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Κεφάλαιο 17

Ο κύκλος του κιτρικού οξέος

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Βιοχημεία I

Η περισσότερη ΑΤΡ παράγεται στον μεταβολισμό
που προκύπτει από τον αερόβιο μεταβολισμό της
γλυκόζης

Ο κύκλος του κιτρικού οξέος είναι η τελική κοινή
πορεία για την οξείδωση των καύσιμων
οργανικών μορίων – υδατανθράκων, λιπαρών
οξέων και αμινοξέων.

Τα περισσότερα καύσιμα μόρια εισέρχονται στον
κύκλο ως ακετυλο-συνένζυμο Α.
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17.0 Εισαγωγή

Κάτω από αερόβιες συνθήκες, το πυροσταφυλικό που
προέκυψε από τη γλυκόζη αποκαρβοξυλιώνεται οξειδωτικά για
να σχηματίσει ακετυλο-CoA

495

17  
   CHAPTER 

  O U T L I N E  

  17.1    The Pyruvate Dehydrogenase 
Complex Links Glycolysis to the 
Citric Acid Cycle  

  17.2    The Citric Acid Cycle Oxidizes 
Two-Carbon Units  

  17.3    Entry to the Citric Acid Cycle and 
Metabolism Through It Are 
Controlled  

  17.4    The Citric Acid Cycle Is a Source 
of Biosynthetic Precursors  

  17.5    The Glyoxylate Cycle Enables 
Plants and Bacteria to Grow on 
Acetate  

  The Citric Acid Cycle  

  The metabolism of glucose to pyruvate in glycolysis, an anaerobic proc-
ess, harvests but a fraction of the ATP available from glucose. Most of 

the ATP generated in metabolism is provided by the   aerobic   processing of 
glucose. This process starts with the complete oxidation of glucose deriva-
tives to carbon dioxide. This oxidation takes place in a series of reactions 
called the   citric acid cycle  , also known as the   tricarboxylic acid   (TCA)   cycle   
or the   Krebs cycle  . The citric acid cycle is the   final common pathway for the 
oxidation of fuel molecules  —carbohydrates, fatty acids, and amino acids. 
Most fuel molecules enter the cycle as   acetyl coenzyme A  .  
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  Roundabouts, or traffic circles, function as hubs to 
facilitate traffic flow. The citric acid cycle is the 
biochemical hub of the cell, oxidizing carbon fuels, 
usually in the form of acetyl CoA, as well as serving as 
a source of precursors for biosynthesis.     [(Left) Lynn 
Saville/Getty Images.]  
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CHAPTER 16 Glycolysis and 
Gluconeogenesis

  The formation of ATP in this manner is referred to as   substrate-level phos-
phorylation   because the phosphate donor, 1,3-BPG, is a substrate with high 
phosphoryl-transfer potential. We will contrast this manner of ATP forma-
tion with the formation of ATP from ionic gradients in chapters 18 and 19.  

    Thus, the outcomes of the reactions catalyzed by glyceraldehyde 
3-phosphate dehydrogenase and phosphoglycerate kinase are as follows:  

  1.   Glyceraldehyde 3-phosphate, an aldehyde, is oxidized to 3-phospho-
glycerate, a carboxylic acid.  

  2.   NAD  1   is concomitantly reduced to NADH.  

  3.   ATP is formed from P  i   and ADP at the expense of carbon-oxidation 
energy.  

  In essence, the energy released during the oxidation of glyceraldehyde 
3- phosphate to 3-phosphoglycerate is temporarily trapped as 1,3- 
bisphosphoglycerate. This energy powers the transfer of a phosphoryl 
group from 1,3-bisphosphoglycerate to ADP to yield ATP. Keep in mind 
that, because of the actions of aldolase and triose phosphate isomerase, two 
molecules of glyceraldehyde 3-phosphate were formed and hence two mol-
ecules of ATP were generated. These ATP molecules make up for the two 
molecules of ATP consumed in the first stage of glycolysis.  

  Additional ATP is generated with the formation of pyruvate  

  In the remaining steps of glycolysis, 3-phosphoglycerate is converted into 
pyruvate, and a second molecule of ATP is formed from ADP.  
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  The first reaction is a rearrangement. The position of the phosphoryl group 
shifts in the   conversion of 3-phosphoglycerate into 2-phosphoglycerate,   a reac-
tion catalyzed by   phosphoglycerate mutase.   In general, a   mutase   is an enzyme 
that catalyzes the intramolecular shift of a chemical group, such as a phos-
phoryl group. The phosphoglycerate mutase reaction has an interesting 
mechanism: the phosphoryl group is not simply moved from one carbon 
atom to another. This enzyme requires catalytic amounts of 2,3-bisphos-
phoglycerate (2,3-BPG) to maintain an active-site histidine residue in a 
phosphorylated form. This phosphoryl group is transferred to 3-phospho-
glycerate to reform 2,3-bisphosphoglycerate.  

Enz-His-phosphate 1 3-phosphoglycerate ∆
Enz-His 1 2,3-bisphosphoglycerate

  The mutase then functions as a phosphatase: it converts 2,3-bisphospho-
glycerate into 2-phosphoglycerate. The mutase retains the phosphoryl 
group to regenerate the modified histidine.  

Enz-His 1 2,3-bisphosphoglycerate ∆
Enz-His-phosphate 1 2-phosphoglycerate

Πυροσταφυλικό

Ακετυλο-συνένζυμο Α (Ακετυλο-CoA)
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17.0 Εισαγωγή

Στους ευκαρυωτικούς οργανισμούς, οι αντιδράσεις του κύκλου του κιτρικού οξέος λαμβάνουν χώρα μέσα στα μιτοχόνδρια,
σε αντίθεση με εκείνες της γλυκόλυσης οι οποίες λαμβάνουν χώρα στο κυτταρόπλασμα
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17.0 Συνοπτική παρουσίαση του κύκλου του κιτρικού οξέος

Ο κύκλος του κιτρικού οξέος οξειδώνει μονάδες δύο ατόμων άνθρακα, παράγοντας δύο μόρια CO2, ένα μόριο ATP και
ηλεκτρόνια υψηλής ενέργειας στη μορφή του NADH και του FADH2

• Δεν παράγει μεγάλη ποσότητα ATP

• Δεν περιλαμβάνει Ο2 ως αντιδρών

• Αφαιρεί ηλεκτρόνια από τo Ακετυλο-CoA και τα χρησιμοποιεί
για την αναγωγή του NAD+ και FAD σε NADH και FADH2

• Τρία ιόντα υδριδίου (6 e-) μεταφέρονται σε τρία NAD+

• Ένα ζεύγος ατόμων Η (2 e-) μεταφέρονται σε ένα FAD

Χαρακτηριστικά…
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17.0 Κυτταρική αναπνοή

Τα e- που απελευθερώνονται κατά την επανοξείδωση του NADH και FADH2 ρέουν μια σειράς πρωτεϊνών της μεμβράνης
(αλυσίδα μεταφοράς e-) για να δημιουργήσουν μια βαθμίδωση συγκέντρωση H+ μεταξύ των δύο πλευρών της εσωτερικής
μιτοχονδριακής μεμβράνης

• Αυτά τα πρωτόνια
ρέουν διαμέσου της
συνθάσης της ΑΤΡ για
να δημιουργήσουν ΑΤΡ

• 9 μόρια ΑΤΡ παράγονται
στην οξειδωτική
φωσφορυλίωση
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17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος

Σε αερόβιες συνθήκες, το πυροσταφυλικό μεταφέρεται μέσα στα μιτοχόνδρια από ειδική
πρωτεΐνη-φορέα της μιτοχονδριακής μεμβράνης

Στη μιτοχονδριακή μήτρα, το πυροσταφυλικό αποκαρβοξυλιώνεται οξειδωτικά από το
σύμπλεγμα της πυροσταφυλικής αφυδρογονάσης για να σχηματίσει ακετυλο-CoA

Αυτή η μη αντιστρεπτή αντίδραση είναι ο σύνδεσμος
μεταξύ της γλυκόλυσης και του κύκλου του κιτρικού οξέος

497
17.1 Pyruvate Dehydrogenase

cycle removes electrons from acetyl CoA and uses these electrons to reduce 
NAD  1   and FAD to form NADH and FADH  2  . Three hydride ions (hence, 
six electrons) are transferred to three molecules of nicotinamide adenine 
dinucleotide (NAD  1  ), and one pair of hydrogen atoms (hence, two elec-
trons) is transferred to one molecule of flavin adenine dinucleotide (FAD). 
Electrons released in the reoxidation of NADH and FADH  2   flow through 
a series of membrane proteins (referred to as the   electron-transport chain  ) to 
generate a proton gradient across the inner mitochondrial membrane. These 
protons then flow through ATP synthase to generate ATP from ADP and 
inorganic phosphate. These electron carriers yield nine molecules of ATP 
when they are oxidized by O  2   in   oxidative phosphorylation   (Chapter 18).  

  The citric acid cycle, in conjunction with oxidative phosphorylation, 
provides the preponderance of energy used by aerobic cells—in human   
  beings, greater than 90%. It is highly efficient because the oxidation of a 
limited number of citric acid cycle molecules can generate large amounts of 
NADH and FADH  2  .     Note in Figure 17.2 that the four-carbon molecule, 
oxaloacetate, that initiates the first step in the citric acid cycle is regenerated 
at the end of one passage through the cycle. Thus, one molecule of oxaloac-
etate is capable of participating in the oxidation of many acetyl molecules.  

  17.1      The Pyruvate Dehydrogenase Complex Links 
Glycolysis to the Citric Acid Cycle  

  Carbohydrates, most notably glucose, are processed by glycolysis into 
pyruvate (Chapter 16). Under anaerobic conditions, the pyruvate is con-
verted into lactate or ethanol, depending on the organism. Under aerobic 
conditions, the pyruvate is transported into mitochondria by a specific car-
rier protein embedded in the mitochondrial membrane. In the mitochon-
drial matrix, pyruvate is oxidatively decarboxylated by the   pyruvate 
dehydrogenase complex   to form acetyl CoA.  

  Pyruvate 1 CoA 1 NAD1 ¡ acetyl CoA 1 CO2 1 NADH 1 H1  

  This irreversible reaction is the link between glycolysis and the citric acid cycle   
(Figure 17.4). Note that the pyruvate dehydrogenase complex produces 
CO  2   and captures high-transfer-potential electrons in the form of NADH. 
Thus, the pyruvate dehydrogenase reaction has many of the key features of 
the reactions of the citric acid cycle itself.  

  The pyruvate dehydrogenase complex is a large, highly integrated com-
plex of three distinct enzymes (Table 17.1). Pyruvate dehydrogenase com-
plex is a member of a family of homologous complexes that include the 
citric acid cycle enzyme   a  -ketoglutarate dehydrogenase   complex (p. 505). 
These complexes are giant, larger than ribosomes, with molecular masses 
ranging from 4 million to 10 million kDa (Figure 17.5). As we will see, their 

FIGURE 17.4 The link between glycolysis 
and the citric acid cycle. Pyruvate 
produced by glycolysis is converted into 
acetyl CoA, the fuel of the citric acid cycle.
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FIGURE 17.5 Electron micrograph of the 
pyruvate dehydrogenase complex from 
E. coli. [Courtesy of Dr. Lester Reed.]
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TABLE 17.1 Pyruvate dehydrogenase complex of E. coli

  Number of  Prosthetic 
Enzyme Abbreviation chains group Reaction catalyzed

Pyruvate  E1 24 TPP Oxidative decarboxylation
 dehydrogenase      of pyruvate
 component
Dihydrolipoyl  E2 24 Lipoamide Transfer of acetyl group
 transacetylase      to CoA
Dihydrolipoyl  E3 12 FAD Regeneration of the
 dehydrogenase      oxidized form of lipoamide

ακετυλο-CoAΠυροσταφυλικό
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17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος

Η σύνθεση του ακετυλο-CoA από πυροσταφυλικό χρειάζεται τρία ένζυμα (σύμπλεγμα πυροσταφυλικής αφυδρογονάσης)
και πέντε συνένζυμα
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17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος
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CHAPTER 17 The Citric Acid Cycle

elaborate structures allow groups to travel from one active site to another, 
connected by tethers to the core of the structure.  

  Mechanism: The synthesis of acetyl coenzyme A from pyruvate 
requires three enzymes and five coenzymes  

  The mechanism of the pyruvate dehydrogenase reaction is wonderfully 
complex, more so than is suggested by its simple stoichiometry. The 
reaction requires the participation of the three enzymes of the pyruvate 
dehydrogenase complex and five coenzymes. The coenzymes   thiamine 
pyrophosphate   (TPP),   lipoic acid,   and   FAD   serve as catalytic cofactors, 
and   CoA   and   NAD  1   are stoichiometric cofactors, cofactors that function 
as substrates.  
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  The conversion of pyruvate into acetyl CoA consists of three steps: 
decarboxylation, oxidation, and transfer of the resultant acetyl group to 
CoA. A fourth step is required to regenerate the active enzyme.  
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    These steps must be coupled to preserve the free energy derived from the 
decarboxylation step to drive the formation of NADH and acetyl CoA:  

  1.     Decarboxylation  . Pyruvate combines with TPP and is then decarboxyl-
ated to yield hydroxyethyl-TPP (Figure 17.6).  
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  This reaction, the rate limiting step in acetyl CoA synthesis, is catalyzed by 
the   pyruvate dehydrogenase component   (E  1  ) of the multienzyme complex. 
TPP is the prosthetic group of the pyruvate dehydrogenase component.  

  2.     Oxidation  . The hydroxyethyl group attached to TPP is   oxidized   to form 
an acetyl group while being simultaneously transferred to lipoamide, a 
derivative of lipoic acid that is linked to the side chain of a lysine residue by 

CoAFADNAD+

Πυροφωσφορική θειαμίνη (ΤΡΡ) Λιποϊκό οξύ

Η σύνθεση του ακετυλο-CoA από πυροσταφυλικό χρειάζεται τρία ένζυμα (σύμπλεγμα πυροσταφυλικής αφυδρογονάσης)
και πέντε συνένζυμα
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17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος

Η σύνθεση του ακετυλο-CoA από πυροσταφυλικό γίνεται σε τρία βήματα
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elaborate structures allow groups to travel from one active site to another, 
connected by tethers to the core of the structure.  

  Mechanism: The synthesis of acetyl coenzyme A from pyruvate 
requires three enzymes and five coenzymes  

  The mechanism of the pyruvate dehydrogenase reaction is wonderfully 
complex, more so than is suggested by its simple stoichiometry. The 
reaction requires the participation of the three enzymes of the pyruvate 
dehydrogenase complex and five coenzymes. The coenzymes   thiamine 
pyrophosphate   (TPP),   lipoic acid,   and   FAD   serve as catalytic cofactors, 
and   CoA   and   NAD  1   are stoichiometric cofactors, cofactors that function 
as substrates.  
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  The conversion of pyruvate into acetyl CoA consists of three steps: 
decarboxylation, oxidation, and transfer of the resultant acetyl group to 
CoA. A fourth step is required to regenerate the active enzyme.  
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    These steps must be coupled to preserve the free energy derived from the 
decarboxylation step to drive the formation of NADH and acetyl CoA:  

  1.     Decarboxylation  . Pyruvate combines with TPP and is then decarboxyl-
ated to yield hydroxyethyl-TPP (Figure 17.6).  
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  This reaction, the rate limiting step in acetyl CoA synthesis, is catalyzed by 
the   pyruvate dehydrogenase component   (E  1  ) of the multienzyme complex. 
TPP is the prosthetic group of the pyruvate dehydrogenase component.  

  2.     Oxidation  . The hydroxyethyl group attached to TPP is   oxidized   to form 
an acetyl group while being simultaneously transferred to lipoamide, a 
derivative of lipoic acid that is linked to the side chain of a lysine residue by 

Πυροσταφυλικό Ακετυλο-CoA

Αποκαρβοξυλίωση Οξείδωση Μεταφορά στο CoA



10Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος

1. Αποκαρβοξυλίωση (καταλύεται από την συνιστώσα της πυροσταφυλικής αφυδρογονάσης, Ε1)
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elaborate structures allow groups to travel from one active site to another, 
connected by tethers to the core of the structure.  

  Mechanism: The synthesis of acetyl coenzyme A from pyruvate 
requires three enzymes and five coenzymes  

  The mechanism of the pyruvate dehydrogenase reaction is wonderfully 
complex, more so than is suggested by its simple stoichiometry. The 
reaction requires the participation of the three enzymes of the pyruvate 
dehydrogenase complex and five coenzymes. The coenzymes   thiamine 
pyrophosphate   (TPP),   lipoic acid,   and   FAD   serve as catalytic cofactors, 
and   CoA   and   NAD  1   are stoichiometric cofactors, cofactors that function 
as substrates.  
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  The conversion of pyruvate into acetyl CoA consists of three steps: 
decarboxylation, oxidation, and transfer of the resultant acetyl group to 
CoA. A fourth step is required to regenerate the active enzyme.  
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    These steps must be coupled to preserve the free energy derived from the 
decarboxylation step to drive the formation of NADH and acetyl CoA:  

  1.     Decarboxylation  . Pyruvate combines with TPP and is then decarboxyl-
ated to yield hydroxyethyl-TPP (Figure 17.6).  
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  This reaction, the rate limiting step in acetyl CoA synthesis, is catalyzed by 
the   pyruvate dehydrogenase component   (E  1  ) of the multienzyme complex. 
TPP is the prosthetic group of the pyruvate dehydrogenase component.  

  2.     Oxidation  . The hydroxyethyl group attached to TPP is   oxidized   to form 
an acetyl group while being simultaneously transferred to lipoamide, a 
derivative of lipoic acid that is linked to the side chain of a lysine residue by 

Καρβανιόν της 
ΤΡΡ

Πυροσταφυλικό Υδροξυαιθυλο-ΤΡΡ
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17.1 Η πυροσταφυλική αφυδρογονάση συνδέει τη γλυκόλυση με τον κύκλο του κιτρικού οξέος

2. Οξείδωση (καταλύεται από την συνιστώσα της πυροσταφυλικής αφυδρογονάσης, Ε1)
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an amide linkage. Note that this transfer results in the formation of an 
energy-rich thioester bond.  
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  The oxidant in this reaction is the disulfide group of lipoamide, which is 
reduced to its disulfhydryl form.   This reaction, also catalyzed by the pyru-
vate dehydrogenase component E  1  , yields   acetyllipoamide.  

  3.     Formation of Acetyl CoA. The acetyl group is transferred from acetylli-
poamide to CoA to form acetyl CoA.  
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  Dihydrolipoyl transacetylase   (E  2  ) catalyzes this reaction. The energy-rich 
thioester bond is preserved as the acetyl group is transferred to CoA. Recall 
that CoA serves as a carrier of many activated acyl groups, of which acetyl 
is the simplest (Section 15.3). Acetyl CoA, the fuel for the citric acid cycle, 
has now been generated from pyruvate.  

  4.   Regeneration of oxidized lipoamide  . The pyruvate dehydrogenase com-
plex cannot complete another catalytic cycle until the dihydrolipoamide is 
oxidized to lipoamide. In the fourth step,   the oxidized form of lipoamide is 
regenerated by dihydrolipoyl dehydrogenase   (E  3  ). Two electrons are trans-
ferred to an FAD prosthetic group of the enzyme and then to NAD  1  .  
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FIGURE 17.6 Mechanism of the E1 
decarboxylation reaction. E1 is the 
pyruvate dehydrogenase component of the 
pyruvate dehydrogenase complex. A key 
feature of the prosthetic group, TPP, is that 
the carbon atom between the nitrogen and 
sulfur atoms in the thiazole ring is much 
more acidic than most PC— groups, with 
a pKa value near 10. (1) This carbon center 
ionizes to form a carbanion. (2) The 
carbanion readily adds to the carbonyl 
group of pyruvate. (3) This addition is 
followed by the decarboxylation of 
pyruvate. The positively charged ring of 
TPP acts as an electron sink that stabilizes 
the negative charge that is transferred to 
the ring as part of the decarboxylation. (4) 
Protonation yields hydroxyethyl-TPP.
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an amide linkage. Note that this transfer results in the formation of an 
energy-rich thioester bond.  
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  The oxidant in this reaction is the disulfide group of lipoamide, which is 
reduced to its disulfhydryl form.   This reaction, also catalyzed by the pyru-
vate dehydrogenase component E  1  , yields   acetyllipoamide.  

  3.     Formation of Acetyl CoA. The acetyl group is transferred from acetylli-
poamide to CoA to form acetyl CoA.  
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  Dihydrolipoyl transacetylase   (E  2  ) catalyzes this reaction. The energy-rich 
thioester bond is preserved as the acetyl group is transferred to CoA. Recall 
that CoA serves as a carrier of many activated acyl groups, of which acetyl 
is the simplest (Section 15.3). Acetyl CoA, the fuel for the citric acid cycle, 
has now been generated from pyruvate.  

  4.   Regeneration of oxidized lipoamide  . The pyruvate dehydrogenase com-
plex cannot complete another catalytic cycle until the dihydrolipoamide is 
oxidized to lipoamide. In the fourth step,   the oxidized form of lipoamide is 
regenerated by dihydrolipoyl dehydrogenase   (E  3  ). Two electrons are trans-
ferred to an FAD prosthetic group of the enzyme and then to NAD  1  .  
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FAD FADH2 + NADH + H+

FIGURE 17.6 Mechanism of the E1 
decarboxylation reaction. E1 is the 
pyruvate dehydrogenase component of the 
pyruvate dehydrogenase complex. A key 
feature of the prosthetic group, TPP, is that 
the carbon atom between the nitrogen and 
sulfur atoms in the thiazole ring is much 
more acidic than most PC— groups, with 
a pKa value near 10. (1) This carbon center 
ionizes to form a carbanion. (2) The 
carbanion readily adds to the carbonyl 
group of pyruvate. (3) This addition is 
followed by the decarboxylation of 
pyruvate. The positively charged ring of 
TPP acts as an electron sink that stabilizes 
the negative charge that is transferred to 
the ring as part of the decarboxylation. (4) 
Protonation yields hydroxyethyl-TPP.
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an amide linkage. Note that this transfer results in the formation of an 
energy-rich thioester bond.  
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  The oxidant in this reaction is the disulfide group of lipoamide, which is 
reduced to its disulfhydryl form.   This reaction, also catalyzed by the pyru-
vate dehydrogenase component E  1  , yields   acetyllipoamide.  

  3.     Formation of Acetyl CoA. The acetyl group is transferred from acetylli-
poamide to CoA to form acetyl CoA.  

HS

S

R"H

O

H3CSHCoA

HS

HS

R"H

SCoA CH3

O

AcetyllipoamideCoenzyme A Acetyl CoA Dihydrolipoamide

+ +
C

C

  Dihydrolipoyl transacetylase   (E  2  ) catalyzes this reaction. The energy-rich 
thioester bond is preserved as the acetyl group is transferred to CoA. Recall 
that CoA serves as a carrier of many activated acyl groups, of which acetyl 
is the simplest (Section 15.3). Acetyl CoA, the fuel for the citric acid cycle, 
has now been generated from pyruvate.  

  4.   Regeneration of oxidized lipoamide  . The pyruvate dehydrogenase com-
plex cannot complete another catalytic cycle until the dihydrolipoamide is 
oxidized to lipoamide. In the fourth step,   the oxidized form of lipoamide is 
regenerated by dihydrolipoyl dehydrogenase   (E  3  ). Two electrons are trans-
ferred to an FAD prosthetic group of the enzyme and then to NAD  1  .  
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FIGURE 17.6 Mechanism of the E1 
decarboxylation reaction. E1 is the 
pyruvate dehydrogenase component of the 
pyruvate dehydrogenase complex. A key 
feature of the prosthetic group, TPP, is that 
the carbon atom between the nitrogen and 
sulfur atoms in the thiazole ring is much 
more acidic than most PC— groups, with 
a pKa value near 10. (1) This carbon center 
ionizes to form a carbanion. (2) The 
carbanion readily adds to the carbonyl 
group of pyruvate. (3) This addition is 
followed by the decarboxylation of 
pyruvate. The positively charged ring of 
TPP acts as an electron sink that stabilizes 
the negative charge that is transferred to 
the ring as part of the decarboxylation. (4) 
Protonation yields hydroxyethyl-TPP.
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an amide linkage. Note that this transfer results in the formation of an 
energy-rich thioester bond.  
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  The oxidant in this reaction is the disulfide group of lipoamide, which is 
reduced to its disulfhydryl form.   This reaction, also catalyzed by the pyru-
vate dehydrogenase component E  1  , yields   acetyllipoamide.  

  3.     Formation of Acetyl CoA. The acetyl group is transferred from acetylli-
poamide to CoA to form acetyl CoA.  
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  Dihydrolipoyl transacetylase   (E  2  ) catalyzes this reaction. The energy-rich 
thioester bond is preserved as the acetyl group is transferred to CoA. Recall 
that CoA serves as a carrier of many activated acyl groups, of which acetyl 
is the simplest (Section 15.3). Acetyl CoA, the fuel for the citric acid cycle, 
has now been generated from pyruvate.  

  4.   Regeneration of oxidized lipoamide  . The pyruvate dehydrogenase com-
plex cannot complete another catalytic cycle until the dihydrolipoamide is 
oxidized to lipoamide. In the fourth step,   the oxidized form of lipoamide is 
regenerated by dihydrolipoyl dehydrogenase   (E  3  ). Two electrons are trans-
ferred to an FAD prosthetic group of the enzyme and then to NAD  1  .  
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FIGURE 17.6 Mechanism of the E1 
decarboxylation reaction. E1 is the 
pyruvate dehydrogenase component of the 
pyruvate dehydrogenase complex. A key 
feature of the prosthetic group, TPP, is that 
the carbon atom between the nitrogen and 
sulfur atoms in the thiazole ring is much 
more acidic than most PC— groups, with 
a pKa value near 10. (1) This carbon center 
ionizes to form a carbanion. (2) The 
carbanion readily adds to the carbonyl 
group of pyruvate. (3) This addition is 
followed by the decarboxylation of 
pyruvate. The positively charged ring of 
TPP acts as an electron sink that stabilizes 
the negative charge that is transferred to 
the ring as part of the decarboxylation. (4) 
Protonation yields hydroxyethyl-TPP.
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Αντιδράσεις του συμπλέγματος της
πυροσταφυλικής αφυδρογονάσης
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CHAPTER 17 The Citric Acid Cycle

  Citrate synthase forms citrate from oxaloacetate and acetyl coenzyme A  

  The citric acid cycle begins with the condensation of a four-carbon unit, 
oxaloacetate, and a two-carbon unit, the acetyl group of acetyl CoA. 
Oxaloacetate reacts with acetyl CoA and H  2  O to yield citrate and CoA.  
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  This reaction, which is an aldol condensation followed by a hydrolysis, is 
catalyzed by   citrate synthase.   Oxaloacetate first condenses with acetyl 
CoA to form   citryl CoA,   a molecule that is energy rich because it contains 
the  thioester bond that originated in acetyl CoA. The hydrolysis of citryl 
CoA thioester to citrate and CoA drives the overall reaction far in the 
direction of the synthesis of citrate. In essence, the hydrolysis of the 
thioester powers the synthesis of a new molecule from two precursors.  

  Mechanism: The mechanism of citrate synthase prevents 
undesirable reactions  

  Because the condensation of acetyl CoA and oxaloacetate initiates the 
citric acid cycle, it is very important that side reactions, notably the 
hydrolysis of acetyl CoA to acetate and CoA, be minimized. Let us 
briefly consider how the citrate synthase prevents the wasteful hydrolysis 
of acetyl CoA.  

  Mammalian citrate synthase is a dimer of identical 49-kDa subunits. 
Each active site is located in a cleft between the large and the small 
domains of a subunit, adjacent to the subunit interface. X-ray crystallo-
graphic studies of citrate synthase and its complexes with several sub-
strates and inhibitors have revealed that the enzyme undergoes large 
conformational changes   in the course of catalysis. Citrate synthase exhib-
its sequential, ordered kinetics: oxaloacetate binds first, followed by ace-
tyl CoA. The reason for the ordered binding is that   oxaloacetate induces a 
major structural rearrangement leading to the creation of a binding site for 
acetyl CoA.   The binding of oxaloacetate converts the open form of the 
enzyme into a closed form (Figure 17.10). In each subunit, the small 
domain rotates 19 degrees relative to the large domain.   Movements as large 
as 15 Å are produced by the rotation of   !     helices     elicited by quite small shifts 
of side chains around bound oxaloacetate.     These structural changes create 
a binding site for acetyl CoA.  

    Citrate synthase catalyzes the condensation reaction by bringing the 
substrates into close proximity, orienting them, and polarizing certain 
bonds (Figure 17.11). The donation and removal of protons transforms 
acetyl CoA into an   enol intermediate  . The enol attacks oxaloacetate to form 
a carbon  2  carbon double bond linking acetyl CoA and oxaloacetate. 
The  newly formed citryl CoA induces additional structural changes in 
the  enzyme, causing the active site to become completely enclosed. The 
enzyme cleaves the citryl CoA thioester by hydrolysis. CoA leaves the 
enzyme, followed by citrate, and the enzyme returns to the initial open 
conformation.  

Synthase
An enzyme catalyzing a synthetic reaction in 
which two units are joined usually without the 
direct participation of ATP (or another 
nucleoside triphosphate).

Synthase
An enzyme catalyzing a synthetic reaction in
which two units are joined usually without the
direct participation of ATP (or another 
nucleoside triphosphate).

Το ακετυλο-CoA είναι το καύσιμο του κύκλου του κιτρικού οξέος

Ακετυλο-CoAΟξαλοξικό Κιτρυλο-CoA Κιτρικό
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17.2 Ο κύκλος του κιτρικού οξέος οξειδώνει ομάδες δύο ατόμων άνθρακα

Αλλαγές στην στερεοδιάταξη της κιτρικής συνθάσης κατά την πρόσδεση του οξαλοξικού

• Δημιουργούν θέση πρόσδεσης του ακετυλο-CoA

Γιατί;
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Μηχανισμός σύνθεσης του κίτρυλο-CoA
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CHAPTER 17 The Citric Acid Cycle

  Citrate is isomerized into isocitrate  

  The hydroxyl group is not properly located in the citrate molecule for the 
oxidative decarboxylations that follow (Problem 27). Thus, citrate is isom-
erized into isocitrate to enable the six-carbon unit to undergo oxidative 
decarboxylation. The isomerization of citrate is accomplished by a   dehydra-
tion   step followed by a   hydration   step. The result is an interchange of an H 
and an OH. The enzyme catalyzing both steps is called   aconitase   because 
cis  -aconitate   is an intermediate.  
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    Aconitase is an   iron–sulfur protein,   or   nonheme-iron protein,   in that it con-
tains iron that is not bonded to heme. Rather, its four iron atoms are com-
plexed to four inorganic sulfides and three cysteine sulfur atoms, leaving 
one iron atom available to bind citrate through one of its COO  2   groups and 
an OH group (Figure 17.12). This Fe-S cluster participates in dehydrating 
and   rehydrating the bound substrate.  

  Isocitrate is oxidized and decarboxylated to alpha-ketoglutarate  

  We come now to the first of four oxidation–reduction reactions in the citric 
acid cycle. The oxidative decarboxylation of isocitrate is catalyzed by   isocit-
rate dehydrogenase.  

  Isocitrate 1 NAD1 ¡ a-ketoglutarate 1 CO2 1 NADH  

  The intermediate in this reaction is oxalosuccinate, an unstable   b  -ketoacid. 
While bound to the enzyme, it loses CO  2   to form   a  -ketoglutarate.  

 FIGURE 17.12 Binding of citrate to 
the iron–sulfur complex of aconitase. A 
4Fe-4S iron–sulfur cluster is a component 
of the active site of aconitase. Notice that 
one of the iron atoms of the cluster binds 
to a COO2 group and an OH group of 
citrate. [Drawn from 1C96.pdb.]
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Cys
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Κιτρικό Ισοκιτρικόcis-Ακινιτικό

?
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Ένζυμο ακοτινάση

• Πρωτεΐνη σιδήρου-θείου ή πρωτεΐνη
με μη αιμικό σίδηρο

• Σύμπλοκο 4Fe-4S στο ενεργό κέντρο

• Συμμετέχει στην αφυδάτωση και
απανενυδάτωση
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Βήμα 3: Το ισοκιτρικό οξειδώνεται και αποκαρβοξυλιώνεται σε α-κετογλουταρικό

(ένζυμο: ισοκιτρική αφυδρογονάση)
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17.2 Reactions of the Citric Acid Cycle
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  This oxidation generates the first high-transfer-potential electron carrier, 
NADH, in the cycle.  

  Succinyl coenzyme A is formed by the oxidative decarboxylation 
of alpha-ketoglutarate  

  The conversion of isocitrate into   a  -ketoglutarate is followed by a second 
oxidative decarboxylation reaction, the formation of succinyl CoA from 
  a  -ketoglutarate.  

CH2

CH2

C
–OOC O

CH2

CH2

COO–COO–

C
S OCoA

+ +

!-Ketoglutarate Succinyl CoA

NAD+ + CoA CO2 + NADH

  This reaction is catalyzed by the   a  -  ketoglutarate dehydrogenase com-
plex,   an organized assembly of three kinds of enzymes that is homol-

ogous to the pyruvate dehydrogenase complex. In fact, the E  3   component is 
identical in both enzymes. The oxidative decarboxylation of     a  - ketoglutarate 
closely resembles that of pyruvate, also   an   a  -ketoacid.  

Pyruvate 1 CoA 1 NAD1 Pyruvate dehydrogenase complex
OOOOOOOOOOn

acetyl CoA 1 CO2 1 NADH 1 H1

!-Ketoglutarate 1 CoA 1 NAD1 !-Ketoglutarate dehydrogenase complex
 

OOOOOOOOOOOOn
succinyl CoA 1 CO2 1 NADH

  Both reactions include the decarboxylation of   an   a  -ketoacid and the subse-
quent formation of a thioester linkage with CoA that has a high transfer 
potential. The reaction mechanisms are entirely analogous (p. 497).  

  A compound with high phosphoryl-transfer potential is generated 
from succinyl coenzyme A  

  Succinyl CoA is an energy-rich thioester compound. The   D  G  8  9   for the 
hydrolysis of succinyl CoA is about   2  33.5 kJ mol  2  1   (  2  8.0 kcal mol  2  1  ), 
which is comparable to that of ATP (  2  30.5 kJ mol  2  1  , or   2  7.3 kcal mol  2  1  ). 
In the citrate synthase reaction, the cleavage of the thioester bond powers 
the synthesis of the six-carbon citrate from the four-carbon oxaloacetate 
and the two-carbon fragment.   The cleavage of the thioester bond of succinyl 
CoA is coupled to the phosphorylation of a purine nucleoside diphosphate, usu-
ally ADP.   This reaction, which is readily reversible, is catalyzed by   succinyl 
CoA synthetase   (succinate thiokinase).  

Ισοκιτρικό Οξαλοηλεκτρικό α-Κετογλουταρικό



23Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

17.2 Ο κύκλος του κιτρικού οξέος οξειδώνει ομάδες δύο ατόμων άνθρακα

Βήμα 4: Το ηλεκτρυλο-CoA σχηματίζεται από την οξειδωτική αποκαρβοξυλίωση του α-κετογλουταρικού

Σύμπλεγμα της α-κετογλουταρικής αφυδρογονάσης
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17.2 Reactions of the Citric Acid Cycle
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  This oxidation generates the first high-transfer-potential electron carrier, 
NADH, in the cycle.  

  Succinyl coenzyme A is formed by the oxidative decarboxylation 
of alpha-ketoglutarate  

  The conversion of isocitrate into   a  -ketoglutarate is followed by a second 
oxidative decarboxylation reaction, the formation of succinyl CoA from 
  a  -ketoglutarate.  
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  This reaction is catalyzed by the   a  -  ketoglutarate dehydrogenase com-
plex,   an organized assembly of three kinds of enzymes that is homol-

ogous to the pyruvate dehydrogenase complex. In fact, the E  3   component is 
identical in both enzymes. The oxidative decarboxylation of     a  - ketoglutarate 
closely resembles that of pyruvate, also   an   a  -ketoacid.  

Pyruvate 1 CoA 1 NAD1 Pyruvate dehydrogenase complex
OOOOOOOOOOn

acetyl CoA 1 CO2 1 NADH 1 H1

!-Ketoglutarate 1 CoA 1 NAD1 !-Ketoglutarate dehydrogenase complex
 

OOOOOOOOOOOOn
succinyl CoA 1 CO2 1 NADH

  Both reactions include the decarboxylation of   an   a  -ketoacid and the subse-
quent formation of a thioester linkage with CoA that has a high transfer 
potential. The reaction mechanisms are entirely analogous (p. 497).  

  A compound with high phosphoryl-transfer potential is generated 
from succinyl coenzyme A  

  Succinyl CoA is an energy-rich thioester compound. The   D  G  8  9   for the 
hydrolysis of succinyl CoA is about   2  33.5 kJ mol  2  1   (  2  8.0 kcal mol  2  1  ), 
which is comparable to that of ATP (  2  30.5 kJ mol  2  1  , or   2  7.3 kcal mol  2  1  ). 
In the citrate synthase reaction, the cleavage of the thioester bond powers 
the synthesis of the six-carbon citrate from the four-carbon oxaloacetate 
and the two-carbon fragment.   The cleavage of the thioester bond of succinyl 
CoA is coupled to the phosphorylation of a purine nucleoside diphosphate, usu-
ally ADP.   This reaction, which is readily reversible, is catalyzed by   succinyl 
CoA synthetase   (succinate thiokinase).  

Η αντίδραση μοιάζει πολύ με εκείνη της αποκαρβοξυλίωσης του πυροσταφυλικού

α-Κετογλουταρικό Ηλεκτρικό-CoA
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  This reaction is the only step in the citric acid cycle that directly yields 
a compound with high phosphoryl-transfer potential. In mammals, there 
are two isozymic forms of the enzyme, one specific for ADP and one for 
GDP. In tissues that perform large amounts of cellular respiration, such as 
skeletal and heart muscle, the ADP-requiring isozyme predominates. In 
tissues that perform many anabolic reactions, such as the liver, the GDP-
requiring enzyme is common. The GDP-requiring enzyme is believed to 
work in reverse of the direction observed in the TCA cycle; that is, GTP is 
used to power the synthesis of succinyl CoA, which is a precursor for heme 
synthesis. The   E. coli   enzyme uses either GDP or ADP as the phosphoryl-
group acceptor.  

  Note that the enzyme   nucleoside diphosphokinase,   which catalyzes the 
following reaction,  

  GTP 1 ADP ∆ GDP 1 ATP  

  allows   the   g   phosphoryl group to be readily transferred from GTP to form 
ATP, thereby allowing the adjustment of the concentration of GTP or ATP 
to meet the cell’s need.  

  Mechanism: Succinyl coenzyme A synthetase transforms types 
of biochemical energy  

  The mechanism of this reaction is a clear example of an energy trans-
formation: energy inherent in the thioester molecule is transformed 
into   phosphoryl-group-transfer potential (Figure 17.13). The first step 
is the displacement of coenzyme A by orthophosphate, which generates 
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FIGURE 17.13 Reaction mechanism of 
succinyl CoA synthetase. The reaction 
proceeds through a phosphorylated enzyme 
intermediate. (1) Orthophosphate displaces 
coenzyme A, which generates another 
energy-rich compound, succinyl phosphate. 
(2) A histidine residue removes the phosphoryl 
group with the concomitant generation of 
succinate and phosphohistidine. (3) The 
phosphohistidine residue then swings over 
to a bound ADP, and (4) the phosphoryl 
group is transferred to form ATP.

Ηλεκτρυλο-CoA Ηλεκτρικό

Βήμα 5: Μια ένωση με υψηλό δυναμικό μεταφοράς φωσφορικής ομάδας παράγεται από το ηλεκτρυλο-CoA
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a compound with high phosphoryl-transfer potential. In mammals, there 
are two isozymic forms of the enzyme, one specific for ADP and one for 
GDP. In tissues that perform large amounts of cellular respiration, such as 
skeletal and heart muscle, the ADP-requiring isozyme predominates. In 
tissues that perform many anabolic reactions, such as the liver, the GDP-
requiring enzyme is common. The GDP-requiring enzyme is believed to 
work in reverse of the direction observed in the TCA cycle; that is, GTP is 
used to power the synthesis of succinyl CoA, which is a precursor for heme 
synthesis. The   E. coli   enzyme uses either GDP or ADP as the phosphoryl-
group acceptor.  

  Note that the enzyme   nucleoside diphosphokinase,   which catalyzes the 
following reaction,  

  GTP 1 ADP ∆ GDP 1 ATP  

  allows   the   g   phosphoryl group to be readily transferred from GTP to form 
ATP, thereby allowing the adjustment of the concentration of GTP or ATP 
to meet the cell’s need.  

  Mechanism: Succinyl coenzyme A synthetase transforms types 
of biochemical energy  

  The mechanism of this reaction is a clear example of an energy trans-
formation: energy inherent in the thioester molecule is transformed 
into   phosphoryl-group-transfer potential (Figure 17.13). The first step 
is the displacement of coenzyme A by orthophosphate, which generates 
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succinyl CoA synthetase. The reaction 
proceeds through a phosphorylated enzyme 
intermediate. (1) Orthophosphate displaces 
coenzyme A, which generates another 
energy-rich compound, succinyl phosphate. 
(2) A histidine residue removes the phosphoryl 
group with the concomitant generation of 
succinate and phosphohistidine. (3) The 
phosphohistidine residue then swings over 
to a bound ADP, and (4) the phosphoryl 
group is transferred to form ATP.

• Κινάση των διφωσφορικών νουκλεοζιτών
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another energy-rich compound, succinyl phosphate. A histi-
dine residue plays a key role as a moving arm that detaches the 
phosphoryl group, then swings over to a bound ADP and 
transfers the group to form ATP. The participation of high-
energy compounds in all the steps is attested to by the fact 
that the reaction is readily reversible:   D  G  8  9     5     2  3.4 kJ mol  2  1   
(  2  0.8 kcal mol  2  1  ). The formation of ATP at the expense of 
succinyl CoA is an example of substrate-level  phosphorylation 
(Section 16.1).  

  Succinyl CoA synthetase is an   a  2  b  2   heterodimer; the func-
tional unit is one   a  b   pair. The enzyme mechanism shows 

that a phosphoryl group is transferred first to succinyl CoA 
bound in   the   a   subunit and then to a nucleoside diphosphate 
bound in the   b   subunit. Examination of the three- dimensional 
structure of succinyl CoA synthetase reveals that each subunit 
comprises two domains (Figure 17.14). The amino- terminal 
domains of the two subunits have different structures, each char-
acteristic of its role in the mechanism. The amino- terminal 
domain of   the   a   subunit forms a Rossmann fold (Section 16.1), 
which binds the ADP substrate of succinyl CoA synthetase. The 
amino-terminal domain of the   b   subunit is an ATP-grasp 
domain, found in many enzymes, which here binds and activates 
ADP. Succinyl CoA synthetase has evolved by adopting these 
domains and harnessing them to capture the energy associated 
with succinyl CoA cleavage, which is used to drive the generation 
of a nucleoside triphosphate.  

  Oxaloacetate is regenerated by the oxidation of succinate  

  Reactions of four-carbon compounds constitute the final stage of the citric 
acid cycle: the regeneration of oxaloacetate.  
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  The reactions constitute a metabolic motif that we will see again in fatty acid 
synthesis and degradation as well as in the degradation of some amino acids. 
A methylene group (CH  2  ) is converted into a carbonyl group   CPO   in three 
steps: an oxidation, a hydration, and a second oxidation reaction. 
Oxaloacetate is thereby regenerated for another round of the cycle, and 
more energy is extracted in the form of FADH  2   and NADH.  

  Succinate is oxidized to fumarate by   succinate dehydrogenase.   The hydro-
gen acceptor is   FAD rather than NAD  1  , which is used in the other three 
oxidation reactions in the cycle. FAD is the hydrogen acceptor in this reac-
tion because the free-energy change is insufficient to reduce NAD  1  . FAD 
is nearly always the electron acceptor in oxidations that remove two hydro-
gen   atoms   from a substrate. In succinate dehydrogenase, the isoalloxazine 
ring of FAD is covalently attached to a histidine side chain of the enzyme 
(denoted E-FAD).  

  E-FAD 1 succinate ∆ E-FADH2 1 fumarate  

 FIGURE 17.14 Structure of succinyl CoA 
synthetase. The enzyme is composed of two subunits. 
The a subunit contains a Rossmann fold that binds the 
ADP component of CoA, and the b subunit contains a 
nucleotide-activating region called the ATP-grasp domain. 
The ATP-grasp domain is shown here binding a molecule 
of ADP. Notice that the histidine residue is between the 
CoA and the ADP. This histidine residue picks up the 
phosphoryl group from near the CoA and swings over to 
transfer it to the nucleotide bound in the ATP-grasp 
domain. [Drawn from 1CQI.pdb.]
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Όχι μόνον αναπαράγεται το οξαλικό για ακόμα ένα κύκλο, αλλά εξάγεται περισσότερη ενέργεια στη μορφή FADH2 και NADH

Ηλεκτρικό Φουμαρικό Μηλικό Οξαλοξικό
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    Succinate dehydrogenase, like aconitase, is an iron–sulfur protein. 
Indeed, succinate dehydrogenase contains three different kinds of iron– 
sulfur clusters: 2Fe-2S (two iron atoms bonded to two inorganic sulfides), 
3Fe-4S, and 4Fe-4S. Succinate dehydrogenase—which consists of a 70-kDa 
and a 27-kDa subunit—differs from other enzymes in the citric acid cycle 
in being embedded in the inner mitochondrial membrane. In fact,   succinate 
dehydrogenase is directly associated with the electron-transport chain, the link 
between the citric acid cycle and ATP formation.   FADH  2   produced by the 
oxidation of succinate does not dissociate from the enzyme, in contrast with 
NADH produced in other oxidation–reduction reactions. Rather, two elec-
trons are transferred from FADH  2   directly to iron–sulfur clusters of the 
enzyme, which in turn passes the electrons to coenzyme Q (CoQ). 
Coenzyme Q, an important member of the electron-transport chain, passes 
electrons to the ultimate acceptor, molecular oxygen, as we shall see in 
Chapter 18.  

    The next step is the hydration of fumarate to form   L  -malate.   Fumarase   
catalyzes a stereospecific   trans   addition of H  1   and OH  2  . The OH  2   group 
adds to only one side of the double bond of fumarate; hence, only the   L   iso-
mer of malate is formed.  
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    Finally, malate is oxidized to form oxaloacetate. This reaction is cata-
lyzed by   malate dehydrogenase,   and NAD  1   is again the hydrogen acceptor.  

  Malate 1 NAD1 ∆ oxaloacetate 1 NADH 1 H1  

  The standard free energy for this reaction, unlike that for the other steps 
in the citric acid cycle, is significantly positive (  D  G  8  9     5     1  29.7 kJ mol  2  1  , or 
  1  7.1 kcal mol  2  1  ). The oxidation of malate is driven by the use of the 
 products—oxaloacetate by citrate synthase and NADH by the electron- 
transport chain.  

  The citric acid cycle produces high-transfer-potential electrons, 
ATP, and CO  2  

  The net reaction of the citric acid cycle is  

Acetyl CoA 1 3 NAD1 1 FAD 1 ADP 1 Pi 1 2 H2O ¡
2  CO2 1 3 NADH 1 FADH2 1 ATP 1 2 H1 1 CoA

  Let us recapitulate the reactions that give this stoichiometry (Figure 17.15 
and Table 17.2):  

  1.   Two carbon atoms enter the cycle in the condensation of an acetyl unit 
(from acetyl CoA) with oxaloacetate. Two carbon atoms leave the cycle in 
the form of CO  2   in the successive decarboxylations catalyzed by isocitrate 
dehydrogenase and   a  -ketoglutarate dehydrogenase.  

  2.   Four pairs of hydrogen atoms leave the cycle in four oxidation reactions. 
Two NAD  1   molecules are reduced in the oxidative decarboxylations of 
isocitrate and   a  -ketoglutarate, one FAD molecule is reduced in the  oxidation 

Βήμα 6

Βήμα 7

Βήμα 8

(Φουμαράση)

(Μηλική αφυδρογονάση)

Φουμαρικό Μηλικό
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another energy-rich compound, succinyl phosphate. A histi-
dine residue plays a key role as a moving arm that detaches the 
phosphoryl group, then swings over to a bound ADP and 
transfers the group to form ATP. The participation of high-
energy compounds in all the steps is attested to by the fact 
that the reaction is readily reversible:   D  G  8  9     5     2  3.4 kJ mol  2  1   
(  2  0.8 kcal mol  2  1  ). The formation of ATP at the expense of 
succinyl CoA is an example of substrate-level  phosphorylation 
(Section 16.1).  

  Succinyl CoA synthetase is an   a  2  b  2   heterodimer; the func-
tional unit is one   a  b   pair. The enzyme mechanism shows 

that a phosphoryl group is transferred first to succinyl CoA 
bound in   the   a   subunit and then to a nucleoside diphosphate 
bound in the   b   subunit. Examination of the three- dimensional 
structure of succinyl CoA synthetase reveals that each subunit 
comprises two domains (Figure 17.14). The amino- terminal 
domains of the two subunits have different structures, each char-
acteristic of its role in the mechanism. The amino- terminal 
domain of   the   a   subunit forms a Rossmann fold (Section 16.1), 
which binds the ADP substrate of succinyl CoA synthetase. The 
amino-terminal domain of the   b   subunit is an ATP-grasp 
domain, found in many enzymes, which here binds and activates 
ADP. Succinyl CoA synthetase has evolved by adopting these 
domains and harnessing them to capture the energy associated 
with succinyl CoA cleavage, which is used to drive the generation 
of a nucleoside triphosphate.  

  Oxaloacetate is regenerated by the oxidation of succinate  

  Reactions of four-carbon compounds constitute the final stage of the citric 
acid cycle: the regeneration of oxaloacetate.  
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  The reactions constitute a metabolic motif that we will see again in fatty acid 
synthesis and degradation as well as in the degradation of some amino acids. 
A methylene group (CH  2  ) is converted into a carbonyl group   CPO   in three 
steps: an oxidation, a hydration, and a second oxidation reaction. 
Oxaloacetate is thereby regenerated for another round of the cycle, and 
more energy is extracted in the form of FADH  2   and NADH.  

  Succinate is oxidized to fumarate by   succinate dehydrogenase.   The hydro-
gen acceptor is   FAD rather than NAD  1  , which is used in the other three 
oxidation reactions in the cycle. FAD is the hydrogen acceptor in this reac-
tion because the free-energy change is insufficient to reduce NAD  1  . FAD 
is nearly always the electron acceptor in oxidations that remove two hydro-
gen   atoms   from a substrate. In succinate dehydrogenase, the isoalloxazine 
ring of FAD is covalently attached to a histidine side chain of the enzyme 
(denoted E-FAD).  

  E-FAD 1 succinate ∆ E-FADH2 1 fumarate  

 FIGURE 17.14 Structure of succinyl CoA 
synthetase. The enzyme is composed of two subunits. 
The a subunit contains a Rossmann fold that binds the 
ADP component of CoA, and the b subunit contains a 
nucleotide-activating region called the ATP-grasp domain. 
The ATP-grasp domain is shown here binding a molecule 
of ADP. Notice that the histidine residue is between the 
CoA and the ADP. This histidine residue picks up the 
phosphoryl group from near the CoA and swings over to 
transfer it to the nucleotide bound in the ATP-grasp 
domain. [Drawn from 1CQI.pdb.]
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    Succinate dehydrogenase, like aconitase, is an iron–sulfur protein. 
Indeed, succinate dehydrogenase contains three different kinds of iron– 
sulfur clusters: 2Fe-2S (two iron atoms bonded to two inorganic sulfides), 
3Fe-4S, and 4Fe-4S. Succinate dehydrogenase—which consists of a 70-kDa 
and a 27-kDa subunit—differs from other enzymes in the citric acid cycle 
in being embedded in the inner mitochondrial membrane. In fact,   succinate 
dehydrogenase is directly associated with the electron-transport chain, the link 
between the citric acid cycle and ATP formation.   FADH  2   produced by the 
oxidation of succinate does not dissociate from the enzyme, in contrast with 
NADH produced in other oxidation–reduction reactions. Rather, two elec-
trons are transferred from FADH  2   directly to iron–sulfur clusters of the 
enzyme, which in turn passes the electrons to coenzyme Q (CoQ). 
Coenzyme Q, an important member of the electron-transport chain, passes 
electrons to the ultimate acceptor, molecular oxygen, as we shall see in 
Chapter 18.  

    The next step is the hydration of fumarate to form   L  -malate.   Fumarase   
catalyzes a stereospecific   trans   addition of H  1   and OH  2  . The OH  2   group 
adds to only one side of the double bond of fumarate; hence, only the   L   iso-
mer of malate is formed.  

Fumarate

OH

COO–
HH

–OOC H

L-Malate

–OOC H

H COO–

OH–

H+

    Finally, malate is oxidized to form oxaloacetate. This reaction is cata-
lyzed by   malate dehydrogenase,   and NAD  1   is again the hydrogen acceptor.  

  Malate 1 NAD1 ∆ oxaloacetate 1 NADH 1 H1  

  The standard free energy for this reaction, unlike that for the other steps 
in the citric acid cycle, is significantly positive (  D  G  8  9     5     1  29.7 kJ mol  2  1  , or 
  1  7.1 kcal mol  2  1  ). The oxidation of malate is driven by the use of the 
 products—oxaloacetate by citrate synthase and NADH by the electron- 
transport chain.  

  The citric acid cycle produces high-transfer-potential electrons, 
ATP, and CO  2  

  The net reaction of the citric acid cycle is  

Acetyl CoA 1 3 NAD1 1 FAD 1 ADP 1 Pi 1 2 H2O ¡
2  CO2 1 3 NADH 1 FADH2 1 ATP 1 2 H1 1 CoA

  Let us recapitulate the reactions that give this stoichiometry (Figure 17.15 
and Table 17.2):  

  1.   Two carbon atoms enter the cycle in the condensation of an acetyl unit 
(from acetyl CoA) with oxaloacetate. Two carbon atoms leave the cycle in 
the form of CO  2   in the successive decarboxylations catalyzed by isocitrate 
dehydrogenase and   a  -ketoglutarate dehydrogenase.  

  2.   Four pairs of hydrogen atoms leave the cycle in four oxidation reactions. 
Two NAD  1   molecules are reduced in the oxidative decarboxylations of 
isocitrate and   a  -ketoglutarate, one FAD molecule is reduced in the  oxidation 

Μηλικό οξαλοξικό
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    Succinate dehydrogenase, like aconitase, is an iron–sulfur protein. 
Indeed, succinate dehydrogenase contains three different kinds of iron– 
sulfur clusters: 2Fe-2S (two iron atoms bonded to two inorganic sulfides), 
3Fe-4S, and 4Fe-4S. Succinate dehydrogenase—which consists of a 70-kDa 
and a 27-kDa subunit—differs from other enzymes in the citric acid cycle 
in being embedded in the inner mitochondrial membrane. In fact,   succinate 
dehydrogenase is directly associated with the electron-transport chain, the link 
between the citric acid cycle and ATP formation.   FADH  2   produced by the 
oxidation of succinate does not dissociate from the enzyme, in contrast with 
NADH produced in other oxidation–reduction reactions. Rather, two elec-
trons are transferred from FADH  2   directly to iron–sulfur clusters of the 
enzyme, which in turn passes the electrons to coenzyme Q (CoQ). 
Coenzyme Q, an important member of the electron-transport chain, passes 
electrons to the ultimate acceptor, molecular oxygen, as we shall see in 
Chapter 18.  

    The next step is the hydration of fumarate to form   L  -malate.   Fumarase   
catalyzes a stereospecific   trans   addition of H  1   and OH  2  . The OH  2   group 
adds to only one side of the double bond of fumarate; hence, only the   L   iso-
mer of malate is formed.  
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    Finally, malate is oxidized to form oxaloacetate. This reaction is cata-
lyzed by   malate dehydrogenase,   and NAD  1   is again the hydrogen acceptor.  

  Malate 1 NAD1 ∆ oxaloacetate 1 NADH 1 H1  

  The standard free energy for this reaction, unlike that for the other steps 
in the citric acid cycle, is significantly positive (  D  G  8  9     5     1  29.7 kJ mol  2  1  , or 
  1  7.1 kcal mol  2  1  ). The oxidation of malate is driven by the use of the 
 products—oxaloacetate by citrate synthase and NADH by the electron- 
transport chain.  

  The citric acid cycle produces high-transfer-potential electrons, 
ATP, and CO  2  

  The net reaction of the citric acid cycle is  

Acetyl CoA 1 3 NAD1 1 FAD 1 ADP 1 Pi 1 2 H2O ¡
2  CO2 1 3 NADH 1 FADH2 1 ATP 1 2 H1 1 CoA

  Let us recapitulate the reactions that give this stoichiometry (Figure 17.15 
and Table 17.2):  

  1.   Two carbon atoms enter the cycle in the condensation of an acetyl unit 
(from acetyl CoA) with oxaloacetate. Two carbon atoms leave the cycle in 
the form of CO  2   in the successive decarboxylations catalyzed by isocitrate 
dehydrogenase and   a  -ketoglutarate dehydrogenase.  

  2.   Four pairs of hydrogen atoms leave the cycle in four oxidation reactions. 
Two NAD  1   molecules are reduced in the oxidative decarboxylations of 
isocitrate and   a  -ketoglutarate, one FAD molecule is reduced in the  oxidation 
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17.2 Ο κύκλος του κιτρικού οξέος οξειδώνει ομάδες δύο ατόμων άνθρακα



30Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

17.3 Η είσοδος στον κύκλο του κιτρικού οξέος και ο μεταβολισμός μέσω αυτού υπόκεινται σε έλεγχο

Το σύμπλεγμα της πυροσταφυλικής
αφυδρογονάσης ελέγχεται αλλοστερικά
και από αντιστρεπτή φωσφορυλίωση

μη 
αντιστρεπτό 

βήμα
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17.3 Η είσοδος στον κύκλο του κιτρικού οξέος και ο μεταβολισμός μέσω αυτού υπόκεινται σε έλεγχο

Το σύμπλεγμα της πυροσταφυλικής αφυδρογονάσης ελέγχεται αλλοστερικά και από αντιστρεπτή φωσφορυλίωση

ADP
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17.3 Η είσοδος στον κύκλο του κιτρικού οξέος και ο μεταβολισμός μέσω αυτού υπόκεινται σε έλεγχο

Ο κύκλος του κιτρικού οξέος ελέγχεται σε αρκετά σημεία

• H ταχύτητα του κύκλου του κιτρικού οξέος ρυθμίζεται επακριβώς ώστε να
ανταποκρίνεται στις ανάγκες των ζωικών κυττάρων για ATP

• Τα πρωταρχικά σημεία ελέγχου είναι τα αλλοστερικά ένζυμα ισοκιτρική
αφυδρογονάση και α-κετογλουταρική αφυδρογονάση, τα πρώτα δύο ένζυμα
του κύκλου που παράγουν ηλεκτρόνια υψηλής ενέργειας



33Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

17.4 Ο κύκλος του κιτρικού οξέος είναι μια πηγή πρόδρομων μορίων βιοσύνθεσης

Βιοσυνθετικοί ρόλοι του κύκλου
του κιτρικού οξέος
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17.4 Ο κύκλος του κιτρικού οξέος είναι μια πηγή πρόδρομων μορίων βιοσύνθεσης

Η διακοπή του μεταβολισμού του πυροσταφυλικού είναι η αιτία της νόσου μπέρι-μπέρι και της δηλητηρίασης από
υδράργυρο και αρσενικό

Η νόσος μπέρι-μπέρι, μια νευρική και καρδιαγγειακή διαταραχή, προκαλείται από διαιτητική έλλειψη θειαμίνης (βιταμίνη Β1)

Η πυροφωσφορική θειαμίνη (ΤΡΡ) είναι προσθετική ομάδα τριών σπουδαίων ενζύμων:

• πυροσταφυλική αφυδρογονάση

• α-κετογλουταρική αφυδρογονάση

• τρασκετολάση
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elaborate structures allow groups to travel from one active site to another, 
connected by tethers to the core of the structure.  

  Mechanism: The synthesis of acetyl coenzyme A from pyruvate 
requires three enzymes and five coenzymes  

  The mechanism of the pyruvate dehydrogenase reaction is wonderfully 
complex, more so than is suggested by its simple stoichiometry. The 
reaction requires the participation of the three enzymes of the pyruvate 
dehydrogenase complex and five coenzymes. The coenzymes   thiamine 
pyrophosphate   (TPP),   lipoic acid,   and   FAD   serve as catalytic cofactors, 
and   CoA   and   NAD  1   are stoichiometric cofactors, cofactors that function 
as substrates.  
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  The conversion of pyruvate into acetyl CoA consists of three steps: 
decarboxylation, oxidation, and transfer of the resultant acetyl group to 
CoA. A fourth step is required to regenerate the active enzyme.  
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    These steps must be coupled to preserve the free energy derived from the 
decarboxylation step to drive the formation of NADH and acetyl CoA:  

  1.     Decarboxylation  . Pyruvate combines with TPP and is then decarboxyl-
ated to yield hydroxyethyl-TPP (Figure 17.6).  
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  This reaction, the rate limiting step in acetyl CoA synthesis, is catalyzed by 
the   pyruvate dehydrogenase component   (E  1  ) of the multienzyme complex. 
TPP is the prosthetic group of the pyruvate dehydrogenase component.  

  2.     Oxidation  . The hydroxyethyl group attached to TPP is   oxidized   to form 
an acetyl group while being simultaneously transferred to lipoamide, a 
derivative of lipoic acid that is linked to the side chain of a lysine residue by 

Πυροφωσφορική θειαμίνη (ΤΡΡ)θειαμίνη (βιταμίνη B1)
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17.4 Ο κύκλος του κιτρικού οξέος είναι μια πηγή πρόδρομων μορίων βιοσύνθεσης

Συμπτώματα παρόμοια με εκείνα της μπέρι-μπέρι εμφανίζονται αν ένας οργανισμός εκτεθεί σε υδράργυρο ή αρσενικώδες

«Τρελός σαν πιλοποιός»
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17.4 Ο κύκλος του κιτρικού οξέος είναι μια πηγή πρόδρομων μορίων βιοσύνθεσης

Συμπτώματα παρόμοια με εκείνα της μπέρι-μπέρι εμφανίζονται αν ένας οργανισμός εκτεθεί σε υδράργυρο ή αρσενικώδες

Lewisite

• Χημικό όπλο



37Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

17.4 Ο κύκλος του κιτρικού οξέος είναι μια πηγή πρόδρομων μορίων βιοσύνθεσης

Συμπτώματα παρόμοια με εκείνα της μπέρι-μπέρι εμφανίζονται
αν ένας οργανισμός εκτεθεί σε υδράργυρο ή αρσενικώδες British Anti-Lewisite

• Και οι δύο ενώσεις έχουν μεγάλη συγγένεια
για γειτονικά σουλφυδρύλια
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Άσκηση 1

a) Ακετυλο-CoA

b) Κύκλος του κιτρικού οξέος

c) Σύμπλ. πυροσταφυλικής αφυδρογονάσης

d) Πυροφωσφορική θειαμίνη

e) Λιποϊκό οξύ

f) Πυροσταφυλική αφυδρογονάση

g) Ακετυλολιποαμίδιο

h) Διυδρολιποϋλο-τρανσακετυλάση

i) Διυδρολιποϋλο-αφυδρογονάση

j) Νόσος μπέρι-μπέρι

1. Καταλύει τη σύνδεση της γλυκόλυσης με τον κύκλο του κιτρικού οξέος

2. Συνένζυμο που απαιτείται από την τρανσακετυλάση

3. Τελικό προϊόν της πυροσταφυλικής αφυδρογονάσης

4. Καταλύει τον σχηματισμό του ακετυλο-CoA

5. Αναγεννά ενεργή τρανσακετυλάση

6. Καύσιμο για τον κύκλο του κιτρικού οξέος

7. Συνένζυμο απαραίτητο για την πυροσταφυλική αφυδρογονάση

8. Καταλύει την οξειδωτική αποκαρβοξυλίωση του πυροσταφυλικού

9. Οφείλεται σε ανεπάρκεια θειαμίνης

10. Κεντρικός μεταβολικός κόμβος
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