
THE PYRUVATE THE PYRUVATE 

DEHYDROGENASE (PDH) DEHYDROGENASE (PDH) 

ENZYME COMPLEXENZYME COMPLEX

Function. PDH links glycolysis and the Function. PDH links glycolysis and the Function. PDH links glycolysis and the Function. PDH links glycolysis and the 
citric acid cyclecitric acid cycle. . PDH oxidizes pyruvate, PDH oxidizes pyruvate, 
the product of glycolysis, to COthe product of glycolysis, to CO22 and acetyl and acetyl 
coenzyme A (acetyl CoA), which is the coenzyme A (acetyl CoA), which is the 
substrate for the citric acid cycle.substrate for the citric acid cycle.

LocationLocation. . PDH is located within the PDH is located within the 
mitochondrial matrixmitochondrial matrix..
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THE PYRUVATE DEHYDROGENASETHE PYRUVATE DEHYDROGENASE

Function. PDH links Function. PDH links 

glycolysis and the citric glycolysis and the citric 

acid cycleacid cycle. . PDH oxidizes PDH oxidizes 

pyruvate, the product of pyruvate, the product of 

glycolysis, to COglycolysis, to CO22 and and 

acetyl coenzyme A (acetyl acetyl coenzyme A (acetyl 
22

acetyl coenzyme A (acetyl acetyl coenzyme A (acetyl 

CoA), which is the CoA), which is the 

substrate for the citric acid substrate for the citric acid 

cycle.cycle.

LocationLocation. . PDH is located PDH is located 

within the within the mitochondrial mitochondrial 

matrixmatrix..

Four distinct enzymatic activities of Four distinct enzymatic activities of 

PDH enzyme complexPDH enzyme complexPDH enzyme complexPDH enzyme complex



Step 1: Pyruvate Step 1: Pyruvate 

decarboxylase activitydecarboxylase activity

–– This reaction is catalyzed by the EThis reaction is catalyzed by the E11–– This reaction is catalyzed by the EThis reaction is catalyzed by the E11

subunit of PDH.subunit of PDH.

–– The cofactor thiamine pyrophosphate The cofactor thiamine pyrophosphate 

(TPP) is required. Carbon dioxide is (TPP) is required. Carbon dioxide is 

formed, and the substrate becomes formed, and the substrate becomes 

covalently bound to TPP.covalently bound to TPP.

Mechanism of the Decarboxylation Reaction of EMechanism of the Decarboxylation Reaction of E11 , THe Pyruvate , THe Pyruvate 

Dehydrogenase Component of the Pyruvate Dehydrogenese ComplexDehydrogenase Component of the Pyruvate Dehydrogenese Complex
Step 2: Transfer of the twoStep 2: Transfer of the two--

carbon unit from Ecarbon unit from E11 to Eto E22

EE22 requires the coenzymerequires the coenzyme lipoic acidlipoic acid, , which which 

is covalently attached to a lysine residue of the is covalently attached to a lysine residue of the 

protein. This covalently bound form of lipoic protein. This covalently bound form of lipoic protein. This covalently bound form of lipoic protein. This covalently bound form of lipoic 

acid is called acid is called lipoamidelipoamide..

In this step, the substrate is simultaneously In this step, the substrate is simultaneously 

oxidized to an acetyl group and transferred to oxidized to an acetyl group and transferred to 

the oxidized form of lipoamide. TPP is the oxidized form of lipoamide. TPP is 

regenerated in this step.regenerated in this step.



Step 3: Dihydrolipoyl Step 3: Dihydrolipoyl 

transacetylase activitytransacetylase activity

This reaction is catalyzed by the This reaction is catalyzed by the EE22

subunitsubunit of PDH. of PDH. subunitsubunit of PDH. of PDH. 

The reaction involves transfer of the acetyl The reaction involves transfer of the acetyl 

group from lipoamide to coenzyme A to group from lipoamide to coenzyme A to 

form acetyl CoA. Lipoamide is in the form acetyl CoA. Lipoamide is in the 

reduced state after this transfer.reduced state after this transfer.

Structure of the Transacetylase (EStructure of the Transacetylase (E22) core) core

• Each red ball represents a 

trimer of three E2 subunits. 

• Each subunit consists of 

three domains: 

�a lipoamide-binding 

domain, 

�a small domain for �a small domain for 

interaction with E3, 

�a large transacetylase 

catalytic domain. 

• All three subunits of the 

transacetylase domain are 

shown in the ribbon 

representation, with one 

depicted in red



Arsenite PoisoningArsenite Poisoning

• Arsenite inhibits the pyruvate dehydrogenase complex by 

inactivating the dihydrolipoamide component of the transacetylase 

• Some sulfhydryl reagents, such as 2,3-dimercaptoethanol, relieve the 

inhibition by forming a complex with the arsenite that can be 

excreted

Step 4: Dihydrolipoyl Step 4: Dihydrolipoyl 

dehydrogenase activitydehydrogenase activity

This reaction is catalyzed by the EThis reaction is catalyzed by the E33

subunit of PDH.subunit of PDH.subunit of PDH.subunit of PDH.

Tightly bound flavin adenine Tightly bound flavin adenine 
dinucleotide (FAD) is a cofactor for dinucleotide (FAD) is a cofactor for 
EE33 in this reaction. FAD reoxidizes in this reaction. FAD reoxidizes 
lipoamide and is reduced to FADHlipoamide and is reduced to FADH22..

Reactions of the Pyruvate Dehydrogenase ComplexReactions of the Pyruvate Dehydrogenase Complex

At the top (center), the enzyme (represented by a yellow, a blue, and two red At the top (center), the enzyme (represented by a yellow, a blue, and two red 
spheres) is unmodified and ready for a catalytic cycle. spheres) is unmodified and ready for a catalytic cycle. 

(1) Pyruvate is decarboxylated to form the hydroxyethyl TPP. (1) Pyruvate is decarboxylated to form the hydroxyethyl TPP. 

(2) The dihydrolipoyl arm of E(2) The dihydrolipoyl arm of E22 moves into the active site of Emoves into the active site of E11. . 

(3) E(3) E11 catalyzes the transfer of the twocatalyzes the transfer of the two--carbon group to the dihydrolipoyl group to carbon group to the dihydrolipoyl group to 
form the acetylform the acetyl--lipoyl complex. lipoyl complex. 

(4) E(4) E22 catalyzes the transfer of the acetyl moiety to CoA to form the product acetyl catalyzes the transfer of the acetyl moiety to CoA to form the product acetyl 
CoA. The disulfhydryl lipoyl arm then swings to the active site of ECoA. The disulfhydryl lipoyl arm then swings to the active site of E33. E. E33 catalyzes catalyzes 

(5) the reduction of the lipoic acid and (5) the reduction of the lipoic acid and 

(6) the transfer of the protons and electrons to NAD+ to complete the reaction cycle.(6) the transfer of the protons and electrons to NAD+ to complete the reaction cycle.



Schematic Representation of the Schematic Representation of the 

Pyruvate Dehydrogenase ComplexPyruvate Dehydrogenase Complex

The transacetylase core (EThe transacetylase core (E22) ) 

is shown in red, is shown in red, 

The pyruvate The pyruvate 

dehydrogenase component dehydrogenase component 

(E(E11) in yellow,) in yellow,(E(E11) in yellow,) in yellow,

The dihydrolipoyl The dihydrolipoyl 

dehydrogenase (Edehydrogenase (E33) in ) in 

green.green.

Electron Micrograph of the Electron Micrograph of the 

Pyruvate Dehydrogenase Pyruvate Dehydrogenase 

Complex From E. coliComplex From E. coli

Mechanisms of PDH regulationMechanisms of PDH regulation

Product inhibitionProduct inhibition. . Both acetyl CoA and Both acetyl CoA and 

NADH inhibit PDH.NADH inhibit PDH.

Availability of substratesAvailability of substrates. . Adequate Adequate Availability of substratesAvailability of substrates. . Adequate Adequate 

concentrations of CoA and NADconcentrations of CoA and NAD++ must be must be 

present.present.

Covalent modificationCovalent modification

Covalent modification in PDH regulationCovalent modification in PDH regulation

PDH exists in two formsPDH exists in two forms::
–– Inactive, phosphorylatedInactive, phosphorylated

–– Active, dephosphorylatedActive, dephosphorylated

A protein kinaseA protein kinase that is tightly bound to the PDH that is tightly bound to the PDH 
complex yields the inactive form.complex yields the inactive form.
–– The kinase, which depends on magnesium ion (MgThe kinase, which depends on magnesium ion (Mg2+2+) ) 

and ATP, phosphorylates a serine residue PDH.and ATP, phosphorylates a serine residue PDH.and ATP, phosphorylates a serine residue PDH.and ATP, phosphorylates a serine residue PDH.

–– The protein kinase reaction is The protein kinase reaction is stimulated by acetyl CoA stimulated by acetyl CoA 
and NADHand NADH..

–– The protein kinase reaction is The protein kinase reaction is inhibited by free CoA inhibited by free CoA 
(CoASH), NAD+, and pyruvate(CoASH), NAD+, and pyruvate..

The complex is reactivated The complex is reactivated by dephosphorylation by dephosphorylation 
by a by a phosphoprotein phosphatasephosphoprotein phosphatase. . It is activated It is activated 
by increasing calcium concentrations in the by increasing calcium concentrations in the 
mitochondria, which occur when ATP levels are mitochondria, which occur when ATP levels are 
low.low.



Hormonal regulationHormonal regulation

Insulin Insulin can activate PDH in adipose can activate PDH in adipose 

tissue.tissue.

Catecholamines Catecholamines can activate PDH in can activate PDH in 

cardiac muscle.cardiac muscle.

The PDH reaction is biologically The PDH reaction is biologically 

irreversible. Thus, irreversible. Thus, it is not it is not 

possible to make pyruvate possible to make pyruvate possible to make pyruvate possible to make pyruvate 

from acetyl CoAfrom acetyl CoA..

Genetic defects in PDHGenetic defects in PDH

ResultsResults. . A defect in any of the protein subunits of A defect in any of the protein subunits of 
PDH can result in a decrease or complete loss of PDH can result in a decrease or complete loss of 
activity. Severe cases are usually fatal.activity. Severe cases are usually fatal.

SymptomsSymptoms include:include:
–– Lactic acidosisLactic acidosis

–– Neurologic disorderNeurologic disorder

TreatmentsTreatments
–– Administration of large doses of thiamine may be Administration of large doses of thiamine may be 

effective for certain defects in Eeffective for certain defects in E11 that reduce the affinity of that reduce the affinity of 
the enzyme for TPP. the enzyme for TPP. 

–– Administration of large doses of lipoic acid may be Administration of large doses of lipoic acid may be 
effective for defects in Eeffective for defects in E22 with reduced affinity for that with reduced affinity for that 
compound.compound.

–– A ketogenic diet high in fat and low in carbohydrate helps A ketogenic diet high in fat and low in carbohydrate helps 
to lower the levels of pyruvate and lactate, which is to lower the levels of pyruvate and lactate, which is 
formed from the excess pyruvate.formed from the excess pyruvate.



OVERVIEW OF THE CITRIC OVERVIEW OF THE CITRIC 

ACID CYCLEACID CYCLE

DescriptionDescription.. TheThe citriccitric acidacid cyclecycle (also(also knownknown
asas thethe tricarboxylictricarboxylic acidacid cyclecycle andand thethe KrebsKrebsasas thethe tricarboxylictricarboxylic acidacid cyclecycle andand thethe KrebsKrebs
cycle)cycle) isis aa seriesseries ofof enzymaticallyenzymatically catalyzedcatalyzed
reactionsreactions thatthat formform aa commoncommon pathwaypathway forfor thethe
finalfinal oxidationoxidation ofof allall metabolicmetabolic fuelsfuels (i(i..ee..,,
carbohydrates,carbohydrates, freefree fattyfatty acids,acids, ketoneketone bodies,bodies,
aminoamino acids),acids), whichwhich areare catabolizedcatabolized toto thethe
substratesubstrate ofof thethe citriccitric acidacid cyclecycle (acetyl(acetyl CoA)CoA)

LocationLocation. . These reactions occur These reactions occur 

within the within the mitochondrial matrixmitochondrial matrix

FunctionsFunctions
The citric acid cycle is involved in The citric acid cycle is involved in 
both anabolic and catabolic both anabolic and catabolic 
processes.processes.

–– Anabolic reactionsAnabolic reactions. . The The 
intermediates of the citric acid intermediates of the citric acid 
cycle are used as precursors in cycle are used as precursors in 
the the biosynthesisbiosynthesis of many of many 
compounds.compounds.

–– Catabolic reactionsCatabolic reactions. . The cycle The cycle 
provides a means for the provides a means for the 
degradationdegradation of twoof two--carbon acetyl carbon acetyl 
provides a means for the provides a means for the 
degradationdegradation of twoof two--carbon acetyl carbon acetyl 
residues, which are derived from residues, which are derived from 
carbohydrates, fatty acids, and carbohydrates, fatty acids, and 
amino acids.amino acids.

The citric acid cycle The citric acid cycle provides provides 
much of the energy for much of the energy for 
respirationrespiration. . Electrons that are Electrons that are 
generated from the action of this generated from the action of this 
cycle are transferred to the cycle are transferred to the 
electron transport chain and used electron transport chain and used 
in the process of oxidative in the process of oxidative 
phosphorylation to generate ATPphosphorylation to generate ATP

Cellular RespirationCellular Respiration

The citric acid cycle constitutes the first stage in cellular The citric acid cycle constitutes the first stage in cellular 
respiration, the removal of highrespiration, the removal of high--energy electrons from energy electrons from 
carbon fuels (left). carbon fuels (left). 

These electrons reduce OThese electrons reduce O22 to generate a proton gradient to generate a proton gradient 
(middle), which is used to synthesize ATP (right). (middle), which is used to synthesize ATP (right). 

The reduction of OThe reduction of O22 and the synthesis of ATP constitute and the synthesis of ATP constitute 
oxidative phosphorylationoxidative phosphorylation



StoichiometryStoichiometry
The net reaction of the citric acid cycle is:The net reaction of the citric acid cycle is:

Acetyl CoA + 3NADAcetyl CoA + 3NAD++ + FAD + GDP + P+ FAD + GDP + Pii + 2H+ 2H22O → O → 

→→ 2CO2CO22 + 3NADH + FADH+ 3NADH + FADH22 + GTP + 2H+ GTP + 2H++ + CoA+ CoA

Two carbon atoms enter the cycle as acetyl CoA and leave in Two carbon atoms enter the cycle as acetyl CoA and leave in 
the form of carbon dioxide.the form of carbon dioxide.

Four pairs of electrons are removed from the substrate; three Four pairs of electrons are removed from the substrate; three 
pairs leave in the form of NADH, and one pair leaves as pairs leave in the form of NADH, and one pair leaves as 
FADHFADH22. . 

One highOne high--energy phosphate bond is generated in the form of energy phosphate bond is generated in the form of 
guanosine triphosphate (GTP).guanosine triphosphate (GTP).

Although intermediates of the citric acid cycle may be Although intermediates of the citric acid cycle may be 
interconverted, the cycle does not consume or produce solely interconverted, the cycle does not consume or produce solely 
from acetyl CoA any intermediate of the cycle.from acetyl CoA any intermediate of the cycle.

RegulationRegulation
There is no single enzyme of There is no single enzyme of 

the citric acid cycle that serves the citric acid cycle that serves 

as a point of regulation. as a point of regulation. 

Instead, multiple enzymes are Instead, multiple enzymes are 

allosterically regulated by the allosterically regulated by the 

level of level of ATP ATP and NADH, which , which 

reflects the energy state of the reflects the energy state of the 

cell. This type of regulation by cell. This type of regulation by cell. This type of regulation by cell. This type of regulation by 

ATP levels is referred to as ATP levels is referred to as 

respiratory controlrespiratory control

The key control points are the 

enzymes:

•isocitrate dehydrogenase

•α-ketoglutarate dehydrogenase

REACTIONS OF THE CITRIC ACID CYCLE



Acetyl CoA plus oxaloacetate to citrate and coenzyme AAcetyl CoA plus oxaloacetate to citrate and coenzyme A

This initial condensation reaction is catalyzed by This initial condensation reaction is catalyzed by citrate citrate 
synthasesynthase

The condensation of oxaloacetate and acetyl CoA The condensation of oxaloacetate and acetyl CoA 
proceeds through an enol intermediate. proceeds through an enol intermediate. 

The subsequent hydrolysis of citryl CoA yields citrate The subsequent hydrolysis of citryl CoA yields citrate 
and CoAand CoA

RegulationRegulation

The reaction is inhibited by ATP, NADH, and The reaction is inhibited by ATP, NADH, and 

succinyl CoA. succinyl CoA. succinyl CoA. succinyl CoA. 

The reaction is stimulated by adenosine The reaction is stimulated by adenosine 

monophosphate (AMP).monophosphate (AMP).

Citrate to isocitrateCitrate to isocitrate
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. 

This isomerization reaction is catalyzed by This isomerization reaction is catalyzed by 

aconitaseaconitase

aconitase. 

• One of the iron 

atoms of the 

cluster binds to 

the carboxylate 

and hydroxyl 

groups of citrate

REACTIONS OF THE CITRIC ACID CYCLE



Isocitrate to Isocitrate to αααααααα--ketoglutarate and ketoglutarate and 

carbon dioxidecarbon dioxide

This reaction is catalyzed by This reaction is catalyzed by isocitrate isocitrate 

dehydrogenasedehydrogenase..

In this oxidative decarboxylation reaction, In this oxidative decarboxylation reaction, In this oxidative decarboxylation reaction, In this oxidative decarboxylation reaction, 

NADNAD++ is reducedis reduced to NADH.to NADH.

RegulationRegulation

–– This reaction is inhibited by ATP and NADH. This reaction is inhibited by ATP and NADH. 

–– This reaction is stimulated by ADP.This reaction is stimulated by ADP.

αααααααα--Ketoglutarate and CoA to succinyl CoAKetoglutarate and CoA to succinyl CoA

This reaction is catalyzed by This reaction is catalyzed by αααααααα--ketoglutarate ketoglutarate 
dehydrogenasedehydrogenase..

–– Prosthetic groupsProsthetic groups. . αα--Ketoglutarate dehydrogenase is Ketoglutarate dehydrogenase is 
a multimeric protein that contains tightly bound TPP, a multimeric protein that contains tightly bound TPP, 
lipoamide, and FAD. lipoamide, and FAD. 

–– StructureStructure. . αα--Ketoglutarate dehydrogenase is very Ketoglutarate dehydrogenase is very 
similar to PDH. In similar to PDH. In fact, fact, its Eits E33 subunit is identical to subunit is identical to similar to PDH. In similar to PDH. In fact, fact, its Eits E33 subunit is identical to subunit is identical to 
that of PDHthat of PDH..

In this oxidative decarboxylation reaction, NADIn this oxidative decarboxylation reaction, NAD++ is is 
reduced to NADH and Hreduced to NADH and H++, and CO, and CO22 is released.is released.

The product, succinyl CoA, is an The product, succinyl CoA, is an energyenergy--rich rich 
thioesterthioester like acetyl CoA.like acetyl CoA.

The reaction is inhibited by ATP, NADH, and The reaction is inhibited by ATP, NADH, and 
succinyl CoA.succinyl CoA.

Succinyl CoA and GDP and inorganic Succinyl CoA and GDP and inorganic 

phosphate (Pphosphate (Pii) to succinate and GTP and CoA) to succinate and GTP and CoA

This reaction is catalyzed by This reaction is catalyzed by succinyl succinyl This reaction is catalyzed by This reaction is catalyzed by succinyl succinyl 

CoA synthetaseCoA synthetase..

This is a This is a substratesubstrate--levellevel

phosphorylationphosphorylation with energy being with energy being 

conserved in the form of GTP.conserved in the form of GTP.



Succinate to fumarateSuccinate to fumarate

This reaction is catalyzed by This reaction is catalyzed by succinate succinate 
dehydrogenase (SDH)dehydrogenase (SDH)

–– Prosthetic groupsProsthetic groups. . SDH possesses three different SDH possesses three different 
types of types of ironiron--sulfur centers and covalently sulfur centers and covalently 
bound FAD.bound FAD.bound FAD.bound FAD.

–– SDH is tightly associated with the SDH is tightly associated with the inner inner 
mitochondrial membranemitochondrial membrane..

This is a dehydrogenation reaction during This is a dehydrogenation reaction during 
which which FAD is reduced to FADHFAD is reduced to FADH22. . FADHFADH22 is is 
reoxidized by transferring electrons directly to reoxidized by transferring electrons directly to 
the electron transport chain of the the electron transport chain of the 
mitochondrial membranemitochondrial membrane

Fumarate to malateFumarate to malate

This hydration reaction is catalyzed by This hydration reaction is catalyzed by 

fumarasefumarasefumarasefumarase



Malate to oxaloacetateMalate to oxaloacetate

This reaction is catalyzed by This reaction is catalyzed by malate malate 

dehydrogenasedehydrogenase..dehydrogenasedehydrogenase..

This is a dehydrogenation reaction This is a dehydrogenation reaction 

during which during which NADNAD++ is reduced to NADHis reduced to NADH

ANAPLEROTIC REACTIONSANAPLEROTIC REACTIONS

Description. Description. Anaplerotic reactions can Anaplerotic reactions can 

increase the concentration of citric acid increase the concentration of citric acid 

cycle intermediates, allowing an increased cycle intermediates, allowing an increased 

rate of oxidation of tworate of oxidation of two--carbon units As carbon units As rate of oxidation of tworate of oxidation of two--carbon units As carbon units As 

more intermediates are available, more more intermediates are available, more 

moles of acetyl CoA can be processed moles of acetyl CoA can be processed 

The intermediates also may be used for The intermediates also may be used for 

other biosynthetic reactions and need to other biosynthetic reactions and need to 

be replacedbe replaced



Sources of carbon for Sources of carbon for 

anaplerotic reactionsanaplerotic reactions

Amino acid metabolismAmino acid metabolism

–– TransaminasesTransaminases form form αααααααα--ketoglutarateketoglutarate and and 
oxaloacetateoxaloacetate, , citric acid cycle mtermediatescitric acid cycle mtermediates

–– Glutamate dehydrogenaseGlutamate dehydrogenase also produces also produces αα--
ketoglutarate ketoglutarate ketoglutarate ketoglutarate 

–– Succinyl CoASuccinyl CoA is formed from isoleucine, is formed from isoleucine, 
valine, methionine, and threoninevaline, methionine, and threonine

Pyruvate carboxylasePyruvate carboxylase forms forms 
oxaloacetate from pyruvate It is a biotin oxaloacetate from pyruvate It is a biotin 
dependent carboxylasedependent carboxylase

Biosynthetic Roles of the Citric Acid CycleBiosynthetic Roles of the Citric Acid Cycle

Intermediates drawn off for biosyntheses (shown by red Intermediates drawn off for biosyntheses (shown by red 

arrows) are replenished by the formation of oxaloacetate from arrows) are replenished by the formation of oxaloacetate from 

pyruvatepyruvate


