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27Seventy years from the formalization of the Krebs cycle as the central metabolic turntable sustaining the cell
28respiratory process, key functions of several of its intermediates, especially succinate and fumarate, have been
29recently uncovered. The presumably immutable organization of the cycle has been challenged by a number of ob-
30servations, and the variable subcellular location of a number of its constitutive protein components is now well
31recognized, although yet unexplained. Nonetheless, themost striking observations have beenmade in the recent
32period while investigating human diseases, especially a set of specific cancers, revealing the crucial role of Krebs
33cycle intermediates as factors affecting genes methylation and thus cell remodeling. We review here the recent
34advances and persisting incognita about the role of Krebs cycle acids in diverse aspects of cellular life and
35human pathology.

36 © 2014 Published by Elsevier B.V.
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41 1. Krebs cycle(s)

42 As depicted by Hans Adolf Krebs before the SecondWorld War, the
43 mitochondrial catabolism of organic acids is structured around a one-
44 piece cycle, the so-called tricarboxylic acid cycle, also known as the
45 Krebs cycle [1]. However, this proposal should be reexamined to take
46 into account the kinetic split that isolates two segments in the cycle
47 in vivo (Fig. 1) [2]. The occurrence of a shortcut resulting from the trans-
48 amination reaction catalyzed by the aspartate aminotransferase actually
49 allows the two independent segments to function at different rates. This
50 entanglement links amino and organic acid catabolism and confers a
51 key function to the glutamate/aspartate couple in controlling the overall
52 kinetic of Krebs cycle acids (KCA) conversion. An additional level of
53 complexity results from the subcellular distribution of Krebs cycle pro-
54 tein components. While all Krebs cycle enzymes are found in the mito-
55 chondrial matrix, a subset of these enzymes are also found, variably

56according to tissues, in the cytosol with yet unknown functions in
57most cases [3]. The subcellular compartmentation of the enzymes is
58combined with a discriminating permeability of the mitochondrial
59inner membrane towards each KCA [4]. In response to adverse condi-
60tions, part of the Krebs cycle enzymes may also functionally associate
61with additional enzymes. Thus, the α-ketoglutarate dehydrogenase
62using the NAD+ generated by the mitochondrial diaphorases may pro-
63vide succinyl CoA to the succinyl CoA ligase, allowing for an ATP gener-
64ation in the case of respiratory chain complex I blockade [5]. Hence, it is
65probably wise to consider that the organization and function of the
66Krebs cycle is not unique and static but is modulated to fit the fluctuat-
67ing metabolic demand of each cell type.
68To ensure this flexibility, a set of genes encoding the components of
69the cycle is available in the human genome. Both concerted and individ-
70ual regulations have been reported to modulate the expression of these
71genes, making use of the full panoply of regulatory processes, including
72control by miRNAs with indirect (e.g., miR-378 through PGC-1β) [6] or
73direct (e.g., miR-183 on IDH2) [7] actions on the members of the Krebs
74cycle [8].
75Flux through the Krebs cycle is determined by both enzyme activi-
76ties and substrate concentrations. Except under peculiar conditions,
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77 including skeletal muscle under intensive exercise, the capacity of the
78 Krebs cycle enzymes exceeds the need as does the respiratory chain,
79 allowing to face variable feeding of substrates and variable cell energetic
80 demand [9,10].
81 The handling of the KCAwithin themitochondria is not independent
82 of the cytosolic fate of these acids. The activemalate–aspartate shuttle is
83 widely admitted to act as a transfer mechanism for reduced equivalents
84 frommitochondrialmatrix NADH to cytosolic NAD+ [11]. However, tak-
85 ing into account the newly described roles of KCA in the cytosol, their
86 proper distribution in the cytosol ensured by this shuttle is presumably
87 of crucial importance as well. There is actually, outside of mitochondria,
88 a plethora of targets for KCA, possibly acting as primary substrates,
89 signal molecules or actors of post-translational modifications (PTMs).

90 2. Krebs cycle acids and post-translational modifications

91 PTMs include the acetyl-CoA-dependent acetylation of either the
92 N-terminus or at protein lysine residues [12–14]. Proteins can be also
93 modified by succinylation whereby a succinyl group (–CO-CH2-CH2-
94 CO–), presumably from succinyl-CoA, is added to a lysine residue
95 (Fig. 2, bottom right) [15]. Both acetylation and succinylation of lysine
96 residue modify the charge (from 1 to −1) with more steric hindrance

97in the case of succinylation. Because of this, succinylation is expected
98to more readily affect protein properties. In term of cellular targets,
99lysine modification, including acetylation and succinylation, possibly
100regulates numerous eukaryotic proteins involved in metabolism, cell
101cycle, aging, growth, angiogenesis and cancer [14], making PMTs identi-
102fication an active field in proteomics research [16]. In particular, SOD1
103protein is subjected to succinylation, and this appears as a critical factor
104for growth of lung tumor cells, an effect counterbalanced by SIRT5-
105dependent de-succinylation of the enzyme [17]. However, low levels
106of lysine succinylation are observed in eukaryotic cells and many
107possibly crucial sites remain unidentified. [15]. Mitochondrial matrix
108proteins can also bemodified via a widely spread non-enzymatic acyla-
109tion, dependent on the pH of the mitochondrial matrix and the actual
110concentration of acyl-CoA inside the mitochondria [18]. The presence
111of three matrix-located sirtuins (SIRT 3-5) with NAD+-dependent
112deacetylase activity further suggests an essential role of mitochondrial
113protein acetylation in metabolism regulation [19,20].
114The PTMs of histones are known to have a general impact on gene
115expression and DNA repair. Succinylation is one among these PTMs,
116with thirteen lysine succinylation sites described in HeLa cells so far,
117thus linking Krebs cycle metabolites to histone biology [21]. Cysteine
118is another residue that can undergo PTMs by a Michael addition

Fig. 1. A schematized view of the Krebs cycle(s) emphasizing the respective size of cycle(s) components and their arrangement as metabolons. Large white circles indicate different met-
abolic fluxes observed through Krebs cycle segments. The acetylCoA and the glutamate inputs are also indicated in white. The active, polymeric forms of enzymes are depicted with the
corresponding molecular weights predicted from the human amino acid sequences (human mitochondrial protein database; http://bioinfo.nist.gov/hmpd/) after presequence cleavage.
Protein structures and other data are derived from the RCSB PDB-101 (protein data base; http://www.rcsb.org/pdb/). Inset: The metabolon build from the Krebs cycle components as
proposed by P. Srere in 1987 [67]. Abbreviations: AAT, aspartate aminotransferase (EC 2.6.1.1); Aco, aconitase (EC 4.2.1.3); CS, citrate synthase (EC 2.3.3.1); Fum, fumarate hydratase
(EC 4.2.1.2); GDH, glutamate dehydrogenase (EC 1.4.1.2); IDH, isocitrate dehydrogenase (EC 1.1.1.41);αKDH (αKGDC),α-ketoglutarate dehydrogenasemultienzyme complex (multiple
copies of EC 1.2.4.2, EC 2.3.1.61 and EC 1.8.1.4); MDH, malate dehydrogenase (EC 1.1.1.37); PDH (PDC), pyruvate dehydrogenase multienzyme complex (multiple copies of EC 1.2.4.1, EC
2.3.1.12 and EC 1.8.1.4); Succ CoA synthase (STK), succinyl CoA synthase (EC 6.2.1.5); SDH, succinate dehydrogenase (EC 1.3.5.1).
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