
CHAPTER 16

The Citric Acid Cycle



Citric Acid Cycle

Tricarboxylic Acid (TCA) Cycle

Krebs Cycle

• The Citric Acid Cycle



• Hans Krebs

Citric acid cycle

earned him a Nobel Prize 

in Physiology or Medicine 

in 1953.

Urea cycle

Glyoxylate cycle



Catabolism of proteins, 
fats, and carbohydrates
in the three stages of 
cellular respiration.



• Three stages of cellular respiration



• Three stages of cellular respiration



• Three stages of cellular respiration





16.1 Production of Acetyl-CoA 
(Activated Acetate)



• Pyruvate is oxidized to acetyl-CoA and CO2 by PDH

(PDH complex)



• The PDH complex require 5 coenzymes

• thiamine pyrophosphate (TPP)

• flavin adenine dinucleotide(FAD)

•nicotinamide adenine dinucleotide (NAD)

• coenzyme A (CoA, CoA-SH)

• lipoate 



• The PDH complex require 5 coenzymes

coenzyme A (CoA, CoA-SH)



Lipoic acid (lipoate, 硫辛酸) 
in amide linkage with a Lys 
residue

• The PDH complex require 5 coenzymes



• PDH complex of E. coli



Cryoelectron micrograph of PDH complexes isolated from 
bovine kidney.  50 nm in diameter—more than five times the 
size of an entire ribosome.

• The PDH complex



Three-dimensional image of PDH complex

E1: 
pyruvate 
dehydrogenase

E2: 
dihydrolipoyl
transacetylase

E3: 
dihydrolipoyl
dehydrogenase

• The PDH complex



• E2 has three functionally distinct domains



• Reactions of the pyruvate dehydrogenase complex

1. Decarboxylation (rate limiting step)



2. Oxidation

3. Formation of Acetyl CoA

• Reactions of the pyruvate dehydrogenase complex



4-5. Regeneration of oxidized lipoamide

• Reactions of the pyruvate dehydrogenase complex



Oxidative decarboxylation of pyruvate to acetyl-CoA by the PDH

• Reactions of the pyruvate dehydrogenase complex



Three-dimensional image of PDH complex

E1: 
pyruvate 
dehydrogenase

E2: 
dihydrolipoyl
transacetylase

E3: 
dihydrolipoyl
dehydrogenase

• The PDH complex



• Reactions of the pyruvate dehydrogenase complex

•Substrate channeling



• Reactions of the pyruvate dehydrogenase complex

•Involvement of Vitamins
•Thiamine (Vb1) :  in TPP
• riboflavin (Vb2) :  in FAD
•Niacin (Vb3) :  in NAD
•Pantothenate (Vb5): in CoA

•Beriberi (脚气病)
•Thiamine deficiency

•Arsenite poisoning



• Summary 16.1

• Pyruvate, the product of glycolysis, is converted to acetyl-CoA, 
the starting material for the citric acid cycle, by the pyruvate 
dehydrogenase (PDH) complex. 

• The PDH complex is composed of multiple copies of three 
enzymes: pyruvate dehydrogenase, E1 (with its bound cofactor 
TPP); dihydrolipoyltransacetylase, E2 (with its covalently bound 
lipoyl group); and  dihydrolipoyl dehydrogenase, E3 (with its 
cofactors FAD and NAD).

• E1 catalyzes first the decarboxylation of pyruvate, producing 
hydroxyethyl-TPP, and then the oxidation of the hydroxyethyl 
group to an acetyl group. 



• Summary 16.1

• E2 catalyzes the transfer of the acetyl group to coenzyme A, 
forming acetyl-CoA.

• E3 catalyzes the regeneration of the disulfide (oxidized) form of 
lipoate; electrons pass first to FAD, then to NAD+.

• The long lipoyllysyl arm swings from the active site of E1 to E2 
to E3, tethering the intermediates to the enzyme complex to 
allow substrate channeling.

• The organization of the PDH complex is very similar to that of 
the enzyme complexes that catalyze the oxidation of α-
ketoglutarate and the branched-chain α-keto acids.



16.2 Reactions of the Citric Acid Cycle



• Overview of the citric acid cycle

(Citrate)





Claisen condensation between a thioester and a ketone

① Formation of Citrate



Structure of citrate synthase 
Two successive induced fits of the enzyme to its substrate and intermediate

Homodimer

① Formation of Citrate
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① Formation of Citrate



① Formation of Citrate



① Formation of Citrate



② Formation of Isocitrate via cis-Aconitate



2

② Formation of Isocitrate via cis-Aconitate

Citrate: A Symmetric Molecule That Reacts Asymmetrically



② Formation of Isocitrate via cis-Aconitate

Aconitase removes the pro-RH of the the pro-R arm.



② Formation of Isocitrate via cis-Aconitate

Aconitase removes the pro-RH of the the pro-R arm.



② Formation of Isocitrate via cis-Aconitate

Iron-sulfur center in aconitase



Moonlighting Enzymes: Proteins with More Than One Job

IRP: iron regulatory protein

•Ferritin (铁蛋白): store iron in cells. One 
molecule of ferritin can bind 4500 molecules 
of ferric.

•Transferrin (转铁蛋白): transport ferric from 
digestive tract and cellular storage to bone 
marrow for blood cell production.



Moonlighting Enzymes: Proteins with More Than One Job



Moonlighting Enzymes: Proteins with More Than One Job



③ Oxidation of isocitrate to α-ketoglutarate and CO2



③ Oxidation of isocitrate to α-ketoglutarate and CO2

(IDH)



③ Oxidation of isocitrate to α-ketoglutarate and CO2



③ Oxidation of isocitrate to α-ketoglutarate and CO2



④ Oxidation of α-ketoglutarate to Succinyl-CoA and CO2

(E1+E2+E3)



Conserved mechanism for oxidative decarboxylation
Divergent evolution

④ Oxidation of α-ketoglutarate to Succinyl-CoA and CO2



⑤ Conversion of Succinyl-CoA to Succinate

(succinic thiokinase)

GTP + ADP                                             GDP + ATP

nucleoside 
diphosphokinase 



The succinyl-CoA 
synthetase reaction

⑤ Conversion of Succinyl-CoA to Succinate

246



⑤ Conversion of Succinyl-CoA to Succinate



• Names of enzymes

• Synthase：

• catalyze condensation reactions in which no nucleoside 
triphosphate (ATP,GTP, and so forth) is required as an energy source.

• Synthetase：

• catalyze condensation reactions that do use ATP or another 
nucleoside triphosphate as a source of energy for the synthetic 
reaction.

• Ligase：

• catalyze condensation reactions in which two atoms are joined, 
using ATP or another energy source.

• Lyase:

• catalyze cleavages (or, in the reverse direction, additions) in which 
electronic  rearrangements occur.

• Kinase v.s. phosphatase v.s. phosphorylase



This enzyme is tightly bound to the mitochondrial inner membrane

⑥ Conversion of Succinate to Fumarate

(SDH)



Malonate is a competitive inhibitor of succinate dehydrogenase

⑥ Conversion of Succinate to Fumarate



⑦ Hydration of Fumarate to Malate



Yes No

Fumarase is stereospecific

⑦ Hydration of Fumarate to Malate



⑧ Oxidation of Malate to Oxaloacetate 

(MDH)





• The energy of oxidations in the cycle is conserved

NADH→2.5ATP
FADH2→1.5ATP



The efficiency of energy conservation for glucose degraded through 
glycolysis, TCA cycle and oxidative phosphorylation is close to 65%.

• Fully oxidation of glucose generates 32 ATP



Biosynthetic precursors produced by an incomplete 
citric acid cycle in anaerobic bacteria

• The citric acid cycle is an amphibolic pathway



• Anaplerotic reations



• Anaplerotic reations



• Pyruvate carboxylase (PC)

biotin



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Pyruvate carboxylase (PC)



• Biological tethers



• Summary 16.2



• Summary 16.2

• The citric acid cycle is amphibolic, serving in both catabolism 
and anabolism; cycle intermediates can be drawn off and used 
as the starting material for a variety of biosynthetic products. 

• When intermediates are shunted from the citric acid cycle to 
other pathways, they are replenished by several anaplerotic 
reactions, which produce four-carbon intermediates by 
carboxylation of three-carbon compounds; these reactions are
catalyzed by pyruvate carboxylase, PEP carboxykinase, PEP 
carboxylase, and malic enzyme. Enzymes that catalyze 
carboxylations commonly employ biotin to activate CO2 and to
carry it to acceptors such as pyruvate or phosphoenolpyruvate. 



16.3 Regulation of the Citric Acid Cycle



• PDH is regulated by allosteric and covalent mechanisms



• PDH is regulated by allosteric and covalent mechanisms



• The citric acid cycle is controlled at several points

PFK1



Substrate channeling 
through multienzyme
complexes may occur 
in the citric acid cycle

metabolon

• Substrate channeling in citric acid cycle



• Some mutations in enzymes of the CAC lead to cancer

• Loss-of-function
• Fumarase
• Succinate dehydrogenase

•Gain-of-function
• Isocitrate dehydrogenase 1/2



PHD: HIF prolyl hydroxylase;  vHL: von Hippel Lindau protein (E3); VEGF: 
vascular endothelial growth factor; SLC2A: solute carrier family 2 member 1

Histone 

demethylases

5mC 

hydroxylases

Collagen 

hydroxylase

• IDH1 is mutated in many diffuse gliomas 



• Summary 16.3

• The overall rate of the citric acid cycle is controlled by the rate 
of conversion of pyruvate to acetyl-CoA and by the flux through 
citrate synthase, isocitrate dehydrogenase, and α-ketoglutarate 
dehydrogenase. These fluxes are largely determined by the 
concentrations of substrates and products: the end products 
ATP and NADH are inhibitory, and the substrates NAD+ and ADP
are stimulatory. 

• The production of acetyl-CoA for the citric acid cycle by the PDH 
complex is inhibited allosterically by metabolites that signal a
sufficiency of metabolic energy (ATP, acetyl-CoA, NADH, and 
fatty acids) and stimulated by metabolites that indicate a 
reduced energy supply (AMP, NAD+ , CoA).

• Complexes of consecutive enzymes in a pathway allow 
substrate channeling between them.



16.4 The Glyoxylate Cycle



• Vertebrates cannot convert acetyl-CoA into glucose



Vertebrates lack  
isocitrate lyase and 
malate synthase

• The glyoxylate cycle



Electron micrograph of a germinating cucumber seed, showing a 
glyoxysome, mitochondria, and surrounding lipid bodies

• Glyoxysome



• Relationship between the glyoxylate and citric acid cycles



• Citric acid and glyoxylate cycle are coordinately regulated 



• Summary 16.4

• The glyoxylate cycle is active in the germinating seeds of some 
plants and in certain microorganisms that can live on acetate as 
the sole carbon source. In plants, the pathway takes place in 
glyoxysomes in seedlings. It involves several citric acid cycle
enzymes and two additional enzymes: isocitrate lyase and 
malate synthase. 

• In the glyoxylate cycle, the bypassing of the two 
decarboxylation steps of the citric acid cycle makes possible the 
net formation of succinate, oxaloacetate, and other cycle 
intermediates from acetyl-CoA. Oxaloacetate thus formed can 
be used to synthesize glucose via gluconeogenesis. 



• Summary 16.4

• Vertebrates lack the glyoxylate cycle and cannot synthesize 
glucose from acetate or the fatty acids that give rise to acetyl-
CoA. 

• The partitioning of isocitrate between the citric acid cycle and 
the glyoxylate cycle is controlled at the level of isocitrate 
dehydrogenase, which is regulated by reversible 
phosphorylation. 


