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RESPIRATION

Learning Qutcome

Core Topic 6 — Cellular Physiology and Biochemistry
Candidates should be able to:

(d) List and give an overview of the 4 stages of aerobic respiration and indicate where each
stage takes place in an eukaryotic cell and mitochondria, and add up the energy captured (as
ATP, reduced NAD and FAD) in each stage.

(e) Explain the production of a small yield of ATP from anaerobic respiration and the formation of
ethanol in yeast and lactate in mammals.

Content Qutline
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(&) The Need for Energy in Living Organisms
(b) Overview of Cellular Respiration
(c) Role of Adenosine Triphosphate (ATP)
(d) Role of Nicotinamide Adenine Dinucleotide (NAD) and Flavin Adenine Dinucleotide (FAD)
2. Aerobic Respiration
(@) Overview
(b) Glycolysis
(c) Link Reaction
(d) Krebs Cycle
(e) Oxidative Phosphorylation
3. Anaerobic Respiration
(a) Alcoholic Fermentation
(b) Lactic Fermentation

4. Regulation of Respiration

5. Respiratory Quotient

6. Respirometer

7. Comparison Tables (for Photosynthesis and Respiration)
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1. Introduction

(&) The Need For Energy in Living Organisms

The life processes of every cell are driven by energy. Energy flows into the ecosystem as
sunlight and leaves as heat while the chemical elements essential to life are recycled.

Photosynthesis allows plants to convert energy from sunlight into chemical potential
energy stored in organic molecules of food. Animals then obtain this energy by consuming
plants and other animals. Cellular respiration is then carried out to break down these
energy fuels into adenosine triphosphate (ATP) which drives most cellular work.

Living cells require ATP for energy-consuming activities such as assembling polymers,
pumping substances across membranes, moving and reproducing.
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(b) Overview of Cellular Respiration

Cellular_respiration is the process by which chemical energy in organic molecules (e.qg.
carbohydrates, fats and proteins) is released by oxidation. The energy released is then
used to generate ATP.

Cellular respiration includes two processes: aerobic respiration (requires oxygen) and
anaerobic respiration (does not require oxygen).

The presence of oxygen, therefore, determines the type of respiration that will take place in
the living cell.
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(c) Role of Adenosine Triphosphate (ATP)

Adenosine Triphosphate (ATP) is an instant source of energy found in all living cells and is
therefore known as the universal energy carrier or energy currency in living organisms.
Energy released during respiration, is thus stored in the form of ATP.

(i) Structure of ATP
e ATP consists of a ribose sugar, an adenine base and 3 phosphate groups.

NH
ADENINE i 2

OH OH |
(a) Adenosine triphosphate T'_’f_"

(iiy Properties of ATP

e ATP is soluble and can transport chemical energy to energy-consuming
processes anywhere within the cell.

e Hydrolysis of ATP requires the addition of water and releases energy.
» ATP is converted to_ ADP and inorganic phosphate (Pi).

e Phosphorylation of ADP can form ATP. This reaction releases water and is
known as condensation. The enzyme that catalyses the reaction is called ATP
synthase.

» ADP is phosphorylated with inorganic phosphate (Pi) to form ATP.

hydrolysis

ATP + H,0 ADP +P,

e
condensation

AH. = -30.6 kJ mol*
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(d) Role of Nicotinamide Adenine Dinucleotide (NAD) and Flavin Adenine Dinucleotide

(FAD)

NAD and FAD are coenzymes to dehydrogenases involved in cellular respiration. Their
ability to exist in the oxidised or reduced state allows them to function as proton and
electron carriers. The reduced form is more energetically valuable.

(i) Nicotinamide Adenine Dinucleotide (NAD)

e During aerobic respiration, glucose is oxidised by a series of dehydrogenation
reactions.

e At each of these reactions (in glycolysis, link reaction and Krebs cycle), protons
(H") and electrons (e") are released and transferred to oxidised NAD (NAD") to
form reduced NAD (NADH + H).

NAD" + 2H" + 2e" > NADH + H*

(i) Flavin Adenine Dinucleotide (FAD)

e During aerobic respiration, glucose is oxidised by a series of dehydrogenation
reactions.

e At each of these reactions (in Krebs Cycle)., protons (H") and electrons () are
released and transferred to oxidised FAD (FAD) to form reduced FAD (FADH,)

FAD + 2H" + 2" > FADH;
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2. Aerobic Respiration

(a) Overview

Although carbohydrates, proteins and fats are all fuels that can act as respiratory
substrates for the production of ATP, it is important to learn about the stages of aerobic
respiration particularly by tracking the oxidation or breaking down of glucose molecules as it
is the most common fuel utilised by living cells.

The general equation below shows the oxidation of glucose in aerobic respiration. This is a
simplified equation as aerobic respiration does not take place in a single reaction but the
cumulative result of four major sequential stages. Each stage is comprised of a series of

reactions. Each reaction is catalysed by a specific enzyme.

Ce¢H12,06 + 60, — 6CO, + 6H,0

Aerobic respiration takes place through four main stages.

AH, = -2880 kJ mol™

Requirements for

Stage oxygen Location Processes
Oxidation of
1) Glycolysis Does not require the Cytoplasm ?J$;O$O(6C) °
presence of oxygen
molecules of
pyruvate (3C).
Occurs only in the W
presence of oxygen —_— Oxidation of
2) Link Reaction (Note: Oxygen is not %r&uc pyruvate (3C) to
directly involved in this cytosol of form acetyl-CoA
stage) prokaryotes

3) Krebs Cycle

Occurs only in the

Mitochondrial

resence of oxygen matrix of Further oxidation
8Itiicc); kzgiv(\j/n/as pN o) Y eukaryotic of acetyl-CoA
. . . (. ote: IXYgen Is not_ cells or occurs via a series
Tricarboxylic Acid | directly involved in this cytosol of of reactions.
(TCA) Cycle) stage) prokaryotes
Electrons released
Inner via oxidation in the

4) Oxidative
Phosphorylation

Occurs only in the
presence of oxygen

(Note: Oxygen is directly

mitochondrial

membrane of
eukaryotes or

first three stages
are passed along
the electron

) ved in thi cell surface transport chain,
involved in this stage) membrane of resulting in
prokaryotes production of large

amounts of ATP.

Specific processes occurring in each of these stages will be elaborated in the later sections.
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_ ([ 5
Electrons — / Electrons carried =~
carried e - viaNADH and
via NADH Link
| | ~Reaction
P @ Link
yeolysis\ 2 /' Reaction
Glucose [ > Pyruvate
CYTOSOL
Substrate-level Substrate-level Oxidative
phosphorylation phosphorylation phosphorylation

Overview of the four stages of aerobic respiration

J1/2015



NANYANG JUNIOR COLLEGE H2 Biology
¢ Respiration

# % BT
(b) Glycolysis

Glycolysis occurs in the cytoplasm (independent of oxygen) and it involves the breakdown
of glucose (6C) to yield pyruvate (3C), reduced nicotinamide adenine dinucleotide
(reduced NAD) / NADH + H*" and ATP. No CO; is released in glycolysis.

Glycolysis can be divided into two phases:
() Energy Investment Phase
(i) Energy Pay-Off Phase

Oxidative
phosphorylation

o [ Pyruvate
Gw(dyssFondanon

7 o
ﬂ AN o

Y sz <M Z
Energy Investment Phase PR A I
Glucose
2ADP+2® % used
Energy Payoff Phase
4 ADP +4® formed

2 NAD™ + 4e‘+4H+ i|2N H|+2H*
2 Pyruvate + 2 H,0
Glucose — 2 Pyruvate + 2H,0

4 ATP formed — 2 ATP used ——» 2 ATP
2NAD*+ 4e +4H* —— > 2 NADH + 2 H*

Net

Energy input and output of glycolysis
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(i) Energy Investment Phase (also known as the Preparatory Phase)
Energy in the form of ATP is used in this phase of glycolysis (2 ATP per glucose

molecule).

H OH
Glucose-6-phosphate

2

N
CH,0 - (B)
_~O~__CH,0H

HO H
Fructose-6-phosphate

MO H

Fructose-
1, G-bisphosphate

O
| Aldolase

£ R

H
#)—0—CH, (5,
somerase ..o

Cw0 r—j
\ CHOH

CH,OH <‘
=

Dihydroxyacotone
phosphate

¥ CH,—0—-@)

3-phosphate

¥
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Phosphoglucoisomorase

Glyceraldehyde-

1)

2)

3)

4)

5)

Activation of glucose occurs to make it
more chemically reactive

» Phosphorylation of glucose using
ATP

> Glucose -
Glucose-6-phosphate

» Catalysed by hexokinase

Isomerisation of glucose-6-phosphate
to fructose-6-phosphate

Phosphorylation of fructose-6-
phosphate using ATP

» Fructose-6-phosphate »>
Fructose-1,6-bisphosphate

» Catalysed by
phosphofructokinase

Cleavage of fructose-1,6-bisphosphate
(6C) into 2 triose phosphates (3C),
which are dihydroxyacetone
phosphate and glyceraldehyde-3-
phosphate (GALP / GP / G3P)

Isomerisation of dihydroxyacetone
phosphate into glyceraldehyde-3-
phosphate

» Atthe end of step 5, 2 molecules
of glyceraldehyde-3-phosphate
(GALP) have been formed from a
single glucose molecule.
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(i) Energy Payoff Phase

Energy in the form of ATP is produced via substrate level phosphorylation (4 ATP
per glucose molecule) in this phase.

Steps 6-10:

e  Subsequent conversion of each GALP
to pyruvate via multiple steps:

> Generates 2 ATP via
substrate-level phosphorylation

> Releases protons (H") and
electrons (e) via
dehydrogenation which are
transferred to 1 oxidised NAD
(NAD") to form 1 reduced NAD
(NADH + H")

e Since 2 molecules of GALP is formed
from 1 glucose molecule, therefore,
2 pyruvate, 4 ATP and 2 reduced NAD
are produced per glucose molecule.
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Substrate level phosphorylation

o Mode of ATP synthesis whereby an enzyme transfers a phosphate group from a
substrate molecule to ADP.

e Occurs in cytoplasm (during glycolysis) and in the mitochondrial matrix (during
Krebs cycle in which ATP is generated).

e Only a small amount of ATP is generated by substrate level phosphorylation
compared to oxidative phosphorylation (final step of aerobic respiration).

Q‘@" ™

Product

A Figure 9.7 Substrate-level phosphorylation. Some ATP is made
by direct transfer of a phosphate group from an organic substrate to ADP
by an enzyme. (For examples in glycolysis, see Figure 9.9, steps 7 and 10.)

SUMMARY OF GLYCOLYSIS:

Products per glucose molecule

Pyruvate (3C) ATP (net gain) Reduced NAD (NADH + H")

2 2 2

J1/2015
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¥ Figure 9.9 A closer look at glycolysis. The orientation diagram on the left relates
glycolysis to the entire process of respiration. Note that glycolysis is a source of ATP and NADH.

Didative What would happen if you removed the dihydroxyacetone phosphate generated in
phosphoration step o as fast as it was produced?

Glycolysis: Energy Investment Phase

Glucose ,\J Glucose 6-phosphate Fructose E-phosphaté Fructose 1,6-bisphosphate
CH,OH CHZD ® CH,0—(F CH,OH ADP p—0—cH, cH,—o—¢;| | Aldolase
" . 0. ) o cleaves the
> KH HO > HO sugar molecule
Hexokunase OH  Phosphogluco- . OH Phospho- : OH into two different
isomerase HO  H fructokinase HO  H three-carbon
o o —‘ Aldolase sugars (isomers).

Hexoklnase Glucose 6- Phosphofructokinase J 7 J L
transfers a phosphate is transfers a phosphate . v v
phosphate group converted toits group from ATP to the Dihydroxyacetone Glyceraldehyde
from ATP to isomer, fructose opposite end of the phosphate 3-phosphate
glucose, making it 6-phosphate. sugar, investing a second PI—0—CH, H—?=D
more chemically molecule of ATP. This is [I:O :> CHOH :>_
reactive. The charge a key step for regulation | S I . N
on the phosphate also of glycolysis. R N ey CH,—0—F step 6
traps the sugar in the cell. Isomerase

Isomerase catalyzes the reversible conversion between the two isomers.
This reaction never reaches equilibrium: Glyceraldehyde 3-phosphate is
used as the substrate of the nextreaction (step 6) as fast asit forms.

The energy payoff phase occurs after glucose is
splitinto two three-carbon sugars. Thus, the Glycolysis: Energy Payoff Phase
coeffident 2 precedes all molecules in this phase.

2 [ADH]

2NADY +2HT 2 ADP
NI
{P;—o—c|=o

2 2
i 1 T i
||: 0 c=0 c|=o rT—o
N CHOH " CHOH H—(I —0—@ | T C—0—F . (=0
Triose (/_ | - Phospho- | Phospho- | i Enolase I Pyruvate |
phosphate 2 (P A CH; —0—P)  glycerokinase CH: —O0—F" glyceromutase CH0H CH:z kinase CHs
dehydrogenase
Yoo 1.3-Bisphospho- (7] 3-Phospho- e 2-Phospho- q Phosphoenol- Pyruvate
glycerate ’f glycerate | glycerate I pyruvate (PEP)
1
This enzyme catalyzes two The phosphate group added This enzyme Enolase causes The phosphate
sequential reactions. First, the in the previous step is relocates the a double bond to group is transferred
sugar is oxidized by the transferred to ADP (substrate-  remaining form in the substrate from PEP to ADP
transfer of electrons to NAD*, level phosphorylation)in an phosphate by extracting a water (a second example
forming NADH. Second, the exergonic reaction. The group. molecule, yielding of substrate-level
energy released from this carbonyl group of a sugar phosphoenolpyruvate phosphorylation),
exergonic redox reaction is has been oxidized to the (PEP), a compound forming pyruvate.
used to attach a phosphate carboxyl group ( —COO-) of with a very high
group to the oxidized an organic acid potential energy.

substrate, making a product (3-phosphoglycerate).
of very high potential energy.

Detailed steps of glycolysis
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(c) Link Reaction

If oxygen is available, pyruvate passes into the mitochondrion through the outer and inner
mitochondrial membranes via active transport. In the mitochondrial matrix, pyruvate is
converted to acetyl Coenzyme A (acetyl-CoA) by oxidative decarboxylation.

, II" Pyruvate /) Ciric Oxidative
Gytulyml o;'.rdaﬁun 4 Ld;due phasphorylation
\ ‘i
[N T
i e
,:_.I-“js\,'m'{- ATP ATR
e MITOCHONDRION
CYTOS0L @
[ > C|:O
CcC=0
| /@ s
o CHs NAD* | NADH |+H*  Acetyl CoA
yruvate

Transport protein !

Link Reaction: Oxidation of pyruvate to acetyl-CoA

This step, linking glycolysis and Krebs cycle, is carried out by a multi-enzyme complex
which catalyses three reactions:

\

1) Decarboxylation
e  Carboxyl group of pyruvate (3C) is removed and
carbon dioxide (CO,) is released
e First carbon dioxide molecule produced from respiration

> Oxidative

2) Oxidation (Dehydrogenation) Decarboxylation

¢ Remaining 2C molecule undergoes oxidation via
dehydrogenation by transferring protons and electrons
to oxidised NAD, therefore converting it to reduced NAD

e Acetate (CH3;COQ)) is produced _

3) Addition of Coenzyme A (CoA)
e Coenzyme A is attached to acetate to form acetyl-CoA (2C)

SUMMARY OF LINK REACTION:

Products per glucose molecule
Acetyl-COA CO; Reduced NAD (NADH + H")
2 2 2
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(d) Krebs Cycle

Following link reaction, Krebs cycle, (also known as Citric Acid / Tricarboxylic Acid (TCA)
Cycle), occurs in the mitochondrial matrix. The cycle consists of a series of reactions
which results in acetyl- CoA being completely oxidised to CO, and H,0O.

Since each glucose (6C) is converted into 2 pyruvate (3C) via glycolysis, 2 acetyl-CoA (2C)
are formed after link reaction. Therefore, for each glucose molecule, the Krebs cycle runs
twice to completely utilise the acetyl-CoA.

During Krebs cycle, acetyl-CoA (2C) is attached to a 4C compound called oxaloacetate.
The resulting 6C compound, citrate is then gradually re-converted to oxaloacetate,
making it a cycle.

Glycolysis * oxidation phosphorylation

WE S |
by L

Mc / . Oxidative

@ Acetyl CoA (from

oxidation of pyruvate) @citrateis

£=0 adds its two-carbon acetyl o vertad 1o
group to oxaloacetate, HiSanior
Acetyl CoA producing citrate. isocitrate, by
removal of
one water
QThg sups;rate molecule and
|uoxiEEns. addition of
reducing NAD* to o
NADH and another.
regenerating
oxaloacetate.
©socitrate
is oxidized,
4 ¥
@ Addition of NAD rNeggfngg
a water NADH o— N ADH ?‘hen
molecule [ =8 - Th
rearranges o+ the resuludng
bondsin the Icompoucrz)
substrate. r:f)T:‘:aule >
a-Ketoglutarate
(£ CH: @ Another €O,
BARH, H is lost, and the
FAD i resulting
@ o 007 compound is
hydrogens are Sucanate NADH ?:édlgﬁd. s
transferreq to GTP GDP Succinyl +H* A I\TAIDS
FAD, forming CoA .
FADH, and The reTamI- )
idizi ing molecule is
oxidizing ADP
succinate. © CoAis displaced by a phosphate group, then attached
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which is transferred to GDP, forming GTP, a
molecule with functions similar to ATP. GTP
can also be used, as shown, to generate ATP.

Krebs Cycle

to coenzyme A
by an unstable
bond.
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There are 8 steps in the Krebs cycle, each catalysed by a specific enzyme.

H2 Biology
Respiration

Essential steps to take note of (details of each step on diagram in previous page):

(i) At 2 steps in the Krebs cycle (Steps 3 and 4), carbon is removed from the intermediate
compounds via decarboxylation.
e 2 molecules of carbon dioxide per cycle are produced
e Carbon dioxide diffuses out of the mitochondrion and out of the cell

(i) 1 ATP is produced per Krebs cycle (Step 5) via substrate level phosphorylation.

(i) Intermediate compounds undergo oxidation via dehydrogenation (Steps 3, 4, 6 and 8)

e Protons and electrons released are transferred to oxidised NAD and oxidised
FAD (flavin adenine dinucleotide)

e Oxidised NAD (NAD") is reduced to reduced NAD (NADH + H"), oxidised FAD
reduced to reduced FAD (FADH,)

(iv) These coenzymes subsequently transfer these electrons to the electron transport chain

(ETC) for the production of ATP.

SUMMARY OF KREBS CYCLE:

Products per cycle

Oxaloacetate CO, Reduced NAD Reduced FAD ATP
(NADH + H") (FADHy)
1 2 3 1 1
Products per glucose molecule
Oxaloacetate CO, Reduced NAD Reduced FAD ATP
(NADH + H") (FADHy)
2 4 6 2 2

J1/2015
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(e) Oxidative Phosphorylation

H2 Biology
Respiration

Oxidative phosphorylation is the mechanism of ATP_synthesis where electrons (released
from oxidation in the first three stages) are transferred from coenzymes, reduced NAD and
reduced FAD, to the electron transport chain (ETC).

It occurs only in the presence of oxygen and takes place in the inner _mitochondrial
membrane where the ETC and stalked particles containing ATP synthase are embedded.

J1/2015

Intermembrane
space

Inner
mitochondrial
membrane

from food)
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Wi

2H* +140,

<
mumg'

Inner
mitochondri
membrane

i l}! ulll

ssmmsmmnmmm »}mmmmnm

LY

Mitochondrial
matrix

@ Electron transport chain

Electron transport and pumping of protons (H*),
which create an H* gradient across the membrane

(2) Chemiosmosis
ATP synthesis powered by the flow
of H* back across the membrane}

A Figure 9.15 Chemi p
electron transport chain to ATP
synthesis. 0 NADH and FADH, shuttle high-
energy electrons extracted from food during
glycolysis and the ditric acid cyde into an electron
transport chain builtinto the inner mitochondrial
membrane. The gold arrows trace the transport
of electrons, which finally pass to oxygen at the
“downhill” end of the chain, forming water. As
Figure 9.13 showed, most of the electron

carriers of the chain are grouped into four
complexes. Two mobile carriers, ubiquinone (Q)

the

Steps in oxidative phosphorylation

Oxidative ph\c;sphorylaﬁon

and cytochrome ¢ (Cyt ¢), move rapidly, ferrying
electrons between the large complexes. As
complexes |, lll, and IV accept and then donate
electrons, they pump protons from the
mitochondrial matrix into the intermembrane
space. (In prokaryotes, protons are pumped
outside the plasma membrane.) Note that
FADH, deposits its electrons via complex Il and
so results in fewer protons being pumped into
the intermembrane space than occurs with
NADH. Chemical energy originally harvested
from food is transformed into a proton-motive

force, a gradient of H* across the membrane.
During chemiosmosis, the protons flow back
down their gradient via ATP synthase, which is
builtinto the membrane nearby. The ATP
synthase harnesses the proton-motive force to
phosphorylate ADP, forming ATP. Together,
electron transport and chemiosmosis make up
oxidative phosphorylation.
If complex IV were nonfunctional,
could chemiosmosis produce any ATP, and if so,
how would the rate of synthesis differ?

‘)l ) HUH ‘

al

«
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1) Electron Transport Chain

e Organisation of ETC:

H2 Biology
Respiration

Composed of a collection of electron carriers embedded in the inner

Extensively folded inner mitochondrial membrane (cristae) increases surface
area to provide space for thousands of copies of the chain in each

>

mitochondrial membrane.
>

mitochondrion.
>

The electron carriers are numbered | through IV in decreasing levels of free
energy.

e Processes:

» Reduced NAD and reduced FAD transfer high energy protons and
electrons to the ETC for synthesis of ATP.

» Electrons are passed along the electron transport chain (ETC) from one
electron carrier to the next, each with an energy level lower than the one
preceding it.

» Electron carriers alternate between reduced and oxidised states as they
accept and donate electrons.

» The last electron carrier passes the electrons to oxygen, which functions as
the final proton and electron acceptor to form water, catalyzed by
cytochrome oxidase:

10, + 2H +2e > H,O
» Oxidised NAD and oxidised FAD are regenerated in the process.

[l LU h oidi;ven
Pyruvat osphorylation:
Glycol sws#?ﬂy'd e Sevon transport
and chemiosmosis
M,
oy T S AP
¥ 2.2 ol
50
2@ Nap+ >
FADH,

IS
S

© Multiprotein
@ complexes
Cres Joes)

Free energy (G) relative to O, (kcal/mol)
i

2@
(originally from
NADH or FADH,)

o

Electron transport down the ETC

16



Respiration

NANYANG JUNIOR COLLEGE H2 Biology

# % BT

2) Chemiosmosis

e Coupling of ETC to ATP synthesis

>

J1/2015

As the electrons are passed from one electron carrier to the next, energy
released is used to pump protons from the matrix of the mitochondrion into
the intermembrane space.

High concentration _of H' in the intermembrane space - steep
electrochemical proton gradient > proton motive force

This impermeable nature of inner mitochondrial membrane to H* allows this
gradient to be established.

Stalked particles each containing ATP_synthase are embedded on inner
mitochondrial _membrane. H" diffuse through them, down _the
electrochemical proton gradient, back into the matrix.

This provides enough energy to synthesise ATP by the phosphorylation of
ADP with inorganic phosphate (P)).

Quter membrane

oy

H*

-
pe
*

(T —7>»(
Oz 510z

Inner membrane
'1% 2
0O, H,0

MITOCHONDRION

AP+ @

Y
H*

e

Chemiosmosis couples the ETC to ATP synthesis
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SUMMARY OF OXIDATIVE PHOSPHORYLATION:

H+
High energy electrons O, is the final acceptor of electrons. H20
are released from Water is the product.
reduced NAD or FAD. ATP :
reduced NADor  oxidised NAD or atheee |
reduced FAD oxidised FAD 1 i
2 02 o2H* 2e
A
! e
i 7 > During electron transport H* ions are
mitochondrial 2e moved into the intermembrane space.
matrix §
H* H* H*
ooe( {: L el
inner ; .
mitochondrial
membrane —_
intermembrane space
Electrons are transported H* il H* H*
between electron carriers ;
found in four protein H* The flow of H" ions down concentration
complexes in the membrane. and electrical gradients provides the
The accumulated E ions energy for the synthesis of ATP.
are temporarily storing the This process is catalysed by the enzyme
energy from the electron. ATP synthase.

e Electrons from each reduced NAD (NADH + H") enter the ETC chain at the beginning,
yielding 2.5 ATP.

o Electrons from each reduced FAD (FADH,) enter later in the chain at a lower energy
level, synthesising only 1.5 ATP .

Through aerobic respiration, the maximum amount of ATP synthesized per glucose molecule:

Stage No. of reduced NAD | No. of ATP | No. of ATP | Total no.
and reduced FAD by S.L.P by O.P of ATP

Glycolysis

Link reaction

Krebs cycle

Total no. of ATP

Key: O.P. = oxidative phosphorylation; S.L.P. = substrate level phosphorylation

J1/2015
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| 2 NADH 6NADH  2FADH, X

2 NADH r Y .

Link Reaction

Glycolysis |

|
Glucose d>2 Pyruvate - .,_\>2 Acetyl CoA
\ : N
\. - = - -

B \\ e :

- 2'ATP + 2 ATP + about 28 ATP

by substrate-level by substrate-level by oxidative phosphorylation,

phosphorylation phosphorylation

\ ~ J
.\._,-’\/w/l
< About

: : S
Maximum per glucose: < 32 AP

ATP yield per molecule of glucose at each stage of aerobic respiration
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3. Anaerobic Respiration

Anaerobic respiration occurs in the absence of oxygen. During anaerobic respiration,
glycolysis occurs, producing pyruvate and a small vield of ATP. This is followed by
fermentation which regenerates oxidised NAD by transferring protons and electrons from
reduced NAD to pyruvate (lactate fermentation) or to derivatives of pyruvate (alcohol
fermentation).

Note:

Link reaction and Krebs cycle cannot take place in the absence of oxygen because oxidative
phosphorylation cannot occur to regenerate oxidised NAD and oxidised FAD without oxygen
being present to act as the final proton and electron acceptor.

Glucose is thus incompletely oxidised in anaerobic respiration. A lot of energy is trapped in
lactic acid or ethanol, and therefore anaerobic respiration is less efficient than aerobic
respiration.

() Alcoholic Fermentation

During alcoholic fermentation in plants and yeast, pyruvate (product of glycolysis) is
converted to_ethanol in two steps:

1) Carbon dioxide is released from pyruvate (3C) to produce acetaldehyde / ethanal
(2C). This step is catalysed by a decarboxylase.

2) Acetaldehyde / Ethanal is reduced to ethanol by reduced NAD catalysed by alcohol
dehydrogenase. Therefore oxidation of reduced NAD takes place and regenerates
oxidised NAD which allows glycolysis to continue.

2ADP+Q/‘* a

C
|

0]
Glucose | Glycolysis >
. CHj
2 Pyruvate

2 NAD* 2 NADH I\>2

2 D
AN o
|

Hs CHy

2 Ethanol 2 Acetaldehyde

(a) Alcohol fermentation

H_

N—N—I
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(b) Lactate Fermentation

Pyruvate is reduced directly to |actate (ionised form of lactic acid) by reduced NAD. This
occurs in a single step catalysed by lactate dehydrogenase.

(i) Lactate has to be removed from muscle cells by the blood to prevent muscle fatigue.
An accumulation of lactate can be hazardous to the tissue as it is acidic.

(i) As lactate is a waste product which still contains a lot of energy, it is reconverted to
pyruvate in the liver when oxygen supply is restored. Pyruvate then enters Krebs
cycle and is fully oxidised to carbon dioxide and water, releasing more ATP.

2 ADP + 2P \2 ATPI\--
Glucose Glycolysis /\," O~
o
(=0
"
(I)_ 2 NAD . ZZ:Jf\DH CH,
C=0 2 Pyruvate
H —CI —OH = )
CHy
2lactate |

(b) Lactic acid fermentation

SUMMARY OF ANAEROBIC RESPIRATION:

Overall, anaerobic respiration yields only 2 molecules of ATP per glucose molecule (via
substrate level phosphorylation in glycolysis).

Products per glucose molecule
ATP
2
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4. Reqgulation Of Respiration

Metabolism is highly regulated to prevent wastage of energy and resources. This is to
ensure that the cell does not make more than what it needs. The most common regulation
mechanism is via negative feedback such as the end-product inhibition of
phosphofructokinase.

If the cell is undergoing high metabolic activity and its ATP concentration begins to drop,
respiration speeds up. When there is plenty of ATP to meet demand, respiration slows down,
sparing valuable organic molecules for other functions.

= Phosphofructokinase

This allosteric enzyme (with receptor sites for specific inhibitors and activators) catalyses
one of the steps in glycolysis.

e Stimulated by adenosine monophosphate (AMP) (derived from ADP)
¢ Inhibited by the accumulation of citrate and high ATP: ADP ratio

This feedback regulation adjusts the rate of respiration as the cell’s catabolic and anabolic
demands change.

Glucose
. AMP
Glycolysis =~
Fructose 6-phosphate Stimulates
' Q)
> Phosphofructokinase :
= ! y
v -
Fructose 1,6-bisphosphate
Inhibits Inhibits
|
|
-
e Y
|
A
_ ‘ Pyrﬁvate
kg
> ATP f Citrate
A
,/--___
"l v
{ Citric \
| acd |
\ /
S~ _—/_/
Oxidative
phosphorylation

Control of cellular respiration
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5. Respiratory Quotient

When different respiratory substrates are used, the ratio of carbon dioxide given out to oxygen
taken in may vary. This ratio is called the respiratory quotient (RQ).

RQ = Volume of CO; evolved per unittime

Volume of O, absorbed

RQ can identify the type of respiratory substrate that is being oxidised. (The lower the RQ, the
more oxygen is required for complete oxidation of the substrate, hence the greater the
potential yield of ATP.)

= When glucose is the respiratory substrate, exactly the same number of molecules (and
hence volume) of carbon dioxide and oxygen are produced and used respectively. This
means that the RQ is exactly 1.

= However, if other substances are used as the main respiratory substrate, then the RQ is

less than 1:
Respiratory substrate RQ
Carbohydrate, eg glucose 1.0
Fat 0.7
Protein 0.9
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6. Respirometer

A respirometer is a device used to measure the rate of respiration of a living organism by
measuring its rate of exchange of oxygen and carbon dioxide.

The rate of respiration can be estimated by measuring the rate of gas exchange (change in
volume of a gas). If aerobic respiration is occurring and the substrate oxidised is glucose, then
the volume of oxygen taken up equals to the volume of carbon dioxide released. Therefore the
total volume of gases should remain constant.

Principle behind a simple respirometer:

= If a compound that absorbs carbon dioxide, e.g. soda lime / potassium hydroxide, is placed
inside the closed vessel, the pressure in the vessel decreases as the seeds/organism take
up oxygen during respiration.

= The rate at which the pressure decreases is a measure of the rate at which the respiring
tissue is taking up oxygen.

Thermobarometer

Respiration
chamber
1cm3 syringe

3-way tap

invertebrates

to be studied ™~
glass beads
zinc gauze
platform
soda-lime soda-lime

|\

Capi"ary U-tube ¢nntainina mannmeter fiuid

ire 10.13 A respirometer.
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7. Comparison Tables (for Photosynthesis and Respiration)

Non-cyclic VS cyclic photophosphorylation

H2 Biology
Respiration

Features Non-cyclic Cyclic

Role of process

Pathway of electrons

PS involved

First electron donor

Final electron acceptor

Establishing of H" gradient
for ATP synthesis

Products

Photophosphorylation VS oxidative phosphorylation
Similarities

Differences

Features Photophosphorylation Oxidative Phosphorylation

Energy conversion

Location

Involvement of light
energy

Source of energy for
synthesis of ATP

First electron donor

Final electron and
proton acceptor

Establishing proton
gradient for the
synthesis of ATP
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Substrate-level phosphorylation VS oxidative phosphorylation

H2 Biology
Respiration

Features

Substrate-level Phosphorylation

Oxidative Phosphorylation

Definition

Location

Reactions

Involvement of
electron transport
chain

Involvement of
oxidation

No. of ATP formed
per glucose

Oxidative decarboxylation VS oxidative phosphorylation

Features

Oxidative Decarboxylation

Oxidative Phosphorylation

Location

Reactions

Enzymes

Involvement of
electron transport
chain

Involvement of
decarboxylation

Involvement of
oxidation

Production of ATP

Calvin cycle VS Krebs Cycle

Features

Calvin Cycle

Krebs Cycle

Site

Coenzymes Involved

Role / Fate of carbon
dioxide

Role / Fate of ATP

Products formed

Regeneration of
starting material
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