
THE CITRIC ACID CYCLE



Some cells obtain energy (ATP) by fermentation, breaking 
down glucose in the absence of oxygen. 

For most eukaryotic cells, which live under aerobic 
conditions and oxidize their organic fuels to carbon dioxide 
and water, glycolysis is the first stage in the complete 
oxidation of glucose.

The pyruvate produced by glycolysis is further oxidized to 
H2O and CO2. 

This aerobic phase of catabolism is called respiration.
Respiration refers to a multicellular organism’s uptake of O2

and release of CO2.
The molecular processes by which cells consume O2 and 

produce CO2 − processes more precisely termed cellular 
respiration.



Cellular respiration occurs in three major stages. 

In the first, organic fuel molecules − glucose, fatty acids, and 
some amino acids − are oxidized to yield two-carbon 
fragments in the form of the acetyl group of acetyl-
coenzyme A (acetyl-CoA). 

In the second stage, the acetyl groups are fed into the citric 
acid cycle, which enzymatically oxidizes them to CO2; the 
energy released is conserved in the reduced electron 
carriers NADH and FADH2.

In the third stage of respiration, these reduced coenzymes are 
themselves oxidized, giving up protons (H+) and electrons.



Catabolism of proteins, fats, and
carbohydrates in the three stages of 

cellular respiration. 
Stage 1: oxidation of fatty acids, glucose, 

and some amino acids yields 
acetyl-CoA. 

Stage 2: oxidation of acetyl groups in the 
citric acid cycle includes four steps 
in which electrons are abstracted. 

Stage 3: electrons carried by NADH and 
FADH2 are funnelled into a chain 
of mitochondrial (or, in bacteria, 
plasma membrane–bound) electron 
carriers – the respiratory chain –
ultimately reducing O2 to H2O. 

This electron flow drives the 
production of ATP.



The electrons are transferred to O2 − the final electron 
acceptor − via a chain of electron-carrying molecules 
known as the respiratory chain. 

In the course of electron transfer, the large amount of 
energy released is conserved in the form of ATP, by a 
process called oxidative phosphorylation.

Respiration is more complex than glycolysis and is 
believed to have evolved much later, after the appearance 
of cyanobacteria.

The metabolic activities of cyanobacteria account for the 
rise of oxygen levels in the earth’s atmosphere, a 
dramatic turning point in evolutionary history.



1. Production of Acetyl-CoA
(Activated Acetate)



Glucose and other sugars, fatty acids, and most amino 
acids entering the citric acid cycle, the carbon skeletons 
of sugars and fatty acids are degraded to the acetyl group 
of acetyl-CoA, the form in which the cycle accepts most 
of its fuel input. 

Many amino acid carbons also enter the cycle this way, 
although several amino acids are degraded to other cycle 
intermediates.

How pyruvate, derived from glucose and other sugars by 
glycolysis, is oxidized to acetyl-CoA and CO2 by the 
pyruvate dehydrogenase (PDH) complex, a cluster of 
enzymes – multiple copies of each of three enzymes –
located in the mitochondria of eukaryotic cells and in the 
cytosol of prokaryotes.



The PDH complex is a multienzyme complex in which a 
series of chemical intermediates remain bound to the 
enzyme molecules as a substrate is transformed into the 
final product. 

Five cofactors, four derived from vitamins, participate in 
the reaction mechanism.

The PDH complex is the prototype for two other important 
enzyme complexes: -ketoglutarate dehydrogenase, of 
the citric acid cycle, and the branched-chain -keto acid 
dehydrogenase, of the oxidative pathways of several 
amino acids.



Pyruvate is oxidized to acetyl-CoA and CO2

The overall reaction catalyzed by the pyruvate
dehydrogenase complex is an oxidative decarboxylation, 
an irreversible oxidation process in which the carboxyl 
group is removed from pyruvate as a molecule of CO2 and 
the two remaining carbons become the acetyl group of 
acetyl-CoA.

The NADH formed in this reaction gives up a hydride ion 
(:H–) to the respiratory chain, which carries the two 
electrons to oxygen or, in anaerobic microorganisms, to an 
alternative electron acceptor such as nitrate or sulfate. 

The transfer of electrons from NADH to oxygen ultimately 
generates 2.5 molecules of ATP per pair of electrons.



Overall reaction catalyzed by the pyruvate dehydrogenase
complex

The five coenzymes participating in this reaction, and the three
enzymes that make up the enzyme complex.



The pyruvate dehydrogenase complex requires five 
coenzymes

The combined dehydrogenation and decarboxylation of 
pyruvate to the acetyl group of acetyl-CoA requires the 
sequential action of three different enzymes and five 
different coenzymes or prosthetic groups − thiamine 
pyrophosphate (TPP), flavin adenine dinucleotide
(FAD), coenzyme A (CoA, sometimes denoted CoA-SH, 
to emphasize the role of the −SH group), nicotinamide
adenine dinucleotide (NAD), and lipoate. 

Four different vitamins required in human nutrition are 
vital components of this system: thiamine (in TPP), 
riboflavin (in FAD), niacin (in NAD), and pantothenate
(in CoA).



Coenzyme A has a reactive thiol (−SH) group that is 
critical to the role of CoA as an acyl carrier in a number 
of metabolic reactions. 

Acyl groups are covalently linked to the thiol group, 
forming thioesters.

Because of their relatively high standard free energies of 
hydrolysis, thioesters have a high acyl group transfer 
potential and can donate their acyl groups to a variety of 
acceptor molecules. 

The acyl group attached to coenzyme A may thus be 
thought of as “activated” for group transfer.



Coenzyme A (CoA)

A hydroxyl group of pantothenic acid is joined to a modified ADP moiety 
by a phosphate ester bond, and its carboxyl group is attached to -
mercaptoethylamine in amide linkage. 

The hydroxyl group at the 3’ position of the ADP moiety has a 
phosphoryl group not present in free ADP. 

The −SH group of the mercaptoethylamine moiety forms a thioester with 
acetate in acetylcoenzyme A (acetyl-CoA) (lower left).



The fifth cofactor of the PDH complex, lipoate, has two thiol
groups that can undergo reversible oxidation to a disulfide bond
(−S−S−), similar to that between two Cys residues in a protein.

Lipoic acid (lipoate) in 
amide linkage with a 

Lys residue
The lipoyllysyl moiety is 

the prosthetic group of 
dihydrolipoyl transace-
tylase (E2 of the PDH 
complex). 

The lipoyl group occurs in 
oxidized (disulfide) and 
reduced (dithiol) forms 
and acts as a carrier of 
both hydrogen and an 
acetyl (or other acyl) 
group.



The pyruvate dehydrogenase complex consists of three 
distinct enzymes

The PDH complex contains three enzymes − pyruvate
dehydrogenase (E1), dihydrolipoyl transacetylase (E2), 
and dihydrolipoyl dehydrogenase (E3) − each present in 
multiple copies.

The PDH complex isolated from mammals is about 50 nm 
in diameter − more than five times the size of an entire 
ribosome and big enough to be visualized with the 
electron microscope.

The active site of E1 has bound TPP, and that of E3 has 
bound FAD. 



Also part of the complex are two regulatory proteins, a 
protein kinase and a phosphoprotein phosphatase. 

This basic E1-E2-E3 structure has been conserved during 
evolution, and used in a number of similar metabolic 
reactions, including the oxidation of -ketoglutarate in 
the citric acid cycle and the oxidation of -keto acids 
derived from the breakdown of the branched-chain 
amino acids valine, isoleucine, and leucine.



In substrate channeling, intermediates never leave the 
enzyme surface

The pyruvate dehydrogenase complex carries out the five 
consecutive reactions in the decarboxylation and 
dehydrogenation of pyruvate. 

Step 1 is essentially identical to the reaction catalyzed by 
pyruvate decarboxylase; C-1 of pyruvate is released as 
CO2, and C-2, which in pyruvate has the oxidation state 
of an aldehyde, is attached to TPP as a hydroxyethyl
group. 

This first step is the slowest and therefore limits the rate of 
the overall reaction.



Oxidative decarboxylation of pyruvate to acetyl-CoA by the PDH complex

The fate of pyruvate is traced in red. 
In step 1 pyruvate reacts with the bound thiamine pyrophosphate (TPP) of 

pyruvate dehydrogenase (E1), undergoing decarboxylation to the 
hydroxyethyl derivative.



In step 2 the hydroxyethyl group is oxidized to the level of 
a carboxylic acid (acetate). 

The two electrons removed in this reaction reduce the 
−S−S− of a lipoyl group on E2 to two thiol (−SH) 
groups. 

The acetyl moiety produced in this oxidation-reduction 
reaction is first esterified to one of the lipoyl –SH 
groups, then transesterified to CoA to form acetyl-CoA
(step 3). 

Thus the energy of oxidation drives the formation of a 
high-energy thioester of acetate.



Pyruvate dehydrogenase also carries out step 2, the transfer of two electrons 
and the acetyl group from TPP to the oxidized form of the lipoyllysyl group 
of the core enzyme, dihydrolipoyl transacetylase (E2), to form the acetyl 
thioester of the reduced lipoyl group.

Step 3 is a transesterification in which the −SH group of CoA replaces the −SH 
group of E2 to yield acetyl-CoA and the fully reduced (dithiol) form of the 
lipoyl group.



The remaining reactions catalyzed by the PDH complex 
(by E3, in steps 4 and 5 ) are electron transfers necessary 
to regenerate the oxidized (disulfide) form of the lipoyl
group of E2 to prepare the enzyme complex for another 
round of oxidation. 

The electrons removed from the hydroxyethyl group 
derived from pyruvate pass through FAD to NAD+.



In step 4 dihydrolipoyl dehydrogenase (E3) promotes transfer of two 
hydrogen atoms from the reduced lipoyl groups of E2 to the FAD 
prosthetic group of E3, restoring the oxidized form of the lipoyllysyl
group of E2.

In step 5 the reduced FADH2 of E3 transfers a hydride ion to NAD+, 
forming NADH. The enzyme complex is now ready for another 
catalytic cycle. 



The five-reaction sequence is thus an example of 
substrate channelling. 

The intermediates of the multistep sequence never leave 
the complex.

Channelling also prevents theft of the activated acetyl 
group by other enzymes that use this group as 
substrate.



Summary for „Production of Acetyl-CoA” I.

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

• The PDH complex is composed of multiple copies of 
three enzymes: pyruvate dehydrogenase, E1 (with its 
bound cofactor TPP); dihydrolipoyl transacetylase, E2

(with its covalently bound lipoyl group); and 
dihydrolipoyl dehydrogenase, E3 (with its cofactors 
FAD and NAD).



Summary for „Production of Acetyl-CoA” II.

• E1 catalyzes first the decarboxylation of pyruvate, 
producing hydroxyethyl-TPP, and then the oxidation of 
the hydroxyethyl group to an acetyl group. The 
electrons from this oxidation reduce the disulfide of 
lipoate bound to E2, and the acetyl group is transferred 
into thioester linkage with one −SH group of reduced 
lipoate.

• 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+.



2. Reactions of the Citric Acid 
Cycle



The carbon atoms shaded 
in pink are those 
derived from the 
acetate of acetyl-CoA
in the first turn of the 
cycle; these are not the 
carbons released as 
CO2 in the first turn. 

Note that in succinate
and fumarate, the two-
carbon group derived 
from acetate can no 
longer be specifically 
denoted.

Succinate and fumarate
are symmetric mole-
cules, C-1 and C-2 are 
indistinguishable from 
C-4 and C-3.

Reaction of the citric acid cycle



Reaction of the citric acid cycle

The red arrows show 
where energy is con-
served by electron 
transfer to FAD or 
NAD+, forming
FADH2 or NADH + 
H+. 

Steps 1, 3, and 4 are 
essentially irreversible 
in the cell; all other 
steps are reversible.

The product of step 5 
may be either ATP or 
GTP, depending on 
which succinyl-CoA
synthetase isozyme is 
the catalyst.



Acetyl-CoA undergoes oxidation. 
This chemical transformation is carried out by the citric 

acid cycle.
To begin a turn of the cycle, acetyl-CoA donates its acetyl 

group to the four-carbon compound oxaloacetate to form 
the six-carbon citrate.

Citrate is then transformed into isocitrate, also a six-carbon 
molecule, which is dehydrogenated with loss of CO2 to 
yield the five-carbon compound -ketoglutarate (also 
called oxoglutarate).

-ketoglutarate undergoes loss of a second molecule of 
CO2 and ultimately yields the four-carbon compound 
succinate.



Succinate is then enzymatically converted in three steps 
into the four-carbon oxaloacetate − which is then ready 
to react with another molecule of acetyl-CoA.

In each turn of the cycle, one acetyl group (two carbons) 
enters as acetyl-CoA and two molecules of CO2 leave; 
one molecule of oxaloacetate is used to form citrate and 
one molecule of oxaloacetate is regenerated.

No net removal of oxaloacetate occurs; one molecule of 
oxaloacetate can theoretically bring about oxidation of an 
infinite number of acetyl groups, and, in fact, 
oxaloacetate is present in cells in very low 
concentrations.



Four of the eight steps in this process are oxidations, in 
which the energy of oxidation is very efficiently 
conserved in the form of the reduced coenzymes 
NADH and FADH2.

The citric acid cycle role is not limited to energy 
conservation. 

Four- and five-carbon intermediates of the cycle serve as 
precursors for a wide variety of products.

In eukaryotes, the entire set of reactions of the citric acid 
cycle takes place in mitochondria.



Isolated mitochondria were found to contain not only all the 
enzymes and coenzymes required for the citric acid cycle, 
but also all the enzymes and proteins necessary for the last 
stage of respiration − electron transfer and ATP synthesis 
by oxidative phosphorylation.

Mitochondria also contain the enzymes for the oxidation of 
fatty acids and some amino acids to acetyl-CoA, and the 
oxidative degradation of other amino acids to -
ketoglutarate, succinyl-CoA, or oxaloacetate.

The mitochondrion is the site of most energy-yielding 
oxidative reactions and of the coupled synthesis of ATP.

In photosynthetic eukaryotes, mitochondria are the major site 
of ATP production in the dark, but in daylight chloroplasts 
produce most of the organism’s ATP.



The citric acid cycle has eight steps

1. Formation of citrate
The first reaction of the cycle is the condensation of acetyl-

CoA with oxaloacetate to form citrate, catalyzed by citrate 
synthase:

In this reaction the methyl carbon of the acetyl group is joined
to the carbonyl group (C-2) of oxaloacetate.



Citroyl-CoA is a transient intermediate formed on the active site 
of the enzyme. 

It rapidly undergoes hydrolysis to free CoA and citrate, which 
are released from the active site.

The hydrolysis of this high-energy thioester intermediate makes 
the forward reaction highly exergonic. 

The large, negative standard free-energy change of the citrate 
synthase reaction is essential to the operation of the cycle 
because, the concentration of oxaloacetate is normally very 
low. 

The CoA liberated in this reaction is recycled to participate in 
the oxidative decarboxylation of another molecule of pyruvate
by the PDH complex.



2. Formation of isocitrate via cis-aconitate
The enzyme aconitase (more formally, aconitate hydratase) 

catalyzes the reversible transformation of citrate to isocitrate, 
through the intermediary formation of the tricarboxylic acid 
cis-aconitate, which normally does not dissociate from the 
active site. 

Aconitase can promote the reversible addition of H2O to the 
double bond of enzyme-bound cis-aconitate in two different 
ways, one leading to citrate and the other to isocitrate:



The equilibrium mixture at pH 7.4 and 25 °C contains less 
than 10% isocitrate, in the cell the reaction is pulled to 
the right because isocitrate is rapidly consumed in the 
next step of the cycle, lowering its steady-state 
concentration. 

Aconitase contains an iron-sulfur centre, which acts both 
in the binding of the substrate at the active site and in the 
catalytic addition or removal of H2O.



3. Oxidation of isocitrate to -ketoglutarate and CO2

In the next step, isocitrate dehydrogenase catalyzes oxidative 
decarboxylation of isocitrate to form -ketoglutarate.

There are two different forms of isocitrate dehydrogenase in all 
cells, one requiring NAD+ as electron acceptor and the other 
requiring NADP+. 

The overall reactions are otherwise identical. 

In eukaryotic cells, the NAD-dependent enzyme occurs in the 
mitochondrial matrix and serves in the citric acid cycle.

The main function of the NADP-dependent enzyme, found in 
both the mitochondrial matrix and the cytosol, may be the 
generation of NADPH, which is essential for reductive 
anabolic reactions.



Isocitrate dehydrogenase

In this reaction, the substrate, isocitrate, loses one carbon by oxidative 
decarboxylation.

In step 1, isocitrate binds to the enzyme and is oxidized by hydride transfer 
to NAD+ or NADP+, depending on the isocitrate dehydrogenase isozyme.

The resulting carbonyl group sets up the molecule for decarboxylation in 
step 2.

Interaction of the carbonyl oxygen with a bound Mn2+ ion increases the 
electron-withdrawing capacity of the carbonyl group and facilitates the 
decarboxylation step. 

The reaction is completed in step 3 by rearrangement of the enol
intermediate to generate -ketoglutarate.



4. Oxidation of -ketoglutarate to succinyl-CoA and CO2

The next step is another oxidative decarboxylation, in which -
ketoglutarate is converted to succinyl-CoA and CO2 by the 
action of the -ketoglutarate dehydrogenase complex; 
NAD+ serves as electron acceptor and CoA as the carrier of 
the succinyl group. 

The energy of oxidation of -ketoglutarate is conserved in the 
formation of the thioester bond of succinyl-CoA:



This reaction is virtually identical to the pyruvate
dehydrogenase reaction, and the -ketoglutarate
dehydrogenase complex closely resembles the PDH 
complex in both structure and function.

Both complexes are certainly derived from a common 
evolutionary ancestor.



5. Conversion of succinyl-CoA to succinate
Succinyl-CoA, like acetyl-CoA, has a thioester bond with a 

strongly negative standard free energy of hydrolysis (ΔG’°
≈ −36 kJ/mol). 

In the next step of the citric acid cycle, energy released in the 
breakage of this bond is used to drive the synthesis of a 
phosphoanhydride bond in either GTP or ATP, with a net 
ΔG’° of only −2.9 kJ/mol.

Succinate is formed in the process:



The enzyme that catalyzes this reversible reaction is called 
succinyl-CoA synthetase or succinic thiokinase.

The formation of ATP (or GTP) at the expense of the energy 
released by the oxidative decarboxylation of -ketoglutarate
is a substrate-level phosphorylation, like the synthesis of 
ATP in the glycolytic reactions catalyzed by glyceraldehyde
3-phosphate dehydrogenase and pyruvate kinase.

The GTP formed by succinyl-CoA synthetase can donate its 
terminal phosphoryl group to ADP to form ATP, in a 
reversible reaction catalyzed by nucleoside diphosphate
kinase.

GTP + ADP       GDP + ATP ΔG’°= 0 kJ/mol



6. Oxidation of succinate to fumarate
The succinate formed from succinyl-CoA is oxidized to 

fumarate by the flavoprotein succinate dehydrogenase:

In eukaryotes, succinate dehydrogenase is tightly bound to the 
inner mitochondrial membrane.

The enzyme contains three different iron-sulfur clusters and 
one molecule of covalently bound FAD.



Electrons pass from succinate through the FAD and iron-
sulfur centers before entering the chain of electron carriers 
in the mitochondrial inner membrane.

Malonate, an analog of succinate not normally present in cells, 
is a strong competitive inhibitor of succinate dehydrogenase
and its addition to mitochondria blocks the activity of the 
citric acid cycle.



7. Hydration of fumarate to malate
The reversible hydration of fumarate to L-malate is catalyzed 

by fumarase (formally, fumarate hydratase).

The transition state in this reaction is a carbanion:



This enzyme is highly stereospecific; it catalyzes hydration of 
the trans double bond of fumarate but not the cis double 
bond of maleate.

In the reverse direction (from L-malate to fumarate), fumarase
is equally stereospecific: D-malate is not a substrate.



8. Oxidation of malate to oxaloacetate
In the last reaction of the citric acid cycle, NAD-linked L-malate

dehydrogenase catalyzes the oxidation of L-malate to 
oxaloacetate:

The equilibrium of this reaction lies far to the left under standard 
thermodynamic conditions, but in intact cells oxaloacetate is 
continually removed by the highly exergonic citrate synthase
reaction.

This keeps the concentration of oxaloacetate in the cell extremely low 
(<10−6 M), pulling the malate dehydrogenase reaction toward the 
formation of oxaloacetate.



The energy of oxidations in the cycle is efficiently 
conserved

A two-carbon acetyl group entered the cycle by combining 
with oxaloacetate. 

Two carbon atoms emerged from the cycle as CO2 from 
the oxidation of isocitrate and -ketoglutarate. 

The energy released by these oxidations was conserved in 
the reduction of three NAD+ and one FAD and the 
production of one ATP or GTP. 

At the end of the cycle a molecule of oxaloacetate was 
regenerated. 

The two carbon atoms appearing as CO2 are not the same 
two carbons that entered in the form of the acetyl group.



Products of one turn of the citric acid cycle

At each turn of the cycle, three NADH, one FADH2, one GTP (or 
ATP), and two CO2 are released in oxidative decarboxylation
reactions.



The citric acid cycle directly generates only one ATP per 
turn (in the conversion of succinyl-CoA to succinate), the 
four oxidation steps in the cycle provide a large flow of 
electrons into the respiratory chain via NADH and 
FADH2 and thus lead to formation of a large number of 
ATP molecules during oxidative phosphorylation.

The energy yield from the production of two molecules of 
pyruvate from one molecule of glucose in glycolysis is 2 
ATP and 2 NADH.

In oxidative phosphorylation, passage of two electrons 
from NADH to O2 drives the formation of about 2.5 
ATP, and passage of two electrons from FADH2 to O2
yields about 1.5 ATP.



When both pyruvate molecules are oxidized to 6 CO2 via 
the pyruvate dehydrogenase complex and the citric acid 
cycle, and the electrons are transferred to O2 via 
oxidative phosphorylation, as many as 32 ATP are 
obtained per glucose.

This represents the conservation of 32×30.5 kJ/mol = 
976 kJ/mol, or 34% of the theoretical maximum of about 
2,840 kJ/mol available from the complete oxidation of 
glucose.



Why is the oxidation of acetate so complicated?

The eight-step cyclic process for oxidation of simple two-
carbon acetyl groups to CO2 may seem unnecessarily 
cumbersome and not in keeping with the biological 
principle of maximum economy.

Four- and five-carbon end products of many catabolic 
processes feed into the cycle to serve as fuels. 

Oxaloacetate and -ketoglutarate, for example, are 
produced from aspartate and glutamate, respectively, 
when proteins are degraded. 

Under some metabolic circumstances, intermediates are 
drawn out of the cycle to be used as precursors in a 
variety of biosynthetic pathways.



The citric acid cycle is the product of evolution, and much 
of this evolution occurred before the advent of aerobic 
organisms.

It does not necessarily represent the shortest pathway from 
acetate to CO2, but it is the pathway that has, over time, 
conferred the greatest selective advantage. 

Early anaerobes most probably used some of the reactions 
of the citric acid cycle in linear biosynthetic processes.

With the evolution of cyanobacteria that produced O2 from 
water, the earth’s atmosphere became aerobic and 
organisms were under selective pressure to develop 
aerobic metabolism, which, as we have seen, is much 
more efficient than anaerobic fermentation.



These anaerobes lack -
ketoglutarate dehydrogenase
and therefore cannot carry 
out the complete citric acid 
cycle. 

-ketoglutarate and succinyl-
CoA serve as precursors in a 
variety of biosynthetic path-
ways.

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



Citric acid cycle components are important 
biosynthetic intermediates

In aerobic organisms, the citric acid cycle is an 
amphibolic pathway, one that serves in both catabolic 
and anabolic processes.

The cycle provides precursors for many biosynthetic 
pathways, through reactions that served the same purpose 
in anaerobic ancestors. 

-ketoglutarate and oxaloacetate can, for example, serve as 
precursors of the amino acids aspartate and glutamate by 
simple transamination. 



Role of the citric acid cycle in anabolism

Intermediates of the citric acid cycle are drawn off as precursors in many 
biosynthetic pathways. 

Shown in red are four anaplerotic reactions that replenish depleted cycle 
intermediates.



Through aspartate and glutamate, the carbons of 
oxaloacetate and -ketoglutarate are then used to build 
other amino acids, as well as purine and pyrimidine
nucleotides. 

Oxaloacetate is converted to glucose in gluconeogenesis. 

Succinyl-CoA is a central intermediate in the synthesis of 
the porphyrin ring of heme groups, which serve as 
oxygen carriers (in hemoglobin and myoglobin) and 
electron carriers (in cytochromes).



Anaplerotic reactions replenish citric acid cycle 
intermediates

As intermediates of the citric acid cycle are removed to 
serve as biosynthetic precursors, they are replenished by 
anaplerotic reactions.

Under normal circumstances, the concentrations of the 
citric acid cycle intermediates remain almost constant.

Anaplerotic reactions



The most common anaplerotic reactions, all of which, in 
various tissues and organisms, convert either pyruvate or 
phosphoenolpyruvate to oxaloacetate or malate. 

The most important anaplerotic reaction in mammalian liver 
and kidney is the reversible carboxylation of pyruvate by 
CO2 to form oxaloacetate, catalyzed by pyruvate
carboxylase. 

When the citric acid cycle is deficient in oxaloacetate or any 
other intermediates, pyruvate is carboxylated to produce 
more oxaloacetate.

The enzymatic addition of a carboxyl group to pyruvate
requires energy, which is supplied by ATP − the free 
energy required to attach a carboxyl group to pyruvate is 
about equal to the free energy available from ATP.



Whenever acetyl-CoA, the fuel for the citric acid cycle, is 
present in excess, it stimulates the pyruvate carboxylase
reaction to produce more oxaloacetate, enabling the cycle 
to use more acetyl-CoA in the citrate synthase reaction.

The other anaplerotic reactions are also regulated.

Phosphoenolpyruvate (PEP) carboxylase, for example, is 
activated by the glycolytic intermediate fructose 1,6-
bisphosphate, which accumulates when the citric acid 
cycle operates too slowly to process the pyruvate
generated by glycolysis.



Summary for „Reactions of the citric acid cycle” I.

• The citric acid cycle (Krebs cycle, TCA cycle) is a nearly 
universal central catabolic pathway in which 
compounds derived from the breakdown of 
carbohydrates, fats, and proteins are oxidized to CO2, 
with most of the energy of oxidation temporarily held 
in the electron carriers FADH2 and NADH. During 
aerobic metabolism, these electrons are transferred to 
O2 and the energy of electron flow is trapped as ATP.

• Acetyl-CoA enters the citric acid cycle (in the 
mitochondria of eukaryotes, the cytosol of prokaryotes) 
as citrate synthase catalyzes its condensation with 
oxaloacetate to form citrate.



Summary for „Reactions of the citric acid cycle” II.
• In seven sequential reactions, including two 

decarboxylations, the citric acid cycle converts citrate to 
oxaloacetate and releases two CO2. The pathway is cyclic 
in that the intermediates of the cycle are not used up; for 
each oxaloacetate consumed in the path, one is produced.

• For each acetyl-CoA oxidized by the citric cid cycle, the 
energy gain consists of three molecules of NADH, one 
FADH2, and one nucleoside triphosphate (either ATP or 
GTP).

• Besides acetyl-CoA, any compound that gives rise to a four-
or five-carbon intermediate of the citric acid cycle − for 
example, the breakdown products of many amino acids −
can be oxidized by the cycle.



Summary for „Reactions of the citric acid cycle” III.

• 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.



3. Regulation of the Citric Acid 
Cycle



The flow of carbon atoms from pyruvate into and through the 
citric acid cycle is under tight regulation at two levels: the 
conversion of pyruvate to acetyl-CoA, the starting material 
for the cycle (the pyruvate dehydrogenase complex 
reaction), and the entry of acetyl-CoA into the cycle (the 
citrate synthase reaction). 

Acetyl-CoA is also produced by pathways other than the PDH 
complex reaction—most cells produce acetyl-CoA from the 
oxidation of fatty acids and certain amino acids − and the 
availability of intermediates from these other pathways is 
important in the regulation of pyruvate oxidation and of the 
citric acid cycle. 

The cycle is also regulated at the isocitrate dehydrogenase and 
-ketoglutarate dehydrogenase reactions.



Production of acetyl-CoA by the pyruvate dehydrogenase
complex is regulated by allosteric and covalent mechanisms

The PDH complex of mammals is strongly inhibited by 
ATP and by acetyl-CoA and NADH, the products of the 
reaction catalyzed by the complex.

The allosteric inhibition of pyruvate oxidation is greatly 
enhanced when long-chain fatty acids are available. 

AMP, CoA, and NAD+, all of which accumulate when too 
little acetate flows into the citric acid cycle, allosterically
activate the PDH complex.



Regulation of metabolite flow from the 
PDH complex through the citric acid cycle

The PDH complex is allosterically
inhibited when [ATP]/[ADP], 
[NADH]/[NAD+], and [acetyl-
CoA]/[CoA] ratios are high, 
indicating an energy-sufficient 
metabolic state.

When these ratios decrease, 
allosteric activation of pyruvate
oxidation results. 

The rate of flow through the citric 
acid cycle can be limited by the 
availability of the citrate synthase
substrates, oxaloacetate and 
acetyl-CoA, or of NAD+, which 
is depleted by its conversion to 
NADH, slowing the three NAD-
dependent oxidation steps. 

Feedback inhibition by succinyl-
CoA, citrate, and ATP also slows 
the cycle by inhibiting early 
steps.



Thus, this enzyme activity is turned off when ample fuel is 
available in the form of fatty acids and acetyl-CoA, and 
when the cell’s [ATP]/[ADP] and [NADH]/[NAD+] 
ratios are high, and it is turned on again when energy 
demands are high and the cell requires greater flux of 
acetyl-CoA into the citric acid cycle.

These allosteric regulatory mechanisms are complemented 
by a second level of regulation: covalent protein 
modification. 

The PDH complex is inhibited by reversible phospho-
rylation of a specific Ser residue on one of the two 
subunits of E1.



A specific protein kinase phosphorylates and thereby 
inactivates E1, and a specific phosphoprotein
phosphatase removes the phosphoryl group by hydrolysis 
and thereby activates E1. 

The kinase is allosterically activated by ATP: when [ATP] 
is high, the PDH complex is inactivated by 
phosphorylation of E1. 

When [ATP] declines, kinase activity decreases and 
phosphatase action removes the phosphoryl groups from 
E1, activating the complex.



The citric acid cycle is regulated at its three exergonic steps

The flow of metabolites through the citric acid cycle is 
under stringent regulation. 

Three factors govern the rate of flux through the cycle: 
substrate availability, inhibition by accumulating 
products, and allosteric feedback inhibition of the 
enzymes that catalyze early steps in the cycle.

Each of the three strongly exergonic steps in the cycle −
those catalyzed by citrate synthase, isocitrate
dehydrogenase, and -ketoglutarate dehydrogenase −
can become the rate-limiting step under some 
circumstances.



Under normal conditions, the rates of glycolysis and of the 
citric acid cycle are integrated so that only as much 
glucose is metabolized to pyruvate as is needed to supply 
the citric acid cycle with its fuel, the acetyl groups of 
acetyl-CoA. 

Pyruvate, lactate, and acetyl-CoA are normally maintained 
at steady-state concentrations.

Citrate, the product of the first step of the citric acid cycle,
is an important allosteric inhibitor of phospho-
fructokinase-1 in the glycolytic pathway.



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

The enzymes of the citric acid cycle are usually described 
as soluble components of the mitochondrial matrix 
(except for succinate dehydrogenase, which is 
membrane-bound), within the mitochondrion these 
enzymes exist as multienzyme complexes.

In cells, multienzyme complexes ensure efficient passage 
of the product of one enzyme reaction to the next enzyme 
in the pathway. 

Such complexes are called metabolons. 



Certain enzymes of the citric acid cycle have been isolated 
together as supramolecular aggregates, or have been 
found associated with the inner mitochondrial 
membrane.

There is strong evidence for substrate channelling through 
multienzyme complexes in other metabolic pathways, 
and many enzymes thought of as “soluble” probably 
function in the cell as highly organized complexes that 
channel intermediates.



Summary for „Regulation of the Citric Acid Cycle”

• 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).



4. The Glyoxylate Cycle



Vertebrates cannot convert fatty acids, or the acetate 
derived from them, to carbohydrates. 

Conversion of phosphoenolpyruvate to pyruvate and of 
pyruvate to acetyl-CoA are so exergonic as to be 
essentially irreversible.

Acetate cannot serve as the starting material for the 
gluconeogenic pathway, which leads from phospho-
enolpyruvate to glucose.

A cell or organism is unable to convert fuels or metabolites 
that are degraded to acetate (fatty acids and certain amino 
acids) into carbohydrates.



Phosphoenolpyruvate can be synthesized from oxalo-
acetate in the reversible reaction catalyzed by PEP 
carboxykinase:

oxaloacetate + GTP phosphoenolpyruvate + CO2 + GDP

There is no net conversion of acetate to oxaloacetate; in 
vertebrates, for every two carbons that enter the cycle as 
acetyl-CoA, two leave as CO2. 

In many organisms other than vertebrates, the glyoxylate
cycle serves as a mechanism for converting acetate to
carbohydrate.



The glyoxylate cycle produces four-carbon compounds 
from acetate

In plants and some microorganisms acetate can serve both 
as an energy-rich fuel and as a source of phospho-
enolpyruvate for carbohydrate synthesis. 

In these organisms, enzymes of the glyoxylate cycle 
catalyze the net conversion of acetate to succinate or 
other four-carbon intermediates of the citric acid cycle:

2 Acetyl-CoA + NAD+ + 2 H2O   
succinate + 2 CoA + NADH + H+

In the glyoxylate cycle, acetyl-CoA condenses with 
oxaloacetate to form citrate, and citrate is converted to 
isocitrate, exactly as in the citric acid cycle.



The next step, however, is not the breakdown of isocitrate
by isocitrate dehydrogenase but the cleavage of isocitrate
by isocitrate lyase, forming succinate and glyoxylate.

The glyoxylate then condenses with a second molecule of 
acetyl-CoA to yield malate, in a reaction catalyzed by 
malate synthase. 

The malate is subsequently oxidized to oxaloacetate, which 
can condense with another molecule of acetyl-CoA to 
start another turn of the cycle.



Glyoxylate cycle

The citrate synthase, aconi-
tase, and malate dehydroge-
nase of the glyoxylate cycle 
are isozymes of the citric 
acid cycle enzymes; isocit-
rate lyase and malate
synthase are unique to the 
glyoxylate cycle. 

Two acetyl groups (pink) 
enter the cycle and four 
carbons leave as succinate
(blue).



Each turn of the glyoxylate cycle consumes  two molecules 
of acetyl-CoA and produces one molecule of succinate, 
which is then available for biosynthetic purposes. 

The succinate may be converted through fumarate and 
malate into oxaloacetate, which can then be converted to 
phosphoenolpyruvate by PEP carboxykinase, and thus to 
glucose by gluconeogenesis.



The citric acid and glyoxylate cycles are coordinately
regulated

In germinating seeds, the enzymatic transformations of 
dicarboxylic and tricarboxylic acids occur in three 
intracellular compartments: mitochondria, glyoxysomes,  
and the cytosol. 

There is a continuous interchange of metabolites among 
these compartments.

The carbon skeleton of oxaloacetate from the citric acid 
cycle (in the mitochondrion) is carried to the glyoxysome
in the form of aspartate. 

Aspartate is converted to oxaloacetate, which condenses 
with acetyl-CoA derived from fatty acid breakdown.



The citrate thus formed is converted to isocitrate by 
aconitase, then split into glyoxylate and succinate by 
isocitrate lyase. 

The succinate returns to the mitochondrion, where it reenters
the citric acid cycle and is transformed into malate, which 
enters the cytosol and is oxidized (by cytosolic malate
dehydrogenase) to oxaloacetate. 

Oxaloacetate is converted via gluconeogenesis into hexoses
and sucrose, which can be transported to the growing roots 
and shoot. 

Four distinct pathways participate in these conversions: fatty 
acid breakdown to acetyl-CoA (in glyoxysomes), the 
glyoxylate cycle (in glyoxysomes), the citric acid cycle (in 
mitochondria), and gluconeogenesis (in the cytosol).



Summary for „The Glyoxylate Cycle”

• 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.


