
Chapter 3 Bioenergetics

Discussing about:

Ø What are the energy sources ?
Ø How is the energy conserved ?

Ø How does the energy converted to different forms ?
Ø How do chemical energy source  metabolized and to what ? 

Ø What are the components involved ?

Ø Where does the energy conversion take place ?

Ø What is the efficiency on each step of energy conversion ?



An Overview of Energy Cycle of the Earth Ecosystem



An Overview of Aerobic respiration



An Overview of Cellular Energy Metabolism - Glycolysis and the Krebs Cycle

Cytosol

Glycolysis
Fermentation

In Mitochondria
1. Krebs Cycle - NADH production
2. Oxidative phophorylation
3. Electron transport
4. ATP synthesis



High Energy CompoundsHigh Energy Compounds



Glycolysis

Fermentation

Aerobic 
oxidation

Fermentation



Net gain: 2  each of pyruvate, ATP, NADH and H+

Glucose + 2 ADP + 2 NAD à 2 Pyruvate + 2 ATP + 2 NADH + 2 H+ + 2 H2O

Efficiency:  Low !!!







Energy of hydrolysis of one mole of glucose:

C6H12O6 + 6O2à 6H2O + 6CO2 ∆Go’= - 686 kcal/mol

ADP + Pià ATP + H2O ∆Go’= +7.3 kcal/mo

Efficiency = 2 x 7.3 / 686 = 0.021 = 2%

NADH FADH2



Most efficient 
energy pathway



Acetyl group:   CH3 – CO -

Acetyl CoA:  CH3 - CO – S – CoA  (Universal acyl group carrier)



Citric Acid Cycle

Tri-Carbon Acid 
(TCA) cycle 

Krebs cycle



CO2

CO2

Intermediate 
Products



Enzymes 
Involved



High energy 
cpds produced



Net reaction of the TCA cycle

Acetyl CoA  +  3 NAD+ +  FAD  +  GDP  +  Pi +  2H2O   è

2CO2 +  3NADH  +  FADH2 +  GTP  +  2H+ +  CoA

Ø It remove two carbon (CH3-CO-) every cycle to 
generate two CO2. 

Ø The intermediate compounds are not affected.



Coenzymes



Compartmentation: Reaction takes place in defined compartment

CytoplasmMitochondria



Utilization of the Coenzymes to generate ATP

1. High energy electrons are passed from FADH2 or 
NADH to the first of a series of electron carriers,
the Electron transport chain, with the concomitant 
generation of proton gradient across the inner 
mitochondrial membrane. 

2. The controlled movement of protons back across 
the membrane through the ATP-synthesizing 
enzyme provides the energy required to 
phosphorylate ADP to ATP – Proton motive force, 
Mitchell’s chemiosmotic theory.



Acetyl-CoA enters Krebs Cycle to generate NADH  and FADH2 which are used to 
pump H+ outside mitochondria to create pH gradient which drives ATP synthesis 
and exports to outside mitochondria.

Michell’s Chemiosmotic Theory

Proton Motive Force

Proton chemical gradient is 
used to drive ATP synthesis.

Pyruvate + NAD+ + HS-CoA     è Acetyl-CoA + CO2 + NADH + H+

Oxidative phosphorylation

Acetyl CoA  +  3 NAD+ +  FAD  +  GDP  +  Pi +  2H2O   è
2CO2 +  3NADH  +  FADH2 +  GTP  +  2H+ +  CoA

Reference:  Karp  Chap 5



ØMitochondria ultilize the ionic gradient across their membrane 
to drive ATP synthesis
Ø Oxidative Phosphorylation: The formation of ATP driven by energy

released from electrons removed during substance oxidation.(2x1026/d)

Ø Oxidation-Reduction potential (Redox Potential):

2H++ 2e-à H2

Half-Cell



(At pH 7.0)
Reductant

(High energy)

Oxidant
(Low energy)



Redox Potential

Standard redox potential of some reactions:

Oxidant Reductant n E’
o(V)

Succinate +CO2 α-ketoglutarate 2 -0.67

2H+ H2 2 -0.42

NAD+ NADH + H+ 2 -0.32

Cytochrome b (+3) Cytochrome b (+2) 1 0.07

Ubiquinone(Oxidized) Ubiquinone (Reduced)    2 0.10

Cytochrome c (+3) Cytochrome c (+2) 1 0.22

Fe (+3) Fe (+2) 1 0.77

½ O2 + 2 H+ H2O 2 0.82

Reductant

Oxidant



∆G = ∆H - T∆S (kcal/mol)

Thermodynamics

∆H :  Enthalpy change. Internal energy, binding energy, interactions or  
thermal  energy;

∆S :  Entropy change. Randomness or degree of freedom and is related to 
molecular rearrangement (cal/oK/mol, kcal/oK/mol) 

∆G :  Gibbs free energy. Determine the nature of the biological processes;

1. Separation of energy into internal energy and randomness.

2.  Biological process proceed in the direction of lowest energy 
and highest randomness.



Redox Potential

Calculate the free energy of oxidation of the following reaction:

½ O2 + NADH + 2 H+ H2O + NAD+

∆Gelec = - n · z · F· ∆E

∆E:  Electric potential (Volts);   n:     moles of ions (electrons);  
F:  (Faraday’s constant) = 23 kcal.mol-1.V-1 ; z:     valence of the ion.

Energy change:

∆Go’=  - nF ∆E’o =  - 2 x 23 x 1.14  =  - 52.5 kcal

Sol:  NAD+ +  H+ +  2e- NADH     E’o = - 0.32 V  -------- (a)

½ O2 +  2 H+ +  2e- H2O E’o = 0.82 V    -------- (b)

(b) - (a):

½ O2 + NADH + 2 H+ H2O + NAD+ ∆ E’o = 1.14 V

Ø “-”means energy has been released

∆E = 1.14 Volts;      n = 2 moles;  F = 23 kcal.mol-1.V-1 ;     z = 1:



Transport of charge across a polarized membrane

∆Gelec= -n ·z ·F· ∆E

∆E:  Membrane potential (Volts);   
n:     moles of ions;  
F: (Faraday’s constant) = 23 kcal.mol-1.V-1 ;
z:     valence of the ion.
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Electrical work: Co

Ci

Example:  Translocating 1mmol of Zn+2 across membrane

∆E = 30 mV

Zn+2

+
+

+ +
+

+ -

-
-

-

-∆E = - 30 mV;   n  =  1 mM = 0.001 mole;   z = +2;

∆Gelec = - z ·n ·F·∆E

= - 2 ·(0.001) ·23 ·(-0.03) 
=  1.38 cal       

Ø Need energy, against potential gradient.



Chemical potential: Transport of chemicals

Gchem=  ?niμi = ?niμi
o + ?niRT·lnCi

ni: moles of compound i;      R: gas constant = 2 cal/oK/mol
T: absolute temperature;     Ci = concentration (molar)
μ i

o is the chem potential of the ideal solute at unit conc.

Chemical potential: µ i = (?G/?ni)T,P,n

Example:  Translocating 1mmol of Zn+2 across a neutral membrane

Zn+2

∆E = - 0mV;   n  =  1 mM = 0.001 mole;   z = +2;
Ci = 0.001 M;  Co = 0.0001 M;  T = 27 oC

∆Gelec = Gi – Go = RT ·ln(Ci/Co)
= 2 x (27 + 273) x ln (0.001/0.0001)
= 1382 cal = 1.382 kcal

Ø Need energy, against concentration gradient.
Ø Only apply to ideal solution.
Ø If both potential and concentration gradient exit 

one need to add all contributions.

CiCo

Ci = 1 mM

Co = 0.1 mM



Electron Transport Chain (Respiratory chain)



Four type of Electron Carriers

1. Flavoproteins: Proteins contain either flavin adenine 
dinucleotide (FAD) or flavin mononucleotide (FMN).

2. Cytochromes: Proteins contain heme group
Fe+2                       Fe+3

3. Ubiquinone (UQ or coenzyme Q): A lipid soluble 
molecule contining a long hydrophibic chain composed of
five-cqrbon isoprenoid unit. 

Quinone               Ubisemiquinone              Ubiquinone

4. Iron-sulfer proteins: Proteins contain irons which 
are linked to inorganic sulfur atoms as part irons sulfur 
center [2Fe-2S] or [4Fe-4S]-linked to cysteine.

∆Eo = -700 mV - +300 mV



FMN Ubiquinone

Heme









Electron Tunneling pathway: Electrons travel thru hydrogen 
bonds and covalent bonds for considerable distances (10 – 20 Å ).



MW;       ~1x106 structure solved               structure solved

Four complexes:



Cytochrome Oxidase A dimer of 13 proteins each

4cytc2+ + 4H+ + O2 à 4cyt c+3  +  2H2O





Chemical Equilibrium

∆G = ∆Go + 2.3RT log K ---------- (1)

∆G : Gibbs free energy under experimental condition (cal, kcal)
∆Go : Gibbs free energy in equilibrium = - 2.3 RT log Keq (Equilibrium constant)

Standard state free energy (All conc = 1 M)
R: Gas constant = 1.99 cal K-1 Mol-1 = 8.31 J K-1 mol-1;
K = [C]c ·[D]d ··/ [A]a ·[B]b ·· (Not necessarily in equilibrium)

Chemical reaction:

1. Sign of ∆G, not ∆Go, determines the direction of a reaction.
∆G < 0    Spontaneous reaction (proceeds in forward direction).
∆G > 0  Reaction proceeds in reverse direction.
∆G = 0 System in equilibrium (No change in reactant concentration)

è 0 = ∆Go + 2.3RT log K,   or    Keq. =  exp(- ∆Go/RT)

a A + b B  + ···· c C + d D + ····

Coupling of proton gradient to ATP synthesis





}
(pyrophosphate, PPi)



K

K



Examples 
– ATP hydrolysis

N = A; ATP, ADP, AMP
Adenosine-5’-triphosphate
Adenosine-5’-diphosphate
Adenosine-5’-monophosphate

/ /

Calculate ∆G of the hydrolysis of ATP inside the cell at 27oC. 
Assume [ATP] = 100 mM, [Pi] = 10 mM and [ADP] = 1 mM inside the cell.

∆G   = ∆Go + 2.3 RT log K;      K =  [ADP]•[Pi] / [ATP];       ∆Go = -34.3 kJ mol-1

∆G   = -34.3 x 103 + 2.3 •8.31 • (273+27) log(0.001 •0.01/0.1)

= - 57.2 kJ mol-1 = -13.3 kcal/mol  

ATP è ADP + Pi + H+

ATP è AMP + Ppi + H+

ADP è AMP + Pi + H+

∆G  ≠ ∆Go



Proton motive force (Electrochemical gradient): 

Proton gradient generated by oxidative phosphorylation 
contains both chemical gradient and electric gradient. 

∆p  =  ψ - 2.3 (RT/F) ∆pH
=  ψ - 59 ∆pH  (mV)

∆ψ

H+

-
-

- -
-

- +

+
+

+

+

Ø ∆pH ~  0.5 – 1 pH unit

+Electromotive force (∆p):

Ø ∆pH  contribute  about 20% and ∆ ψ contribute 
about 80% to ∆p.









ATP yield from metabolism of a glucose Molecule



Animation of Electron transport in Mitochondria

The schematic diagram above illustrates a mitochondrion. In the animation, watch
as NADH transfers H+ ions and electrons into the electron transport system. 

Step 1: Proton gradient is built up as a result of NADH (produced from oxidation 
reactions) feeding electrons into electron transport system. 

Step 2: Protons (indicated by + charge) enter back into the mitochondrial matrix 
through channels in ATP synthase enzyme complex. This entry is coupled to ATP 
synthesis from ADP and phosphate (Pi) 



The schematic diagram on the 
right illustrates a mitochondrion. In 
the animation, watch as H+ ions 
accumulate in the outer 
mitochondrial compartment 
whenever NADH is made from 
oxidation reactions, generating a 
proton gradient (upper image). 
Protons re-enter the cell through 
the ATP synthase complex, 
generating ATP (lower image).

Key points: 

1. ATP synthase is a large protein complex with a proton channel that allows  
re-entry of  protons. 

2. Protons are translocated across the membrane, from the matrix to the 
intermembrane space, as a result of electron transport resulting from the 
formation of NADH by oxidation reactions. (See the animation of electron 
transport.) The continued buildup of these protons creates a proton gradient. 

3. ATP synthesis is driven by the resulting current of protons flowing through 
the membrane:

ADP + Pi ---> ATP 



Determination 
of ∆H and ∆S 

by DSC

Cp=

In macromolecules:
(Constant P)
∆H = ∆q.

In equilibrium:
∆G = 0 = ∆H - ∆S 

à ∆S = ∆q/T
= Cp ∆T/T





Example:  
Protein denaturation

Native (Folded ) state
(Low ∆ H, low ∆ S)

Denatured (unfolded ) state
(High ∆ H, high ∆ S)

Measure Cp and  ∆H by 
DSC 
(Differential scanning 
calorimeter)

Colicin E1 has 3 melting 
transitions, corresponding to 
unfolding of 3 domains

Native Denatured (Random coil)



Determination of ∆H and ∆S from van’t Hoff equation: 

∆Go = ∆Ho - T ∆So = RTlnK   
è lnK = - ∆Ho/RT + ∆ So/R  = ∆So/ R  - (∆Ho/R)(1/T)

Measure K at different temperatures and determine ∆H 
(slope) and ∆S (intercept) from van’t Hoff plot.

∆HvH and ∆H DSC may not be the same if the process is cooperative 
or there are molecular interaction involved.



Homework IV.  Bioenergetics – Due a week from now

1.  Calculate the ∆G for ATP hydrolysis in a cell in which the [ATP]/[ADP] 
ratio had climbed to 100:1 while the Pi concentration remained at10 mM. 
How does this compare to the ratio of [ATP]/[ADP] when the reaction is 
at equilibrium and Pi concentration remains at 10 mM ? What would be 
the value of ∆G when the reactants and prodcuts were all at standard 
state conditions of 1 M ? 

2.  Calculate the free energy released when FADH2 is oxidized by 
molecular O2 under standard conditions. 

3.  Of the following substances, ubiquinone, cytochrome c, NAD+, NADH, O2, 
H2O, which is the strongest reducing agent ? Which is the strongest 
oxidizing agent ? Which has the greatest affinity for electrons ? 

4.  Suppose that you are able to manipulate th epotential of the inner 
membrane of an mitochondrion. You measure the pH of the 
mitochondrial matric and find it to be 8.0. You measure the bathing 
solution and find its pH  to be 7.0. You clamp the inner membrane 
potential at +59 mV, i.e. you force the matrix to be 59 mV positive with 
respect to the bathing solution. Under these circumstances, can the 
mitochondrion use  the proton gradient to drive the synthesis of ATP ? 
Explain your answer.


