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8.2.1 Oxidation, Reduction & Phosphorylation

Oxidation & Reduction

Oxidatio n and reductio n are co mmo nly kno wn as redo x reactio ns

These reactio ns o ccur at the same time and invo lve the transfer o f electro ns between mo lecules

Oxidatio n is the lo ss o f  electro ns

Reductio n is the gain o f  electro ns

Redo x reactio ns also  invo lve hydro gen, o xygen and energy transfer

Oxidatio n is also  the lo ss o f  hydro gen, gain o f  o xygen and releases energy  to  the

surro undings (exergo nic)

Reductio n is also  the gain o f  hydro gen, lo ss o f  o xygen and  abso rbs energy fro m the

surro undings (endergo nic)

Mo lecules that have a stro ng tendency to  lo se/do nate their electro ns, are kno wn as reducing

agents

Mo lecules that that have a stro ng tendency to  gain electro ns, are kno wn as o xidising agents

Oxidatio n and reductio n reactio ns feature in cellular respiratio n and pho to synthesis

Table co mparing o xidatio n and reductio n

Oxidat ion and reduct ion in cell respirat ion

Respiratio n invo lves a gro up o f mo lecules called electro n carriers  which accept o r do nate their

electro ns

NAD  is the primary electro n carrier invo lved in respiratio n

FAD is ano ther electro n carrier used in respiratio n

Bo th NAD and FAD serve as o xidising agents:

+
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NAD  and FAD gain electro ns and also  gain o ne o r mo re hydro gen io ns (fro m mo lecules

invo lved in respiratio n), switching to  a slightly di�erent fo rm called reduced NAD and

reduced FAD

NAD  + 2e  + 2H  --> NADH + H

FAD + 2e  + 2H --> FADH

These electro n carriers are used to  transpo rt the electro ns they have gained to  o ther reactio ns in

respiratio n

When they lo se these electro ns they return to  their o riginal fo rm releasing their electro ns in the

pro cess

NADH -->  NAD  + 2e  + 2H

FADH  --> FAD + 2e  + 2H

This is an example o f a redo x reactio n

Exam T ip

To  help yo u remember which way aro und lo ss and gain o f electro ns is fro m redo x reactio ns, think

OILRIG:

Oxidatio n Is Lo ss

Reductio n Is Gain

NAD is a co llective term fo r the di�erent fo rms NAD takes; NAD exists in an o xidised and a

reduced fo rm:

NAD  is the o xidised fo rm and acts as an o xidising agent

NADH is the reduced fo rm and acts a reducing agent

+

+ - + +

- + 
2

+ - +

2
- + 

+

Phosphorylation

Pho spho rylatio n o ccurs when a pho sphate io n is added  to  a mo lecule

E.g. the pho spho rylatio n o f ADP to  make ATP

This makes the mo lecule less stable  and therefo re mo re likely to  react

We can say that pho spho rylatio n activates  a mo lecule because it makes it mo re reactive

There are two  main types o f pho spho rylatio n:

Substrate level pho spho rylatio n where the pho sphate io n is transferred fro m a do no r

co mpo und

This takes place in glyco lysis and the Krebs cycle

Oxidative pho spho rylatio n where pho spho rylatio n is co upled with o xidatio n

This takes place in the the electro n transpo rt chain

Pho spho rylatio n is an endergo nic  reactio n whereas the remo val o f the pho sphate io n by

hydro lysis in depho spho rylatio n is an exergo nic reactio n

Remember that the hydro lysis o f ATP to  ADP releases energy, therefo re depho spho rylatio n

o f ADP is exergo nic

The additio n o f a pho sphate io n to  o ne mo lecule o ccurs at the same time as the remo val o f a

pho sphate fro m ano ther; this is kno wn as the co upling o f reactio ns

E.g. the exergo nic depho spho rylatio n o f ATP is co upled with the endergo nic

pho spho rylatio n o f gluco se at the start o f glyco lysis
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The cyclic formation of ATP from ADP by phosphorylation
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8.2.2 Overview of the Stages of Respiration

Stages of Respiration

An overview of  respirat ion

Respiratio n invo lves the transfer o f chemical po tential energy  fro m nutrient mo lecules (such as

carbo hydrates, fats and pro teins) into  a usable energy fo rm (thro ugh the synthesis o f ATP) that

can be used fo r wo rk within an o rganism

It is a vital pro cess that takes place in the cells o f all living o rganisms

There are two  fo rms o f respiratio n depending o n the o xygen availability o f the cell:

Aero bic respiratio n

Anaero bic  respiratio n

Aero bic  respiratio n is the pro cess o f breaking do wn a respirato ry substrate  in o rder to

pro duce ATP using o xygen

Anaero bic  respiratio n takes place in the absence o f  o xygen and also  breaks do wn a respirato ry

substrate but pro duces less AT P fo r the cell

The main respirato ry substrate invo lved in respiratio n is  gluco se

Co mpariso n o f  Aero bic & Anaero bic Respiratio n Table

Aerobic respirat ion

Aero bic respiratio n can be summarised by the fo llo wing equatio n

Gluco se + o xygen →  carbo n dio xide + water + energy
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T he st ages of  aerobic respirat ion 

The pro cess o f aero bic respiratio n using gluco se can be split into  fo ur stages

Each stage o ccurs at a particular lo catio n in a eukaryo tic cell:

Glyco lysis  takes place in the cyto plasm

The link reactio n takes place in the matrix o f the mito cho ndria

The Krebs Cycle  takes place in the matrix o f the mito cho ndria

Oxidative pho spho rylatio n which invo lves the electro n transpo rt chain and chemio smo sis

and o ccurs at the inner membrane o f the mito cho ndria

Overview of the four stages of aerobic respiration
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Fo ur Stages o f  Respiratio n Table

Exam T ip

It’s impo rtant to  kno w the exact lo catio ns o f each stage. It is no t eno ugh to  say the Krebs cycle

takes place in the mito cho ndria, yo u need to  say it takes place in the matrix o f the mito cho ndria.
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8.2.3 Glycolysis

Glycolysis

Glyco lysis is the �rst stage o f respiratio n

It takes place in the cyto plasm o f the cell and invo lves:

Trapping gluco se  in the cell by pho spho rylating the mo lecule

Splitting the gluco se mo lecule in two

It results in the pro ductio n o f

Two  pyruvate  (3 carbo n/3C) mo lecules

Net gain two  AT P (Fo ur ATP are pro duced in to tal but two  are used during the reactio ns o f

glyco lysis)

Two  reduced NAD

St eps of  glycolysis

Pho spho rylatio n: gluco se (6C) is activated by pho spho rylatio n fro m two  ATP to  fo rm fructo se-

1,6−bispho sphate (6C)

This makes the 6C mo lecule less stable and therefo re mo re reactive

Gluco se + 2AT P → Fructo se-1,6−bispho sphate

Lysis

Fructo se-1,6−bispho sphate (6C) splits into  two  mo lecules o f trio se pho sphate (3C)

Fructo se-1,6−bispho sphate → 2 Trio se pho sphate

Oxidatio n:

Hydro gen is remo ved fro m each mo lecule o f trio se pho sphate by dehydro genase enz yme

and transferred to  co enz yme NAD to  fo rm two  reduced NAD

Trio se pho sphate is o xidised to  fo r ano ther 3C mo lecule glycerate-3−pho sphate

2 Trio se pho sphate →2 Glycerate-3−pho sphate

4 H + 2NAD → 2NADH + 2H

Depho spho rylatio n

Pho sphates are transferred fro m the intermediate substrate mo lecules to  fo rm fo ur ATP

thro ugh substrate-linked pho spho rylatio n

4 P + 4 ADP → 4 AT P

Pyruvate is pro duced

The end pro duct o f glyco lysis which can be used in the next stage o f respiratio n

2 Glycerate-3−pho sphate → 2 Pyruvate

+

i 
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Glycolysis, the formation of two pyruvate molecules from one glucose sugar molecule

Exam T ip

It may seem strange that ATP is used and also  pro duced during glyco lysis. At the start ATP is used

to  make gluco se mo re reactive  (it is usually very stable) and to  lo wer the activatio n energy  o f

the reactio n. 

Yo u may see 4H (fo ur hydro gens) also  written as 2H+ + 2e- 

Yo u do  no t need to  kno w all the intermediate  co mpo unds o f glyco lysis apart fro m TP and G3P. 

The starting reactant, fructo se-1,6−bsipho sphate, and the pro duct, pyruvate, in this chain

reactio n yo u do  need to  be able to  name also .
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8.2.4 The Link Reaction & The Krebs Cycle

Link Reaction

Ent ering t he link react ion

The end pro duct o f glyco lysis is pyruvate (3C)

Pyruvate co ntains a substantial amo unt o f chemical energy that can be further utilised in

respiratio n to  pro duce mo re ATP

When o xygen is available  pyruvate will enter the mito cho ndrial matrix and aero bic respiratio n

will co ntinue

Once in the matrix pyruvate takes part in the link reactio n

T he link react ion

The link reactio n takes place in the matrix o f the mito cho ndria

It is referred to  as the link reactio n because it links glyco lysis  to  the Krebs cycle

The steps are:

Oxidative decarbo xylatio n reactio n in which:

Carbo n dio xide is remo ved  to  pro duce a 2C mo lecule 

T his 2C mo lecule is then o xidised  (lo ss o f hydro gen and 2 high energy electro ns) to

pro duce an acetyl co mpo und  and thereby reducing NAD to  NADH

Co mbinatio n o f  the acetyl co mpo und with co enz yme A to  fo rm acetyl co enz yme A (acetyl

Co A)

It pro duces:

Acetyl Co A

Carbo n dio xide (CO )

Reduced NAD (NADH)

pyruvate + NAD + Co A → acetyl Co A + carbo n dio xide + reduced NAD

Acetyl co enz yme A is supplied to  the Krebs cycle  where aero bic respiratio n co ntinues 

2

The link reaction occurs in the mitochondrial matrix. It dehydrogenates and decarboxylates the three-

carbon pyruvate to produce the two-carbon acetyl CoA that can enter the Krebs Cycle.
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Exam T ip

Remember that there are two  pyruvate mo lecules pro duced per gluco se mo lecule so  yo u need

to  multiply everything by 2  when thinking abo ut what happens to  a single gluco se mo lecule in

aero bic respiratio n.

Krebs Cycle

The Krebs cycle (so metimes called the citric acid cycle) co nsists o f a series o f  enz yme-

co ntro lled reactio ns

The Krebs cycle takes place in the matrix o f the mito cho ndria

T wo  carbo n (2C) Acetyl Co A enters the circular pathway fro m the link reactio n

A fo ur carbo n co mpo und (4C) accepts the 2C acetyl fragment fro m acetyl Co A to  fo rm a six

carbo n co mpo und (6C)

Co enz yme A is released in this reactio n to  be reused in the link reactio n 

The 6C co mpo und is then co nverted back to  the 4 C co mpo und  thro ugh a series o f o xidatio n-

reductio n (redo x) reactio ns

The Krebs Cycle uses acetyl CoA from the link reaction to produce reduced carbon dioxide, reduced NAD,

reduced FAD and ATP

T he react ions involved in t he Krebs cycle

The 4C co mpo und is regenerated in the Krebs cycle thro ugh a series o f redo x reactio ns

Decarbo xylatio n o f the 6C co mpo und

Releasing two  CO  as waste gas

Oxidatio n (dehydro genatio n) o f the 6C co mpo und releases hydro gen ato ms

Reductio n o f co enz ymes NAD and FAD (by the released H ato ms)

3 NAD and 1 FAD → 3NADH + H  and 1 FADH

Substrate-level pho spho rylatio n

A pho sphate is transferred fro m o ne o f the intermediates to  ADP, fo rming o ne AT P

As the link reactio n pro duces two  mo lecules o f acetyl Co A (o ne per each pyruvate), the Krebs

cycle o ccurs twice

Per gluco se mo lecule, the Krebs cycle pro duces:  

2

+ +
2
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4 CO

2 ATP

6 NADH + H  (reduced NAD)

2 FADH  (reduced FAD)

Exam T ip

The Krebs cycle is o ften referred to  as cyclical o r circular. This is because the 4C accepto r

mo lecule is  regenerated  thro ugho ut the reactio n so  that it can start all o ver again by adding

ano ther acetyl Co A. 

The names o f the intermediate mo lecules in the Krebs cycle and the link reactio n are no t

required.

2

+

2
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8.2.5 Oxidative Phosphorylation

NAD & FAD

Summary of  oxidat ive phosphorylat ion

Oxidative pho spho rylatio n is the last stage o f  aero bic respiratio n

It takes place at the inner mito cho ndrial membrane

This is the mo st e�cient pro ducer o f ATP in the pro cess o f aero bic respiratio n

It also  is the stage that pro duces water fro m o xygen

Oxidative pho spho rylatio n is co mprised o f the electro n transpo rt chain and chemio smo sis

During the electro n transpo rt chain, electro ns are passed alo ng carrier mo lecules fo rming an

electro chemical gradient

Chemio smo sis describes the fo rmatio n o f ATP using this gradient

Co enz ymes NAD  and FAD play a critical ro le in o xidative pho spho rylatio n by transf erring

electro ns (fro m hydro gen) fro m the previo us stages o f aero bic respiratio n thro ugh a series o f

carrier mo lecules

NAD and FAD

Co enz ymes NAD and FAD play a critical ro le in aero bic respiratio n by transferring hydro gen

thro ugh di�erent stages o f respiratio n

When hydro gen ato ms beco me available at di�erent po ints during respiratio n NAD and FAD

accept these hydro gen ato ms

A hydro gen ato m co nsists o f a pro to n (hydro gen io n/H ) and an electro n (e )

When the co enz ymes gain a hydro gen they are ‘reduced’

They transf er the hydro gen ato ms (pro to ns and  electro ns) fro m the di�erent stages o f

respiratio n to  the electro n transpo rt chain o n the inner mito cho ndrial membrane, called the

cristae (the site where hydro gens are remo ved fro m the co enz ymes)

When the hydro gen ato ms are remo ved the co enz ymes are ‘o xidised’

The reduction and oxidation of NAD and FAD

Sources of  reduced NAD & FAD

+

+ -
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A certain amo unt o f reduced NAD and FAD is pro duced during the aero bic respiratio n o f a single

gluco se mo lecule

Reduced NAD:

2 x 1 = 2 fro m Glyco lysis

2 x 1 = 2 fro m the Link Reactio n

2 x 3 = 6 fro m the Krebs cycle

Reduced FAD:

2 x 1 = 2 fro m the Krebs cycle

Exam T ip

No te at all stages there is a do ubling (2×) o f reduced NAD and FAD. This is because o ne gluco se

mo lecule is split in two  in glyco lysis and so  these reactio ns o ccur twice per single mo lecule o f

gluco se.

Remember NAD can also  be written as NAD

The Electron Transport Chain in Respiration

T he elect ron t ransport  chain

The electro n transpo rt chain is made up o f a series o f  redo x reactio ns  that o ccur via membrane

pro teins (also  kno wn as electro n carriers) embedded into  the inner mito cho ndrial membrane

The chain is used to  transpo rt electro ns and mo ve pro to ns acro ss the membrane

Electro n carriers are po sitio ned clo se to gether which allo ws the electro ns to  pass f ro m

carrier to  carrier

The cristae o f the mito cho ndria are impermeable to  pro to ns  so  the electro n carriers are

needed to  pump them acro ss the membrane to  establish a pro to n (o r electro chemical)

co ncentratio n gradient that can be used to  po wer o xidative pho spho rylatio n

All o f the electro ns that enter the transpo rt chain co me fro m reduced NAD and reduced FAD

mo lecules pro duced during the earlier stages o f cellular respiratio n

T he im port ance of  prot ons and elect rons

Pro to ns  and electro ns  are impo rtant in the electro n transpo rt chain as they play a ro le in the

synthesis o f ATP

Electro ns  are given to  the electro n transpo rt chain (fro m reduced NAD and reduced FAD)

Pro to ns  (fro m reduced NAD and reduced FAD) are released when the electro ns are lo st

The electro n transpo rt chain drives the mo vement o f these pro to ns acro ss the cristae into

the intermembrane space, creating a pro to n gradient  (mo re hydro gen io ns in the matrix)

Returning the pro to ns do wn the gradient, back into  the mito cho ndrial matrix, gives the

energy required f o r AT P synthesis

+
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Chemiosmosis in Respiration

Mo vement o f electro ns thro ugh the electro n transpo rt chain causes a pro to n o r

electro chemical gradient

Po sitively charged pro to ns accumulate in the intermembrane space

The mo vement o f pro to ns back into  the matrix is then used to  po wer ATP synthesis

Pro to ns that have built up in the intermembrane space can o nly pass thro ugh the pho spho lipid

bilayer by facilitated di�usio n  thro ugh a membrane-embedded pro tein called AT P synthase

ATP synthase acts a lo t like a water wheel; it is turned by the �o w o f the pro to ns mo ving thro ugh it,

do wn their electro chemical gradient.

As ATP synthase turns, it catalyses pho spho rylatio n o f ADP, generating ATP

This pro cess, in which energy fro m a pro to n gradient is used to  make ATP, is called

chemio smo sis.

Oxidative Phosphorylation, involving the electron transport chain and chemiosmosis, generates a large

amount of ATP
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NOS: Paradig m  shif t ; t he chem iosm ot ic t heory led t o a paradig m  shif t  in t he �eld
of  bioenerg et ics

A paradigm shif t is a fundamental change in an appro ach o r already existing assumptio n

So me examples o f paradigm shifts that have happened in the co urse o f scienti�c histo ry are:

CO  emisio ns  - Emissio ns o f CO did no t register as a co ntributing facto r to  climate change

until late into  the 20th century

Evo lutio n - Charles Darwin's theo ry o f natural selectio n was a paradigm shift away fro m the

traditio nal and religio us views peo ple held abo ut the develo pment o f life o n Earth

Parasites  - Scientists o nce believed that illnesses were caused by "bad air" called miasma; it

wasn't until the 19th century that a paradigm shift in this thinking happened

The chemio smo tic theo ry  was pro po sed by No bel Priz e winner Peter Mitchell in 1961

His idea was a paradigm shift away fro m the existing theo ry that the energy fo r electro n transfer

was sto red as a stable chemical intermediate

Mitchell’s chemio smo tic hypo thesis  started a revo lutio n which has led to  this paradigm shift in

the �eld o f bio energetics

The idea was rejected at the time fo r being to o  no vel and radical

His theo ry has shaped understanding o f the fundamental mechanisms o f:

Bio lo gical energy co nservatio n

Io n and metabo lite transpo rt

Bacterial mo tility

Organelle structure and bio synthesis

Membrane structure and functio n

Ho meo stasis

The evo lutio n o f the eukaryo te cell

2 2 
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Oxygen as the Final Electron Acceptor

The �nal link in the electro n transpo rt chain is o xygen and is referred to  as the �nal o r terminal

electro n accepto r

This is the last accepto r o f  the electro ns

Oxygen is reduced by the electro ns, fo rming water

If o xygen is no t present to  accept electro ns:

Reduced NAD and reduced FAD will no t be o xidised to  regenerate NAD+ and FAD, so  there

will be no  further hydro gen transpo rt

The electro n transpo rt chain will sto p, and ATP will no  lo nger be pro duced by chemio smo sis

Witho ut eno ugh AT P, cells can’t carry o ut the reactio ns  they need to  functio n

The electro n transpo rt chain is hugely e�cient at generating energy in the cell but relies o n an

abundance o f o xygen

Exam T ip

Examiners o ften ask why o xygen is so  impo rtant fo r aero bic respiratio n, so  remember the

fo llo wing: 

Oxygen acts as the �nal electro n accepto r.

Witho ut o xygen, the electro n transpo rt chain canno t co ntinue as the electro ns have no where

to  go .

Witho ut o xygen accepting the electro ns (and hydro gens) the reduced co enz ymes NADH

and FADH  canno t be o xidised to  regenerate NAD and FAD, so  they can’t be used in further

hydro gen transpo rt.

2
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8.2.6 Mitochondria

Structure & Function of the Mitochondrion

Mito cho ndria are ro d-shaped o rganelles 0.5 - 1.0 µm in diameter

They are the site o f aero bic respiratio n in eukaryo tic cells

The functio n o f mito cho ndria is to  synthesiz e AT P

Synthesis o f ATP in the mito cho ndria o ccurs during the last stage o f respiratio n called o xidative

pho spho rylatio n

This relies o n membrane pro teins that make up the ‘electro n transpo rt chain’ and the ATP

synthase enz yme – the details o f this are co vered later in the no tes

The structure of a mitochondrion

St ruct ure

Mito cho ndria have two  pho spho lipid membranes

The o uter membrane is:

Smo o th

Permeable  to  several small mo lecules
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The inner membrane is:

Fo lded (cristae)

Less permeable

The site o f the electro n transpo rt chain (used in o xidative pho spho rylatio n)

Lo catio n o f AT P synthase (used in o xidative pho spho rylatio n)

The intermembrane space:

Has a lo w pH due to  the high co ncentratio n o f  pro to ns

The co ncentratio n gradient acro ss the inner membrane is fo rmed during o xidative

pho spho rylatio n and is essential f o r AT P synthesis

The matrix:

Is an aqueo us so lutio n within the inner membranes  o f the mito cho ndrio n

Co ntains ribo so mes, enz ymes and circular mito cho ndrial DNA necessary fo r mito cho ndria to

functio n

The structure of a mitochondrion

Relat ionship bet ween st ruct ure & f unct ion

The structure o f mito cho ndria makes them well adapted to  their functio n

They have a large surf ace area due to  the presence o f cristae  (inner fo lds) which enables the

membrane to  ho ld many electro n transpo rt chain pro teins and ATP synthase enz ymes

Mo re active cell types can have larger mito cho ndria with lo nger and mo re tightly packed

cristae to  enable the synthesis o f  mo re AT P because they have a larger surf ace area

The number o f mito cho ndria in each cell can vary depending o n cell activity

Muscle cells are mo re active and have mo re mito cho ndria per cell than fat cells
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Exam T ip

Exam questio ns can so metimes ask yo u to  explain ho w the structure o f a mito cho ndrio n helps it

carry o ut its functio n e�ectively. Make sure to  fo llo w thro ugh with yo ur answer. 

It is no t eno ugh to  say that cristae increase the surface area o f the inner membrane. Yo u need to

explain that an increased surf ace area o f the inner membrane means there are mo re electro n

transpo rt chain carriers and ATP synthase enz ymes which results in mo re AT P being pro duced.

Be prepared to  identify the di�erent structures and lo catio ns in a mito cho ndrio n fro m an

electro n micro graph.

Electron Micrographs of Mitochondria

Electro n to mo graphy (ET ) is a no vel appro ach able to  pro vide three-dimensio nal (3D)

info rmatio n o n cells and tissues at mo lecular level

The technique is an extensio n o f  transmissio n electro n micro sco py

Transmission electron micrograph compared with electron tomography

ET  has led to  new disco veries abo ut the mito cho ndria, including

The cristae are no w kno wn to  be dynamic in nature, rather than static

The cristae have been seen to  respo nd physically and bio chemically  to  a changing

enviro nment with the mito cho ndria
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Representation of EM images showing the dynamic nature of mitochondrial cristae
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8.2.7 Skills: Cell Respiration

Identifying Decarboxylation & Oxidation in Diagrams

The stages o f respiratio n can be sho wn and summarised by di�erent reactio ns which are sho wn

in diagrams invo lving chemical mo lecules

The diagrams can be used to  deduce where o xidatio n and decarbo xylatio n o ccur

Decarbo xylatio n is the remo val o f a carbo n fro m a reactio n, that releases carbo n dio xide

Oxidatio n is either the gain o f o xygen, o r the lo ss o f electro ns o r hydro gens

Identifying decarboxylation in aerobic respiration
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Identifying oxidation in the electron transport chain

Annotating the Adaptations of Mitochondria

The structure o f a mito cho ndrio n can be investigated by transmissio n electro n micro sco py

Electro n micro graphs o f a mito cho ndrio n may di�er in appearance depending o n where the

cro ss-sectio n o ccurs

The clarity o f electro n micro graphs make it po ssible to  pro duce a line drawing to  sho w the

mito cho ndrio n’s do uble membrane aro und the matrix, and the way the inner membrane fo lds to

fo rm cristae

Typically, mito cho ndrial drawings sho uld sho w the fo llo wing features:

Usually sausage-shaped  in appearance

Inner membrane  co ntains many internal pro trusio ns (cristae)

Intermembrane space  is very small

Ribo so mes and mito cho ndrial DNA are usually no t visible  at standard reso lutio ns and

magni�catio ns
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Electron micrograph of a mitochondrion, with an interpretive drawing of the adaptations annotated
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Worked example

Label the fo llo wing structures o n the electro n micro graph o f the mito cho ndria:

Outer membrane

Inner membrane

Intermembrane space

Cristae

Matrix

Ribo so me
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