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Metabolism is the ensemble of the enzyme-catalysed reactions that
take place in the body to provide energy and building materials for
biosynthetic reactions.

Metabolic reactions take place within cells, and hence they are
compartmentalised across cellular and subcellular membranes: this
implies knowledge of membrane structure, transport mechanisms,
and the electrical potentials established across them. In addition,
metabolic reactions are strongly regulated and take place according to
the needs of the body; regulation implies mechanisms occurring at the
enzyme level and at the genetic level and is largely dependent on
specific signals originating in the same or other cells (hormones,
neurotransmitters): this implies knowledge of the mechanisms by
which cellular receptors decode these signals.

METABOLISM
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METABOLISM

• Most diseases result from changes in metabolic reactions
and/or the mechanisms that control them (e.g. hormones),
triggered by genetic or exogenous alterations.

• Besides metabolic diseases (e.g. diabetes), we list
cardiovascular diseases (atherosclerosis), degenerative diseases
(Alzheimer’s disease, linked to impaired cerebral glucose
metabolism), psychiatric diseases (bipolar disorder linked to
mitochondrial dysfunction), cancer (colorectal cancer strongly
linked to hyperinsulinemia), etc., having a metabolic aetiology
and/or pathogenesis.
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INTRODUCTION TO METABOLISM

• Metabolic Pathways

• Catabolism and Anabolism

• General Bioenergetics

• Coupled Reactions

• Metabolic Regulation



5

CATABOLISM AND ANABOLISM

Catabolism is oxidative and releases energy:

Palmitate → 8 Acetate

CH3(CH2)14COOH → 8 CH3COOH

(16 C → 16 C; 32 H → 32 H;  2 O → 16 O )

It requires 14 oxidative steps and generates 28 ATP

Symmetrically, anabolism is reductive and requires energy:

8 Acetate → palmitate

It requires 7 ATP and 14 reductions.
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CATABOLISM AND ANABOLISM
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METABOLIC PATHWAYS

• Linear (e.g. glycolysis)

• Branched

Converging (e.g. to pyruvate)

Diverging (e.g. from isopentenyl PP)

• Cyclic (e.g. TCA cycle, ornithine cycle)
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METABOLIC PATHWAYS
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OVERVIEW OF CATABOLIC PROCESSES

Anabolic processes travel opposite pathways: stage 2 requires ATP 
and reducing power, stage 1 requires ATP. 

Stage 1

Stage 2

Stage 3
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MAJOR CONCEPTS IN METABOLISM

• Metabolic flux

• Steady state

• Direction (thermodynamics)

• Rate (kinetics)

• Quantitative transformation

• Cell compartmentalization

• Metabolic control
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STEADY STATE

In a metabolic pathway:

A → B → C → D → E

The concentration of each intermediate is constant because the
rate of its formation from the preceding intermediate is equal to
the rate (flux) by which it is transformed into the subsequent
intermediate: [C] remains constant because v2 = v3 (homeostasis).

v1 v2 v3 v4
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THERMODYNAMICS AND KINETICS 

Metabolic pathways are driven by thermodynamics:

• The direction of flow is towards equilibrium;

• At steady state, the equilibrium is never reached, and the
pathway proceeds at a constant rate.

Quantitative aspects are ruled by kinetics:

• Metabolism is the flow of matter: the amount of matter
transformed in unit time is the rate of the metabolic pathway;

• The rate is established by the action and control of enzyme
catalysts. Only proteins have the versatility to fine-tune
chemical reactions.
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FLOW OF ENERGY DURING METABOLISM
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FLOW OF ENERGY DURING METABOLISM 
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FLOW OF ENERGY DURING METABOLISM 



16

FLOW OF ENERGY DURING METABOLISM 
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FLOW OF ENERGY DURING METABOLISM 

For reaction R → P

ΔG = ΔG° + RT ln [P]/[R]

ΔG = ΔG° + 6 log [P]/[R] 

At Equilibrium: ΔG = 0

0 = ΔG°  + 6 log [P]/[R]

ΔG° = -6 log[P]/[R]

 ΔG° = -6 log Keq
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FLOW OF ENERGY DURING METABOLISM 

Solve these problems

1. In the reaction ATP → ADP + Pi the standard free energy
change ΔG° = - 30 kJ/mol

What is the actual ΔG at the following metabolite concentrations?

[ATP] 10 mM (10-2 M); [ADP] = 1 mM (10-3 M); [Pi] = 1 mM (10-3 M)

The actual reaction is: ATP + H2O → ADP + Pi

But the reaction takes place in 55.6 M H2O, [H2O] is constant and
can be incorporated in the free energy values.
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FLOW OF ENERGY DURING METABOLISM 

ATP → ADP + Pi ΔG° = - 30 kJ/mol

[ATP] 10 mM

[ADP] = 1 mM

[Pi] = 1 mM

ΔG = ΔG° + 6 log [P]/[R]

ΔG = -30 + 6 log (10-3 x 10-3/10-2)

ΔG = -30 + 6 x (-4)

ΔG = -54 kJ/mol
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FLOW OF ENERGY DURING METABOLISM 

2. In the reaction

Fructose 1,6-bisphosphate (FBP) → Glyceraldehyde-3-P (GAP) +
dihydroxyacetone-P (DOP)

ΔG° = + 24 kJ/mol.

What is the actual ΔG at the following metabolites concentration?

[FBP] = 10 mM

[GAP] = 1 mM

[DOP] = 1 mM
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FLOW OF ENERGY DURING METABOLISM 

(FBP) → (GAP) + (DOP) ΔG° = + 24 kJ/mol.

[FBP] = 10 mM

[GAP] = 1 mM

[DOP] = 1 mM

ΔG = ΔG° + 6 log [P]/[R]

ΔG = +24 + 6 log (10-3 x 10-3/10-2)  

ΔG = +24 + 6 log (10-3 x 10-3/10-2)

ΔG = +24 + 6 x (-4)

ΔG = 0
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REDOX REACTIONS

Fe2+ Fe3+ + e-

Oxidations are often dehydrogenations:

AH2 A + 2H+ + 2 e-

An oxidation is accompanied by a reduction:

2H+ + 2 e- + B BH2

Redox couple: Ox/Red

Fe3+/Fe2+ A/AH2 B/BH2

Redox reaction:

AH2 + B A + BH2
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REDOX REACTIONS

The redox potential is the tendency to receive electrons.

Nernst Equation

𝐸 = 𝐸′° +
𝑅 𝑇

𝑛 𝐹
ln

[𝑒
−

𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟]

[𝑒
−

𝑑𝑜𝑛𝑜𝑟]

E = E’° + 0.06/n log [ox]/[red ]

For the redox reaction: AH2 + B A + BH2

Keq =  [A] [BH2]/[AH2] [B] (Eq) ΔE’° = E’°B – E’°A = RT/nF ln Keq

Since

ΔG’° = - RT ln Keq = - nF ΔE’°

In general (non-standard conditions):

ΔG = -nF ΔE
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REDOX REACTIONS
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COUPLED REACTIONS

An unfavourable reaction (ΔG > 0) can be driven to occur
spontaneously by coupling with a favourable reaction (ΔG < 0) if
the sum of ΔG values is negative (ΔG values are additive).

A B C ΔG1, ΔG2

A C ΔGT = ΔG1 + ΔG2

Coupling takes place through a common intermediate:

A + X → AX ΔG1 > 0

BX → B + X ΔG2 < 0

A + BX → AX + B ΔG1 + ΔG2 < 0
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COUPLED REACTIONS

Amino acids → proteins ΔG > 0 (endergonic) (1)

ATP + H20 → AMP + 2Pi ΔG < 0 (exergonic) (2)

(1) + (2): Amino acids + nATP → proteins + nAMP

Overall Δ G is negative.

Glucose + Pi → glucose-6-phosphate + H2O

ΔG′° = 13.8 kJ/mol (1)

(The reverse reaction, hydrolysis of G-6-P will be spontaneous.)

ATP + H20 → ADP + Pi ΔG′° = ‒30.5 kJ/mol (2)

(The ΔG′° values of sequential reaction are additive.)

(1) + (2) = -16.7 kJ/mol
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COUPLED REACTIONS
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COUPLED REACTIONS

glutamate + NH3 → glutamine + H2O 

ΔG°’ = + 3.4 kcal/mol

Glutamate + NH3 in order to happen we should increase the 
reagents to non-physiological concentrations. 

The reaction exploits splitting of ATP to ADP and Pi (ΔG°’ = - 7.3 
kcal/mol)

glutamate + ATP + NH3 → glutamine + ADP + Pi

                         ΔG°’ = - 7.3 + 3.4 = - 3.9 kcal/mol

   

glutamate + ATP → glutamyl-P + ADP

glutamyl-P + NH3 → glutamine + Pi
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COUPLED REACTIONS

glutamate + NH3 → glutamine + H2O 
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COUPLED REACTIONS
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COUPLED REACTIONS

Chemical basis for the large free-energy
change associated with ATP hydrolysis.

1) Charge separation.

2) Pi is stabilized by formation of a
resonance hybrid

3) (not shown) greater degree of solvation
of the products Pi and ADP relative to ATP.
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MECHANISMS OF ATP UTILIZATION
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MECHANISMS OF ATP UTILIZATION

Mechanisms of ATP synthesis phosphorylation (of ADP):

ADP + Pi + energy → ATP

• Substrate-level phosphorylation
AH2 + B → A + BH2                 ΔG < 0
ADP + Pi → ATP                       ΔG > 0
Mechanism:
AH2 + B + Pi → A~P + BH2

A~P + ADP → A + ATP

• Oxidative phosphorylation (at the level of electron transfer
chain).
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MECHANISMS OF ATP UTILIZATION

ATP
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MECHANISMS OF ATP UTILIZATION

• Orthophosphoric cleavage

X + ATP → X-P + ADP

Glucose + ATP → glucose-6-P + ADP

• Pyrophosphoric cleavage

X + ATP → X-AMP + PPi

Aminoacid + ATP → aminoacyl-AMP + PPi

The reaction is shifted to the right by PPi hydrolysis: PPi → 2 Pi
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MECHANISMS OF ATP UTILIZATION

Pyrophosphoric cleavageOrthophosphoric cleavage

Enzymatic (pyrophosphatase) 
cleavage to 2 PO4

3- groups 
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MECHANISMS OF ATP UTILIZATION
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MECHANISMS OF ATP UTILIZATION

Examples of energy charge:

ATP = 10 mM, ADP = 10 mM, AMP = 10 mM

E.C. = (10 + 5)/(10 + 10 + 10) = 0.5

ATP = 0, ADP = 10 mM, AMP = 0

E.C. = 5/10 = 0.5

ATP = 10 mM, ADP and AMP 0

E.C. = 10 / 10 = 1
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METABOLISM AND CELLULAR STRUCTURE

Metabolism is integrated into the cell and is tightly linked to the
cell’s structure and compartmentation, which ensure metabolite
concentration, separation from the environment, and selective
permeability.

Proteins are cellular machines that act by specifically interacting
with other biomolecules. Such interactions are inherent in the
protein's three-dimensional structure, which is determined by the
genetically encoded amino acid sequence.
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ROLE OF ENZYMES

Metabolism is regulated at the enzyme level:

• Compartmentalization

• Thermodynamic and kinetic control

• Allosteric regulation

• Covalent regulation (proteolytic activation, enzyme
degradation, reversible phosphorylation, etc.)

• Genetic regulation

metabolic regulation = processes that serve to maintain
homeostasis at the molecular level

metabolic control = processes that lead to a change in the output
of a metabolic pathway over time
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ROLE OF ENZYMES
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ROLE OF ENZYMES



43

ROLE OF ENZYMES
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ROLE OF ENZYMES
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ROLE OF ENZYMES

An irreversible step is obtained at the level of a rate-limiting
enzyme. A high negative ΔG° helps but is not required.

Kinetic control is exerted at irreversible steps.
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ROLE OF ENZYMES

Separation of catabolism and anabolism

Feedback inhibition
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