxidative inactivation through reaction of
lipoic acid with the lipid peroxidation product 4-hydroxy-2-nonenal (HNE). The potential
for removal of the modified lipoic acid and reinsertion of native lipoic acid exists and would
represent enzyme repair. Could the presence of the cleaved hydrophobic lipoic acid-HNE
adduct on the mitochondrial membrane serve as a signal for mitophagy?
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