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    Metabolism is the sum total 

of all the enzyme-catalyzed 

reactions that occur in a living 

organism is a dynamic, 

coordinated activity. Many of 

these reactions are organized 

into pathways. 

     Metabolism serves two 

fundamentally different 

purposes:  

the generation of energy to 

drive vital functions and  

the synthesis of biological 

molecules.  
https://lh3.googleusercontent.com/MCt9yAzoKcKTLfYOB

Rc92YfgTU8RVhZjQw_0jhe266Ndgz9xGsI849e1uqoWlwx

F--AM=s85 



Organisms are often classified 

according to the major metabolic 

pathways they exploit to obtain 

carbon or energy.  

Classification based on carbon 

requirements defines two major 

groups: autotrophs and 

heterotrophs.  

A further metabolic distinction 

among organisms is whether or 

not they can use oxygen as an 

electron acceptor in energy-

producing pathways. Those that 

can are called aerobes or aerobic 

organisms; others, termed 

anaerobes, can subsist without O2.  
https://lh3.googleusercontent.com/s_WrSaHhRcqHal

1xWPlY5tGdPUmuc78QchSlTTN-Y1LEYaQbE-

2QhssZsj1JGE_w-vif=s85 



In general metabolism 

may be divided into two 

categories:  

catabolism or the break 

down of molecules to 

obtain energy;  

and anabolism or the 

synthesis of all 

compounds needed by 

the cells (examples are 

DNA, RNA, an protein 

synthesis).  https://lh3.googleusercontent.com/V2pjL1Yv

cF60mlsOeLOitbTZLQ0YgD8eqJwjebRB8

NCsIug75zYoMUjEBsC5-CRh3FIk3g=s85 



Anabolism and Catabolism Are Not Mutually Exclusive  
     Oxidative, exergonic pathways of catabolism release free energy and 

reducing power that are captured in the form of ATP and NADPH, 

respectively. Anabolic processes are endergonic, consuming chemical 

energy in the form of ATP and using NADPH as a source of high-energy 

electrons for reductive purposes. 

https://lh3.googleusercontent.com/o3MKax

Td3oAwaWt3u1nZizt5Y2Wee2eADZ-

PhQUgpEWuR9Typy4GloUxHGdCjmAII

Opybw=s133 



Living cells conserve energy in  
a biologically useful form 

    Living cells have an energy source in 

molecule, Adenosine triphosphate 

(ATP). ATP can be generated by 

oxidizing several metabolic fuels, 

although carbohydrates and fats are 

especially important. ATP is used in 

innumerable vital metabolic reactions 

and physiological functions. 

    The primary objective of 

intermediary metabolism is to 

maintain a steady supply of ATP so 

that living cells can grow, reproduce, 

and respond to the stress and strains 

imposed by starvation, exercise, 

overeating, etc. 

 
https://lh3.googleusercontent.com/ugmCevY_nwMSAV2

80Kfw3Xx9Y4Z2CG_c_uz5UW1kiF2xDDQNRRiHDU6j

cpcAfGt6ngL4qg=s85 



The biosynthesis of ATP 
ATP can be synthesized by phosphorylation of adenosine diphosphate 

(ADP) by two types of process. One does not need oxygen and is known as 

substrate-level phosphorylation. The other requires oxygen and is known 

as oxidative phosphorylation. 

     Two reactions of glycolysis, namely the phosphoglycerate kinase and 

pyruvate kinase reactions, produce ATP by direct phosphorylation of ADP. 

This is substrate-level phosphorylation and is especially important for 

generating ATP if the tissues are inadequately supplied with oxygen. 

ATP can also be made anaerobically from the phosphagen 

phosphocreatine.      Another example – the reaction catalyzed by succinyl 

CoA synthetase, produces GTP (guanosine triphosphate) in Krebs cycle.  

Oxidative phosphorylation 
       In the presence of oxygen, oxidative phosphorylation is by far the 

most important mechanism for synthesizing ATP. This process is coupled 

to the oxidation of the reduced “electron carriers” NADH+H+ and 

FADH2 via the respiratory chain. 



The Pathways of Catabolism Converge to a 
Few End Products  

     If we survey the catabolism of the principal energy-yielding nutrients 

(carbohydrates, lipids, and proteins) in a typical heterotrophic cell, we see 

that the degradation of these substances involves a succession of enzymatic 

reactions. In the presence of oxygen (aerobic catabolism), these molecules 

are degraded ultimately to carbon dioxide, water, and ammonia. Aerobic 

catabolism consists of three distinct stages. 

      Stage 1, the nutrient macromolecules are broken down into their 

respective building blocks. Given the great diversity of macromolecules, 

these building blocks represent a rather limited number of products. 

Proteins yield up their 20 component amino acids, polysaccharides give 

rise to carbohydrate units that are convertible to glucose, and lipids are 

broken down into glycerol and fatty acids . 



     

 Stages of Catabolism 

Stage 1 

Stage 2 

Stage 3 

https://lh3.googleusercontent.com/-

fLciNmHXvLeYb1q8A1FFI27sxKKvLKwm0DJXCDhF

6tWEwzu-zMVLrLGOJkvZVXnhiagJw=s85 



     In stage 2, the collection of product building blocks generated in stage 

1 is further degraded to yield an even more limited set of simpler 

metabolic intermediates. The deamination of amino acids leaves a- keto 

acid carbon skeletons. Several of these a- keto acids are citric acid cycle 

intermediates and are fed directly into stage 3 catabolism via this cycle. 

Others are converted either to the three-carbon a-keto acid pyruvate or 

to the acetyl groups of acetyl-coenzyme A (acetyl-CoA ). Glucose and the 

glycerol from lipids also generate pyruvate , whereas the fatty-acids are 

broken into two-carbon units that appear as acetyl-CoA . Because 

pyruvate also gives rise to acetyl-CoA , we see that the degradation of 

macromolecular nutrients converges to a common end product, acetyl-

CoA.  

     The combustion of the acetyl groups of acetyl-CoA by the citric acid 

cycle and oxidative phosphorylation to produce CO2 and H2O represents 

stage 3 of catabolism. The end products of the citric acid cycle, CO2 and 

H2O, are the ultimate waste products of aerobic catabolism. The 

oxidation of acetyl-CoA during stage 3 metabolism generates most of the 

energy produced by the cell. 



Amphibolic Intermediates  

 
     Certain of the central pathways of intermediary 

metabolism, such as the citric acid cycle, and many 

metabolites of other pathways have dual purposes—they 

serve in both catabolism and anabolism. This dual 

nature is reflected in the designation of such pathways 

as amphibolic rather than solely catabolic or anabolic. 

In any event, in contrast to catabolism—which 

converges to the common intermediate, acetyl-CoA —

the pathways of anabolism diverge from a small group 

of simple metabolic intermediates to yield a spectacular 

variety of cellular constituents.  

 



https://lh3.googleusercontent.com/gOjtX5O-

nZG8jiwxwctzXitgKoQcwSVkTSErBNOv6EdJwmv2sTsoKjIwgvbM_PTPgDJRHck=s114 



https://lh3.googleusercontent.com/fbphugn-mf4rvhibb3gq6DPPK160Syg-

IAITaawxT2crST_TfaWMzoJ6HkpIKyCtZjR1hS0=s114 



https://lh3.googleusercontent.com/7EI3g_F70iKz49--

ERozhvc2QTHDYRE2fhEcYymIULvvWm7s9M8exCjt77z55n36KKO-sA=s114 



Metabolic Pathways Are Compartmentalized Within 
Cells - each compartment is dedicated to specialized metabolic 

functions, and the enzymes appropriate to these specialized functions 

are confined together within the organelle. 

https://lh3.googleusercontent.com/WJ3-PzNWOX-9Dtv4DJ6_1Lo_U2xbOJhEQlbT1G3mbPih2MIyN1ABXRxLu-G_JzjXpl-8Gg=s153 



Bioenergetics is a term which describes the biochemical or metabolic 

pathways by which the cell ultimately obtains energy. 

Living cells constantly perform work and thus require energy for the 

maintenance of highly organized structures, for the synthesis of 

cellular components, for movement, for the generation of electrical 

currents, for the production of light, and for many other processes. 

Bioenergetics is the quantitative study of energy relationships and 

energy conversions in biological systems. 

https://lh3.googleusercontent.com/jdO4MdO-l2JxB_Vu_7WnlukY_igloBDT-MfXTQsFB92SaOGaYxB71AMujRI2RaVO1bmt=s170 



“High energy” bonds

Phosphoanhydride bonds (formed by splitting out H2O 

between 2 phosphoric acids or between carboxylic & 

phosphoric acids) have a large negative G of hydrolysis.
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https://lh3.googleusercontent.com/hxXibkAtBg9s9W4h6V84PURV1LHCsvJQLCn0h1SsAJHoTEZU1xkocgribDroOGYG34sU=s114 



ATP often serves as an energy source.  

 Hydrolytic cleavage of one or both of the 

"high energy" bonds of ATP is coupled to an energy-

requiring            (non-spontaneous) reaction.  

AMP functions as an energy sensor & regulator 

of metabolism. 



Creatine Kinase catalyzes: 

Phosphocreatine  +  ADP  ATP  +  creatine

This is a reversible reaction, though the equilibrium 
constant slightly favors phosphocreatine formation. 

 Phosphocreatine is produced when ATP levels are high. 

 When ATP is depleted during exercise in muscle, 

phosphate is transferred from phosphocreatine to ADP, 

to replenish ATP.
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Phosphocreatine (creatine 

phosphate), another 

compound with a "high 

energy" phosphate linkage, 

is used in nerve & muscle 

for storage of ~P bonds. 

https://lh3.googleusercontent.com/UbQWIKXOdalqpasJlhP3JNKfU9Xg8YI7ZO4DF5T5PmmqH8GCwzkUcTQC-arUxTQkYHQCEw=s114 



Phosphoenolpyruvate (PEP), involved in ATP synthesis 

in Glycolysis, has a very high G of Pi hydrolysis. 

Removal of Pi from ester linkage in PEP is spontaneous 

because the enol spontaneously converts to a ketone.

The ester linkage in PEP is an exception.
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https://lh3.googleusercontent.com/SqXOM6b6ffG3ALkERiMFvz2oY7TPAM-93BjL_Xipt-CLo6KTZMwDDa-09gRnN0dniQ5JqA=s114 



ATP has special roles in energy coupling & Pi transfer. 

G of phosphate hydrolysis from ATP is intermediate

among examples below. 

ATP can thus act as a Pi donor, & ATP can be synthesized 

by Pi transfer, e.g., from PEP.

Compound
G

o
' of phosphate

hydrolysis, kJ/mol

Phosphoenolpyruvate (PEP) 

Phosphocreatine 

Pyrophosphate 

ATP (to ADP) 

Glucose-6-phosphate 

Glycerol-3-phosphate 

https://lh3.googleusercontent.com/OE9DPw3MXrkrCsF9sqqz2472cgWIKpNMXJOQQBUn8PTwlnHeXmA0G8jf-dR3Yl0PpyM2De8=s114 



The Tricarboxylic Acid Cycle 
Acetyl-coenzyme A is oxidized to CO2 in the tricarboxylic acid 

(TCA) cycle (also called the citric acid cycle). The electrons 

liberated by this oxidative process are then passed through an 

elaborate, membrane-associated electron transport pathway to 

O2, the final electron acceptor.  

https://lh3.googleusercontent.com/ISbGvoN1SN1fac0_49VD1-ZUM2OH1pu0eJOPD--_kizlIK8zVPtp4gIx9KQvwHniy7TlLsE=s170 



Hans Krebs  Discovered of the TCA Cycle 

https://lh3.googleusercontent.com/RDlWC78lIiuFJMm4-wcy3DrqftPHeiGnMneJ-l0lahgHCItuEBRY1uN-_fF8Ov875W6ilA=s85 



https://lh3.googleusercontent.com/krk

ywwnouqaOMBwql1lVhZodwE18Vef

NCKlsGHltQ4vr3Y1eXe22sBpo_4M

mtK4r6IH3=s85 



A Summary of the Cycle  

The net reaction accomplished by the TCA cycle, as follows, 

shows two molecules of CO2, one ATP, and four reduced 

coenzymes produced per acetate group oxidized. The cycle is 

exergonic, with a net DG°' for one pass around the cycle of 

approximately -40kJ/mol.   



BIOLOGICAL OXIDATION 

https://lh3.googleusercontent.com/XduVPky1yI9271ZoyL8UZXymCxbJvF5S8fjZvGCGeeaazQyCcN0drSq28QORmn2180ud=s109 



    Biological oxidation - energy-producing reactions in living 

cells involving the transfer of hydrogen atoms or electrons 

from one molecule to another.   

     In many cases this is accomplished by the transfer of 

hydrogen atoms or electrons from one molecule (hydrogen or 

electron donor) to another (the acceptor).  



The discovery in 1948 by 

Eugene Kennedy and 

Albert Lehninger that 

mitochondria are the site 

of oxidative 

phosphorylation in 

eukaryotes marked the 

beginning of the modern 

phase of studies of 

biological energy 

transductions. 

 

Albert L. Lehninger 

       1917 - 1986 
https://lh3.googleusercontent.com/j7quFM3ynT-3YqI2r0RM1j-hONRCLYsc6PSNTGctJEettm5fobf1AJh0rg0dRgX-IUtngIg=s85 



In the early 1960s Peter 

Mitchell suggested a 

new paradigm that has 

become central to 

current thinking and 

research on biological 

energy transductions.  

 

Peter Mitchell 

  1920-1992 

https://lh3.googleusercontent.com/jcLBPXXUmstHXwMqBQQuDRV4VPR6d9YSeHhdSGaLawE_BtFQGWdybkqScFScpIbIwZV6Gkg=s85 



     The Nobel prize (Chemistry  in 1997) for the 

determination of the detailed mechanism by which ATP 

shuttles energy was shared by: 

Dr John Walker  

( Cambridge)  Dr Paul Boyer  

(University of California) 

Dr Jens Skou  

(Aarhus University) 

https://lh3.googleusercontent.com/j3H9VWAzohk

ZaKp_2-mn_6AMdW-

X0vEfBLyZ2ZZ1CKnawDqS9OfhcXaUIv8tL4y

MRMwaSQ=s113 

https://lh3.googleusercontent.com/S4kKl9lxG7LrvOV4ui

O03rGBVqf68phqhIT_lSvGUeZuCQida-

VoKsyxFdFXHI-cEQcxVzg=s95 

https://lh3.googleusercontent.com/7GIHdGdOf

e0qNbpO0c-

t0pfeFQ1H_Y9OxYnsDCUGdPJXt2sM6rzYx8

SfxercP6ek64e7aw=s85 



     The enzyme which makes ATP is called ATP synthase, or 

ATPase, and sits on the mitochondria in animal cells or 

chloroplasts in plant cells.  

     Walker first determined the amino acid sequence of this 

enzyme, and then elaborated its 3 dimensional structure.  

      Boyer showed that contrary to the previously accepted 

belief, the energy requiring step in making ATP is not the 

synthesis from ADP and phosphate, but the initial binding 

of the ADP and the phosphate to the enzyme.  

     Skou was the first to show that this enzyme promoted 

ion transport through membranes, giving an explanation 

for nerve cell ion transport as well as fundamental 

properties of all living cells. He later showed that the 

phosphate group that is ripped from ATP binds to the 

enzyme directly. This enzyme is capable of transporting 

sodium ions when phosphorylated like this, but potassium 

ions when it is not.  



Biochemical anatomy of a 
mitochondrion 

     The convolutions (cristae) of 

the inner membrane give it a 

very large surface area.  

The mitochondrial pool of 

coenzymes and intermediates is 

functionally separate from the 

cytosolic pool. The 

mitochondria of invertebrates, 

plants, and microbial 

eukaryotes are similar to those 

shown here, althougl there is 

much variation in size, shape, 

and degree of convolution of the 

inner membrane.  

https://lh3.googleusercontent.com/SSv1IdPFHmLBTg18ZD36Y0SsHyp8k7fzb8x9At3lNbLmWg9cXI

Uwi3xh0uaE_pRFGeGPPw=s85 



     The resulting mixture of 

inner membrane proteins is 

resolved by ion-exchange 

chromatography into 

different complexes (I througl 

IV) of the respiratory chain, 

each with its unique protein 

composition , and the enzyme 

ATP synthase (sometimes 

called Complex V).  

 

https://lh3.googleusercontent.com/hM0cypH_ClhIDXAbkdqGGHWzEmy_bMFx82bU0Xm1

EHkJ_md5xweze_0JNE_80QK2aFnSoQ=s85 



The electron transport chain    

 (ETC, or respiratory chain, or electron transfer chain ) -   a 

sequence of electron-carrying proteins that transfer 

electrons from substrates to molecular oxygen in aerobic 

cells.  

      The metabolic energy from oxidation of food materials: 

sugars, fats, and amino acids is funneled into formation of 

reduced coenzymes (NADH) and reduced flavoproteins 

(FADH2). The electron transport chain reoxidizes the 

coenzymes, and channels the free energy obtained from these 

reactions into the synthesis of ATP. This reoxidation process 

involves the removal of both protons and electrons from the 

coenzymes. Electrons move from NADH and [FADH2] to 

molecular oxygen, O2, which is the terminal acceptor of 

electrons in the chain.  



                Solubilization of the membranes containing the 

electron transport chain results in the isolation of four 

distinct protein complexes, and the complete chain can 

thus be considered to be composed of four parts:  

(I) NADH-coenzyme Q reductase,  

(II)  succinate-coenzyme Q reductase,  

(III) coenzyme Q-cytochrome c reductase, and 

(IV) cytochrome c oxidase.  



https://lh3.googleusercontent.com/oSDjDjiaXGP8jYh6M2nzla-C1A0YVBwIMk0l2bUbuXQ8ajsqHMlOgXFh6gu1M7O1ga8PAA=s163 



Complex I: NADH-Coenzyme Q Reductase 

     This complex transfers a pair of electrons from 

NADH to coenzyme Q (ubiquinine). Another 

common name for this enzyme complex is NADH 

dehydrogenase. The complex (with an estimated 

mass of 850 kD) involves more than 30 polypeptide 

chains, one molecule of flavin mononucleotide 

(FMN), and as many as seven Fe-S clusters, together 

containing a total of 20 to 26 iron atoms. By virtue 

of its dependence on FMN, NADH-UQ reductase is 

a flavoprotein. 



NAD+/NADH

The electron transfer reaction may be summarized as :

NAD+ + 2e + H+  NADH.

It may also be written as:

NAD+ + 2e + 2H+  NADH + H+
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https://lh3.googleusercontent.com/JK0NcsNbhKzXAzAJjaOl64QJmSyXsJedXpoay4cDST59Sc3BYf

3_uxjwF3xHap7ATAeeJks=s114 
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https://lh3.googleusercontent.com/m6p07FNo5FO65VBgvO

CROA9EUl3NNE_JeqbHE9xLeMmmggdVymtYac3YMJg8

C65f59Vo=s170 

https://lh3.googleusercontent.com/PLVpMprX158YPgcZg9o

xV5OnDtjE-

be_fTViJjq31MUV4V5dFl0rpTr7NRIHTH0sYCtwSg=s85 

https://lh3.googleusercontent.com/7aelw76ku9yPz9VpSa-

aZkwX4DhC8VELCpV1medbZxU3o5KFjmyy0xl8XOeSY-

PjHK5fWQ=s85 



Coenzyme Q is a mobile 

electron carrier. Its 

isoprenoid tail makes it 

highly hydrophobic, and 

it diffuses freely in the 

hydrophobic core of the 

inner mitochondrial 

membrane. As a result,  

it shuttles electrons from 

Complexes I and II to 

Complex III.  
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https://lh3.googleusercontent.com/WLmKG_2xpzgsmmpn8LxzGO

OHQc2-f_2ytJbPtuO6xq60suThuRF39ZqvMasZ4s8mZfpXIw=s85 



https://lh3.googleusercontent.com/w7zXj4uf8D4BDj0x5LhRfdZtiSJQBHYqwJ7Nx4ZlyL2RpxlBnfjH6IC0-QauImj_5g2t=s113 



Complex I Transports Protons from 
the Matrix to the Cytosol 

The oxidation of one 

NADH and the 

reduction of one UQ 

by NADH-UQ 

reductase results in 

the net transport of 

protons from the 

matrix side to the 

cytosolic side of the 

inner membrane.  

https://lh3.googleusercontent.com/T92TN4WnVUD49iEMBwQFDAELljb6gpBP4tOePTLU_w-

nWKGoYEimYeA5k9BVD469qIJj=s101 



Complex II: Succinate-Coenzyme Q Reductase  

     - or succinate dehydrogenase. This enzyme has a mass of 

approximately 100 to 140 kD and is composed of four 

subunits: two Fe-S proteins of masses 70 kD and 27 kD, 

and two other peptides of masses 15 kD and 13 kD. Also 

known as flavoprotein 2 (FP2), it contains an FAD 

covalently bound to a histidine residue, and three Fe-S 

centers. When succinate is converted to fumarate in the 

TCA cycle, concomitant reduction of bound FAD to FADH2 

occurs in succinate dehydrogenase. This FADH2 transfers 

its electrons immediately to Fe-S centers, which pass them 

on to UQ. Proton transport does not occur in this complex. 

 

   UQ + 2 H+ + 2 e-  UQH2  

Succinate  fumarate + 2 H+ + 2 e- 



https://lh3.googleusercontent.com/ox0rLQPDSyJyI9TomxV0mUEBd0wnbFNwy__n92F1ZWQz4NYTS7b6rllvrrHCKgp4iVWE=s114 



Complex III: Coenzyme Q-Cytochrome c  
                                       Reductase  

   Reduced coenzyme Q (UQH2) passes its electrons 

to cytochrome c  via a unique redox pathway known 

as the Q cycle. UQ-cytochrome c reductase (UQ-cyt c 

reductase), as this complex is known, involves three 

different cytochromes and an Fe-S protein. In the 

cytochromes of these and similar complexes, the 

iron atom at the center of the porphyrin ring cycles 

between the reduced Fe2+ (ferrous) and oxidized 

Fe3+ (ferric) states. 

CоQН2+ cyt.c(Fe3+) CоQ + cyt.c(Fe2+)  



https://lh3.googleusercontent.com/3XMBerzYWBCWn4oTeGHoDnFgl4lNoZWB97nRkBpvyyIolidMgpVFVoYPF3d6iaR8_vSyYg=s113 



Complex III Drives Proton Transport 

The Q cycle in 

mitochondria.  

(a) The electron 

transfer pathway 

following oxidation 

of the first UQH2 at 

the Qp site near the 

cytosolic face of the 

membrane.  

 

(b) The pathway 

following oxidation 

of a second UQH2. 

https://lh3.googleusercontent.com/nQtRzJn9B7S-

5H1mYDfRrjVgBHmYymy98eg0IqJb2U21pu5HGB_S8XD1Wc

-RY8yOk68W=s85 



Cytochrome c Is a Mobile Electron Carrier 

Electrons traversing Complex III are passed 

through cytochrome c1 to cytochrome c.  

Cytochrome c is the only one of the 

cytochromes that is water-soluble. 

Cytochrome c, like UQ, is a mobile electron carrier. It 

associates loosely with the inner mitochondrial membrane 

(in the intermembrane space on the cytosolic side of the 

inner membrane) to acquire electrons from the Fe-S-cyt c1 

aggregate of Complex III, and then it migrates along the 

membrane surface in the reduced state, carrying electrons 

to cytochrome c oxidase, the fourth complex of the electron 

transport chain. 

https://lh3.googleusercontent.com/O0FlFBANX_PSWFKVqvTAyrvQL7dgX6eomFkR_ZLXEqZ7cV

1lduD1OJKHytf8i6NMKtqN=s94 



Complex IV: Cytochrome c Oxidase  

Complex IV is called cytochrome c oxidase because it 

accepts electrons from cytochrome c and directs them to 

the four-electron reduction of O2 to form H2O. 

Thus, O2 and cytochrome c oxidase are the final 

destination for the electrons derived from the oxidation 

of food materials.  

Cytochrome c oxidase contains two heme centers 

(cytochromes a and a3) as well as two copper atoms. 

4 cyt c (Fe2+) + 4 H+ + O2  4 cyt c (Fe3+) + 2 H2O 



The electron transfer 

pathway for cytochrome 

oxidase. Cytochrome c binds 

on the cytosolic side, 

transferring electrons 

through the copper and heme 

centers to reduce O2 on the 

matrix side of the membrane.  

 

https://lh3.googleusercontent.com/ayR8TszGgC3GYyBzEoQ2vswYYvl

JQzDl4siaEP7FyjA4FGjw08QNEUeEmS2nAzfPgufOZxc=s85 



https://lh3.googleusercontent.com/ymjnMmw-yjx4Iboj2mPVblbeYYf6nohxyIW3dqIQQYEhnAFYMBgYo7nK5x3S3pDBYVIIHw=s114 



Complex IV Also Transports Protons Across 
the Inner Mitochondrial Membrane 

     The reduction of oxygen in Complex IV is accompanied 

by transport of protons across the inner mitochondrial 

membrane. Transfer of four electrons through this 

complex drives the transport of approximately four 

protons. Four protons are taken up on the matrix side for 

every two protons transported to the cytoplasm. 



https://lh3.googleusercontent.com/i-MgdlDOK7xSgydtbUkIq1P9tmbwBrpg8ETGFNHeyk4E574wVenuDtzcqLa8Qw1qrnswYA=s114 



Oxidative phosphorilation,  

the process whereby the energy generated by the ETC is 

conserved by the phosphorilation of ADP to yield ATP. 

  
According to the chemiosmotic coupling theory a mechanism by which 

the free energy generated during electron transport  is utilized to 

drave ATP synthesis has the following principal features: 

1. As electrons pass through the ETC, protons are transported from 

the matrix and released into the inner membrane space. As a result, 

an electrical potential and proton gradient are created across the 

inner membrane. The electrochemical proton gradient is sometimes 

referred to as the proton motive force. 

2. Protons, which are present in the inner membrane space in great 

excess, can pass through the inner membrane and back into the 

matrix down their concentration gradient only through special 

channels. (Recall that the inner membrane itself is impermeable to 

protons.)  As protons pass through a channel, each of which 

contains an ATP synthase activity, ATP synthesis occurs.  



https://lh3.googleusercontent.com/8Dn_SZR48OT0TpojfDZ_0yUlL_WBjrT_vtTvJyP-U5Wopp14AnW1LkjpW1ZoxxmHy2dyxA=s105 



ATP Synthase 

     The mitochondrial complex that carries out ATP synthesis 

is called ATP synthase or sometimes F1F0-ATPase (for the 

reverse reaction it catalyzes). 

     ATP synthase was observed in early electron micrographs 

of submitochondrial particles (prepared by sonication of 

inner membrane preparations) as round, 8.5-nm-diameter 

projections or particles on the inner membrane. In 

micrographs of native mitochondria, the projections appear 

on the matrix-facing surface of the inner membrane.  



https://lh3.googleusercontent.com/mFRSTfSI8cuUpfUNXve1wCDGSePPnA2jxewVuozMQmCaE3m1zzrpVZKy_7jGNuQte3fJ=s114 



https://lh3.googleusercontent.com/lic3fVw_KCDggNktQMCZ_OZd8EOluxUYAtT-GUvlyzG-ruStoqiIwtp3zvjCzVG7N9Nbeg=s114 



     The flow of electrons through Complexes I, III, 

and IV results in the pumping of protons across the 

mitochondrial inner membrane, making the matrix 

alkaline relative to the extramitochondrial space. 

This proton gradient provides the energy (proton-

motive force) for ATP synthesis from ADP and Pi 

by an inner-membrane protein complex, ATP 

synthase.  

 



https://lh3.googleusercontent.com/UWTAxuzUFaUZF-wm5YlIFy4KcXaew-fDwsz0X1TuVSS5ec44rp3rWhDhJd8xCq5pxmyTsg=s113 



Inhibitors of Dehydrogenases  

Isoniaside 

https://lh3.googleusercontent.com/lCb1q6OPy2yuDnvZEvLnyUXc-

VdEnpeka0GBocOaqYPVWdTaNAg-JnPcoOuGWO6zpsN42w=s85 



Inhibitors of electron transport and/or 
oxidative phosphorylation. 

https://lh3.googleusercontent.com/7qptrxk5BUXhKC8pN4smz8he7gtk49kxOuxAtOIieOTy0DkqbAPUI3SeO69i1F5urLG_Hg=s117 



https://lh3.googleusercontent.com/iet5cevnYrQ6_z7G8qscAy6Lx5rw1YLlVh1voGgx29BM-_-itZKoSs_a0_zTfzkZi6KKiQ=s140 



Inhibitors of Complexes I, II, and III Block 
Electron Transport 

     Rotenone is a common insecticide that strongly inhibits the 

NADH-UQ reductase.  

      Ptericidin, Amytal, and other barbiturates, mercurial 

agents, and the widely prescribed painkiller Demerol also exert 

inhibitory actions on this enzyme complex. All these substances 

appear to inhibit reduction of coenzyme Q and the oxidation of 

the Fe-S clusters of NADH-UQ reductase. 

      2-Thenoyltrifluoroacetone and carboxin and its derivatives 

specifically block Complex II, the succinate-UQ reductase.  

     Antimycin, an antibiotic produced by Streptomyces griseus, 

inhibits the UQ-cytochrome c reductase by blocking electron 

transfer between bH and coenzyme Q in the Qn site.  

     Myxothiazol inhibits the same complex by acting at the Qp 

site. 



Cyanide, Azide, and Carbon Monoxide  
Inhibit Complex IV 

     The cytochrome c oxidase, is specifically inhibited by 

cyanide (CN-), azide (N3
-), and carbon monoxide (CO). 

     Cyanide and azide bind tightly to the ferric form of 

cytochrome a3, whereas carbon monoxide binds only to the 

ferrous form.  



ATP Synthase Inhibitors 

     Inhibitors of ATP synthase include 

dicyclohexylcarbodiimide (DCCD) and oligomycin.   

      DCCD bonds covalently to carboxyl groups in 

hydrophobic domains of proteins in general, and to a 

glutamic acid residue of the c subunit of Fo×, the 

proteolipid forming the proton channel of the ATP 

synthase, in particular. If the c subunit is labeled with 

DCCD, proton flow through Fo× is blocked and ATP 

synthase activity is inhibited.  

     Likewise, oligomycin acts directly on the ATP 

synthase. By binding to a subunit of Fo×, oligomycin also 

blocks the movement of protons through Fo 

 



Uncouplers Disrupt the Coupling of 
Electron Transport and ATP Synthase 

     Uncouplers disrupt the tight 

coupling between electron 

transport and the ATP synthase. 

Uncouplers act by dissipating the 

proton gradient across the inner 

mitochondrial membrane created 

by the electron transport system. 

Typical examples include : 

2, 4-dinitrophenol,  

dicumarol,  

and carbonyl cyanide-p-trifluoro-

methoxyphenyl hydrazone.  
https://lh3.googleusercontent.com/G7v3XtcqWt5xKQioJHPcX5_yeDYIm1YCYDr5zkq8Vcr7mikSw

ByrL3_9mGhRgNUnb76EvQ=s85 



     These compounds share two common features: 

hydrophobic character and a dissociable proton.  

     As uncouplers, they function by carrying protons across 

the inner membrane. Their tendency is to acquire protons 

on the cytosolic surface of the membrane (where the proton 

concentration is high) and carry them to the matrix side, 

thereby destroying the proton gradient that couples electron 

transport and the ATP synthase.  

     In mitochondria treated with uncouplers, electron 

transport continues, and protons are driven out through the 

inner membrane. However, they leak back in so rapidly via 

the uncouplers that ATP synthesis does not occur. Instead, 

the energy released in electron transport is dissipated as 

heat. 



Endogenous Uncouplers Enable Organisms To 
Generate Heat 

    Certain cold-adapted animals, hibernating animals, and 

newborn animals generate large amounts of heat by 

uncoupling oxidative phosphorylation. Adipose tissue in these 

organisms contains so many mitochondria that it is called 

brown adipose tissue for the color imparted by the 

mitochondria.  

     The inner membrane of brown adipose 

tissue mitochondria contains an 

endogenous protein called thermogenin 

(literally, "heat maker"), or uncoupling 

protein, that creates a passive proton 

channel through which protons flow from 

the cytosol to the matrix.  https://lh3.googleusercontent.com/jqVph5xi7ky0flv_ok7HAl0HNmBOhUG1103wDmfqpR8R8Bg9T

O3WS4wCJTDtq75hJBiC=s114 



Free-radical Oxidation 

https://lh3.googleusercontent.com/mxB9Gi0s77VugLvQRdA9do2j3auV85TQf4NhF50cUaC5poX7cxB3HZbBaU4XyRYHF7uLnw=s170 



Conclusions 

1. Metabolism, the sum total of all the enzyme-catalysed 
reactions that occur in a living organism is a dynamic, 
coordinated activity.  

2. ATP plays a central role in energy exchange in the body. 
3. In aerobic cells catabolism consists of three stages. 
4.  The citric acid cycle (TCA cycle) is series of biochemical 
reactions that are responsible for the eventual complete 
oxidation of organic substrates to form CO2 and H2O. 
5. The electron transport chain (ETC) is a series of electron 
carriers that transfer the electron derived from reduced 
coenzymes to oxygen. 
6. Oxidative phosphorylation is the process in which ATP is 
formed as a result of the transfer of electrons from NADH or 
FADH 2 to O 2 by a series of electron carriers.  
 



Do you have any questions? 

Thank you for your attention! 

https://www.youtube.com/watch?v=JxK5rZxbyQY 


