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Each reaction in the pathway is catalyzed by an enzyme specific for that re-
action. In each of two reactions in the pathway, one molecule of ATP is hy-
drolyzed for each molecule of glucose metabolized; the energy released in the 
hydrolysis of these two ATP molecules makes coupled endergonic reactions 
possible. In each of two other reactions, two molecules of ATP are produced 
by phosphorylation of ADP for each molecule of glucose, giving a total of four 
ATP molecules produced. A comparison of the number of ATP molecules used 
by hydrolysis (two) and the number produced (four) shows that there is a net 
gain of two ATP molecules for each molecule of glucose processed in glycolysis 
(Section 15-6). Glycolysis plays a key role in the way organisms extract energy 
from nutrients.

◗ What are the possible fates of pyruvate in glycolysis?
When pyruvate is formed, it can have one of several fates (Figure 17.1). 
In aerobic metabolism (in the presence of oxygen), pyruvate loses carbon 
dioxide. The remaining two carbon atoms become linked to coenzyme A 
(Section 15-7) as an acetyl group to form acetyl-CoA, which then enters the 
citric acid cycle (Chapter 19). There are two fates for pyruvate in anaerobic 
metabolism (in the absence of oxygen). In organisms capable of alcoholic fer-
mentation, pyruvate loses carbon dioxide, this time producing acetaldehyde, 
which, in turn, is reduced to produce ethanol (Section 17-4). The more com-
mon fate of pyruvate in anaerobic metabolism is reduction to lactate, called 
anaerobic glycolysis to distinguish it from conversion of glucose to pyruvate, 
which is simply called glycolysis. Anaerobic metabolism is the only energy 
source in mammalian red blood cells, as well as in several species of bacteria, 
such as Lactobacillus in sour milk and Clostridium botulinum in tainted canned 
foods. BIOCHEMICAL CONNECTIONS 17.1 discusses an important practical appli-
cation of fermentation.

anaerobic glycolysis the pathway 
of conversion of glucose to lactate; 
distinguished from glycolysis, which is the 
conversion of glucose to pyruvate

Figure 17.1 One molecule of glucose is con-
verted to two molecules of pyruvate. Under aero-
bic conditions, pyruvate is oxidized to CO2 and 
H2O by the citric acid cycle (Chapter 19) and 
oxidative phosphorylation (Chapter 20). Under 
anaerobic conditions, lactate is produced, espe-
cially in muscle. Alcoholic fermentation occurs in 
yeast. The NADH produced in the conversion of 
glucose to pyruvate is reoxidized to NAD1 in the 
subsequent reactions of pyruvate.
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next few steps, the citrate isomerizes, and then it both loses carbon dioxide and 
is oxidized. This process, called oxidative decarboxylation, produces the five-
carbon compound a-ketoglutarate, which again is oxidatively decarboxylated 
to produce the four-carbon compound succinate. The cycle is completed by 
regeneration of oxaloacetate from succinate in several steps. We shall see many 
of these intermediates again in other pathways, especially a-ketoglutarate, 
which is very important in amino acid and protein metabolism.

The citric acid cycle has eight steps, each catalyzed by a different enzyme. Four 
of the eight steps—Steps 3, 4, 6, and 8—are oxidation reactions (see  Figure 19.3). 
The oxidizing agent is NAD1 in all except Step 6, in which FAD plays the same 
role. In Step 5, a molecule of GDP (guanosine diphosphate) is phosphorylated 
to produce GTP. This reaction is equivalent to the production of ATP because 
the phosphate group is easily transferred to ADP, producing GDP and ATP.

19-3 How Pyruvate Is Converted to Acetyl-CoA
Pyruvate can come from several sources, including glycolysis, as we have seen. It 
moves from the cytosol into the mitochondrion via a specific transporter. There, 
an enzyme system called the pyruvate dehydrogenase complex is responsible for 
the conversion of pyruvate to carbon dioxide and the acetyl portion of acetyl-CoA. 
There is an —SH group at one end of the CoA molecule, which is the point at 
which the acetyl group is attached. As a result, CoA is frequently shown in equa-
tions as CoA-SH. Because CoA is a thiol (the sulfur [thio] analog of an alcohol), 
acetyl-CoA is a thioester, with a sulfur atom replacing an oxygen of the usual car-
boxylic ester. This difference is important, since thioesters are high-energy com-
pounds (Chapter 15). In other words, the hydrolysis of thioesters releases enough 
energy to drive other reactions. An oxidation reaction precedes the transfer of 
the acetyl group to the CoA. The whole process involves several enzymes, all of 
which are part of the pyruvate dehydrogenase complex. The overall reaction

Pyruvate 1 CoA-SH 1 NAD1 S Acetyl-CoA 1 CO2 1 H1 1 NADH

is exergonic (DG°' 5  2 33.4 kJ mol2 1 5  2 8.0 kcal mol2 1), and NADH can then 
be used to generate ATP via the electron transport chain (Chapter 20).

◗ How many enzymes are needed to convert pyruvate to acetyl-CoA?
Five enzymes make up the pyruvate dehydrogenase complex in mammals. They 
are pyruvate dehydrogenase (PDH), dihydrolipoyl transacetylase, dihydrolipoyl dehydro-
genase, pyruvate dehydrogenase kinase, and pyruvate dehydrogenase phosphatase. The 
first three are involved in the conversion of pyruvate to acetyl-CoA. The kinase 
and the phosphatase are enzymes used in the control of PDH (Section 19-5) 
and are present on a single polypeptide. The reaction takes place in five steps. 
Two enzymes catalyze reactions of lipoic acid, a compound that has a disulfide 
group in its oxidized form and two sulfhydryl groups in its reduced form.

oxidative decarboxylation loss of carbon 
dioxide accompanied by oxidation

pyruvate dehydrogenase complex a 
multienzyme complex that catalyzes the 
conversion of pyruvate to acetyl-CoA and 
carbon dioxide

thioester a sulfur-containing analogue of 
an ester
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1 ciclo

2CO2 + 3NADH + 1FADH2 + 1ATP/GTP

Abastecem a cadeia respiratória

1 NADH = 2,5 ATPs

1 FADH2 = 1,5 ATPs

This pathway is the hub of intermediary metabolism.
Four- and five-carbon end products of many catabolic
processes feed into the cycle to serve as fuels. Oxaloac-
etate and !-ketoglutarate, for example, are produced from
aspartate and glutamate, respectively, when proteins are
degraded. Under some metabolic circumstances, inter-
mediates are drawn out of the cycle to be used as pre-
cursors in a variety of biosynthetic pathways.

The citric acid cycle, like all other metabolic path-
ways, is the product of evolution, and much of this evo-
lution 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. In
fact, some modern anaerobic microorganisms use an in-
complete citric acid cycle as a source of, not energy, but
biosynthetic precursors (Fig. 16–14). These organisms
use the first three reactions of the cycle to make !-
ketoglutarate but, lacking !-ketoglutarate dehydroge-
nase, they cannot carry out the complete set of citric
acid cycle reactions. They do have the four enzymes that
catalyze the reversible conversion of oxaloacetate to
succinyl-CoA and can produce malate, fumarate, succi-
nate, and succinyl-CoA from oxaloacetate in a reversal
of the “normal” (oxidative) direction of flow through the
cycle. This pathway is a fermentation, with the NADH
produced by isocitrate oxidation recycled to NAD! by
reduction of oxaloacetate to succinate.

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.

Citric Acid Cycle Components Are Important
Biosynthetic Intermediates

In aerobic organisms, the citric acid cycle is an amphi-
bolic pathway, one that serves in both catabolic and 
anabolic processes. Besides its role in the oxidative ca-
tabolism of carbohydrates, fatty acids, and amino acids,
the cycle provides precursors for many biosynthetic path-
ways (Fig. 16–15), 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 (Chapter 22). Through aspartate and glu-
tamate, 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 (see Fig. 15–15). 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) (see Fig. 22–23). And the cit-
rate produced in some organisms is used commercially
for a variety of purposes (Box 16–3).

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 (Fig. 16–15; Table 16–2).
Under normal circumstances, the reactions by which cy-
cle intermediates are siphoned off into other pathways
and those by which they are replenished are in dynamic
balance, so that the concentrations of the citric acid cy-
cle intermediates remain almost constant.

Chapter 16 The Citric Acid Cycle616

Number of ATP or reduced Number of ATP 
Reaction coenzyme directly formed ultimately formed*

Glucose On glucose 6-phosphate "1 ATP "1
Fructose 6-phosphate On fructose 1,6-bisphosphate "1 ATP "1
2 Glyceraldehyde 3-phosphate On 2 1,3-bisphosphoglycerate "2 NADH 3 or 5†

2 1,3-Bisphosphoglycerate On 2 3-phosphoglycerate "2 ATP "2
2 Phosphoenolpyruvate On 2 pyruvate "2 ATP "2
2 Pyruvate On 2 acetyl-CoA "2 NADH "5
2 Isocitrate On 2 !-ketoglutarate "2 NADH "5
2 !-Ketoglutarate On 2 succinyl-CoA "2 NADH "5
2 Succinyl-CoA On 2 succinate "2 ATP (or 2 GTP) "2
2 Succinate On 2 fumarate "2 FADH2 "3
2 Malate On 2 oxaloacetate "2 NADH "5
Total " 30–32

*This is calculated as 2.5 ATP per NADH and 1.5 ATP per FADH2. A negative value indicates consumption.
† This number is either 3 or 5, depending on the mechanism used to shuttle NADH equivalents from the cytosol to the mitochondrial ma-

trix; see Figures 19–27 and 19–28.

TABLE 16–1 Stoichiometry of Coenzyme Reduction and ATP Formation in the Aerobic Oxidation of Glucose via
Glycolysis, the Pyruvate Dehydrogenase Complex Reaction, the Citric Acid Cycle, and Oxidative Phosphorylation
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Mamão

Altos níveis de citrato-sintase bacteriana

oxidative reactions and of the coupled synthesis of ATP.
In photosynthetic eukaryotes, mitochondria are the ma-
jor site of ATP production in the dark, but in daylight
chloroplasts produce most of the organism’s ATP. In
most prokaryotes, the enzymes of the citric acid cycle
are in the cytosol, and the plasma membrane plays a
role analogous to that of the inner mitochondrial mem-
brane in ATP synthesis (Chapter 19).

The Citric Acid Cycle Has Eight Steps

In examining the eight successive reaction steps of the
citric acid cycle, we place special emphasis on the chem-
ical transformations taking place as citrate formed from
acetyl-CoA and oxaloacetate is oxidized to yield CO2 and
the energy of this oxidation is conserved in the reduced
coenzymes NADH and FADH2.

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 (see Fig. 16–9). 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, as noted
earlier, the concentration of oxaloacetate is normally
very low. The CoA liberated in this reaction is recycled
to participate in the oxidative decarboxylation of an-
other molecule of pyruvate by the PDH complex.

Citrate synthase from mitochondria has been crys-
tallized and visualized by x-ray diffraction in the pres-
ence and absence of its substrates and inhibitors (Fig.
16–8). Each subunit of the homodimeric enzyme is a
single polypeptide with two domains, one large and
rigid, the other smaller and more flexible, with the ac-
tive site between them. Oxaloacetate, the first substrate
to bind to the enzyme, induces a large conformational

citrate
synthaseS-CoA

!

CoA-SH

COO"

O C COO"

H2O

CH2

Acetyl-CoA

CH3 C
O

Oxaloacetate

Citrate

HO

COO"

C COO"

CH2

O"

O
CCH2

#G$% &  "32.2 kJ/mol

change in the flexible domain, creating a binding site for
the second substrate, acetyl-CoA. When citroyl-CoA has
formed in the enzyme active site, another conforma-
tional change brings about thioester hydrolysis, releas-
ing CoA-SH. This induced fit of the enzyme first to its
substrate and then to its reaction intermediate de-
creases the likelihood of premature and unproductive
cleavage of the thioester bond of acetyl-CoA. Kinetic
studies of the enzyme are consistent with this ordered
bisubstrate mechanism (see Fig. 6–13). The reaction
catalyzed by citrate synthase is essentially a Claisen con-
densation (p. 485), involving a thioester (acetyl-CoA)
and a ketone (oxaloacetate) (Fig. 16–9).

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

Chapter 16 The Citric Acid Cycle608

(b)

(a)

FIGURE 16–8 Structure of citrate synthase. The flexible domain of
each subunit undergoes a large conformational change on binding 
oxaloacetate creating a binding site for acetyl-CoA. (a) open form 
of the enzyme alone (PDB ID 5CSC); (b) closed form with bound 
oxaloacetate (yellow) and a stable analog of acetyl-CoA (carboxymethyl-
CoA; red) (derived from PDB ID 5CTS).
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Figure 19.9 shows schematically the various catabolic pathways that feed 
into the citric acid cycle. The catabolic reactions occur in the cytosol; the 
citric acid cycle takes place in mitochondria. Many of the end products of 
catabolism cross the mitochondrial membrane and then participate in the 
citric acid cycle. This figure also shows the outline of pathways by which 
amino acids are  converted to components of the citric acid cycle. Be sure 
to notice that sugars, fatty acids, and amino acids are all included in this 
overall catabolic scheme. Just as “all roads lead to Rome,” all pathways lead 
to the citric acid cycle.

19-8 The Citric Acid Cycle in Anabolism
The citric acid cycle is a source of starting materials for the biosynthesis of many 
important biomolecules, but the supply of the starting materials that are com-
ponents of the cycle must be replenished if the cycle is to continue operating. 
See BIOCHEMICAL CONNECTIONS 19.3 for more details on this point. In particu-
lar, the oxaloacetate in an organism must be maintained at a level sufficient to 
allow acetyl-CoA to enter the cycle. A reaction that replenishes a citric acid cycle 
intermediate is called an anaplerotic reaction. In some organisms, acetyl-CoA can 
be converted to oxaloacetate and other citric acid cycle intermediates by the 
glyoxylate cycle (Section 19-6), but mammals cannot do this. In mammals, 

anaplerotic reaction a reaction that 
ensures an adequate supply of an important 
metabolite
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Figure 19.9 A summary of catabolism, showing the central role of the citric acid cycle. Note 
that the end products of the catabolism of carbohydrates, lipids, and amino acids all appear. 
(PEP is phosphoenolpyruvate; a-KG is a-ketoglutarate; TA is transamination; SSS is a mul-
tistep pathway.)

Papel central do ciclo do ácido cítrico
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can undergo a transamination reaction to produce aspartate, and aspartate, 
in turn, can undergo further reactions to form not only amino acids but also 
other nitrogen-containing metabolites, such as pyrimidines. Similarly, isoci-
trate can cross the mitochondrial membrane and produce a-ketoglutarate in 
the cytosol. Glutamate arises from a-ketoglutarate as a result of another trans-
amination reaction, and glutamate undergoes further reactions to form still 
more amino acids. Succinyl-CoA gives rise not to amino acids but to the por-
phyrin ring of the heme group. Another difference is that the first reaction 
of heme  biosynthesis, the condensation of succinyl-CoA and glycine to form 
d- aminolevulinic acid (see supplementary material on nitrogen metabolism on 
the website), takes place in the mitochondrial matrix, while the remainder of 
the pathway occurs in the cytosol.

The overall outline of anabolic reactions is shown in Figure 19.14. We used 
the same type of diagram in Figure 19.9 to show the overall outline of catabo-
lism. The similarity of the two schematic diagrams points out that catabolism 
and anabolism, while not exactly the same, are closely related. The operation of 
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Figure 19.14 A summary of anabolism, showing the central role of the citric acid cycle. Note 
that there are pathways for the biosynthesis of carbohydrates, lipids, and amino acids. OAA is 
oxaloacetate, and ALA is d-aminolevulinic acid. Symbols are as in Figure 19.9.)
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of ADP. The operation of the electron transport chain leads to pumping of 
protons (hydrogen ions) across the inner mitochondrial membrane, creating 
a pH gradient (also called a proton gradient). This proton gradient represents 
stored potential energy and provides the basis of the coupling mechanism 
(Figure 20.1). Chemiosmotic coupling is the name given to this mechanism 
(Section 20-5). Oxidative phosphorylation gives rise to most of the ATP pro-
duction associated with the complete oxidation of glucose.

The NADH and FADH2 molecules generated in glycolysis and the citric acid 
cycle transfer electrons to oxygen in the series of reactions known collectively 
as the electron transport chain. The NADH and FADH2 are oxidized to NAD1

and FAD and can be used again in various metabolic pathways. Oxygen, the 
ultimate electron acceptor, is reduced to water; this completes the process by 
which glucose is completely oxidized to carbon dioxide and water.

We have already seen how carbon dioxide is produced from pyruvate, which 
in turn is produced from glucose by the pyruvate dehydrogenase complex and 
the citric acid cycle. In this chapter, we shall see how water is produced.

The complete series of oxidation–reduction reactions of the electron trans-
port chain is presented in schematic form in Figure 20.2. A particularly note-
worthy point about electron transport is that, on average, 2.5 moles of ATP are 
generated for each mole of NADH that enters the electron transport chain, and, 
on average, 1.5 moles of ATP are produced for each mole of FADH2. The gen-
eral outline of the process is that NADH passes electrons to coenzyme Q, as does 
FADH2, providing an alternative mode of entry into the electron transport chain. 
Electrons are then passed from coenzyme Q to a series of proteins called cyto-
chromes (which are designated by lowercase letters) and, eventually, to oxygen.

20-2  Reduction Potentials in the Electron Transport Chain
Up until now, most of the energy considerations we have had concerned phos-
phorylation potentials. In Section 15-6, we saw how the free-energy change as-
sociated with hydrolysis of ATP could be used to drive otherwise endergonic 
reactions. The opposite is also true—when a reaction is highly exergonic, it 
can drive the formation of ATP. When we look closely at the energy changes 
in electron transport, a more useful approach is to consider the change in 
energy associated with the movement of electrons from one carrier to another. 
Each carrier in the electron transport chain can be isolated and studied, and 
each can exist in an oxidized or a reduced form (Section 15-5). If we had two 
potential electron carriers, such as NADH and coenzyme Q (see Section 20-3), 

proton gradient the difference between 
the hydrogen ion concentrations in the 
mitochondrial matrix and that in the 
intermembrane space, which is the basis 
of coupling between oxidation and 
phosphorylation
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Figure 20.1 A proton gradient is established 
across the inner mitochondrial membrane as a 
result of electron transport. Transfer of electrons 
through the electron transport chain leads to 
the pumping of protons from the matrix to the 
intermembrane space. The proton gradient (also 
called the pH gradient), together with the mem-
brane potential (a voltage across the membrane), 
provides the basis of the coupling mechanism 
that drives ATP synthesis.
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Figure 20.2 Schematic representation of the 
electron transport chain, showing sites of proton 
pumping coupled to oxidative phosphorylation. 
FMN is the flavin coenzyme flavin mononucleo-
tide, which differs from FAD in not having an 
adenine nucleotide. CoQ is coenzyme Q (see  
Figure 20.5). Cyt b, cyt c1, cyt c, and cyt aa3 are 
the heme-containing proteins cytochrome b,  
cytochrome c1, cytochrome c, and cytochrome 
aa3, respectively.
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1917-1986
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Complexo I - NADH:ubiquinona-oxidorredutase

Todas as proteínas ferro-enxofre 
(Fe-S) participam de transferências 
de um elétron, onde um átomo de 

Fe é oxidado ou reduzido

Q – Ubiquinona (coenzima Q, móvel)

Carrega elétrons em cadeias de 
transferência de e associados a membrana

42 proteínas

6

Complexo I = bombeador de prótons que 
utiliza a energia da transferência de e

4p

Aceitar 1 e

Aceitar 2 e
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Complexo I - NADH:ubiquinona-oxidorredutase
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Complexo I - NADH:ubiquinona-oxidorredutase

Todas as proteínas ferro-enxofre 
(Fe-S) participam de transferências 
de um elétron, onde um átomo de 

Fe é oxidado ou reduzido

Q – Ubiquinona (coenzima Q)

Carrega elétrons em cadeias de 
transferência de e associados a membrana

42 proteínas

Complexo I = bombeador de prótons que 
utiliza a energia da transferência de e

NADH + 5H+
N +Q – NAD+ + QH2 + 4H+

P

Aceitar 1 e

Aceitar 2 e
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Complexo II – Succinato-desidrogenase
Consequencia = contribui para o 
conjunto de ubiquinona reduzida

Reduz a frequencia de perda de e para fora 
do sistema e produção de espécies reativas 
de oxigênio (EROs): peróxido de hidrogênio 
(H2O2) e radical superóxido (O2

-)

Aceitar 1 e

Aceitar 2 e

Aceptor final de e

Via de transferência de e
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Complexo III – Ubiquinona:citocromo c-oxidorredutase
Acopla a transferência do e do ubiquinol (QH2) para o citocromo c, com 

o transporte de prótons da matriz para o espaço intermembrana

Q livre para 

mover-se, a 

medida que 

lança e e p

QH2 é oxidado a Q e duas moléculas de 

citocromo c são reduzidas

QH2 + 2 citc1(oxidado) + 2 H+
N = Q + 2 cit c1(reduzido) + 4 H+

P
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Complexo IV – citocromo c-oxidase

Carrega e do citocromo c para o oxigênio molecular, 
reduzindo-o a H2O

Euk = 13 subunidades, 
Pro = 4 subunidades

4 Citc(reduzido) + 8H+
N + O2 = 4 citc (oxidado) + 4H+

P + 2H2O
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Fluxo de elétrons e prótons através dos 4 complexos da cadeia respiratória

4H+

4H+ + O2 2 H2O
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Fluxo de elétrons e prótons através dos 4 complexos da cadeia respiratória
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This reduced iron–sulfur protein then donates its electrons to oxidized coen-
zyme Q, and coenzyme Q is reduced.

Fe!Sreduced 1 CoQ 1 2H1 S Fe!Soxidized 1 CoQH2

The overall reaction is

Succinate 1 CoQ S Fumarate 1 CoQH2

We already saw the first step of this reaction when we discussed the oxidation 
of succinate to fumarate as part of the citric acid cycle. The enzyme tradition-
ally called succinate dehydrogenase, which catalyzes the oxidation of succinate 
to fumarate (Section 19-3), has been shown by later work to be a part of this 
enzyme complex. Recall that the succinate dehydrogenase portion consists of a 
flavoprotein and an iron–sulfur protein. The other components of Complex II 
are a b-type cytochrome and two iron–sulfur proteins. The whole complex is an 
integral part of the inner mitochondrial membrane. The standard free-energy 
change (DG°') is 213.5 kJ mol21 5 23.2 kcal mol21. The overall reaction is 
exergonic, but there is not enough energy from this reaction to drive ATP pro-
duction, and no hydrogen ions are pumped out of the matrix during this step.

In further steps of the electron transport chain, electrons are passed from 
coenzyme Q, which is then reoxidized, to the first of a series of very similar 

FADH2 FAD

CoQ

CoQH2

Fumarate Succinate

Fe–Sox

Fe–Sox

Fe–Sred

Fe–SredE–FMNNADH

NAD+ E–FMNH2

Cyt c 1 ox

Cyt c 1 red

Cyt c red

Cyt c ox

Cyt a ox

Cyt a red

Cyt a 3 ox

Cyt a 3 redFe–Sox

Fe–Sred

Complex III Complex IVComplex I

Complex II

CoQH2–cytochrome c
oxidoreductase

Cytochrome oxidaseNADH–CoQ
oxidoreductase

Succinate–CoQ
oxidoreductase

H2O

O2

Cu(I)

Cu(II)

Cyt b

Q cycle

1
2

Figure 20.6 The electron transport chain, showing the respiratory complexes. In the reduced 
cytochromes, the iron is in the Fe(II) oxidation state; in the oxidized cytochromes, the oxygen 
is in the Fe(III) oxidation state.

Energy

NADH

CoQ
Cyt b

Cyt c
Cyt a

= –102 kJ/mol

= –34.7 kJ/mol

= –81 kJ/mol

= –24.5 kcal/mol

= –8.3 kcal/mol

= –19.4 kcal/mol NADH

O2
Figure 20.7 The energetics of electron 
transport.
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of ADP. The operation of the electron transport chain leads to pumping of 
protons (hydrogen ions) across the inner mitochondrial membrane, creating 
a pH gradient (also called a proton gradient). This proton gradient represents 
stored potential energy and provides the basis of the coupling mechanism 
(Figure 20.1). Chemiosmotic coupling is the name given to this mechanism 
(Section 20-5). Oxidative phosphorylation gives rise to most of the ATP pro-
duction associated with the complete oxidation of glucose.

The NADH and FADH2 molecules generated in glycolysis and the citric acid 
cycle transfer electrons to oxygen in the series of reactions known collectively 
as the electron transport chain. The NADH and FADH2 are oxidized to NAD1

and FAD and can be used again in various metabolic pathways. Oxygen, the 
ultimate electron acceptor, is reduced to water; this completes the process by 
which glucose is completely oxidized to carbon dioxide and water.

We have already seen how carbon dioxide is produced from pyruvate, which 
in turn is produced from glucose by the pyruvate dehydrogenase complex and 
the citric acid cycle. In this chapter, we shall see how water is produced.

The complete series of oxidation–reduction reactions of the electron trans-
port chain is presented in schematic form in Figure 20.2. A particularly note-
worthy point about electron transport is that, on average, 2.5 moles of ATP are 
generated for each mole of NADH that enters the electron transport chain, and, 
on average, 1.5 moles of ATP are produced for each mole of FADH2. The gen-
eral outline of the process is that NADH passes electrons to coenzyme Q, as does 
FADH2, providing an alternative mode of entry into the electron transport chain. 
Electrons are then passed from coenzyme Q to a series of proteins called cyto-
chromes (which are designated by lowercase letters) and, eventually, to oxygen.

20-2  Reduction Potentials in the Electron Transport Chain
Up until now, most of the energy considerations we have had concerned phos-
phorylation potentials. In Section 15-6, we saw how the free-energy change as-
sociated with hydrolysis of ATP could be used to drive otherwise endergonic 
reactions. The opposite is also true—when a reaction is highly exergonic, it 
can drive the formation of ATP. When we look closely at the energy changes 
in electron transport, a more useful approach is to consider the change in 
energy associated with the movement of electrons from one carrier to another. 
Each carrier in the electron transport chain can be isolated and studied, and 
each can exist in an oxidized or a reduced form (Section 15-5). If we had two 
potential electron carriers, such as NADH and coenzyme Q (see Section 20-3), 

proton gradient the difference between 
the hydrogen ion concentrations in the 
mitochondrial matrix and that in the 
intermembrane space, which is the basis 
of coupling between oxidation and 
phosphorylation

Outer mitochondrial
membrane

Inner mitochondrial
membrane

Electron transport leads
to proton pumping across 
the inner mitochondrial 
membrane

Intermembrane
space

Matrix

High [H+] = low pH

Low [H+] = high pH
H+

H+
Figure 20.1 A proton gradient is established 
across the inner mitochondrial membrane as a 
result of electron transport. Transfer of electrons 
through the electron transport chain leads to 
the pumping of protons from the matrix to the 
intermembrane space. The proton gradient (also 
called the pH gradient), together with the mem-
brane potential (a voltage across the membrane), 
provides the basis of the coupling mechanism 
that drives ATP synthesis.

NADH

FMN

FADH2 CoQ Cyt b

Sites of proton
pumping coupled
to ATP production

Cyt c1

Cyt c

Cyt aa3

O2

Figure 20.2 Schematic representation of the 
electron transport chain, showing sites of proton 
pumping coupled to oxidative phosphorylation. 
FMN is the flavin coenzyme flavin mononucleo-
tide, which differs from FAD in not having an 
adenine nucleotide. CoQ is coenzyme Q (see  
Figure 20.5). Cyt b, cyt c1, cyt c, and cyt aa3 are 
the heme-containing proteins cytochrome b,  
cytochrome c1, cytochrome c, and cytochrome 
aa3, respectively.
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A evolução da FO proporcionou um grande aumento na eficiência energética do catabolismo
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EROs podem provocar sérios danos, 
reagindo com enzimas, lipídeos de 

membranas e ácidos nucléicos

Mt produzem até 4% de O-
2

Superóxido dismutase

2 O-
2 + 2H+ = H2O2 + O2

Via PF

Ubiquinona
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Maior produtor de EROs

Genoma mitocondrial

Defeitos ao longo do tempo

Enfraquecimento dos músculos
Requer atividade de 900 

genes nucleares

Neurônios, miócitos dos 
músculos cardíaco e esquelético 

e células β do pâncreas

Encefalomiopatias mitocondriais
Neuropatia óptica 

hereditária de Leber

Desenvolvimento da diabetes


