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Abstract

This Editorial highlights a study by Gibson et al. (2015) published in this issue of JNeurochem, in 

which the authors reveal a novel role for the alpha-ketoglutarate dehydrogenase complex 

(KGDHC) in post-translational modification of proteins. KGDHC may catalyze post-translational 

modification of itself as well as several other proteins by succinylation of lysine residues. The 

authors’ report of an enzyme responsible for succinylation of key mitochondrial enzymes 

represents a big step towards our understanding of the complex functional metabolome.

Post-translational modification of proteins by attachment of groups to residues such as lysine 

is an emerging area of metabolism research (Choudhary et al. 2014). Lysine side chains are 

frequently modified by addition of different chain length acyl moieties leading to 

acetylation, butyrylation, propionylation, succinylation, malonylation, myristoylation, 

glutarylation or crotonylation, which can change the properties of proteins (Choudhary et al. 
2014). Many mitochondrial proteins are modified by acetylation and/or succinylation (He et 
al. 2012; Park et al. 2013; Choudhary et al. 2014). Much attention to date has been focused 

on modification by acetylation, with the vast majority of enzymes in glycolysis and the TCA 

cycle subject to this modification with varying degrees of effect on the resultant enzyme 

activity. Acetylation has emerged as a distinct control mechanism, with some enzymes, such 

as acetyl Co-A synthetase (E.C. 6.2.1.1) completely deactivated by attachment of an acetyl 

group (Hallows et al. 2006), other enzymes, such as citrate lyase (E.C. 2.3.3.8) stabilized by 

acetylation (Lin et al. 2013) and some apparently unaffected by attachment of multiple 

acetyl groups (Kim et al. 2006). In eukaryotes a handful of possible candidate enzymes 

responsible for catalyzing protein acetylation have been identified (Arnesen et al. 2005; Iain 

et al. 2012) but none have been positively associated with direct acetylation of key metabolic 

enzymes. Indeed, the process has been postulated to be largely autocatalytic (Ghanta et al. 
2013) or possibly chemically catalyzed via acetylphosphate (Choudhary et al. 2014). Fewer 

studies have focused on the processes mediating succinylation of lysine residues (Park et al. 
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2013; Choudhary et al. 2014), although many metabolic enzymes including key enzymes in 

glycolysis, the TCA cycle and fatty acid metabolism are modified by succinylation 

(Papanicolaou et al. 2014).

The lack of identified candidates for protein acetylation makes the manuscript by Gibson 

and coworkers (this issue) all the more intriguing in that they have identified an enzyme 

responsible for succinylation of key mitochondrial enzymes. The authors demonstrate that 

the α-ketoglutarate dehydrogenase complex (KGDHC) can catalyze the post-translational 

modification of not only itself, but several other proteins by succinylation of lysine residues. 

These modifications have significant functional effects and could be argued to constitute a 

functional metabolome controlled by the succinylation actions of KGDHC.

The authors demonstrate that while succinyl-CoA itself increases succinylation, the 

succinylation of KGDHC, fumarase and isocitrate dehydrogenase is increased by addition of 

KGDHC, while the activity of the pyruvate dehydrogenase complex (PDHC) is also altered 

via changes in acetylation levels (Gibson et al. 2015). The key finding is that while the 

activity of isocitrate dehydrogenase is decreased, the activities of KGDHC, fumarase and 

PDHC are increased by succinylation (Gibson et al. 2015). The other enzymes in the same 

chain as KGDHC and fumarase that are post-translationally regulated include malate 

dehydrogenase; this enzyme is also activated by acetylation (Guan and Xiong 2010) and 

succinate dehydrogenase, which has been reported to be activated by succinylation (Park et 
al. 2013).

Gibson et al. (Gibson et al. 2015) evaluated non-enzymatic succinylation as well as the role 

of enzymatic succinylation using the KGDHC inhibitor CESP (the carboxy ethyl ester of 

succinylphosphonate). They demonstrate strong succinylation (and acetylation) of both 

mitochondrial and cytosolic proteins in neurons, which was decreased when KGCHD 

activity was inhibited. An important feature of this manuscript is the finding that 

succinylation increased the activity of pyruvate dehydrogenase, KGDH and fumarase by 

~25% to two-fold depending on the conditions used, and significantly decreased the activity 

of isocitrate dehydrogenase (ICDH). The E2k subunit of KGDHC is a trans-succinylase 

enzyme which is required for KGDH activity (Gibson et al. 2015). Loss of this enzyme 

decreases succinylation and the presence of α-ketoglutarate (KG) increases succinylation 

supporting the concept that the KGDHC is serving as the enzymatic catalyst for 

succinylation as well as the donor of succinyl groups (Gibson et al. 2015).

Taken together, this suggests that the activity of a section of the TCA cycle, namely from 

KGDHC to oxaloacetate, can be increased by succinylation (and acetylation) while the 

section from isocitrate dehydrogenase to KGDH is decreased, and that these changes are 

mediated, at least in part, by KGDHC. (Figure 1).

Neurons have high glycolysis and TCA cycle activity but they also have high capacity to 

oxidize glutamine. Sonnewald and coworkers (Waagepetersen et al. 1999) demonstrated that 

glutamine is extensively metabolized through the neuronal TCA cycle before being 

converted to glutamate and subsequently GABA in cortical neurons. Adjustment of the 

relative activity of the TCA cycle by KGDHC-mediated succinylation and activation of 
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KGDHC and fumarase with concomitant loss of activity in isocitrate dehydrogenase would 

allow accommodation of glutamine oxidation via a partial TCA cycle. Enzyme modification 

by succinylation is relatively fast, (Gibson et al. 2015), and thus would qualify as a possible 

mechanism by which TCA cycle oxidative capacity might be regulated in response to 

cellular demands.

It will be of interest to determine if the KGDHC mediated succinylation of proteins is the 

same in both glutamatergic and GABAergic neurons. Olstad et al. (Olstad et al. 2007) 

reported higher metabolism of exogenous glutamate than glutamine in glutamatergic 

cerebellar granule neurons than in cortical neurons. Considerable glutamate is metabolized 

for energy via the TCA cycle in astrocytes (McKenna 2012, 2013). It will also be of 

considerable interest to determine if the KGDHC mediated succinylation and modulation of 

TCA cycle enzymes is comparable in astrocytes to the effect reported by Gibson et al. 

(Gibson et al. 2015) in neurons. Succinylation and acetylation of PDHC in astrocytes would 

increase activity of this enzyme, which could potentially alter the relative flux of pyruvate 

through pyruvate carboxylase. Since covalent modification of proteins by succinylation 

would remove succinate from the TCA cycle, depending on the amount of succinylation 

taking place in neurons (and astrocytes) the process may necessitate increased anaplerosis 

via pyruvate carboxylase to maintain the level of TCA cycle intermediates.

A caveat to this observation would be to determine the relative effect of succinylation on 

these enzymes and whether the reported changes in activity result in meaningful changes in 

flux through the TCA cycle. Succinylation of the KGDHC protein led to an increase in its 

activity (Gibson et al. 2015) but compared to the theoretical capacity of this enzyme, the 

reported effect is quite modest. Similarly an increase in fumarase activity of 24.7% is 

unlikely to have significant effects on TCA cycle flux, given that this enzyme does not 

contribute greatly to overall metabolic control (Fell 1997). KGDHC has also been reported 

to be subject to inactivation by glutathionylation (Cooper et al. 2011) which would have a 

larger impact on metabolism than the modest increase in activity due to succinylation. 

However, since adding one or more large negatively charged succinyl groups can change the 

physicochemical properties of proteins, succinylation may significantly alter the ability of 

enzymes to associate into transient multienzyme complexes that can substantially influence 

metabolism (McKenna et al. 2000; McKenna et al. 2006; Genda et al. 2011; Bauer et al. 
2012; Whitelaw and Robinson 2013; Jackson et al. 2014).

Regulation of succinylation is not yet well understood. It is established that the silent 

information regulator SIRT 5 has robust de-succinylation activity as well as weak de-

acetylation activity (Newman et al. 2012). SIRT5, a Class III deacetylase, is primarily 

located in mitochondria but considerable cytosolic activity has also been reported (Park et al. 
2013). SIRT5 knock out mice have greatly increased levels of protein succinylation along 

with hyperammonemia due to succinylation and inhibition of carbamoyl phosphate synthase 

1 (Nakagawa et al. 2009) but do not display any overt metabolic abnormalities (Yu et al. 
2013).

There remains much to learn about succinylation, and little is known about the extent and 

role of succinylation in brain. Recent studies report that lysine succinylation of lysine 

McKenna and Rae Page 3

J Neurochem. Author manuscript; available in PMC 2016 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



residues is a frequent post-translational modification that affecting ~ 26 % of mitochondrial 

proteins in mammalian cells (He et al. 2012; Park et al. 2013). Careful progress has been 

made in assessing the impact of acetylation through site-specific study of the effects of each 

acetyl group. Thus it will be important to identify the overall effects of the succinylation 

reported here and which succinyl groups are attached by KGDHC. It will also be of interest 

to determine the effects on other enzymes reported to be modified by succinylation including 

citrate synthase, malate dehydrogenase, glutamate dehydrogenase 1, aspartate 

aminotransferase and ATP synthase (He et al. 2012; Park et al. 2013; Papanicolaou et al. 
2014). These enzymes have key roles in brain but little is known about modification of their 

activity by succinylation in neurons and astrocytes. The effect of succinylation on the 

association and dissociation of multienzyme complexes in another area that needs to be 

explored.

The observation that the trans-succinylase (E2k) subunit of KGDHC must be active for 

overall activity of KGDHC suggests that any damage to the E2k subunit could have far 

reaching effects on metabolism. Studies from Gibson’s group have established that 

Alzheimer’s patients have decreased KGDH activity (Gibson et al. 2005). Future studies will 

likely determine if polymorphisms and/or mutations in the E2k subunit of KGDH are more 

abundant in patients with Alzheimer’s.
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 Abbreviations

TCA tricarboxylic acid

KG α-ketoglutarate

KGDHC a-ketoglutarate dehydrogenase complex

FUM fumarase

ME, MDH malate dehydrogenase; malic enzyme

GDH glutamate dehydrogenase

AAT aspartate aminotransferase

GS glutamine synthetase

PAG phosphate activated glutaminase

SIRT3 silent information regulator 3

SIRT5 silent information regulator 5

CESP the carboxy ethyl ester of succinylphosphonate
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Figure 1. 
Schematic illustration of α-ketoglutarate dehydrogenase complex (KGDHC) mediated 

succinylation of enzymes described by Gibson et al. (Gibson et al. 2015) (this issue). Green 

arrows point to enzymes fumarase (FUM) and pyruvate dehydrogenase complex (PDH) that 

have increased activity after succinylation. Gibson et al. (Gibson et al. 2015) also found 

increased acetylation of PDHC in the presence of KGDHC. The red arrow points to 

isocitrate dehydrogenase which has decreased activity after succinylation. SIRT5 activity 

leads to de-succinylation of proteins, and SIRT3 activity leads to deacetylation of proteins. 

Abbreviations: TCA, tricarboxylic acid; KG, α-ketoglutarate; KGDHC, a-ketoglutarate 

dehydrogenase complex; FUM, fumarase; ME, MDH, malate dehydrogenase; malic enzyme; 

GDH, glutamate dehydrogenase; AAT, aspartate aminotransferase; GS, glutamine 

synthetase; PAG, phosphate activated glutaminase; SIRT3, silent information regulator 3; 

SIRT5, silent information regulator 5.
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