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OVERVIEW OF 

CATABOLISM



3 Stages of Catabolism

(substrate oxidation)

- Under aerobic conditions 

in the cell



The electron transport chain and oxidative phosphorylation occur in the 

MITOCHONDRION in eukaryotes. The NADH and FADH2 (generated during oxidation 

of fuel molecules) are oxidized, providing energy to power ATP synthesis.

An electron transport chain 

couples a redox reaction 

between an electron donor

(NADH, FADH2) and 

an electron acceptor (O2) to 

the active transfer of H+ ions 

across the inner mitochondr.

membrane, through a set of 

mediating redox reactions. mediating redox reactions. 

Due to created proton (H+) 

gradient (electrochemical 

gradient), H+ move back 

across the ATP-synthase (in 

the membrane). The energy

from the proton gradient (the 

proton-motive force) is used 

to produce ATP. 

ETC is used for extracting 

and conserving energy from 

oxidation of fuel molecules.



Standard state

for the reaction

in biological system

is defined at pH=7

(Not at pH=0),

i.e. at a(H+) = 10-7
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Key coenzymes as redox-systems...



NAD+ undergoes reduction 

to NADH accepting 

NAD+ + 2 H+ + 2 e- →→→→ NADH + H+, Ep
’ΘΘΘΘ = −−−− 0,32 V

to NADH accepting 

a hydride ion, :H- !



FAD/FADH2

REDOX-SYSTEM



The strongest oxidizing agent generally available 

in biological systems is 

molecular oxygen!

½O2 + 2H+ + 2e- →→→→ H2O; E'Θ = +0,8147 V

(or   O2 + 4H+ + 4e- →→→→ 2H2O;)

NAD+ + 2 H+ + 2 e- →→→→ NADH + H+, Ep
’ΘΘΘΘ = −−−− 0,32 V

The NET reaction of the respiratory chain:

NADH + H+ + ½O2 →→→→ NAD+ + H2O

or 2NADH + 2H+ + O2 →→→→ 2NAD+ + 2H2O

NAD+ + 2 H+ + 2 e- →→→→ NADH + H+, Ep
’ΘΘΘΘ = −−−− 0,32 V

e- donor



Calculate the standard free energy change for the
reaction of electron transfer chain (respiratory chain)!

NADH + H+ + ½O2 →→→→ NAD+ + H2O

The half-reactions are:

NAD+ + 2H+ + 2e- →→→→ NADH + H+ E’ΘΘΘΘ = - 0.320 V

NADH + H+ →→→→ NAD+ + 2H+ + 2e-; - (E0' = - 0,320 V) e-
NADH + H+ →→→→ NAD+ + 2H+ + 2e-; - (E0' = - 0,320 V)

½O2 + 2H+ + 2e- →→→→ H2O; E’ΘΘΘΘ = +0,816 V

The potential difference (EMF) is:

∆∆∆∆E’ΘΘΘΘ = 1.136 V (or EMF)

∆∆∆∆rG’ΘΘΘΘ = - z F ∆∆∆∆E’ΘΘΘΘ = - 220 kJ/mol

e



Electron transfer chain

(respiratory chain)



Electron Transfer Chain and

Oxidative Phosphorylation

4

Complex I
NADH dehydrogenase (or)
NADH:ubiquinone oxidoreductase

kD
850

Complex II
Succinate dehydrogenase (or)
Succinate:ubiquinone oxidoreductase

140

Complex III Ubiquinone:cytochrome c oxidoreductase 250

Complex IV Cytochrome c oxidase 160

Complex V ATP synthase 380

Oxidative Phosphorylation





NADH:ubiquinone oxidoreductase (Complex I)

Complex I catalyzes the transfer of a hydride ion from NADH to FMN, from which two electrons pass through a 

series of Fe-S centers to the iron-sulfur protein N-2 in the matrix arm of the complex. Electron transfer from N-2 

to ubiquinone, on the membrane arm forms QH2, which diffuses into the lipid bilayer. This electron transfer 

also drives the expulsion from the matrix of four protons per pair of electrons. The detailed mechanism that 

couples electron and proton transfer in Complex I is not yet known, but probably involves a Q cycle similar to that 

in Complex III in which QH2 participates twice per electron pair. Proton flux produces an electrochemical potential 

across the inner mitoch. membrane (N side negative, P side positive), which conserves some of the energy 

released by the electron-transfer reactions. This electrochemical potential drives ATP synthesis.

�et equation:



Structure of Complex II 

(succinate dehydrogenase)

This complex (shown here is the porcine heart 

enzyme) has two transmembrane subunits, C and 

D; the cytoplasmic extensions contain subunits A 

and B. Just behind the FAD in subunit A is the 

binding site for succinate. Subunit B has three Fe-S 

centers, ubiquinone is bound to subunit B, and 

heme b is sandwiched between subunits C and D. 

Two phosphatidylethanolamine molecules are so Two phosphatidylethanolamine molecules are so 

tightly bound to subunit D that they show up in the 

crystal structure. Electrons move (blue arrows)

from succinate to FAD, then through the three 

Fe-S centers to ubiquinone. The heme b is not on 

the main path of electron transfer but protects

against the formation of reactive oxygen species 

(ROS) by electrons that go astray. FIGURE 19–10;

�et equation

FADH2 + Q → FAD + QH2





Complex III



Complex III



Complex IV

�et equation:



Ubiquinone

(coenzyme Q)

Cytocrome c

contains heme c

Prosthetic

groups of

cytochromes



Complex I

NADH + H+ FMN Fe2+S CoQ

NAD+ FMNH2 Fe3+S CoQH2

Complex II

Succinate FAD Fe2+S CoQ

Fumarate FADH2 Fe3+S CoQH2

Complex IIIComplex III

CoQH2 cyt b ox Fe2+S cyt c1 ox cyt c red

CoQ cyt b red
Fe3+S cyt c1 red cyt c ox

Complex IV

cyt c red cyt a ox cyt a3 red O2

cyt c ox cyt a red cyt a3 ox 2 H2O
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How is a concentration gradient of protons transformed into ATP? 

We have seen that electron transfer releases, and the proton-motive force conserves,

more than enough free energy (about 200 kJ) per “mole” of electron pairs to drive the 

formation of a mole of ATP, which requires about 50 kJ (p. 519). 

Mitochondrial oxidative phosphorylation therefore poses no thermodynamic problem. 

But what is the chemical mechanism that couples proton flux with phosphorylation?

The chemiosmotic model, proposed by Peter Mitchell, is the paradigm for this 

mechanism. 

According to the model, the electrochemical energy inherent in the difference

ATP SYNTHESIS – THE CHEMIOSMOTIC MODEL

According to the model, the electrochemical energy inherent in the difference

in proton concentration and the separation of charge across the inner mitochondrial

membrane — the proton-motive force — drives the synthesis of ATP as protons 

flow passively back into the matrix through a proton pore in ATP synthase. (Fig. 19-19)

To emphasize this crucial role of the proton-motive force, the equation for ATP 

synthesis is sometimes written

Mitchell used “chemiosmotic” to describe enzymatic reactions that involve, simultaneously, a chemical 

reaction and a transport process, and the overall process is sometimes referred to as “chemiosmotic

coupling”. Coupling refers to the obligate connection between mitochondrial ATP synthesis and electron

flow through the respiratory chain; neither of the two processes can proceed without the other.



Chemiosmotic model

ATP-synthase



Chemistry of ATP-synthase
(Complex V)

FFo

F1



Complexes I, III, and IV all "pump" protons (H+) into the 

intermembrane space between the inner and outer mitoch. 

membrane, establishing a proton gradient (electrical and 

concentration gradient) across the inner mitoch. 

membrane. As the protons pass through ATP-synthase, 

the proton-motive force (osmotic energy) of the gradient 

is converted into chemical energy, in the form of ATP. 

The use of this transmembrane proton gradient, created 

by the exergonic redox reactions occurring between 

Complex I and Complex IV, to drive the endergonic

reaction of ATP synthesis is known as reaction of ATP synthesis is known as 

chemiosmotic coupling.

Chemiosmotic coupling is achieved through the unique 

structure of ATP-synthase. The enzyme complex is 

composed of two distinct protein component: F1 and FO. 

FO has a proton pore through which protons leak 

(passively flow into the mitoch. matrix). The F1 consists 

of a knob-like structure, which is attached to stalk 

proteins, linked to the FO base. The F1 has multiple 

subunits, 3 alpha, 3 beta, 1 gamma, 1 delta, and 1 

epsilon. The site of ATP synthesis is the beta subunit. 



The ratio of ATP synthesized per ½O2 reduced to H2O (the 

P/O ratio or P/2e- ratio) is about 2.5 when 2 electrons enter the 

respiratory chain (ETC) at Complex I, and 1.5 when 2 electrons 

enter at ubiquinone (Q). 

If 10 protons are pumped out per NADH and 4 must flow in to 

produce 1 ATP, the proton-based P/O ratio is 2.5 for NADH as 

the electron pair (2e-) donor and 1.5 (6/4) for succinate (i.e. 

The P/O ratio

the electron pair (2e-) donor and 1.5 (6/4) for succinate (i.e. 

FADH2) as the electron pair donor.

Therefore:

2e- from 1 NADH in ETC provide Gibbs energy sufficient for 

synthesis of 2.5 ATP by ATP-synthase;

2e- from 1 FADH2 in ETC provide Gibbs energy sufficient 

for synthesis of 1.5 ATP by ATP-synthase;



Adenine nucleotide and phosphate

translocases
Transport systems of the inner mitochondrial

membrane carry ADP and Pi into the matrix and

newly synthesized ATP into the cytosol.

The adenine nucleotide translocase is an 

antiporter; the same protein moves ADP into the

matrix and ATP out. The effect of replacing ATP

with ADP is the net efflux of one negative 

charge, which is favored by the charge difference

across the inner membrane (outside positive).

At pH 7, P is present as both HPO 2- and H PO -; 

+

+

+

-

-

-

At pH 7, Pi is present as both HPO4
2- and H2PO4

-; 

the phosphate translocase is specific for

H2PO4
-. There is no net flow of charge during

symport of H2PO4
- and H+, but the relatively low

proton concentration in the matrix favors the

inward movement of H+. Thus the proton-motive

force is responsible both for providing the energy

for ATP synthesis and for transporting substrates

(ADP and Pi) in and product (ATP) out of the

mitochondrial matrix. All three of these transport

systems can be isolated as a single membrane-

bound complex (ATP synthasome). FIGURE 19–30

+

+

+

-

-

-

The proton-motive force also

drives (energizes) active transport 

of ion species essential to 

oxidative phosphorylation



UNCOUPLERS:

Substances that

uncouple oxidation and 

phosphorylation process,

causing dissipation of a causing dissipation of a 

proton gradient, and 

therefore inhibit the ATP 

synthesis!

THERMOGENIN



DNP: 2,4-dinitrophenol



Shuttle Systems

• Required for mitochondrial oxidation of cytosolic NADH

• Our cells produce cytosolic NADH by glycolysis (occurres
in cytosol)

• They also have to be reoxidized to NAD+

• Inner mitoch. membrane is NOT permeable to cytosolic
NADH

• Inner mitoch. membrane is NOT permeable to cytosolic
NADH

• NADH dehydrogenase of the inner mitoch. membrane can 
accept electrons only from NADH in the matrix

• We therefore need shuttle systems



For transport of e- (reducing equivalents) from cytosolic NADH to NAD+ in mitochondial matrix

in cells of LIVER, KIDNEY, HEART MUSCLE.

Malate-aspartate shuttle



Malate-aspartate Shuttle

• Heart, liver, kidney

• Transport of e- (reducing equivalents) from

cytosolic NADH to NAD+ in mitochondial

matrix (cytoplasmic NADH is indirectly brought 

to mitochondria by this shuttle)to mitochondria by this shuttle)

• This shuttle works only if [NADH]/ [NAD+]

increases in the cytosol (higher than in

mitochondria)

• No energy consumed

• No ATP lost



Electrons are

transferred 

from cytosolic NADH 

to FAD forming 

FADH2, and via 

ubiquinone to 

Complex III, providing 

(only) enough Gibbs 

Glycerol 3-phosphate 

shuttle

(only) enough Gibbs 

free energy to produce 

1.5 ATP per

pair of electrons.

It is active in muscle

and brain. 

Net reaction:

NADH + H+ + E- FAD ���� NAD+ + E-FADH2

(cytosolic) (mitoch.) → (cyto.)      (mitoch.)



3 catabolic stages (substrate

oxidation)

- in aerobic conditions in cell;



! !

!!!

!!!



Regulation of the ATP 

producing pathways

(coordinated regulation!)



HOMEWORK: Questions to be answered

1. (a) Write the net redox reaction of electron transfer chain! 

Represent the partial reactions (oxidation and reduction) of the initial 

electron donor and the final electron acceptor. 

(b) Calculate the standard Gibbs free energy (at pH=7) of the 

electron transfer if the standard reduction potentials of two redox

pairs are: E’°= -0.320 V and E’°= 0.816 V.

2. Briefly explain the chemical mechanism that couples the ETC 

proton flux with ATP synthesis, known as chemiosmotic model, 

proposed by Peter Mitchell!

3. Name and represent structural formula of the final product(s)

synthesized by mitochondrial oxidative phosphorylation!



Required background 

knowledge from the Chemistry 

course!course!



Standard state

for the reaction

in biological system

is defined at pH=7

(Not at pH=0),

i.e. at a(H+) = 10-7



At the NONSTANDARD STATE:
Q = K

ΘΘ
−=∆ KRTGr ln

At the STANDARD STATE:

'ln' KRTGr −=∆
Θ

For all types of reactions:

At the NONSTANDARD STATE:
Q = K

QRTG
a

a
RTGG rrr lnln

reactant

product
+∆=

∏

∏
+∆=∆

ΘΘ

QRTG
a

a
RTGG rrr ln'ln'

reactant

product
+∆=

∏

∏
+∆=∆

ΘΘ



For the redox-reactions at standard state:

∆∆∆∆rG
ΘΘΘΘ = - z⋅⋅⋅⋅ F⋅⋅⋅⋅ ∆∆∆∆EΘΘΘΘ (at pH=0, t = 25 °°°°C)

∆∆∆∆rG
’ΘΘΘΘ = - z⋅⋅⋅⋅ F⋅⋅⋅⋅ ∆∆∆∆E’ΘΘΘΘ (at pH=7, t = 25 °°°°C)

∆∆∆∆EΘΘΘΘ = EΘΘΘΘmore positive – E
ΘΘΘΘ

more negative

or  ∆∆∆∆E ΘΘΘΘ = E ΘΘΘΘ
cathode – E

ΘΘΘΘ
anodeor  ∆∆∆∆E = E cathode – E anode

For the redox-reactions at nonstandard state:

∆∆∆∆rG = - z⋅⋅⋅⋅ F⋅⋅⋅⋅ ∆∆∆∆E i.e. ∆∆∆∆rG
’ = - z⋅⋅⋅⋅ F⋅⋅⋅⋅ ∆∆∆∆E’

∆∆∆∆E= Emore positive – Emore negative

or ∆∆∆∆E= Ecathode – Eanode



QRTGG rr ln+∆=∆
Θ

From the expression for ∆∆∆∆rG of (redox-) reaction at 

NONSTANDARD state, the Nernst equation could

be derived:

)(/ln FzQTREFzEFz ⋅−÷⋅⋅+∆⋅⋅−=∆⋅⋅−
Θ

TR ⋅
Q

Fz

TR
EE ln

⋅

⋅
−∆=∆

Θ

12

12

ox2red1

red2ox1ln
νν

νν

aa

aa

zF

RT
EE

⋅

⋅
−∆=∆

Θ

For the reaction: νννν2 red1 + νννν1 ox2 →→→→ νννν2 ox1 + νννν1 red2



(r)

(o)
ox

)(

)(
ln

ν

ν

a

a

zF

RT
EE +=

Θ

- For E of a redox syst. at NONSTANDARD STATE:

NERNST EQUATION

Q
zF

RT
E

a

a

zF

RT
EE ln

)(

)(
ln

(o)
ox

(r)
red −=−=

ΘΘ

ν

ν

or

For a redox-system: ox1+ νννν e
- →→→→ red1

(r)
red )( ν
azF

E - actual value of reduction (electrode) potential (at nonstandard state);
EΘΘΘΘ - standard reduction (electrode) potential;
R - universal gas constant, 8.314 JK-1 mol-1;
T - thermodynamic temperature;
z - number of electrons exchanged in a single redox-reaction;
F - Faraday constant, 96 485 Cmol-1;
aox - activity of the oxidized form of redox-system in solution;
ared - activity of the reduced form of redox-system in solution;
νννν(o) - stoichiometric coefficient of the oxidized form;
νννν(r) - stoichiometric coefficient of the reduced form.



For a redox-reaction (net reaction):

ox1+ νννν1 e- →→→→ red1 Emore negative

ox2+ νννν2 e
- →→→→ red2 Emore positive

νννν2 red1 + νννν1 ox2 →→→→ νννν2 ox1 + νννν1 red2

NERNST EQUATION

POTENTIAL DIFFERENCE (at actual nonstandard state):

e-
(r)

ox

(o)
red

)(

)(
ln

ν

ν

a

a

zF

RT
EE −=

Θ

(r)
ox

(o)
red

)(

)(
ln

ν

ν

a

a

zF

RT
EE −=

Θ

12

12

ox2red1

red2ox1ln
νν

νν

aa

aa

zF

RT
EE rrrr

⋅

⋅
−=

Θ

or Q
zF

RT
E

a

a

zF

RT
EE rrrrrr lnln

reactant

product
−=

∏

∏
−=

ΘΘ

POTENTIAL DIFFERENCE (at actual nonstandard state):

∆∆∆∆E= Err = EMF = Emore positive – Emore negative



�AD+ FAD



ATP



ATP — A “High Energy” Compound


