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Lecture 11 

Chapter 24: Metabolism and Energy 

Krebs Cycle, Cellular Respiration and 
Muscle Power 

Overview of Stage II of Catabolism 

•! In Stage II- specific metabolic 
pathways, for amino acids, 
simple sugars, and fatty acids 
allow these molecules to be 
broken down to a common 
end product - Acetyl-CoA 
–! We will cover Stage II in depth 

in the following chapters 

•! Acetyl-CoA is then fed into 
stage 3 of catabolism to 
completely breakdown the 
molecule to CO2, H2O and 
energy 

Acetyl-CoA 

•! It is composed of a 2C unit molecule connected to a 
CoA molecule via a high energy bond 

•! Can be used in a myriad of reactions, from making 
lipids, steroids, etc. or breaking it down in the Krebs 
Cycle (if O2 is present) to produce energy 

Beginning of Stage III:  
The Krebs Cycle 

•! Hans Krebs in 1937 
proposed the scheme for 
the complex series of 
reactions that brings 
about the oxidation of a 
two carbon unit to CO2 
and H2O 

•! In addition, the cycle 
produces ATP, NADH, 
FADH2 and metabolic 
intermediates that can be 
used in other reactions AKA: TCA Cycle & Citric 

Acid Cycle 

Krebs Cycle Reactions 

•! All the reactions in the cycle are familiar types in 
organic chemistry: 
–! Condensation 
–! Dehydration 

–! Hydration 

–! Oxidation 

–! Decarboxylation 

–! Hydrolysis 

•! Each intermediate in the cycle is a carboxylic acid, 
existing as an anion at physiological pH 

•! All the reactions of the Krebs cycle are located within 
the mitochondria 

Reaction 1: Condensation Reaction 

Acetyl-CoA condenses 
with oxaloacetate, 
catalyzed by citrate 
synthase 

This step is regulated- it 
is inhibited by ATP & 
NADH 

Reaction 2: Isomerization Reaction 

Aconitase catalyzes the 
isomerization of citrate to 
isocitrate 

In this step a 3o alcohol 
that can’t be oxidized is 
turned into a 2o alcohol 
that can be oxidized 
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Reaction 3: Oxidative Decarboxylation Reaction 

Isocitrate dehydrogenase 
catalyzes the oxidation of 
an alcohol and the release 
of CO2 

NADH produced is 
ultimately used to make 
ATP 

Reaction 4: Oxidative Decarboxylation Reaction 

!!-Ketoglutarate dehydrogenase 
catalyzes the incorporation of 
another CoA and the release of 
CO2 

This is the only irreversible 
reaction, as such prevents the 
cycle from operating in the reverse 

•! So far, in steps 1-4 two carbons have entered the 
Krebs cycle as an acetyl group and two CO2 have 
exited 

•! The remaining reactions take the four carbons of the 
succinyl group and convert it to oxaloacetate to 
restart the Krebs cycle 

Reaction 5: Hydrolysis Reaction 
The energy released by the 
hydrolysis of succinyl-CoA is 
used to form GTP mediated by 
succinyl-CoA synthetase 

GTP can then transfer the 
phosphate group to ADP 
mediated by nucleoside 
diphosphokinase 

Reaction 6: Oxidation Reduction Reaction 

Succinyl-CoA 

Succinate dehydrogenase 
catalyzes the oxidation of 
succinate 

This is the only enzyme in the 
Krebs cycle that uses FAD as the 
hydride acceptor 

Reaction 8: Oxidation Reduction Reaction 

One revolution is complete 
with the oxidation of malate, 
catalyzed by malate 
dehydrogenase 

This is the third oxidation 
reduction reaction that 
produces NADH 

Reaction 7: Hydration Reaction 

The addition of H2O across the 
double bond is catalyzed by 
fumarase 

O 

Cellular Respiration 

•! Cellular Respiration- The process by which cells oxidize 
organic molecules in the presence of O2 to produce CO2, 
H2O and energy in the form of ATP 

•! But where does O2 participate in the production of 
CO2 in the Krebs cycle? 

•! O2 is needed for the reoxidation of the coenzymes 
produced in the Krebs cycle 
–! NAD+ serves as an e- acceptor in reactions 3, 4, & 8 

–! FAD serves an an e- acceptor in reaction 6 

–! Very little ATP is obtained during the Krebs Cycle however, a 
significant amount will be produced in e-  transport and oxidative 
phosphorylation from reducing the coenzymes 
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The Mitochondria 

•! All the enzymes and coenzymes of the Krebs Cycle, the 
reoxidation of NADH & FADH2 and the production of ATP 
are all localized in the mitochondria 

•! Mitochondria are the 
power plants of the cell  

•! A cell can contain 100 
to 5000 mitochondria, 
depending on the cells 
function 

•! Mitochondria can 
reproduce themselves  

Structure of the Mitochondria 

•! Thus there are two compartments 
–! The intermembrane space 

–! The matrix, which is surrounded by 
the inner membrane, contains all the 
enzymes of the Krebs Cycle with the 
exception of succinate 
dehydrogenase which is embedded in 
the inner membrane 

–! The enzymes needed for the 
reoxidation of NADH & FADH2 & ATP 
production are also in the inner 
membrane 

•! It has two membranes  
–! An outer membrane that is permeable 
–! An inner membrane that is extensively folded into a series of internal 

ridges called cristae and is impermeable to most molecules & ions 
(except H2O, O2, & CO2)   

Electron Transport Chain 

•! The components of the e- 
transport chain are organized 
into four complexes- I, II, III, & 
IV 

•! Each complex contains 
several enzymes, other 
proteins and metal ions 
–! The metal ions can be repeatedly 

reduced and oxidized as e- pass 
to the different complexes 

–! The sequence of how e- are 
passed depends on the proteins 
reduction potential  

•! Electrons can enter from 
Complex I or II 

Complex I  
•! Electrons derived from reduced NADH enter through complex I,  
•! NADH is formed in three reaction in Krebs cycle (3, 4, & 8) 

•! Using Reaction 8 as an example: (L-malate is oxidized to 
oxaloacetate and NAD+ is reduced to NADH)  

Oxidation Half Reaction: 

The other H+ ion is transported into the intermembrane space 

COO- 

HO-C-H 

CH2 

COO- 

L-Malate 

COO- 

O=C 

CH2 

COO- 

Oxaloacetate 

+  2H+ +   2e-  

Reduction Half Reaction: 

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

•! NADH diffuses through the membrane and binds NADH 
Dehydrogenase in Complex I 
–! This complex contains the coenzyme FMN, which accepts the e- 

from NADH, is reduced to FMNH2 

–! NADH is then reoxidized back to NAD+ 

Complex I - Electron Transfer to FMN 

Complex I 

Oxidation Half Reaction: 

NADH 

Reduction Half Reaction: 

FMN +  2H+ +  2e-          FMNH2 

R R 

NAD+ 

+  2H+ +   2e-  

•! Complex I also contains several proteins that contain iron-
sulfur centers (abbreviated Fe-S) 

•! The e- from FMNH2 are now transferred to these proteins 

•! The iron in the two iron centers, are in the Fe(III) form but 
by accepting an e-, each ion is reduced to Fe(II)  

Complex I - Electron Transfer to Fe-S 

Oxidation Half Reaction: 

Reduction Half Reaction: 

2Fe(III)-S  +  2e-          2Fe(II)-S  

R 

+  2H+ +   2e-  
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•! Electrons from FADH2 (coenzyme reduced during reaction 
6 of Krebs cycle) enter the electron transport chain through 
Complex II 

•! Succinate Dehydrogenase, the enzyme that catalyzes 
reaction 6 in the Krebs cycle, is part of Complex II 

•! The e- from FADH2 are directly transferred to an iron-sulfur 
protein, allowing them to enter the e- transport chain 

Complex II  

Oxidation Half Reaction: 

Reduction Half Reaction: 

2Fe(III)-S  +  2e-          2Fe(II)-S  

FADH2           FAD  +  2e-  +  2H+ 

Coenzyme Q (CoQ) 

•! Electrons from Complex I and II are then transferred from 
the iron-sulfur protein to CoQ 

•! CoQ is a mobile e- carrier that shuttles e- from Complex I or 
II, to III, the isoprenoid chain allows it to move around the 
membrane, while the quinone ring accepts the electrons  

Oxidation Half Reaction: 

2Fe(II)-S          Fe(III)-S  +  2e- 

Reduction Half Reaction: 

+  2H+ +   2e-  

Complex III & IV 

•! These complexes incorporate several heme containing 
enzymes known as cytochromes 

•! They have iron porphyrins (like Hb), the various 
cytochromes differ with respect to  
–! 1) Their amino acid sequence 

–! 2) The manner in which the porphyrin is bound to the protein 

–! 3) The substituents on the periphery of the porphyrin ring 

•! These slight differences in structure bestow differences 
in reduction potential,  

•! The ability of the iron in the ring to exist as Fe(III) or Fe
(II), allows e- transfer 

•! Complex III contains cytochrome b & c, as well as Fe-
S proteins 

•! Cytochrome c acts as an e- shuttle between complex 
III and IV 

•! Complex IV contains cytochromes a & a3 in an 
enzyme known as cytochrome oxidase 
–! This enzyme has the ability to transfer e- to O2 the ultimate e- 

acceptor leading to the formation of H2O 

Complex III & IV - Components 

Oxidation Half Reaction: Reduction Half Reaction: 

1/2 O2 +  2H+ + 2e-        2H2O 2Cyt a3-Fe(II)      2Cyt a3-Fe(III) +  2e-  

Cyanide poisons this step  

Oxidation Phosphorylation 

•! Is the processes by which ATP synthesis is linked to O2 
consumption in the electron transport chain 

•! The two processes are tightly coupled, the reduced coenzymes 
are oxidized only if ADP is simultaneously phosphorylated to 
form ATP 

•! The chemiosmotic hypothesis proposes that the build-up of H+ 
ions in the intermembrane space results in a H+ gradient that 
drives ATP synthesis, mediated by Complex V (ATP synthase) 

ATP Consumption in Cells 

•! In energy utilizing cells both ATP turnover and O2 
consumption is high  

•! Resting skeletal muscle cells use ~30% of a resting 
adult’s O2 consumption 

•! It has been experimentally determined that: 
–! For every NADH oxidized 2.5 ATPs are produced 
–! For every FADH2 oxidized 1.5 ATPs are produced  

–! The net result of Krebs Cycle and e- transport chain is the 
production of 10 ATP, for every acetyl-CoA that enters the cycle 
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Muscle Power 

•! Studies have shown that frequent exercise prolongs 
life and lowers the incidence of disease  

•! One reason is that exercise makes muscles stronger, 
more flexible, and more efficient in their use of O2 

•! Humans have ~600 muscles 

•! The heart is an organ mainly composed of muscle, 
exercise can help lower blood pressure and resting 
pulse 

•! The training effect is when a person who exercises 
can do more physical work with less strain  

Muscles & ATP 

•! The stimulation of muscle causes it to contract, that 
contraction is work and requires energy 
–! The source for this energy is ATP 

•! The two proteins myosin and actin, together form 
actomyosin, the contractile protein that makes up muscle 
–! Myosin serves as part of the structural complex in muscles and as 

the enzyme that hydrolyzes ATP   

•! In a resting person: 
–! Muscle activity accounts for 15-30% of the energy requirements of 

the body 

–! Other activities such as cell repair, transmission of nerve impulses, 
maintenance of body temp, etc account for the rest of the energy 
needs 

Aerobic vs. Anaerobic Conditions 

•! During exercise the energy requirement of muscles 
may be more than 200 times the resting level 

•! Under moderate exercise muscle cells respire 
aerobically (in the presence of O2) 

•! During strenuous exercise where the energy and O2 
requirements are too high that the respiratory and 
circulatory system cannot deliver enough O2, an 
oxygen debt is created, at this point energy is 
obtained anaerobically in the absence of O2 
–! Under these conditions energy can only be obtained from the 

breakdown of glycogen and anaerobic glycolysis 

Types of Muscle Fibers 

•! Muscle fibers are divided into 2 categories: 
–! Type I (Slow Twitch) is called on during moderate 

activity 
•! This type of muscle fibers have high respiratory capacity, they 

are rich in myoglobin and mitochondria  

–! Type IIB (Fast Twitch) this type of muscle fiber gives 
you short bursts of energy 
•! This type of fiber has lower respiratory capacity, less 

mitochondria, less myoglobin (less aerobic) 

•! This type of muscle has a high capacity for glycogen 
breakdown and has a high activity for actomyosin so that ATP 
can be broken down rapidly for energy 

•! The burst of energy are short because the muscle fatigues 
quick and needs to recover in order to clear lactate build up 

Endurance vs. Strength Training 

•! Endurance training increases the following 
–! The size and number of mitochondria in skeletal muscle 

–! The level of enzymes required for the transport and oxidation 
of fatty acid 

–! Myoglobin levels 

–! But does not necessarily lead to an increase in muscle size 

•! In contrast, strength training develops fast twitching 
fibers, but does not result in mitochondrial level 
changes 
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Quiz 4 

1)! Name one reason why cells need energy 
(1pt)? 

2)! What three things do photosynthetic 
organisms need from our environment to 
produce carbohydrates (1pt)?  

3)! Name the process that leads to the breakdown 
of molecules to produce energy (1pt)? 

4)! What is the universal energy currency of the 
cell (2pts)? 


