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Electron Transport 

Chain and Oxidative 

Phosphorylation 



Before getting in the new lecture ; you must be familiar with the following info relating 

to the metabolic pathways we've taken recently : 

 

  Glycolysis takes place in cellular Cytosol . 

 

 Glycogenolysis : Degradation of Glycogen to its glucose subunits . 

 

 Glycogenesis : Formation of glycogen from glucose subunits . 

 

 Gluconeogenesis : generation of glucose from non-carbohydrate substrates ( 

Lactate , Amino acids , Glycerol ) . 

 

 Citric acid cycle takes place in : Mitochondrial Matrix ; because all enzymes 

required for this pathway to occur are found only there .  

 

 Citric acid cycle isn't only energy-producing pathway , intermediate products 

formed are involved in several biosynthesis pathways like Lipogenesis . 

 

 Make sure to differntiate between these enzymes , the doctor has asked about 

them : 

  Pyruvate Kinase , Pyruvate Dehydrogenase , Pyruvate Carboxylase ,Pyruvate 

Decarboxylase . 

 

 



-Definition of Electron Transport Chain : it is a cluster ( or Series ) of proteins (or complexes ) that 

transfer electrons through Inner Mitochondrial Membrane (IMM) to create a gradient of protons (H+) that 

in turn assists in ATP production .* 

 

 

-ETC takes place in the inner membrane of the mitochondria . 

 

-Reminder of Mitochondrial Structures : 

 

• Outer Membrane . 

• Inner Membrane . 

• Intermembraneous Space . 

• Mitochondrial Matrix . 

 

 

-ETC + Oxidative phosphorylation together perform the last step of energy (ATP) 

production . 

 

 

*The doctor asked about the definition but didn't give us the answer accurately ; that's why i 

intended writing it out of what he said during the whole lecture .  
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Learning Objectives 
1. What Role Does Electron Transport Play in Met.?  

2. What Are the Reduction Potentials for the 

Electron Transport Chain? 

3. How Are the Electron Transport Complexes 

Organized? 

4. What Is the Connection between Electron 

Transport and Phosphorylation? 

5. What Is the Mechanism of Coupling in Oxidative 

Phosphorylation? 

6. How Are Respiratory Inhibitors Used to Study 

Electron Transport? 

7. What Are Shuttle Mechanisms? 

 



 
 

 

- Two electron Carriers are : NADH and FADH2 . 

 

-Remember the following : 

 

(1) Each NADH gives 3 ATPs and Each FADH2 gives 2 ATPs . 

 

(2) During Aerobic Glycolysis 2 NADH molecules are produced . 

 

(3)CAC produces 3 NADH and 1 FADH2 , don't forget that there is 1 ATP molecule (GTP) is 

directly produced (Substrate level phosphorylation ) during CAC . 

 

(4) Notice ; NADH is produced during both Glycolysis and TCA cycle whereas FADH2 is 

produced during TCA cycle . 

 

(5) 2 NADH are produced during the conversion of pyruvate to acetyl CoA  (1 NADH per 

each Pyruvate molecule) ; which is the step after ending of glycolysis and before starting 

of TCA cycle , so once asked about the Number of NADH molecules produced during 

Krebs cycle you answer with 3 ; because step of pyruvate conversion to Acetyl CoA isn't 

ivolved in krebs cycle . 
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The Role of Electron Transport 

in Metabolism 
• Electron transport is carried out by four closely 

related multisubunit membrane-bound 

complexes and two electron carriers, coenzyme 

Q and cytochrome c 

• In a series of oxidation-reduction reactions, electrons 

from FADH2 and NADH are transferred from one 

complex to the next until they reach O2 (final e acceptor) 

• O2 is reduced to H2O 

 

• As a result of electron transport, protons are pumped 

across the inner membrane to the intermembrane 

space, creating a pH gradient 

 

2 H2 O+ 4 H+ + 4 e -O2
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Inner Mitochondrial Membrane is of the most protein and enzyme  content 

that's why it is sometimes called Peas on string . 

 

 

- Mitochondria therefore is called to be Powerhouse of the cell . 

 

 

-IMPORTANT : 

 

 The final electron acceptor is Oxygen . 

 The final reduced end product of electron transport system is Water , in 

addition to ATP ,surely . 

 

 

-So , the ultimate goal of metabolism pathways is to produce Water and Energy 

(ATP) , in addition to other benefits such as maintenance , growth , development 

, etc . 
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ATP Production in the Mitochondrion 

• The production of ATP in the mitochondria is the 

result of oxidative phosphorylation 

 

• The proton gradient establishes a voltage 

gradient 

 

• The proton and voltage gradients together 

provide the  mechanism to couple electron 

transport with phosphorylation of ADP 

+ADP Pi ATP + H2 O



Transporting of electrons in ETC is accompanied with efflux of H+ from 

the mitochondrial matrix towards the intermembrane space which 

establishes a voltage gradient along the IMM (i.e. High [H+] in the 

intermembrane space which means a relatively low pH value compared to 

the mitochondrial matrix where [H+] is low and therefore pH value is 

High). 

*IMM==Inner Mitochondrial Membrane 

 

-This Concentration gradient is responsible for the movement of H+ ions 

from the intermembraneous space through the ATP synthase , which ends 

up with ADP phosphorylation to produce ATP . 

 

-For further understanding check the slide after . 
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Establishment of the Proton Gradient 
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Summary 
• Electron transport from 

one carrier to another 

creates a proton gradient 

across the inner 

mitochondrial membrane 

• The proton gradient is 

coupled to the production 

of ATP in aerobic 

metabolism 



 Why does NADH give 3 ATP molecules while FADH2 give only 2 ? 

 

That's simply because NADH gives up its electron to Complex I , which is at a higher 

level of energy compared to the rest of complexes .In contrast , FADH2 , produces 2 

ATPs during ETC because it gives up its electrons to complex II , bypassing complex I  

 

 

EXTRA Note . 

 

but you may ask what effect does bypassing complex I have on total ATP produced by 

FADH2 ? 

Bypassing complex I actually means that we have missed a chance to pump protons 

across the membrane so less protons have been pumped by the time we get to 

complex IV . Protons still have been pumped enough to fuel 2 ATPs created by ATP 

synthase .  
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Electron Transport Chain 
 The 4 respiratory complexes 

• Each complex is composed from several proteins and enzymes 

 

              

                        
Sheet note: succinate 

dehydrogenase is located 

in the IMM & it is the 

connection between the 

CAC & ETC (only enzyme 

that participates in both) 



ETC Protein Complexes   

 

•Complex I ( NADH -CoQ oxidoreductase ). 

 

•Complex II ( Succinate Dehydrogenase or Succinate -CoQ oxidoreductase )  

 

Related to CAC , Succinate dehydrogenase which catalyzes the conversion of Succinate 

to Fumarate is the only enzyme that is common between CAC and ETC that it is 

embedded in the IMM . 

 

•Complex III ( CoQH2-Cytochrome c oxidoreductase). 

 

Notice A very important thing ; Cytochrome C is an electron carrier located within the 

intermembrane space ( ++ Bcz it is water-soluble ). 

 

•Complex IV ( Cytochrome oxidase ) this complex contain copper (Cu II ) centers , in 

contrast to the other complexes ( I , II and III ) which contain Fe-S (Iron -Sulfur cluster) . 
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Compositions and Locations of Respiratory 

Complexes in Inner Mitochondrial Membrane 

1st electron carrier in the 

ETC embedded in the IMM . 



CoQ , which is the first 

electron carrier involved in 

ETC ,it picks up electrons 

from protein complex I and 

protein complex II and 

shuttles one of the electrons 

to protein complex III and the 

other to Cyt bL to give Cyt bH 

in a cycle called QCycle . 

•Briefly , CoQ is a membrane-embedded electron carrier picks up 2 

electrons , gives one to Complex III (FeS-> Cyt C1) and uses the other for 

recycling (Cyt bL -> Cyt bH). 

 

•The other electron carrier involved (the second) is Cytochrome C , which 

is hydrophilic in nature , located outside the IMM , it picks up electrons 

from complex III transferring them to Complex IV . 
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•Iron- Sulfur clusters that are found in protein complexes may have different 

arrangements depending on the number of atoms of both Iron and Sulfur : 

 

(1) 2Fe-2S . 

(2) 4Fe-4S. 

 

•Ferredoxins (++are iron–sulfur proteins that mediate electron transfer) . 

 

• Iron-Sulfur proteins ( non-heme iron proteins also abbreviated with Fe-S 

proteins ); usually red in color ( Important example is Succinate 

dehydrogenase ). 
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The Heme Group of Cytochromes 

• All cytochrome 

proteins contain a 

heme group 

• There are 

differences in the 

side chain 

depending on the 

heme 

 

  

 

Notice the different functional 

groups found in cytochromes' 

heme group compared to that 

of Hb. 
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Oxidative Phosphorylation 
• the energy-releasing oxidations give rise 

to proton pumping and a pH gradient 
across the inner mitochondrial 
membrane 

• in addition, differences in the 
concentration of ions across the 
membrane generates a voltage gradient 

• a coupling process converts the 
electrochemical potential to the chemical 
energy of ATP (phosphorylation)  
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• the coupling factor is ATP synthase, 
a complex transmembrane protein 
oligomer, separated from the 
electron transport complexes 

 

Sheet Note : 

ATP Synthase is the most abundant enzyme in the body 

because of its location in the IMM and its importance in ATP 

synthesis . 
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Oxidative Phosphorylation 
• P/O ratio: the number of moles of Pi consumed in 

phosphorylation to the number of moles of 

oxygen atoms consumed in oxidation 

 

 

 

 

• P/O = 3 when NADH is oxidized 

• P/O = 2 when FADH2 is oxidized 

ADP + Pi ATP + H2 O

1 / 2 O2 + 2 H+
+ 2 e - H2 O

Phosphorylation (P)

Oxidation (O)

Depends on 

Phosphate  

Depends on 

Oxygen 
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Summary 
• The coupling of electron transport to oxidative 

phosphorylation requires a multisubunit 

membrane-bound enzyme, ATP synthase. This 

enzyme has a channel for protons to flow from 

the intermembrane space into the mitochondrial 

matrix. 

 

• The proton flow is coupled to ATP production in 

a process that appears to involve a 

conformational change of the enzyme. 
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Peter Dennis Mitchell, (1920-1992) 

 was a British biochemist who was awarded the 

1978 Nobel Prize for Chemistry for his discovery of 

the chemiosmotic mechanism of ATP synthesis. 

https://en.wikipedia.org/wiki/English_people
https://en.wikipedia.org/wiki/Biochemist
https://en.wikipedia.org/wiki/Nobel_Prize_for_Chemistry
https://en.wikipedia.org/wiki/Chemiosmosis
https://en.wikipedia.org/wiki/Adenosine_triphosphate
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Chemiosmotic coupling 
• Chemiosmotic coupling: Coupling Ox to Ph 

• It is based on a proton concentration 

gradient between the intermembrane 

space and the matrix 

• In addition to electron transport, these 

proteins of ETC take up protons from the 

matrix when they are reduced and 

release them to the intermembrane 

space when they are reoxidized 
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Chemiosmotic coupling 

 Creation of a proton gradient 

 

 

              



•Electron transfer through ETC protein complexes is accompanied 

with movement of protons (H+ ions) from the mitochondrial matrix 

to the Intermembraneous space . 

 

 

• Complex I translocates 4 H+ ions . 

• Complex III translocates 2 H+ ions . 

• Complex IV translocates 2 H+ ions . 
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Mechanism of Ox/Phos 

• The mechanism by which the proton gradient 

leads to the production of ATP depends on ion 

channels through the inner mitochondrial 

membrane 

• protons flow back into the matrix 

through channels in the F0 unit of 

ATP synthase 

• the flow of protons is accompanied 

by formation of ATP in the F1 unit of 

ATP synthase 
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ATP-Synthase 



ATP synthase Structure : 

 

(1) It consists of 2 regions F0 and F1 . 

 

(2) F1 region is made of α , β , γ , δ , and ε subunits . 

 

(3) Fo is made of hydrophobic regions that's why it is embedded in the 

membrane  

 

ADP is already bound to the hip of ATP-Synthase; 

as protons flow through the membrane, it causes a 

rotation of the enzyme to bind Phosphate & convert 

ADP to ATP—(i.e. phosphorylation of ADP then  

release of ATP). 

 

*extra note: subunits α & β make a hexamer with 6  

binding sites; 3 of them are catalytically inactive &  

they bind ADP. 

 



20 

20-33 

Mechanism of Ox/Phos 

 

 

Which factor is considered to 

be the rate-limiting factor of 

Oxidative phosphorylation ? 

 

-Rate of OP is determined by 

the [ADP]; which means that 

ADP must be existent in order 

to produce ATP , by 

phosphorylation of these ADP 

molecules . 
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Mechanism of Mitochondrial ATP-ADP 

Translocase 

ADP-ATP translocase 

enzyme transfer ADP 

from the cytosol to the 

mitochondria and 

transporting the 

produced  ATP from the 

mitochondria toward the 

cytosol to be consumed 

in different cellular 

processes . 



Mitochondrial ATP (Produced in the mitochondria also 

abbreviated with ATPm ) must be transported to the cytosol 

in order to perform its functions (it is non-functioning once 

inside the mitochondria ) the same goes to Cytosolic ADP 

(Abbreviated with ADPc ) which must be entered to the 

mitochondria in order to be phosphorylated producing ATP 

and the same goes on . 
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Respiratory Inhibitors 

FMN

CoQ

Fe-S

Cyt c1

Cyt aa3

O2

Cyt b

rotenone and amytal

myxothiazol

CN- , N3
-,  CO

Cyt c

antimycin A

NADH

UHDBT

HYDROXYDIOXOBENZOTHI

AZOL; 5-n-undecyl-6-hydroxy-

4,7-dioxobenzothiazole 

It was first discovered 

in 1945 and registered 

for use as a fish 

toxicant in 1960 



(1) Rotenone ; blocks complex I (Partial blockage for energy production ). 

 

(2)CO(Carbon Monoxide) ,CN−(Cyanide),N3-(Azide) ,Inhibit Cyt aa 

(cytochrome oxidase). 

 

 •Hb affinity to CO is 210 times its affinity to O2 ( Angular). 

 •Hb affinity to CO is 25,000 times its affinity to O2 (Linear ). 

Which clearly indicates that Hb favors CO Binding than O2 Binding . 

  

 

Azide is found in Canned food where it is used as preservative . 

 

Cyanide(Highly toxic /killing)  is found in SuperGlue and in seeds of some 

fruits like apricot and peach; which We don't eat (Non edible seeds ) . 
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• Rotenone is an odorless, 

colorless, crystalline isoflavone used as a broad-

spectrum insecticide, piscicide( fish poison), 

and pesticide 

 

• Amytal, also known as amobarbital or blue 

heavens, is a barbiturate, and is occasionally used to 

treat insomnia, tension, and anxiety disorders. 

Doctors also sometimes prescribe barbiturates for 

the nerve disorder known as epilepsy . 

illegal 

https://en.wikipedia.org/wiki/Crystalline
https://en.wikipedia.org/wiki/Isoflavone
https://en.wikipedia.org/wiki/Insecticide
https://en.wikipedia.org/wiki/Piscicide
https://en.wikipedia.org/wiki/Pesticide
http://137.172.248.46/epilepsy.htm
http://137.172.248.46/epilepsy.htm
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Regulated Uncoupling Leads to the 

Generation of Heat 

 • The uncoupling of oxidative phosphorylation is a 

means of generating heat to maintain body 

temperature in hibernating animals, in some 

newborn animals (including human beings), and 

in mammals adapted to cold. Brown adipose 

tissue. 

• It is specialized for this process of nonshivering 

thermogenesis. The inner mitochondrial 

membrane of these mitochondria contains a 

large amount of uncoupling protein (UCP), here 

UCP-1, or thermogenin. 

Sheet note: Will be taken in more detail in fatty acid metabolism; in short: located 

in the chest/around the shoulder between the scapulae, helps preserve heat in 

newborn infants 
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•  UCP-1 forms a pathway for the 

flow of protons from the cytosol 

to the matrix. In essence, UCP-1 

generates  heat by short-circuiting 

the mitochondrial proton battery.  
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Action of an Uncoupling Protein. Uncoupling 

protein-1 (UCP-1) generates heat by 

permitting the influx of protons into the 

mitochondria without the synthesis of ATP 
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Chemical Uncoupler 
 

 

 

DNP was used in the past for 

weight loss , because of its ability 

making the mitochondria less 

efficient at generating energy so 

ends up with losing weight as the 

food being eaten is turned into heat 

rather than energy or fat . 

It was banned long ago because of 

its severe adverse effects . 


