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Introduction

Définition : Métabolisme : processus global qui assure aux
organismes vivants l’apport et l’utilisation de l’énergie libre dont ils
ont besoin pour assurer leurs fonctions variées
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Principes de Bioénergétique

Chimie pour la bioénergétique

Enthalpie libre

∆G = Gproduit − Greactifs

αA+ βB ⇄ γC + δD (1)

La variation d’énergie libre est donc :

∆G = ∆G 0 + RT ln
[C ]δ ∗ [D]δ

[A]α ∗ [B]β
(2)
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Principes de Bioénergétique

Chimie pour la bioénergétique

Enthalpie libre

Exercice 1 : Enthalpie libre standard des réactions
organiques

1. L’alcool déshydrogénase catalyse la réaction suivante :

isopropanol + NAD+ ↔ acetone + NADH,H+

La constante d’équilibre K de la réaction à 25 degC est de 7, 19.109mol/L.
Calculez ∆G0 (R = 8, 32J.mol−1.K−1. 2. La première étape de glycolyse

consiste à dégrader la molécule d’ATP en ADP et Pi afin de placer le Pi sur la
carbone 6 du glucose. Calculer l’enthalpie libre de cette réaction sachant
que :

ATP + H2O ⇄ ADP + Pi ∆G 0′ = −30, 5KJ.mol−1 (3)

Glucose − 6− P + H2O ⇄ glucose + Pi ∆G 0′ = −13, 8KJ.mol−1 (4)
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Principes de Bioénergétique

Chimie pour la bioénergétique

Enthalpie libre des réactions redox et équation de Nerst

An+
ox + Bred ⇄ Ared + Bn+

ox (5)

La variation d’énergie libre est donc :

∆G = ∆G 0 + RT ln
[Ared ][B

n+
ox ]

[An+
ox ][Bred ]

(6)

∆G = −welectrique = −nF∆E (7)

Exprimez ∆E
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Principes de Bioénergétique

Chimie pour la bioénergétique

Nombre d’oxydo réduction

- Atome isolé : 0

- Ion simple : valeur algébrique de leur charge

- Molécules et ions complexes : dans un composé covalent le
nombre d’oxydation de chaque élément correspond à la charge
restant sur l’élément une fois les électrons de liaison attribués à
l’atome le plus électronégatif.
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Principes de Bioénergétique

Chimie pour la bioénergétique

Exercice

Exercice 2 : Réactions rédox

1. Soit la réaction suivante : Cu2+ + Fe ↔ Fe2+ + Cu. Donnez les
demi-équations rédox ainsi que nombre d’oxydation de chaque espèce

2. Donnez le nombre d’oxydation des carbones dans le méthane, l’éthane,
l’éthylène, l’acétate, l’éthanol, le formol

3. Donner les demi-équations rédox de la réaction suivante :
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Principes de Bioénergétique

Chimie pour la bioénergétique

Rupture de liaison

♢ rupture homolytique : la paire d’électron de la liaison
covalente se partage équitablement entre les deux atomes : on
obtient des radicaux qui sont des espèces très réactives. Ceci
est classique dans les réactions rédox.

♢ rupture hétérolytique : la paire d’électron est conservée par
l’un des deux atomes. Dans ce cas, on obtient un anion et un
cation suite à la rupture.

(Voet et Voet, 2021)
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Principes de Bioénergétique

Chimie pour la bioénergétique

Electrophile versus nucléophile

these reactions and about the enzymes that catalyze them.
The discussions in the next several chapters focus on these
mechanisms as they apply to specific metabolic intercon-
versions. In this section we outline the four reaction cate-
gories and discuss how our knowledge of their reaction
mechanisms derives from the study of model organic reac-
tions.We begin by briefly reviewing the chemical logic used
in analyzing these reactions.

A. Chemical Logic

A covalent bond consists of an electron pair shared between
two atoms. In breaking such a bond, the electron pair can ei-
ther remain with one of the atoms (heterolytic bond cleav-
age) or separate such that one electron accompanies each of
the atoms (homolytic bond cleavage) (Fig. 16-4). Homolytic
bond cleavage, which usually produces unstable radicals, oc-
curs mostly in oxidation–reduction reactions. Heterolytic
C¬H bond cleavage involves either carbanion and proton
(H!) formation or carbocation (carbonium ion) and hydride
ion (H") formation. Since hydride ions are highly reactive
species and carbon atoms are slightly more electronegative
than hydrogen atoms, bond cleavage in which the electron
pair remains with the carbon atom is the predominant mode
of bond breaking in biochemical systems. Hydride ion
abstraction occurs only if the hydride is transferred directly
to an acceptor such as NAD! or NADP!.

Compounds participating in reactions involving het-
erolytic bond cleavage and bond formation are categorized
into two broad classes: electron rich and electron deficient.
Electron-rich compounds, which are called nucleophiles
(nucleus lovers), are negatively charged or contain un-
shared electron pairs that easily form covalent bonds with
electron-deficient centers. Biologically important nucle-
ophilic groups include amino, hydroxyl, imidazole, and
sulfhydryl functions (Fig. 16-5a). The nucleophilic forms of
these groups are also their basic forms. Indeed, nucle-
ophilicity and basicity are closely related properties (Sec-

C¬H

tion 15-1Ba):A compound acts as a base when it forms a co-
valent bond with H!, whereas it acts as a nucleophile when
it forms a covalent bond with an electron-deficient center
other than H!, usually an electron-deficient carbon atom:

Electron-deficient compounds are called electrophiles
(electron lovers). They may be positively charged, contain
an unfilled valence electron shell, or contain an electroneg-
ative atom.The most common electrophiles in biochemical

Nucleophilic
reaction of an
amine

Basic reaction
of an amine R RNH2 H! H

H

H

N!

R CC O OH

H

R#

R$

R#

R$

N

!

R NH2 !
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Figure 16-4 Modes of bond breaking. Homolytic cleav-
age yields radicals, whereas heterolytic cleavage yields either (i)
a carbanion and a proton or (ii) a carbocation and a hydride ion.

C¬H

Figure 16-5 Biologically important nucleophilic and 
electrophilic groups. (a) Nucleophiles are the conjugate bases 
of weak acids such as the hydroxyl, sulfhydryl, amino, and 
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(Voet et Voet, 2021)
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Principes de Bioénergétique

Chimie pour la bioénergétique

Types de réactions

♢ Réactions de transfert de groupe

♢ Réaction d’oxydoréduction

♢ Réactions d’élimination, d’isomérisation et de réarrangement

♢ Formation de liaisons CC

(Voet et Voet, 2021)
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Principes de Bioénergétique

L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

Les monnaies d’échange

♢ Les NTP : les nucléotides tri-phosphates dont LA molécule
fournisseur universelle d’énergie est l’ATP.

♢ Les co-enzymes réduits : NADH, NAPH et FADH2.

(Voet et Voet, 2021)
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Principes de Bioénergétique

L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

La molécule d’ATP

(MS/MS) is then used to sequence each peptide and deter-
mine its identity. This method was used to identify many of
the yeast proteins whose mRNA concentrations increased
or decreased when glucose was absent from the growth
medium (Fig. 7-39). A hope for the future is that samples
from diseased and normal subjects can be compared in this
manner to find previously undetected disease markers that
would allow early diagnosis of various diseases.

c. Metabolomics
In order to describe a cell’s functional state (its pheno-

type) we need, in addition to the cell’s genome, transcrip-
tome, and proteome, a quantitative description of all of the
metabolites it contains under a given set of conditions, its
metabolome. However, a cell or tissue contains thousands
of metabolites with greatly varying properties, so that iden-
tifying and quantifying all these substances is a daunting
task, requiring many different analytical tools. Conse-
quently, this huge undertaking is often subdivided. For ex-
ample, lipidomics is the subdiscipline of metabolomics
aimed at identifying and characterizing all lipids in a cell un-
der a particular set of conditions, including how these lipids
influence membrane structure, cell signaling, gene expres-
sion, cell–cell interactions, etc., whereas glycomics similarly
identifies and characterizes all the carbohydrates in a cell.

A recently constructed model of the human
metabolome—based on 1496 protein-encoding genes, 2004
proteins, 2766 metabolites, and 3311 metabolic and trans-
port reactions—has been used to simulate 288 known meta-
bolic functions in a variety of cell and tissue types. This in
silico (computerized) model is expected to provide a frame-
work for future advances in human systems biology.

4 THERMODYNAMICS OF 
PHOSPHATE COMPOUNDS

The endergonic processes that maintain the living state are
driven by the exergonic reactions of nutrient oxidation. This
coupling is most often mediated through the syntheses of a
few types of “high-energy” intermediates whose exergonic
consumption drives endergonic processes. These intermedi-
ates therefore form a sort of universal free energy “currency”
through which free energy–producing reactions “pay for” the
free energy–consuming processes in biological systems.

Adenosine triphosphate (ATP; Fig. 16-22), which occurs
in all known life-forms, is the “high-energy” intermediate
that constitutes the most common cellular energy currency.
Its central role in energy metabolism was first recognized in
1941 by Fritz Lipmann and Herman Kalckar. ATP consists
of an adenosine moiety to which three phosphoryl groups
( ) are sequentially linked via a phosphoester bond
followed by two phosphoanhydride bonds. Adenosine
diphosphate (ADP) and 5!-adenosine monophosphate
(AMP) are similarly constituted but with only two and
one phosphoryl units, respectively.

In this section we consider the nature of phosphoryl-trans-
fer reactions, discuss why some of them are so exergonic, and
outline how the cell consumes and regenerates ATP.

¬PO2!
3

A. Phosphoryl-Transfer Reactions

Phosphoryl-transfer reactions,

are of enormous metabolic significance. Some of the most
important reactions of this type involve the synthesis and
hydrolysis of ATP:

where Pi and PPi, respectively, represent orthophosphate
and pyrophosphate in any of their ioniza-

tion states. These highly exergonic reactions are coupled to
numerous endergonic biochemical processes so as to drive
them to completion. Conversely, ATP is regenerated by cou-
pling its formation to a more highly exergonic metabolic
process (the thermodynamics of coupled reactions is dis-
cussed in Section 3-4C).

To illustrate these concepts, let us consider two exam-
ples of phosphoryl-transfer reactions.The initial step in the
metabolism of glucose is its conversion to glucose-6-phos-
phate (Section 17-2A). Yet the direct reaction of glucose
and Pi is thermodynamically unfavorable (Fig. 16-23a). In
biological systems, however, this reaction is coupled to the
exergonic hydrolysis of ATP, so the overall reaction is ther-
modynamically favorable. ATP can be similarly rege-
nerated by coupling its synthesis from ADP and Pi to the
even more exergonic hydrolysis of phosphoenolpyruvate
(Fig. 16-23b; Section 17-2J).

The bioenergetic utility of phosphoryl-transfer reactions
stems from their kinetic stability to hydrolysis combined
with their capacity to transmit relatively large amounts of
free energy. The "G°¿ values of hydrolysis of several phos-
phorylated compounds of biochemical importance are tab-
ulated in Table 16-3. The negatives of these values are often
referred to as phosphate group-transfer potentials; they

(P2O4!
7 )(PO4

3!)

ATP # H2O ∆ AMP # PPi

ATP # H2O ∆ ADP # Pi

R1¬O¬PO3
2! # R2¬OH ∆ R1¬OH # R2¬O¬PO3

2!

578 Chapter 16. Introduction to Metabolism

Figure 16-22 The structure of ATP indicating its relationship
to ADP, AMP, and adenosine. The phosphoryl groups, starting with
that on AMP, are referred to as the $, %, and & phosphates. Note the
difference between phosphoester and phosphoanhydride bonds.
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ATP + H2O ⇄ ADP + Pi ∆G 0′ = −30, 5KJ.mol−1 (8)

ATP + H2O ⇄ AMP + PPi ∆G 0′ = −45, 6KJ.mol−1 (9)

(Voet et Voet, 2021)
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Principes de Bioénergétique

L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

Les molécules phosphorylées

are a measure of the tendency of phosphorylated com-
pounds to transfer their phosphoryl groups to water. Note
that ATP has an intermediate phosphate group-transfer
potential. Under standard conditions, the compounds
above ATP in Table 16-3 can spontaneously transfer a
phosphoryl group to ADP to form ATP, which can, in turn,

spontaneously transfer a phosphoryl group to the hydroly-
sis products (ROH form) of the compounds below it.

a. !G of ATP Hydrolysis Varies with pH, Divalent
Metal Ion Concentration, and Ionic Strength
The !G of a reaction varies with the total concentra-

tions of its reactants and products and thus with their ionic
states (Eq. [3.15]). The !G’s of hydrolysis of phosphory-
lated compounds are therefore highly dependent on pH,
divalent metal ion concentration (divalent metal ions such
as Mg2" have high phosphate-binding affinities), and ionic
strength. Reasonable estimates of the intracellular values
of these quantities as well as of [ATP], [ADP], and [Pi]
(which are generally on the order of millimolar) indicate
that ATP hydrolysis under physiological conditions has
!G ! #50 kJ " mol#1 rather than the #30.5 kJ " mol#1 of its
!G°¿. Nevertheless, for the sake of consistency in compar-
ing reactions, we shall usually refer to the latter value.

The above situation for ATP is not unique. It is impor-
tant to keep in mind that within a given cell, the concentra-
tions of most substances vary both with location and time.
Indeed, the concentrations of many ions, coenzymes, and
metabolites commonly vary by several orders of magnitude
across membranous organelle boundaries. Unfortunately, it
is usually quite difficult to obtain an accurate measurement
of the concentration of any particular chemical species in a
specific cellular compartment. The !G’s for most in vivo
reactions are therefore little more than estimates.

Section 16-4. Thermodynamics of Phosphate Compounds 579

Figure 16-23 Some overall coupled reactions involving ATP.
(a) The phosphorylation of glucose to form glucose-6-
phosphate and ADP. (b) The phosphorylation of ADP by 
phosphoenolpyruvate to form ATP and pyruvate. Each reaction

Phosphoenolpyruvate Pyruvate

Endergonic
half-reaction 1

(a)

(b)

Exergonic
half-reaction 2
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half-reaction 1

Overall
coupled reaction

Pi
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–30.5
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–31.4
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H2O
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3

CH2 C

COO–

OPO2–
3

Endergonic
half-reaction 2

∆G°$ (kJ • mol–1)

∆G°$ (kJ • mol–1)

Table 16-3 Standard Free Energies of Phosphate Hydrolysis
of Some Compounds of Biological Interest

Compound !G°¿ (kJ " mol#1)

Phosphoenolpyruvate #61.9
1,3-Bisphosphoglycerate #49.4
ATP (SAMP # PPi) $45.6
Acetyl phosphate #43.1
Phosphocreatine #43.1
ATP (SADP # Pi) $30.5
Glucose-1-phosphate #20.9
PPi #19.2
Fructose-6-phosphate #13.8
Glucose-6-phosphate #13.8
Glycerol-3-phosphate #9.2

Source: Mostly from Jencks, W.P., in Fasman, G.D. (Ed.), Handbook of
Biochemistry and Molecular Biology (3rd ed.), Physical and Chemical
Data, Vol. I, pp. 296–304, CRC Press (1976).

has been conceptually decomposed into a direct phosphorylation
step (half-reaction 1) and a step in which ATP is hydrolyzed
(half-reaction 2). Both half-reactions proceed in the direction in
which the overall reaction is exergonic (!G % 0).

JWCL281_c16_557-592.qxd  6/10/10  11:52 AM  Page 579

(a) Les ∆G 0′ des principales molécules
phosphorylées

which are below ATP in Table 16-3, have no significantly
different resonance stabilization or charge separation in
comparison with their hydrolysis products. Their free ener-
gies of hydrolysis are therefore much less than those of the
preceding “high-energy” compounds.

C. The Role of ATP

As Table 16-3 indicates, in the thermodynamic hierarchy of
phosphoryl-transfer agents, ATP occupies the middle rank.
This enables ATP to serve as an energy conduit between
“high-energy” phosphate donors and “low-energy” phos-
phate acceptors (Fig. 16-27). Let us examine the general
biochemical scheme of how this occurs.

In general, the highly exergonic phosphoryl-transfer
reactions of nutrient degradation are coupled to the for-
mation of ATP from ADP and Pi through the auspices of
various enzymes known as kinases, enzymes that catalyze
the transfer of phosphoryl groups between ATP and other
molecules. Consider the two reactions in Fig. 16-23b. If
carried out independently, these reactions would not influ-
ence each other. In the cell, however, the enzyme pyruvate

Section 16-4. Thermodynamics of Phosphate Compounds 581

Figure 16-25 Hydrolysis of phosphoenolpyruvate. The reaction is broken down into two steps,
hydrolysis and tautomerization.
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Figure 16-26 Competing resonances in phosphoguanidines.

Figure 16-27 The flow of phosphoryl groups from 
“high-energy” phosphate donors, via the ATP–ADP 
system, to “low-energy” phosphate acceptors.
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(b) Place de l’ATP au sein des
molécules phosphorylées

(Voet et Voet, 2021)
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L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

Utilisation ATP dans la cellule

Pas de réserve d’ATP :

♢ Concentration stable (+/- 10 %)

♢ besoins de la cellule pendant une ou deux minutes

Utilisation de hydrolyse d’ATP :

♢ Réactions métaboliques :

♢ Voies de signalisation :

♢ Transports primaires :

♢ Cytosquelette

(Voet et Voet, 2021)
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L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

Place au niveau des potentiels redox

electron-transport pathway (such as mediates, e.g., oxida-
tive metabolism; Chapter 22).

Any redox reaction can be divided into its component
half-reactions:

where, by convention, both half-reactions are written as re-
ductions. These half-reactions can be assigned reduction
potentials,eA and eB, in accordance with the Nernst equation:

[16.7a]

[16.7b]

For the redox reaction of any two half-reactions:

[16.8]

Thus, when the reaction proceeds with A as the electron
acceptor and B as the electron donor, and
similarly for .¢e

¢e° ! e°A " e°B

¢e° ! e°(e"acceptor) " e°(e"donor)

eB ! eB° "
RT
nf

 ln a [Bred]

[Box
n# ]
b

eA ! eA° "
RT
nf

 ln a [Ared]

[Aox
n# ]
b

Bn#
ox # ne" ∆ Bred

An#
ox # ne" ∆ Ared

Reduction potentials, like free energies, must be defined
with respect to some arbitrary standard. By convention,
standard reduction potentials are defined with respect to
the standard hydrogen half-reaction

in which H# at pH 0, 25°C, and 1 atm is in equilibrium with
H2(g) that is in contact with a Pt electrode. This half-cell is
arbitrarily assigned a standard reduction potential of ! 0 V
(1 V ! 1 J ! C"1). For the biochemical convention, we like-
wise define the standard (pH ! 0) hydrogen half-reaction
as having so that the hydrogen half-cell at the bio-
chemical standard state (pH ! 7) has 
(Table 16-4). When is positive, $G is negative (Eq.
[16.5]), indicating a spontaneous process. In combining
two half-reactions under standard conditions, the direc-
tion of spontaneity therefore involves the reduction of the
redox couple with the more positive standard reduction
potential. In other words, the more positive the standard re-
duction potential, the greater the tendency for the redox
couple’s oxidized form to accept electrons and thus become
reduced.

¢e
e°¿ ! "0.421 V

e¿ ! 0

e°

2H# # 2e" ∆ H2(g)

Section 16-5. Oxidation–Reduction Reactions 585

Half-Reaction (V)

0.815
0.42
0.385
0.295
0.29
0.235
0.22
0.077
0.045
0.031

"0.040
"0.166
"0.185
"0.197
"0.219
"0.23
"0.29
"0.315
"0.320
"0.340
"0.346
"0.421
"0.454
"0.581Acetate" # 3H# # 2e" ∆ acetaldehyde # H2O

SO2"
4 # 2H# # 2e" ∆ SO2"

3 # H2O
H# # e" ∆ 1

2H2

Acetoacetate" # 2H# # 2e" ∆ %-hydroxybutyrate"

Cystine # 2H# # 2e" ∆ 2 cysteine
NADP# # H# # 2e" ∆ NADPH
NAD# # H# # 2e" ∆ NADH
Lipoic acid # 2H# # 2e" ∆ dihydrolipoic acid
S # 2H# # 2e" ∆ H2S
FAD # 2H# # 2e" ∆ FADH2 (free  coenzyme)
Acetaldehyde # 2H# # 2e" ∆ ethanol
Pyruvate" # 2H# # 2e" ∆ lactate"

Oxaloacetate" # 2H# # 2e" ∆ malate"

FAD # 2H# # 2e" ∆ FADH2 (in flavoproteins)
Fumarate" # 2H# # 2e" ∆ succinate"

Ubiquinone # 2H# # 2e" ∆ ubiquinol
Cytochrome b(Fe3# ) # e" ∆ cytochrome b(Fe2# ) (mitochondrial)
Cytochrome c1(Fe3# ) # e" ∆ cytochrome c1(Fe2# )
Cytochrome c(Fe3# ) # e" ∆ cytochrome c(Fe2# )
Cytochrome a(Fe3# ) # e" ∆ cytochrome a(Fe2# )
O2(g) # 2H# # 2e" ∆ H2O2

Cytochrome a3(Fe3# ) # e" ∆ cytochrome a3(Fe2# )
NO"

3 # 2H# # 2e" ∆ NO"
2 # H2O

1
2O2 # 2H# # 2e" ∆ H2O

e°¿

Table 16-4 Standard Reduction Potentials of Some Biochemically Important 
Half-Reactions

Source: Mostly from Loach, P.A., in Fasman, G.D. (Ed.), Handbook of Biochemistry and Molecular Biology
(3rd ed.), Physical and Chemical Data, Vol. I, pp. 123–130, CRC Press (1976).
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L’énergie cellulaire : des composés phosphorylés et des composés réduits comme monnaie d’échange

Utilisation des cofacteurs réduits

Il existe trois grands co-facteurs réduits :

♢ le NADPH : source d’énergie dans les voies de biosynthèse

♢ le NADH : produit lors des voies cataboliques et utilisé par la
châıne respiratoire uniquement. Le trop plein de NADH dans
le cytoplasme est absorbé par la fermentation.

♢ le FADH2 : le plus souvent associé avec une enzyme, sert de
transporteur d’électron transitoire.
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Production ou utilisation d’énergie

Couplage chimique
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Production ou utilisation d’énergie

Couplage chimique
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Production ou utilisation d’énergie

Couplage chimiosmotique

(c) Réactions redox entrâıne gradient H+ (d) gradient H+

entrâıne synthèse ATP

Figure – Réactions de production d’ATP et de NADH par couplage
chimique (2)
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Voies métaboliques

Définition : Voie métabolique : série de réactions enzymatiques
successives qui forment des produits spécifiques

Définition : Métabolites : substrats, intermédiaires ou produits
des voies métaboliques

Définition : Catabolisme : voies métaboliques qui assurent la
synthèse d’énergie par la dégradation de métabolites complexes en
métabolites simples. C’est un terme utilisé surtout pour les
chimioorganotrophes qui utilisent les molécules organiques comme
source d’énergie

Définition : Anabolisme : voies métaboliques qui assurent la
biosynthèse. L’anabolisme consite le plus souvent en réactions
endergoniques (défavorables) qui sont possibles par couplage avec
la dégradation de NTP ou du NADPH
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The reaction pathways that comprise metabolism are
often divided into two categories:

1. Catabolism, or degradation, in which nutrients and
cell constituents are broken down exergonically to salvage
their components and/or to generate free energy.

2. Anabolism, or biosynthesis, in which biomolecules
are synthesized from simpler components.

The free energy released by catabolic processes is con-
served through the synthesis of ATP from ADP and phos-
phate or through the reduction of the coenzyme NADP! to
NADPH (Fig. 13-2). ATP and NADPH are the major free
energy sources for anabolic pathways (Fig. 16-2).

A striking characteristic of degradative metabolism is that
it converts large numbers of diverse substances (carbohy-
drates, lipids, and proteins) to common intermediates. These
intermediates are then further metabolized in a central ox-
idative pathway that terminates in a few end products. Figure
16-3 outlines the breakdown of various foodstuffs, first to
their monomeric units, and then to the common intermedi-
ate, acetyl-coenzyme A (acetyl-CoA) (Fig. 21-2).

Biosynthesis carries out the opposite process. Relatively
few metabolites, mainly pyruvate, acetyl-CoA, and the citric
acid cycle intermediates, serve as starting materials for a host
of varied biosynthetic products. In the next several chapters
we discuss many degradative and biosynthetic pathways in
detail. For now, let us consider some general characteristics
of these processes.

Five principal characteristics of metabolic pathways
stem from their function of generating products for use by
the cell:

1. Metabolic pathways are irreversible. A highly exer-
gonic reaction (having a large negative free energy change)
is irreversible; that is, it goes to completion. If such a reaction
is part of a multistep pathway, it confers directionality on the
pathway; that is, it makes the entire pathway irreversible.

2. Catabolic and anabolic pathways must differ. If two
metabolites are metabolically interconvertible, the pathway

from the first to the second must differ from the pathway
from the second back to the first:

This is because if metabolite 1 is converted to metabolite 2
by an exergonic process, the conversion of metabolite 2 to
metabolite 1 requires that free energy be supplied in order
to bring this otherwise endergonic process “back up the
hill.” Consequently, the two pathways must differ in at least

1 2
A

Y X
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Figure 16-2 ATP and NADPH are the sources of free energy
for biosynthetic reactions. They are generated through the 
degradation of complex metabolites.

Figure 16-3 Overview of catabolism. Complex metabolites
such as carbohydrates, proteins, and lipids are degraded first to
their monomeric units, chiefly glucose, amino acids, fatty acids,
and glycerol, and then to the common intermediate,
acetyl-coenzyme A (acetyl-CoA). The acetyl group is then 
oxidized to CO2 via the citric acid cycle with the concomitant 
reduction of NAD! and FAD. Reoxidation of these latter 
coenzymes by O2 via the electron-transport chain and oxidative
phosphorylation yields H2O and ATP.
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Figure – Lien entre catabolisme et anabolisme
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one of their reaction steps. The existence of independent in-
terconversion routes, as we shall see, is an important property
of metabolic pathways because it allows independent control
of the two processes. If metabolite 2 is required by the cell, it
is necessary to “turn off” the pathway from 2 to 1 while
“turning on” the pathway from 1 to 2. Such independent
control would be impossible without different pathways.

3. Every metabolic pathway has a first committed step.
Although metabolic pathways are irreversible, most of
their component reactions function close to equilibrium.
Early in each pathway, however, there is an irreversible
(exergonic) reaction that “commits” the intermediate it
produces to continue down the pathway.

4. All metabolic pathways are regulated. Metabolic
pathways are regulated by laws of supply and demand. In
order to exert control on the flux of metabolites through a
metabolic pathway, it is necessary to regulate its rate-limiting
step. The first committed step, being irreversible, functions
too slowly to permit its substrates and products to equili-
brate (if the reaction were at equilibrium, it would not be
irreversible). Since most of the other reactions in a path-
way function close to equilibrium, the first committed step
is often one of its rate-limiting steps. Most metabolic path-
ways are therefore controlled by regulating the enzymes
that catalyze their first committed step(s). This is an effi-
cient way to exert control because it prevents the unneces-
sary synthesis of metabolites further along the pathway
when they are not required. Specific aspects of such flux
control are discussed in Section 17-4C.

5. Metabolic pathways in eukaryotic cells occur in spe-
cific cellular locations. The compartmentation of the eu-
karyotic cell allows different metabolic pathways to operate
in different locations, as is listed in Table 16-1 (these or-
ganelles are described in Section 1-2A). For example, ATP
is mainly generated in the mitochondrion but much of it is
utilized in the cytoplasm. The synthesis of metabolites in
specific membrane-bounded subcellular compartments
makes their transport between these compartments a vital
component of eukaryotic metabolism. Biological mem-
branes are selectively permeable to metabolites because of

the presence in membranes of specific transport proteins.
The transport protein that facilitates the passage of ATP
through the mitochondrial membrane is discussed in
Section 20-4C, along with the characteristics of membrane
transport processes in general.The synthesis and utilization
of acetyl-CoA are also compartmentalized. This metabolic
intermediate is utilized in the cytosolic synthesis of fatty
acids but is synthesized in mitochondria. Yet there is no
transport protein for acetyl-CoA in the mitochondrial
membrane. How cells solve this fundamental problem is
discussed in Section 25-4D. In multicellular organisms, com-
partmentation is carried a step further to the level of tissues
and organs.The mammalian liver, for example, is largely re-
sponsible for the synthesis of glucose from noncarbohy-
drate precursors (gluconeogenesis; Section 23-1) so as to
maintain a relatively constant level of glucose in the circula-
tion, whereas adipose tissue is specialized for the storage
and mobilization of triacylglycerols. The metabolic interde-
pendence of the various organs is the subject of Chapter 27.

2 ORGANIC REACTION MECHANISMS

Almost all of the reactions that occur in metabolic path-
ways are enzymatically catalyzed organic reactions. Section
15-1 details the various mechanisms enzymes have at their
disposal for catalyzing reactions: acid–base catalysis, cova-
lent catalysis, metal ion catalysis, electrostatic catalysis,
proximity and orientation effects, and transition state bind-
ing. Few enzymes alter the chemical mechanisms of these
reactions, so much can be learned about enzymatic mecha-
nisms from the study of nonenzymatic model reactions. We
therefore begin our study of metabolic reactions by outlin-
ing the types of reactions we shall encounter and the mech-
anisms by which they have been observed to proceed in
nonenzymatic systems.

Christopher Walsh has classified biochemical reactions
into four categories: (1) group-transfer reactions; (2) oxida-
tions and reductions; (3) eliminations, isomerizations, and re-
arrangements; and (4) reactions that make or break carbon–
carbon bonds. Much is known about the mechanisms of

562 Chapter 16. Introduction to Metabolism

Table 16-1 Metabolic Functions of Eukaryotic Organelles

Organelle Function

Mitochondrion Citric acid cycle, electron transport and oxidative
phosphorylation, fatty acid oxidation, amino acid breakdown

Cytosol Glycolysis, pentose phosphate pathway, fatty acid
biosynthesis, many reactions of gluconeogenesis

Lysosomes Enzymatic digestion of cell components and ingested matter
Nucleus DNA replication and transcription, RNA processing
Golgi apparatus Post-translational processing of membrane and secretory

proteins; formation of plasma membrane and secretory vesicles
Rough endoplasmic reticulum Synthesis of membrane-bound and secretory proteins
Smooth endoplasmic reticulum Lipid and steroid biosynthesis
Peroxisomes (glyoxisomes in plants) Oxidative reactions catalyzed by amino acid oxidases and

catalase; glyoxylate cycle reactions in plants

JWCL281_c16_557-592.qxd  6/10/10  11:51 AM  Page 562

Figure – Répartition des voies dans les organites
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Schéma Bilan

Schéma bilan 1 : Principes des échanges d’énergie
cellulaire

Faites un schéma bilan sur la production et l’utilisation de l’énergie
dans la cellule en incluant les lois de chimie.
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Types trophiques et besoins des organismes

Besoins et types trophiques

Figure – Les types trophiques chez les microorganismes (Willey et al.,
2008)
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Organisation du métabolisme dans les différents types trophiques

La chimiolithotrophie

26/48



Les types trophiques
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La chimioorganotrophie

Exercice 3 : Comparaison du rendement énergétique de la respiration aérobie et
anaérobie (Coutouly et al., s. d.)

La bactérie dénitrifiante est une bactérie chimio-organotrophe anaérobie stricte. Elle
possède néanmoins une châıne de transporteurs d’électrons lui permettant de respirer
avec comme accepteur final d’électron est l’ion nitrate (NO−

3 ) qui est réduit en nitrite

(NO−
2 ). La dégradation des sucres mène à la production de NADH qui alimente la

châıne respiratoire.

1. Écrire l’équation bilan de la châıne respiratoire

2. Calculer la variation d’enthalpie libre standard

3. Comparer à la variation d’enthalpie de la respiration avec comme accepteur final
l’oxygène.

Données : E ′
0(NADH/NAD+)

= −0, 32V , E ′
0( 1

2
O2/H2O)

= 0, 81V ,

E ′
0(NO−

3 /NO2−)
= −0, 42V , F = 96500C
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Organisation du métabolisme dans les différents types trophiques

Schéma bilan

Schéma bilan 2 : Les types trophiques

Faites un schéma bilan sur les types trophiques
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Rôle des métabolismes dans les cycles biogéochimiques

Roches et micro-organismes
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Rôle des métabolismes dans les cycles biogéochimiques

Disponibilité des macro-élément dans l’environnement

Figure – Les formes inorganiques des macro-élements selon leur degré
d’oxydation (Willey et al., 2008)
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Rôle des métabolismes dans les cycles biogéochimiques

cycle du carbone

(Willey et al., 2008)
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Rôle des métabolismes dans les cycles biogéochimiques

Décomposition de la matière organique

(Willey et al., 2008)
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cycle de l’azote

(Willey et al., 2008)
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Rôle des métabolismes dans les cycles biogéochimiques

le cycle du phosphate

(Willey et al., 2008)
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Rôle des métabolismes dans les cycles biogéochimiques

le cycle du souffre

(Willey et al., 2008)
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le cycle du Fer
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Rôle des métabolismes dans les cycles biogéochimiques

le cycle du Manganèse
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Toxicité des métaux
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Réseaux trophiques

41/48
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♢ Formation de la matière organique (producteurs primaires).

♢ Décomposer la matière organique (décomposeurs).

♢ Servir de source de nourriture

♢ Modifier les substrats et les nutriments

♢ Changer les taux de matière sous forme solide et gazeuse

♢ Produire des composés qui inhibent la croissance, l’activité ou la survie
des autres espèces.

♢ Contribuer au fonctionnement des plantes et des animaux par des
interactions positives ou négatives.
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Interactions des micro-organismes dans l’écosystème

Schéma bilan

Schéma bilan 3 : Les types trophiques et place dans
l’environnement

Dans le cycle du carbone et le cycle de l’azote et replacez les types
trophiques responsables des passages d’une forme moléculaire à
l’autre.
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