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Unit - I
Introduction to bioinorganic chemistry
Metallobimolecules and its classification – Essential and trace elements in biology, Biological Ligands (Porphyrins, corrin and 
chlorin). Organic electron carrier couples- NADH, NADPH, FMNH2, FADH, Quinones and ubiquinone.
Transport across the membrane-Active and passive transport, Ionophores, sodium/potassium pump (Na/K ATPase enzyme 
mechanism), Vitamin B12 – Structural features, Chemistry of cobalamins, Co-C bond cleavage, isomerase reactions and 
bioalkylation (synthesis of methionine).

Bioenergetics and ATP Cycle
Features of ATP, phosphate group transfer potential of various phosphate compounds, glycolysis (glucose to pyruvate 
conversion) and glucose storage as glycogen. Photosynthesis: structural features of chlorophylls, role of Mg(II), Pigments 
involved in Photosystems I and II (PS I and II), cleavage of water using PSI and PS II in photosynthesis (Z-scheme), Oxygen 
evolving complex (OEC) and its involvement in oxidation of water to O2





BASICS – Chapter 1 of Unit I



CHNOPS

ESSENTIAL ELEMENTS OF



Trace Elements: Cr, Mn, Fe, Cu, Zn, Se, Mo, I 



❖Carbon is found in proteins, carbohydrates, lipids, and nucleic acids. It's also found in carbon dioxide

❖Hydrogen much of the hydrogen exists in water, functions to transport nutrients, remove wastes, 

lubricate organs and joints, and regulate body temperature. Hydrogen is also important in energy 

production and use. The H+ ion can be used as a hydrogen ion or proton pump to produce ATP and 

regulate numerous chemical reactions

❖Nitrogen is found in amino acid that make up the proteins and nucleic acids that make up the DNA.

❖Calcium is used to build bones and teeth, plus it's important for muscle contraction

❖Phosphorus found in nucleic acids; most of them are in the bones and teeth; primary energy molecule 

ATP in the body

❖Potassium (charge carrier) electrolyte and is used in nerve conduction. It helps to regulate the heart beat 

and vital for electrical signalling in nerves. 

❖ Sulfur is found in some amino acids and proteins; present in keratin which form skin, hair and nails



❖Water: Water is the most abundant chemical compound in living human cells, accounting for 65 

percent to 90 percent of each cell. It's also present between cells. For example, blood and 

cerebrospinal fluid are mostly water.

❖Fat: The percentage of fat varies from person to person, but even an obese person has more water than 

fat.

❖Protein: In a lean male, the percentages of protein and water are comparable. It's about 16 percent by 

mass. Muscles, including the heart, contain a lot of muscle. Hair and fingernails are protein. Skin 

contains a large amount of protein

❖Minerals: Minerals account for about 6 percent of the body. They include salts and metals. Common 

minerals include sodium, chlorine, calcium, potassium, and iron.

❖Carbohydrates: Although humans use the sugar glucose as an energy source, there isn't that much of it 

free in the bloodstream at any given time. Sugar and other carbohydrates only account for about 1% of 

body mass

Chang, Raymond (2007). Chemistry, Ninth Edition. McGraw-Hill. pp. 52



❖ Sodium helps regulate fluid volume, temperature and blood pressure, the electrolyte balance in the body 

and maintain homeostasis with respect to the volume of water in the blood and cells

❖Magnesium helps to regulate the heart beat, blood pressure, and blood glucose levels. It is used in protein 

synthesis and metabolism. It is needed to support proper immune system, muscle, and nerve function and 

essential for more than 300 metabolic reactions

❖ Iron (0.006%) is a key element in the metabolism of almost all living organisms. It is also found in 

hemoglobin, which is the oxygen carrier in red blood cells.

❖Fluorine (0.0037%) is found in teeth and bones. Outside of preventing tooth decay, it does not appear to 

have any importance to bodily health.

❖Zinc (0.0032%) is an essential trace element for all forms of life. Several proteins contain structures called 

"zinc fingers" help to regulate genes. Zinc deficiency has been known to lead to dwarfism in developing 

countries.

❖Copper (0.0001%) is important as an electron donor in various biological reactions. Without enough 

copper, iron won't work properly in the body



❖ Iodine (0.000016%) is required for making of thyroid hormones, which regulate metabolic rate and 

other cellular functions. Iodine deficiency, which can lead to goiter and brain damage, is an important 

health problem throughout much of the world

❖ Selenium (0.000019%) is essential for certain enzymes, including several anti-oxidants. Unlike 

animals, plants do not appear to require selenium for survival, but they do absorb it, so there are several 

cases of selenium poisoning from eating plants grown in selenium-rich soils

❖ Chromium (0.0000024%) helps regulate sugar levels by interacting with insulin, but the exact 

mechanism is still not completely understood

❖ Manganese (0.000017%) is essential for certain enzymes, in particular those that protect mitochondria 

— the place where usable energy is generated inside cells — from dangerous oxidants

❖ Molybdenum (0.000013%) is essential to virtually all life forms. In humans, it is important for 

transforming sulfur into a usable form. In nitrogen-fixing bacteria, it is important for transforming 

nitrogen into a usable form

❖ Cobalt (0.0000021%) is contained in vitamin B12, which is important in protein formation and DNA 

regulation



Some biological essential elements with their functions: 

Charge balance and electrolytic conductivity: Na, K, Cl 

Structure and templating: Ca, Zn, Si, S, Mo, Ni 

Signaling: Ca, B, N, O 

Brønstead Acid-Base Buffering: P, Si, C 

Lewis Acid-Base Catalysis: Zn, Fe, Ni, Mn 

Electron Transfer: Fe, Cu, 

Group Transfer (e.g. CH3 , O, S): V, Fe, Co, Ni, Cu, Mo, W 

Redox Catalysis: V, Mn, Fe, Co, Ni, Cu, W, S, Se 

Energy Storage: H, P, S, Na, K, Fe 

Biomineralization: Ca, Mg, Fe, Si, Sr, Cu, P 

Energy generation: Ca, Mg 

Occurrence and Availability of Inorganic Elements in Organism



Oxygen 43 kg (61%, 2700 mol)
Carbon 16 kg (23%, 1300 mol)
Hydrogen 7 kg (10%, 6900 mol)
Nitrogen 1.8 kg (2.5%, 129 mol)
Calcium 1.0 kg (1.4%, 25 mol)
Phosphorus 780 g (1.1%, 25 mol)
Potassium 140 g (0.20%, 3.6 mol)
Sulfur 140 g (0.20%, 4.4 mol)
Sodium 100 g (0.14%, 4.3 mol)
Chlorine 95 g (0.14%, 2.7 mol)
Magnesium 19 g (0.03%, 0.78 mol)
Iron 4.2 g
Fluorine 2.6  g
Zinc 2.3 g
Silicon 1.0 g
Rubidium 0.68 g
Strontium 0.32 g

Bromine 0.26 g
Lead 0.12 g
Copper 72 mg
Aluminum 60 mg
Cadmium 50 mg
Cerium 40 mg
Barium 22 mg
Iodine 20 mg
Tin 20 mg
Boron 18 mg
Nickel 15 mg
Selenium 15 mg
Chromium 14 mg
Manganese 12 mg
Arsenic 7 mg
Lithium 7 mg
Molybdenum6 mg
Cobalt 6 mg

Elemental composition of a human body of 70 kg

Emsley, John, The Elements, 3rd ed., Clarendon Press, Oxford, 1998



❖Water acts as an insulator, regulating internal body temperature. This is partly because 

water has a high specific heat, plus the body uses perspiration and respiration to 

regulate temperature

❖Water is needed to metabolize proteins and carbohydrates used as food. It is the 

primary component of saliva, used to digest carbohydrates and aid in swallowing food

❖The compound lubricates joints

❖Water insulates the brain, spinal cord, organs, and fetus. It acts as a shock absorber

❖Water is used to flush waste and toxins from the body via urine

❖Water is the principal solvent in the body. It dissolves minerals, soluble vitamins, and 

certain nutrients

What Is the Function of Water in the Body?



❖ Infants typically has 75-78% dropping to 65% by one year of age

❖ Babies and children > Adult men > Adult women > Obese men and 
women

How Much Water is in Your Body

➢ Heart and brain - 73% 

➢ Lungs 83%

➢ Muscles and kidneys 79% 

➢ Skin 64%

➢ Bones 31%



How Much Water is in Your Body



All Heme proteins contains porphyrin ring system 
– e.g. Hemoglobin, myoglobin, 
Cytochromes (a, b  and c)

Vitamin B12 contains corrin ring

Chlorophyll contains chlorin ring

Porphyrin, Corrin and Chloring Ring System



Biomolecules: Lipids Greek lipos (fat)

palmitic acid, oleic acid, alpha-linolenic acid.



The major dietary lipids for humans and other animals are animal and plant triglycerides, sterols, and 
membrane phospholipids

Humans and other mammals have a dietary requirement for certain essential fatty acids, such as 
linoleic acid (an omega-6 fatty acid) and alpha-linolenic acid (an omega-3 fatty acid) because they 
cannot be synthesized from simple precursors in the diet

Triglycerides, stored in adipose tissue, are a major form of energy storage both in animals and plants. 
In comparison to glycogen which would contribute only half of the energy per its pure mass, 
carbohydrate carbons are all bounded to hydrogens unlike in carbohydrates. 

The complete oxidation of fatty acids provides high caloric content, about 38 kJ/g (9 kcal/g), compared 
with 17 kJ/g (4 kcal/g) for the breakdown of carbohydrates and proteins. Migratory birds that must 
fly long distances without eating use stored energy of triglycerides to fuel their flights.

Biomolecules: Lipids Greek lipos (fat)





D-glucose 

Lactose 

Biomolecules: Carbohydrates





Jaggery = sucrose (70%) + Glucose & Fructose (15%) + Fats 
(0.1%) +Proteins (0.4%) +Minerals (2%)+Water (10%) + Ash 
(1%)
Sugar =99% Sucrose + 1% water

https://www.quora.com/Why-is-jaggery-considered-more-healthy-than-white-sugar

https://ehp.niehs.nih.gov/doi/10.1289/ehp.94102s5211



https://www.healthline.com/nutrition/jaggery#TOC_TITLE_HDR_4

According to one source, 100 grams (half a cup) of jaggery may contain (4): 
•Calories: 383.
•Sucrose: 65–85 grams.
•Fructose and glucose: 10–15 grams.
•Protein: 0.4 grams.
•Fat: 0.1 grams.
•Iron: 11 mg, or 61% of the RDI.
•Magnesium: 70-90 mg, or about 20% of the RDI.
•Potassium: 1050 mg, or 30% of the RDI.
•Manganese: 0.2–0.5 mg, or 10–20% of the RDI.

https://www.walshmedicalmedia.com/open-access/review-on-recent-advances-in-value-addition-of-jaggery-based-
products-2157-7110-1000440.pdf

http://www.omicsonline.org/open-access/review-on-recent-advances-in-value-addition-of-jaggery-based-products-2157-7110-1000440.pdf




https://www.publichealth.com.ng/low-glycemic-index-foods-list/



https://www.webmd.com/diabetes/guide/normal-blood-sugar-
levels-chart-adults

https://www.mayoclinic.org/diseases-
conditions/diabetes/symptoms-causes/syc-20371444







https://carex.com/blogs/resources/circadian-rhythm https://www.svife.com/what-are-circadian-rhythms/

https://www.news-medical.net/health/Circadian-Rhythm.aspx





A1 beta-casein comes from the most common cow breed that 
originated in Australia, United States, and Northern Europe. 
Holstein, Friesian, Ayrshire, and British Shorthorn features A1 
beta-casein genetic material. A1 beta-casein can be found on 
all commercially-prepared milk

BCM7 Beta-casomorphin-7 an opioid peptide in A1 beta-
casein is produced as a result of the breaking off of histidine 
in the number 67 amino acid chain during digestion found in 
A1 milk is known to have opioid or narcotic side effects and is 
identified to be the culprit of lactose intolerance in 1 out 4 
Americans. The absorption of BCM7 into the bloodstream 
leads to the high incidence of autism, schizophrenia, and 
other neurological disorders

Importance of amino acid 



http://www.thehealthedgepodcast.com/wp-content/uploads/2015/03/a1-vs-a2.jpg  

https://a2milk.co.uk/wp-content/uploads/hcp-explain3.png

http://www.thehealthedgepodcast.com/wp-content/uploads/2015/03/a1-vs-a2.jpg
https://a2milk.co.uk/wp-content/uploads/hcp-explain3.png




Biomolecules: Nucleic Acid
ATGCGCTTAG
TACGCGAAC



Biomolecules: Proteins





Porphyrin

Chlorin

Corrin





Metallobiomolecules





Enzyme: A biologically active compound containing one or more polypeptide units that are folded in a globular or fibrous 
form and catalyzes chemical reactions is called enzyme.

Apoenzyme: Many enzymes required an additional molecule to catalyze the particular chemical reaction. The small molecule 
is known as cofactor. It could be metal ion(s) or non-protein organic molecules. An enzyme without a cofactor is called 
apoenzyme. 

Holoenzyme: An enzyme with a complete complement of cofactors is known as a holoenzyme. 
So it can be written; Holoenzyme = Apoenzyme + coenzyme
 
Metalloenzyme: Enzyme that contains metal ion(s) in its active site and metal ion(s) participate(s) in the biological 
transformation. 



Enzymes are biological catalysts that increase the rate of reaction without affecting the equilibrium of the reaction. All 

chemical reactions within a biological cells are catalyzed by enzymes.

They work by lowering the activation energy (Ea) for a reaction, thereby increasing the reaction rate leading to faster 

formation of products and rapid achievement of the equilibrium state

Cofactors :
Many enzymes require an additional small molecule, known as a cofactor to aid the catalytic activity. A cofactor is usually a 
non-protein molecule; it can be either inorganic molecules (metals) or small organic molecules (coenzymes). For example 
Zn2+ serves as cofactor for carbonic anhydrase and alcoholdehydrogenase, Fe+/Fe3+ act as cofactor for ferredoxin, 
hemoglobin and cytochrome

Coenzymes :
Coenzymes are organic nonprotein molecules that are mostly derivatives of water soluble vitamins soluble; they bind an 
apoenzyme protein molecule to produce an active holoenzyme

Apoenzyme :
An apoenzyme is an inactive enzyme, activation of which occurs upon the binding of an organic or inorganic cofactor
Apoenzyme + cofactor = holoenzyme

Holoenzyme :
An apoenzyme together with its cofactor leads to formation of a catalytically active holoenzyme. Most cofactors are not 
covalently bound but instead are tightly bound. However, organic prosthetic groups such as an iron ion or a vitamin may 
also be covalently bound





Metalloproteins:

➢ About 20% of the human body is made up of proteins. 
Aminoacids are the building blocks of proteins and plays a vital 
role in biological processes

➢Proteins that contains metal ion as co factor is called 
metalloproteins. It  is co-ordinated through N, O and S atom of 
the amino acid side chain and forms a stable five membered 
chelate ring



Importance of metal – amino acid complexes 

Oxygen Evolving Complex

H2   2 H+ + 2 e- (1)

H2   H+ + H- (2) (2) 



Medicinal Use of Metal Amino acids complexes

Tridentate 
Binding

Bidentate
 Binding

Imidazole 
side chain

➢  The  unique structure of  [Cu(His)2] Copper Bis-Histidine which has been 

used for the treatment of  “Menkes disease” was determined by Sarkar.

➢ One of the imidazole ring remains 

uncoordinated and both the 

imidazole rings coordinated.

Cu[(L-His)(D-His)(H2O)].



Vitamin B12 – Cobalt containing protein



Vitamin B12 Anti-pernicious anaemia factor



Cobalt containing protein: Vitamin B12, B12r and B12s



Isolation – 1958 by Barker; Structural Elucidation by Crowfoot – Hodgkin in 1961; B12 is 
cyanocobalamin and adenosyl cobalamin is coenzyme B12. 
pernicious anemia (PA) is a disease in which not enough red blood cells are produced due to a 
deficiency of vitamin B12 and the The term "pernicious" means "deadly“

Vit B12 is required for the synthesis of Succinyl coA which in turn needed for the synthesis of 
porphyrin

Deficiency of vitamin B-12 lead to anemia, fatigue, mania, and depression, while a long term 
deficiency can cause permanent damage to the brain and central nervous system

cobalt normally exists as Co(III); under reducing conditions, it reduced to Co(II) or even Co(I), 
usually denoted as B12r and B12s, for reduced and super reduced, respectively

B12r (Co2+) and B12s (Co+) can be prepared from cyanocobalamin by controlled potential reduction, or 
chemical reduction using sodium borohydride in alkaline solution, zinc in acetic acid, or by the 
action of thiols. In biological system done by FAD. 

Both B12r and B12s are stable indefinitely under oxygen-free conditions. B12r appears orange-brown 
in solution, while B12s appears bluish-green under natural daylight, and purple under artificial light

Cobalt containing protein: Vitamin B12, B12r and B12s





Co-CR3                               Co(III) + -CR3       heterlytic cleavage, carbanion 

Co-CR3                               Co(II). + .CR3    homolytic cleavage, free radical

Co-CR3                               Co(I) + -CR3          heterolytic cleavage, carbocation 



Co-C bond Cleavage 



Reactions of Co(I) B12S



This reaction is catalyzed by the enzyme methionine synthase with B12 as an essential cofactor
During B12 deficiency, this reaction cannot proceed, which leads to the accumulation of 5-methyltetrahydrofolate. 

Alkylation Reactions of vit-B12



Alkylation Reactions of vit-B12



Isomerisation Reactions 



Isomerisation Reactions 



Mechanism of Isomerisation Reactions 





Ionophores













Valinomycin – binds K+ more tightly than Na+





Mechanism of Channel forming (class II)  and Carrier (Class I) Ionophore



Na/K Transfer across the membarane – Na/K 
ATPase



• Active – against concentration gradient; and passive transport – Higher end 
to lower end – spontaneous process –ve deltaG

• 0.6 mmol of electrons/sec = 60 ampere of current in resting human

• Extracellular fluid: Na (0.15) and K (0.005)  - Ca and Na in mol/dm3

• Intracellular fluid: Na (0.01) and K (0.15) – Mg and K mol/dm3

• Naout/Nain = 15; Caout/Cain = 1000; Kin/Kout = 25 and Mgin/Mgout = 100 





Na/K ATPase

Mol wt 280 kDa
α2β2 tetramer
α unit – 100 kDa
β unit – 80 kDa 





The Na+/K+ - ATPase enzyme is a tetrameric protein with two α- subunits and two β- subunits. 
The α- sub units are close and contact to each other, while β- subunits are situated apart from each other (Figure). The ions 
exchange proceeds via following steps; 

Step 1. Inside the cell three Na+ ions bind to the α- subunits of the enzyme which is consisting of six oxide units as binding 
site. 

Step 2. The attachment of Na+ ions to the α- subunits changes the local polarity that helps an ATP to bind with a α- subunit. 
The bound ATP is hydrolyzed to ADP and covalently bound with a phosphate ester (P). Due to this phosphorylation a 
conformation change (the inside cavity is closed and outside cavity is opened) took place in the α- subunit. 

Step 3. The weakly bound three Na+ ions are released outside the cell. 

Step 4 and Step 5. Two K+ ions outside the cell bind to the open cell cavity and simultaneously dephosphorylation takes 
place. Because of this a configurational change happens and two K+ ions move inside the cell with the help of a - subunits.
 
Step 6. The bound two K+ ions are released inside the cell and initial configuration is achieved by the enzyme.
 
Use: In the pumping process three positively charged Na+ ions are released from the cell and two positively charged K+ ions 
are accepted inside the cell. Hence, a charge difference is produced by the process. This charge difference creates potential 
gradient across the cell. For good example, signal transmission across neuron cells. 







The Na+/K+ pump: 
The Na+/K+ pumping between inside and outside a cell is 
assisted by a membrane-bound Na+/K+ - ATPase enzyme 
that catalyzes the movement of ions in the both direction 
across a cell. Through this pumping process the 
concentration difference of the ions inside and outside a 
cell is maintained and hence, a constant cell potential 
achieved. 











2. Bioenergetics and ATP Cycle



DNA Polymerase



Biomolecules: Nucleic Acid
ATGCGCTTAG
TACGCGAAC









https://in.pinterest.com/pin/575968239841102600/







http://www.sliderbase.com/spitem-1465-3.html#1

Elongation of DNA



http://www.sliderbase.com/spitem-1465-4.html







Replication fork



Glycolysis





-30.7 KJ/mol

-32.2 KJ/mol

Energy Rich Phosphoanhydride Bond





Phosphate Group Transfer Potential



High Phosphate Group Transfer Potential













isoprene





Glycolysis pathway: Embden-Meyerhof-Parnas Pathway





1.The first step in glycolysis is the conversion of D-glucose into glucose-6-phosphate. The enzyme that catalyzes this reaction 
is hexokinase.
2.The second reaction of glycolysis is the rearrangement of glucose 6-phosphate (G6P) into fructose 6-phosphate (F6P) by 
glucose phosphate isomerase (Phosphoglucose Isomerase).
3.Phosphofructokinase, with magnesium as a cofactor, changes fructose 6-phosphate into fructose 1,6-bisphosphate.
4.The enzyme Aldolase splits fructose 1, 6-bisphosphate into two sugars that are isomers of each other. These two sugars are 
dihydroxyacetone phosphate (DHAP) and glyceraldehyde 3-phosphate (GAP).
5.The enzyme triophosphate isomerase rapidly inter- converts the molecules dihydroxyacetone phosphate (DHAP) and 
glyceraldehyde 3-phosphate (GAP). Glyceraldehyde phosphate is removed / used in next step of Glycolysis.
6.Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) dehydrogenates and adds an inorganic phosphate to glyceraldehyde 
3-phosphate, producing 1,3-bisphosphoglycerate.
7.Phosphoglycerate kinase transfers a phosphate group from 1,3-bisphosphoglycerate to ADP to form ATP and 3-
phosphoglycerate.
8.The enzyme phosphoglycero mutase relocates the P from 3- phosphoglycerate from the 3rd carbon to the 2nd carbon to 
form 2-phosphoglycerate.
9.The enzyme enolase removes a molecule of water from 2-phosphoglycerate to form phosphoenolpyruvic acid (PEP).
10.The enzyme pyruvate kinase transfers a P from phosphoenolpyruvate (PEP) to ADP to form pyruvic acid and ATP Result in 
step 10.
11.Although 2 ATP molecules are used in steps 1-3, 2 ATP molecules are generated in step 7 and 2 more in step 10. This gives 
a total of 4 ATP molecules produced. If you subtract the 2 ATP molecules used in steps 1-3 from the 4 generated at the end of 
step 10, you end up with a net total of 2 ATP molecules produced. 



















Glycolysis is the metabolic process that serves as the foundation for both aerobic and anaerobic cellular respiration. In 
glycolysis, glucose is converted into pyruvate. Glucose is a six- memebered ring molecule found in the blood and is usually a 
result of the breakdown of carbohydrates into sugars. It enters cells through specific transporter proteins that move it from 
outside the cell into the cell’s cytosol. All of the glycolytic enzymes are found in the cytosol.

C6H12O6 + 2 NAD+ + 2 ADP + 2 P —–> 2 pyruvic acid, (CH3(C=O)COOH + 2 ATP + 2 NADH + 2 H+

The simplified reaction is as follows:
C6H12O6 (s) + 6 O2 (g) → 6 CO2 (g) + 6 H2O (l) + heat
ΔG = -2880 kJ per mole of C6H12O6

A negative ΔG indicates that the reaction can occur spontaneously.

•The steps of glycolysis remain the same till the formation of 
pyruvate in both aerobic and anaerobic modes of respiration. 
After pyruvate formation, depending on the availability of 
oxygen the pyruvate will have different fates in different 
organisms. 
•In animals, where there is sufficient oxygen supply pyruvate 
enters the mitochondria and is completely oxidized to carbon 
dioxide. In the absence of oxygen, it enters the anaerobic 
respiration where it is converted to lactate. 
•So, Under aerobic conditions, the net formation of ATP until 
the formation of pyruvate is 2 ATP + (1 NADH = 3 ATP) = 5 ATP. 
However, under anaerobic conditions, the NADH is not 
converted to ATP; therefore, the net production of ATP is only 2 
ATP.



one molecule of glucose oxidized by aerobic respiration in prokaryotes yields the following:
Glycolysis
2 net ATP from substrate-level phosphorylation
2 NADH yields 6 ATP (assuming 3 ATP per NADH) by oxidative phosphorylation
Transition Reaction
2 NADH yields 6 ATP (assuming 3 ATP per NADH) by oxidative phosphorylation
Citric Acid Cycle
2 ATP from substrate-level phosphorylation
6 NADH yields 18 ATP (assuming 3 ATP per NADH) by oxidative phosphorylation
2 FADH2 yields 4 ATP (assuming 2 ATP per FADH2) by oxidative phosphorylation 

Total Theoretical Maximum Number of ATP Generated per Glucose in Prokaryotes

38 ATP: 4 from substrate-level phosphorylation; 34 from oxidative phosphorylation.

In eukaryotic cells, the theoretical maximum yield of ATP generated per glucose is 36 to 38, depending on how the 2 NADH 
generated in the cytoplasm during glycolysis enter the mitochondria and whether the resulting yield is 2 or 3 ATP per NADH.



https://www.osmosis.org/answers/cellular-respiration





https://doi.org/10.1038/s41598-019-48676-2   Sci.Rep. 2019, 9, 12608

https://doi.org/10.1038/s41598-019-48676-2


❖ Although glucose is the primary fuel for cells, it is not an efficient molecule for long-term storage in complex (i.e. greater 

than single-celled) organisms. Therefore, in both plants and animals, the glucose molecules are linked together to form 

polysaccharides known as glucans

❖ In animals, the glucan formed is glycogen, which consists of glucose molecules linked by α(1->4) glycosidic bonds, and 

branching α(1->6) bonds approximately between 8 to 14 residues apart. The average size of a glycogen unit is a 

cytoplasmic granule containing over 100000 glucose molecules

❖ Glycogen synthesis begins with UDP-glucose phosphorylase, which combines the nucleotide uridine triphosphate (UTP) 

with glucose-1-phosphate to release pyrophosphate (PPi) and form UDP-glucose

❖ In the next step, glycogen synthase attaches the UDP-glucose to the pre-existing glycogen chain with an α(1->4) linkage. 

It cannot join two individual glucoses together, only add to a pre-existing chain

❖ Similarly, in plants, the major disaccharide is sucrose, formed by the linkage of UDP-glucose and fructose-6-phosphate. 

This results in sucrose-6-phosphate, which is then readily dephosphorylated to sucrose

Glucose storage as Glycogen



Glycogenesis - Glucose storage as Glycogen



Glucose storage as Glycogen



Glucose storage as Glycogen



Glycogenolysis







Reactions Of Glycogenesis

1. Glucose is phosphorylated to glucose-6-phosphate catalyzed by glucokinase (in liver) and hexokinase (in muscle).

2. Glucose-6-phosphate is converted to glucose-1-phosphate by phospho-gluco-mutase.

3. Glucose-1-phosphate reacts with UTP to form UDP-glucose and releases pyrophosphate. This reaction is catalyzed 

by UDP-glucose pyrophosphorylase enzyme.

4. Now the glycogen synthase enzyme transfers the glucose monomer from UDP-glucose to the 4th position of 

glycogen primer to form alpha-1,4 glycosidic linkage.

5. The step 4 continues up to the chain elongated to minimum of 2nd monomer. after that the second enzyme known 

as branching enzyme transfers a portion of 1,4 chain to a near by branch to form 1,6 glycosidic linkage.

5. The branch again grow with 1,4 linkage using UDP-glucose and then further branching by 1,6 glycosidic linkage.

https://gpatindia.com/glycogen-metabolism-glycogenesis-and-mcqs-for-gpat-neet-csir-net-ssc/



Regulation of Glycogenesis

The principal enzyme for controlling the glycogenesis is the glycogen synthase enzyme. This enzyme is regulated by 

several allosteric effectors like hormone and cyclic AMP.

Enzymes like epinephrine and glucagon inhibits the glycogenesis. Insulin inhibits the cAMP which further inhibits the 

glycogen synthase.

High concentration of Glucose-6-phosphate stimulates the synthesis of new glycogen.

Significance of Glycogenesis

1.It removes the excess glucose from the circulation and store it in form of 

glucose.

2.Keep blood glucose level normal

3.Remove lactate from skeletal muscles and RBCs.

4.Supply glucose at active skeletal muscle

5.Replenish the liver glycogen

6.Regulates acid base balance



Photosynthesis

J. Deisenhofer and R. Huber, H. Michel, Nobel Prize – 1988 – Structural elucidation of a bacterial 
photosynthetic reaction center
R. A. Marcus, Nobel Prize – 1992 – theoretical description of the underlying electron – transfer 
process 

In plants the primary photosynthesis events take place in the highly folded disk-shaped thylakoid 
memberane vesicles inside of chloroplasts and even in simple bacteria the process is membrane spanning. 

Since immobilization and a defined orientation of pigments and of reaction centers are crucial for the 
success of photosynthesis, all chlorophyll molecules feature a long aliphatic phytyl side chain by which 
they anchor these pigments in the hydrophobic phospholipid membrane, which has a thickness of about 5 
nm. 

Photosynthetic output of green plants in normal sunlight is usually assumed to be about 1g of glucose 
per hour per 1m2 of leaf surface area. 
The photosynthetically active algae phytoplankton also play an important role on a global scale, since the 
water coverage of the earth is about 71%. 

About 200 billion tonnes of carbohydrate equivalents are produced from CO2 each year. 



Chemolithotropic bacteria

Some bacteria called sulfate reducers can transfer 
electrons to sulfate (SO4

2-) reducing it to H2S. Other 
bacteria, called nitrate reducers, can transfer 
electrons to nitrate (NO3

-) reducing it to nitrite (NO2
-). 

Other nitrate reducers can reduce nitrate even further 
to nitrous oxide (NO) or nitrogen gas (N2).







Cyanobacterial photosystem II



Chlorin



I II

IIIIV



https://qforquestions.com/photosynthesis-photochemical-reaction/



In plants, light-dependent reactions occur in the thylakoid membranes of the chloroplasts where they drive the synthesis 
of ATP and NADPH.
How many pigments are involved in Photosynthesis?

“Pigments are the substances that possess the ability to absorb light at specific wavelength.” Leaves of plants have four 
types of pigments, i.e. Chlorophyll a (bright or blue green in chromatogram), Chlorophyll b (yellow green), Carotenoids 
(yellow to yellow – orange) and Xanthophylls (yellow). Photosynthesis takes place in red and blue regions of spectrum and 
some photosynthesis also takes place at other wavelengths. Chlorophyll is the major pigment that traps the light energy 
and other pigments are referred as accessory pigment which traps light and transfer the energy to chlorophyll a.

Types of Photosynthetic Reactions

Photosynthetic Reactions are of two types, i.e.
Light Dependent Reaction – In these reactions, the energy from sunlight is absorbed by chlorophyll and transformed into 
chemical energy in the form of ATP and NADPH (electron carrier molecule).

Light Independent Reaction or Dark Reaction – This reaction is also referred as Calvin Cycle. In this reaction, the energized 
electron from light dependent reactions provides energy to form carbohydrates from CO2 molecules
 



Quantum Yield

(i) Rate or yield of photosynthesis is measured in terms of quantum yield or O2 evolution, which may be defined as, "Number of O2 
molecules evolved per quantum of light absorbed in photosynthesis."

(ii) Quantum requirement in photosynthesis = 8, i.e., 8 quanta of light are required to evolve one mol. of O2.

(iii) Hence quantum yield = 1 /8 = 0.125 (i.e., a fraction of 1) as 12%. 

Emerson effect and Red drop: R. Emerson and C.M. Lewis (1943) observed that the quantum yield of photosynthesis decreases 
towards the far red end of the spectrum (680nm or longer). Quantum yield is the number of oxygen molecules evolved per light 
quantum absorbed. Since this decrease in quantum yield is observed at the far region or beyond red region of spectrum is called red 
drop.

Emerson et al. (1957) further observed that photosynthetic efficiency of light of 680nm or longer is increased if light of shorter 
wavelengths (Less than 680nm) is supplied simultaneously. When both short and long wavelengths were given together the 
quantum-yield of photosynthesis was greater than the total effect when both the wavelengths were given separately. This increase 
in photosynthetic efficiency (or quantum yield) is known as Emerson effect or Emerson enhancement effect. 

(i) Pigment system I or Photosystem I: The important pigments of this system are chlorophyll a 670, chlorophyll a 683, chiorophyll a 
695, P700' Some physiologists also include carotenes and chlorophyll b in pigment system I. P700 acts as the reaction centre. Thus, 
this system absorbs both wavelengths shorter and longer than 680nm.

(ii) Pigment system IT or photosystem II: The main pigments of this system are chlorophyll a 673, P680, chlorophyll band phycobilins. 
This pigment system absorbs wavelengths shorter than 680nm only. P680 acts as the reaction centre



Photosystem II light-harvesting proteins are the intrinsic transmembrane proteins CP43 (PsbC) and CP47 (PsbB) occurring in 
the reaction centre of photosystem II. These polypeptides bind to chlorophyll a and beta-carotene and pass the excitation 
energy on to the reaction centre.[1] This family also includes the iron-stress induced chlorophyll-binding protein CP43' 
(IsiA,CP43'), which evolved in cyanobacteria from a PSII protein to cope with light limitations and stress conditions.
Under iron-deficient growth conditions, CP43' associates with photosystem I to form a complex that consists of a ring of 18 or 
more CP43' molecules around a PSI trimer, which significantly increases the light-harvesting system of PSI. IsiA can also provide 
photoprotection for PSII.[2]

Plants, algae and some bacteria use two photosystems, PSI with P700 and PSII with P680. Using light energy, PSII acts first to 
channel an electron through a series of acceptors that drive a proton pump to generate ATP, before passing the electron on to 
PSI. Once the electron reaches PSI it has used most of its energy in producing ATP, but a second photon of light captured by 
P700 provides the required energy to channel the electron to ferredoxin, generating reducing power in the form of NADPH. The 
ATP and NADPH produced by PSII and PSI, respectively, are used in the light-independent reactions for the formation of organic 
compounds. This process is non-cyclic, because the electron from PSII is lost and is only replenished through the oxidation of 
water. Hence, there is a constant flow of electrons and associated hydrogens from water for the formation of organic 
compounds. It is this stripping of hydrogens from water that produces the oxygen we breathe.
IsiA has an inverse relationship with the Iron stress repressed RNA (IsrR). IsrR is an antisense RNA that acts as a reversible 
switch that responds to changes in environmental conditions to modulate the expression of IsiA.

https://en.wikipedia.org/wiki/Transmembrane_proteins
https://en.wikipedia.org/wiki/Photosystem_II
https://en.wikipedia.org/wiki/Photosystem_II_light-harvesting_protein#cite_note-PUB00015360-1
https://en.wikipedia.org/wiki/Photosystem_I
https://en.wikipedia.org/wiki/Photosystem_II_light-harvesting_protein#cite_note-PUB00015361-2
https://en.wikipedia.org/wiki/Iron_stress_repressed_RNA
https://en.wikipedia.org/wiki/Antisense


• In photosynthesis, the light-dependent reactions take place on the thylakoid membranes. The inside of the 
thylakoid membrane is called the lumen, and outside the thylakoid membrane is the stroma, where the light-
independent reactions take place

• There are four major protein complexes in the thylakoid membrane: Photosystem II (PSII), Cytochrome b6f 
complex, Photosystem I (PSI), and ATP synthase. These four complexes work together to ultimately create the 
products ATP and NADPH





Carbon moves from atmosphere to plants to 

animals and back to atmosphere











In PS II, the reaction center chlorophyll a absorbs 680 nm wavelengths of light. This result the electrons to be 

excited and jump in an orbit. These electrons are captured by electron acceptor which passed to electron 

transport system of cytochromes. These electrons are not used as they pass through the entire electron 

transport chain but are passed onto the pigment of PS I. At the same time, electrons at PS I reaction center are 

also excited when they receive red light of wavelength 700 nm. These electrons are transferred to another 

acceptor molecule with greater redox potential. In this electron transport chain, electrons are not used rather 

they are passed to the pigments of b. At the same time, electrons present in reaction center of PS I also gets 

excited after receiving red light of wavelength 700 nm. Then, these electrons are transferred to another 

acceptor molecule with greater redox potential. These electrons, then move downhill and this time to energy 

rich molecule i.e. NADP+, whose addition reduces NADP+ to NADPH + H+.

This entire scheme of transfer of electrons starting from PS II to uphill then down the electron chain to PS I, 

excitation of electrons, transferring to another acceptor and ultimately downhill to NADP+ resulting in 

formation of NADPH + H+ is referred as Z Scheme.



In photosystem II, pheophytin plays a very similar role. It again acts as the first electron carrier intermediate in the 
photosystem. After P680 becomes excited to P680*, it transfers an electron to pheophytin, which converts the molecule into a 
negatively charged radical. The negatively charged pheophytin radical quickly passes its extra electron to two consecutive 
plastoquinone molecules. Eventually, the electrons pass through the cytochrome b6f molecule and leaves photosystem II. The 
reactions outlined above in the section concerning purple bacteria give a general illustration of the actual movement of the 
electrons through pheophytin and the photosystem. The overall scheme is:
1.Excitation
2.Charge separation
3.Plastoquinone reduction
4.Regeneration of substrates

(PQ)

https://en.wikipedia.org/wiki/Cytochrome


(PQ)



Reaction in Photosystem II

Pheophytin is the first electron carrier intermediate in the photoreaction center (RC P870) of purple bacteria. Its involvement 
in this system can be broken down into 5 basic steps. The first step is excitation of the bacteriochlorophylls (Chl)2 or the special 
pair of chlorophylls. This can be seen in the following reaction.

    (Chl)2 + 1 photon → (Chl)2* (excitation)

The second step involves the (Chl)2 passing an electron to pheophytin, producing a negatively charged radical (the 
pheophytin) and a positively charged radical (the special pair of chlorophylls), which results in a charge separation.

    (Chl)2* + Pheo → ·(Chl)2
+ + Pheo− (charge separation)

The third step is the rapid electron movement to the tightly bound menaquinone, QA, which immediately donates the 
electrons to a second, loosely bound quinone (QB). Two electron transfers convert QB to its reduced form (QBH2).

    2·Pheo− + 2H+ + QB → 2Pheo + QBH2 (quinone reduction)

The fifth and final step involves the filling of the “hole” in the special pair by an electron from a heme in cytochrome c. This 
regenerates the substrates and completes the cycle, allowing for subsequent reactions to take place. 



Journal of chemical education – 2005, 82(5), 791-94

2 reduced ferredoxin + NADP+ + H+         2 oxidized ferredoxin + NADPH 

ferredoxin-NADP+ reductase

PS-II (P-680) consists of Chl-a-660, Chl-a-673, Chl-a-680, Chla-690, Chl-b, or Chl-c or Chl-d, carotenoids & phycobilins. Phycobilins present only in PS II

PS-I (P-700) consists of Chl-'a' 670, Chl-a-683, Chl-'a'-695, carotenoids, some molecules of chl- 'b' & reaction centre Chl-'a'-700/P-700

P700

P700*

P680

P680* Fe4S4

Feuile-leaf



P430



Oxygen-evolving complex (OEC)

KOK Cycle





Antenna Chlorophyll







https://www.ncbi.nlm.nih.gov/books/NBK22513/

We now turn to the molecular mechanism of DNA replication. The full replication machinery in cells comprises more than 20 
proteins engaged in intricate and coordinated interplay. In 1958, Arthur Kornberg and his colleagues isolated the first known 
of the enzymes, called DNA polymerases, that promote the formation of the bonds joining units of the DNA backbone.

https://www.wehi.edu.au/wehi-tv/molecular-visualisations-dna

https://www.youtube.com/watch?v=R4-c3hUhhyc

https://www.news-medical.net/life-sciences/DNA-Polymerase-
Families.aspx

https://www.khanacademy.org/science/ap-biology/ap-cellular-respiration-and-fermentation

https://www.ncbi.nlm.nih.gov/books/n/stryer/A5607/def-item/A5630/


Iron Containing Proteins

Chapter 3. Heme and Non-heme Proteins



• Brief introduction to proteins
• Difference between A1 and A2 milk; sickle cell anemia due to valine 

• Structure of porphyrin (drawing and numbering scheme)
• Substituents (PIX), tetranionic nature 
• How Fe(II) binds with PIX, coordination sphere, geometry of T and R state 
• Proximal and distal histidine

• Fe-O bonding – Fe2+ HS to Fe3+ LS
• Nature: whether Fe(III)-O-O- or Fe(II)-O=O, the evidence from FT-IR
• Inertness of triplet O2 and mode of binding of O2

• Importance of globular protein surrounding the heme
• Eight possible salt bridge interactions
• The presence of bisphosphoglycerate (BPG) and its uses
• P(O2) vs % oxygenation-effect of pH, CO2, allosteric interactions, Hill equation and coefficient

• Importance of heme group



• How DPG helps to feed O2 to fetus from mother

• Bohr and Haldane effect

• Allosteric interaction

• Hill equation and coefficient

• Other storage and transport proteins



Iron Proteins 

Iron containing proteins are mainly belonging to four categories. 

A.Iron-porphyrin proteins: hemoglobin, myoglobin, cytochrome P450, etc; all of them contains one of more 

iron-porphyrin units. They are mainly involved in oxygen transfer, oxygen storage, and electron transfer. 

B.Non-heme iron proteins: ferritin, transferrin, hemesiderin, etc; they are mostly involved in iron storage 

and transport 

C.Non-heme diiron oxo-bridged species: ribonucleotide reductase, hemerythrin, methane monooxygenase, 

etc. 

D.Non-heme iron-sulfur cluster proteins: nitrogenase, ferredoxins, rubredoxins. They are mainly involved 

in biological electron transfer reactions. 



Heme Proteins – Hemoglobin and Myoglobin



Protoporphyrin – IX (PIX)





Hemoglobin and Myoglobin: 

Hemoglobin is an essential iron protein for molecular oxygen (dioxygen) transport and found in red blood 

cells. Both are globular proteins; myoglobin is engaged in storage of molecular oxygen in muscle tissues and 

controlled transport of molecular oxygen for the oxidative reactions. 



❖ Supply of oxygen to tissues (bound to hemoglobin, which is 

carried in red cells)

❖ Supply of nutrients such as glucose, amino acids, and fatty acids 

(dissolved in the blood or bound to plasma proteins (e.g., blood 

lipids))

❖ Removal of waste such as carbon dioxide, urea, and lactic acid

❖ Immunological functions, including circulation of white blood 

cells and detection of foreign material by antibodies

❖ Coagulation the response to a broken blood vessel, the 

conversion of blood from a liquid to a semi-solid gel to stop 

bleeding.

❖ Messenger functions, including the transport of hormones and 

the signaling of tissue damage

❖ Regulation of body pH

❖ Regulation of core body temperature

❖ Hydraulic functions

https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Blood_proteins
https://en.wikipedia.org/wiki/Blood_lipid
https://en.wikipedia.org/wiki/Blood_lipid
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Urea
https://en.wikipedia.org/wiki/Lactic_acid
https://en.wikipedia.org/wiki/White_blood_cells
https://en.wikipedia.org/wiki/White_blood_cells
https://en.wikipedia.org/wiki/Antibodies
https://en.wikipedia.org/wiki/Coagulation
https://en.wikipedia.org/wiki/Hormones
https://en.wikipedia.org/wiki/Tissue_(biology)
https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Body_temperature
https://en.wikipedia.org/wiki/Hydraulics


A hemoglobin unit is composed of has four protein chains each of which contains one porphyrin ring coordinated to iron 
(known as heme) packed in a roughly tetrahedral α2β2 cluster. The α unit contains 141 amino acids residue and the β unit 
contains 146 amino acids residue. 

In hemoglobin, a high-spin Fe(II) is coordinated to four N atoms of porphyrin ring. The fifth coordination site is occupied by a 
histidine group. In this condition the protein containing four heme compartments is in stain condition and called tense (T) 
state. After binding to molecular oxygen high-spin Fe(II) changes to low-spin Fe(III) and molecular oxygen is transferred to 
superoxide. Covalent radii of Fe(II) is too large to fit into the cavity created by four N atoms of the porphyrin ring. Formation of 
low-spin Fe(III), the radii of iron decreases. Moreover, transformation of square pyramidal deoxy form to octahedral oxy form 
leads iron center closer to heme cavity. The protein is now in comparatively less stain relaxed form (R). In this was all the four 
iron centers in hemoglobin are transferred to oxo-hemoglobin forms. 

Binding of molecular oxygen to the iron center of the hemoglobin tetramer causes release of protons from the acid units 
which minimize the pH. This lowering of pH favours molecular oxygen release to tissues and conversion of Fe(III) to Fe(II). This 
deoxyhemoglobin picks up 2 protons and 2 molecules of CO2 from tissues and carried to the lungs, where the CO2 is released. 
After that, deoxyhemoglobin which further binds to molecular oxygen and the O2 carrying and CO2 returning processes from 
tissues continues. 
Myoglobin is a single chain heme protein containing 154 amino acids and it contains several region of α–helix. The structure of 
the active site (where the reaction occurs) and the oxygen carrying mechanism is same as hemoglobin. The oxygen uptake 
capacity of myoglobin is thermodynamically more when compared to hemoglobin and hence, oxygen uptake in myglobin is 
more than that of hemoglobin. 







Proximal His





Distal histidine

















Hills Plot

❖Hill co-efficient value n: 
For O2 Storage protein n = 1
e.g. Myoglobin, Hemerythrin

❖For O2 Transport proteins
✓Hemoglobin n = 3
✓Hemocyanin n =9



Allosteric Interaction – 
Effect of Cooperative 
effect on Hemoglobin





Bohr Effect









Transport of CO2 through 
Hemoglobin





Importance of 2,3-
diphosphoglycerate



Fe(II)/Fe(III) Irreversible 
Oxidation – Hematin  

Formation





Hemerythrin

Marine invertebrates; monomeric – 13500 Da and octameric – 108,000 Da Hill coefficient of 1.2 to 1.4; 

The uptake of O2 by hemerythrin is accompanied by two-electron oxidation of the diferrous centre (Glu58 

and Asp106) to produce a diferric hydroperoxide (OOH−) complex FT-IR ν o-o = 844 cm-1 

Deoxyhemerythrin contains two high-spin ferrous ions bridged by hydroxyl group. One iron is hexacoordinate 

and another is pentacoordinate. A hydroxyl group serves as a bridging ligand but also functions as a proton 

donor to the O2 substrate. This proton-transfer result in the formation of a single oxygen atom (μ-oxo) 

bridge in oxy-hemerythrin (diamagnetic, Fe(III)-Fe(III)) 

O2 binds to the pentacoordinate Fe2+ centre at the vacant coordination site. Then electrons are transferred 

from the ferrous ions to generate the binuclear ferric (Fe3+,Fe3+) centre with bound peroxide.

Deoxy form (Colourless) oxy form (Violet)- 360nm absorption



Hemocyanine: 
In many organisms, like arthropods (lobster, scorpion 77,000 D) and molluscs (snail, octopi etc 53000 D), oxygen is 
transported by Cu - containing haemocyanin protein. HC are polymeric of 6, 12, 24, 48 subunits and no monomer is found. 
These metalloproteins contain two copper atoms that reversibly bind a single oxygen molecule (O2) Hill co eff - 9 

The deoxy form of the protein contains Cu(I) colorless and diamagnetic that undergoes oxidation to Cu(II) in its oxy form, 
peroxo-bridged dicopper(II) species, intense blue (λ = 580 nm ε = 104 M-1 cm-1. In the deoxy form each copper center is tri-
coordinated by three histidine units. The distance between the two copper centers is 4.60 A. This shows no direct 
interactions between the two atoms. The deoxy form is colorless. Upon coordination with oxygen copper centers undergo to 
Cu(II) from Cu(I) and hence, a blue color appears due to peroxo-to-Cu(II) charge transfer FT-IR ν o-o = 744 cm-1 .



Hemocyanine



Summary of O2 storage and Transport Proteins





Chlorocruorin



https://www.ebi.ac.uk/pdbe/news/what-do-snails-spiders-octopods-and-queen-england-have-common







Chapter 4. Electron Transfer in Biology



Rubredoxin: 1Fe-0S proteins

Rieske proteins: It is a unique [2Fe-2S] cluster in that one of the two Fe atoms is coordinated 
by two histidine residues rather than two cysteine residues. They have since been found in 
plants, animals, and bacteria with widely ranging electron reduction potentials from -150 to 
+400 mV

The formal oxidation numbers of the iron ions can be [2Fe3+, 2Fe2+] or [1Fe3+, 3Fe2+] in low-potential ferredoxins. The oxidation 
numbers of the iron ions in high-potential ferredoxins can be [3Fe3+, 1Fe2+] or [2Fe3+, 2Fe2+]

This iron-sulphur protein is an electron carrier, and it is easy to distinguish its metallic centre 
changes: the oxidized state is reddish (due to a ligand metal charge transfer), while the reduced 
state is colourless (because the electron transition has an energy of the infrared level, which is 
imperceptible for the human eye).

2Fe-2S 3Fe-4S 4Fe-4S

Fe-S proteins: Rubredoxin and Ferredoxin



Rubredoxin: 1Fe-0S proteins



Iron-sulfur proteins: 

The iron-sulfur proteins occurs extensively in all living organisms and take part in a wide range of electron-transfer 

processes, either as redox centers ( e . g . ferredoxins, rubredoxins) or as catalysts ( e . g . hydrogenase, nitrogenase, etc). 

[1Fe-0S] proteins: 

  

Iron-sulfur proteins with no bridging sulfur (0S) or sulfide atom is known as rubredoxins. It is mainly found in bacteria and 

acts as one electron donor-acceptor. The arrangement around the iron center is tetrahedral and the Fe(II) center is 

surrounded by four sulfur atoms from four cystine (Cys) moieties .  

 

Ferredoxins are most important family of iron-sulfur proteins. Three major categories of ferredoxins are, [2Fe-2S], [3Fe-4S], 

and [4Fe-4S]. The [4Fe-4S] is most important.

 

[2Fe-2S]: Isolated from mammals, plants, and bacteria. Both the iron centers are in tetrahedral coordination environment 

and linked by two inorganic sulfide bridges. Both Fe(III) centers are antiferromagnetically coupled to each other. Hence, a 

diamagnetic ground state results. After accepting a electron one center becomes Fe(II) and the other is Fe(III). After 

antiferromagnetic coupling between the S = ½ ground state appeared. 

[3Fe-4S]: Found in Azobacter vinlandii , and Desulfovibrio gigas and also in pig heart. All the iron centers are in tetrahedral 

coordination environment and linked with each other by two inorganic sulfide bridges. 

[3Fe-4S]: It is found is several iron containing metalloenzymes like nitrogenase, hydrogenase, etc. The structure is a 

distorted cubic core. The alternative corners of the cube are occupied by iron and inorganic sulfide. Irons are connected to 

each other via two sulfide bridges. All the iron centers are tetrahedral. 



• Cytochromes are iron containing hemeproteins central to which are heme 

groups that are primarily responsible for the generation of ATP via 

electron transport

• On the basis of the position of their lowest energy absorption band in 

the reduced state, named as cytochromes a (605 nm), b (565 nm), and 

c (550 nm)

• Cytochromes are, capable of performing oxidation and reduction. 

Because the cytochromes (as well as other complexes) are held within 

membranes in an organized way, the redox reactions are carried out in 

the proper sequence for maximum efficiency

Cytochromes



Cytochrome C
❖ The polypeptide chain contains amino acids ranging from 103 (in some fishes) to 112 (in terrestrial 

vertebrates). A N atom from histidine and S atom from methionine are present in 5th and 6th position

❖ So it reacts indirectly by electron transfer mechanism – reduce dioxygen and transmit its oxidizing power 

towards burning of food and release of energy in respiration 

❖ Responsible for unusually severe and rapid toxicity of CN- poisoning which binds the 6th position and 

stabilizes the Fe(III) to such an extent that it can no longer be reduced and take part in the electron 

shuttle. 





Type A: cytochromes a

Type B: Hemoglobin, myoglobin, peroxidase and cytochromes b

Type C: R1 = R2 = CH(CH3)S-protein; cytochrome C

R1 = C(H)=O R2 = CH=CH2 called chloroheme found in chlorocruorin

cytochromes a (605 nm), b (≈565 nm), and c (550 nm)

Soret Band

Phytyl chain







Respiratory Chain (O2 reduction)

❖ The electron flow is from cyt b – cyt c – cyt a – O2 at least some of the cyt a binds O2 and to 

reduce them.

❖ It means that cyt a is the last link of the food processing chain – it must be five coordinated in absence 

of O2. 







Coenzyme Q is the only electron carrier which Is not covalently bound with the protein chain in the respiratory 
system. Thus is function as a mobile carrier of electron. 











Cyt C Oxidase: Catalytic Cycle and Mechanism of 
Proton Pumping

• Biochemistry, 1999, 15129 https://doi.org/10.1021/bi9910934 

https://doi.org/10.1021/bi9910934




4 Fe2+-cytochrome c + 4 H+
in + O2 → 4 Fe3+-cytochrome c + 2 H2O + 4 H+

out













CN Poisoning and 
blocking of 
Respiratory Chain





Type I ("blue" copper proteins) Type II ("non-blue" copper proteins)
 

Type III (dimers)
 

 

•Strongly distorted coordination 
sphere (3 + 1) comprised of 2x 
histidine, 1x methionine, 1x 
cysteine
•Absorption at ca. 600 nm (blue)
•EPR spectrum with small Cu 
coupling and g-value anisotropy:

•Essentially planar coordination sphere with 
3x histidine und 1x H2O or substrate 
molecule
•Weak absorption in the visible region
•EPR spectrum with axial symmetry 
("normal" EPR spectrum):

•Oxygen bridged dimer with a Cu-
Cu distance of ca. 360 pm
•After oxygen uptake shows 
intense absorptions at 350 nm and 
600 nm
•EPR silent; antiferromagnetically 
coupled d9 centers:

Examples: plastocyanin, azurin,
nitrite reductase

Examples: galactose oxidase, amine oxidase,
dopamine monooxidase

Examples: haemocyanin, 
tyrosinase

http://www.e-learning.chemie.fu-berlin.de/en/bioanorganik/kupfer/molekuele/cu_proteine/index.html

http://www.e-learning.chemie.fu-berlin.de/en/bioanorganik/kupfer/molekuele/plastocyanin.html
http://www.e-learning.chemie.fu-berlin.de/en/bioanorganik/kupfer/molekuele/azurin.html
http://www.e-learning.chemie.fu-berlin.de/en/bioanorganik/kupfer/molekuele/haemocyanin.html




"Classical" Copper Centers in Proteins
Copper participates in many biological processes involving electron transfer reactions. Its roles are as widely varied as simple 
electron transfer, oxygen activation, and oxygen transport.

In this sense, the copper proteins often have functions which can be carried out by iron centers. This is an indication that 
natural evolution was "success-oriented" and not "structure-oriented." A good example of this is the enzyme nitrite reductase. 
Its active site can be either an iron haem center or a type I copper complex.

Copper proteins are often classified as type I, type II, or type III centers, depending on the environment of the metal ion and 
spectroscopic characteristics (EPR spectrum, color, etc).

Type I or blue – intense UV-Vis absorption at 600 nm >3000 cm-1
 

arising from cys to Cu(II) 

Plastocyanin: found in higher plants – involved in the electron transfer 
between PSI and PSII
Azurin: found in denitrifying bacteria – involved in the respiratory 
chain where the role is to transfer electron between cyt c551 to cyct 
oxidase





Cu-Zn Superoxide dismutase: Type 2 protein – non-blue type
Superoxide dismutase catalyses the following dismutation 
reaction

The active site of this enzyme is dinuclear and contains copper and zinc atom. The copper center is surrounded by three 
histidine units, one bridging hisitine residue and one axial weakly bound solvent (water) molecule. The zinc center is 
tetradentate and surrounded by two histidine residues, one bridging hinsitine, and one Asp acid units. Copper and zinc 
centers are in +II oxidation state and about 6.0 A apart from each other. 



The active form of Cu/Zn-SOD enzyme contains one Zn and one Cu atoms and both are in +II oxidation state. Zn(II) center 
does not participates in the catalysis process, rather, its presence in the active site controls the reactivity shown by the Cu(II) 
center. One superoxide molecule, initially, binds to the Cu(II) centers and then hemolytic cleavage of the Cu-O bond reduces 
Cu(II) to Cu(I) and superoxide oxidizes to molecular oxygen. A vital structural change occurs upon transformation of Cu(II) to 
Cu(I). The Cu-N bond from the bridging histidine unit breaks. The second molecule of superoxide binds to Cu(I) and 
consequently, reduced to peroxide by Cu(I) that reoxidized to Cu(II). The labile peroxide is replaced by solvent water 
molecule (Ping-pong mechanism)



Siderophores: It means iron carriers in greek are small, high-affinity iron-chelating compounds secreted by microorganisms 
such as bacteria, fungi and grasses. Siderophores are amongst the strongest soluble Fe3+ binding agents known

Hydroxamate siderophores:
Catecholate siderophores: 

Mixed ligands: 

Ionophores are lipid soluble molecules. They transport ions across the lipid bilayers of a 
cell membrane. Example: Synthetic ionophores are crown ethers, cryptands, calixarenes, 
etc. 



• Urease are found in numerous bacteria, fungi, algae, plants and some 
invertebrates, as well as in soils, as a soil enzyme

• In 1926, James B. Sumner showed that urease is a protein by examining its 
crystallized form and awarded Nobel prize in chemistry in 1946

• They are nickel-containing metalloenzymes of high molecular weight

• It is a bis-μ-hydroxo dimeric nickel center, with an interatomic distance of 
~3.5 Å octahedrally coordinated Ni(II) ions are high spin and weakly 
antiferromagnetically coupled

• Jack bean meal, watermelon seeds, and pea seeds have all proven useful 
sources of urease

Nickel containing Protein: Urease



Urease (urea amidohydrolase: EC 3.5.1.5) catalyzes the hydrolysis of urea to yield ammonia and carbamate. 
The latter compound spontaneously decomposes to yield another molecule of ammonia and carbonic acid

In aqueous solutions, the released carbonic acid and the two molecules of ammonia are in equilibrium with 
their deprotonated and protonated forms, respectively. The net effect of these reactions is an increase in 
pH.

Ammonia, a preferred nitrogen source for bacteria and the product of urea hydrolysis, is assimilated into 
protein and other nitrogenous compounds in bacteria by a single pathway. Glutamine synthetase (EC 6.3.1.2) 
catalyzes the reaction:

Urease



Urease - mechanism



M.Wt 600 kDa, six subunits – each subunits contain two nickel (II) centres and are 3.5 A apart. 







Gold drugs in rheumatoid arthritis  

Auranofin 
Solganol (gold 

thioglucose) 

Myochrysine (gold 

disodium thiomalate)

sanocrysine (gold 

trisodium thiosulphate)

The use of gold salts in the treatment of rheumatoid arthritis is known as chrysotherapy. Except Auranofin other three of 

the above mentioned drugs administered intramuscularly while Auranofin can be administered orally.  

Lithium drugs: lithium carbonate – are primarily used as a psychiatric medication for psychiatric mind disorder and 

schizopheranic symptoms. This includes the treatment of major depressive disorder that does not improve following the 
use of other antidepressants, and bipolar disorder. In these disorders, it reduces the risk of suicide. Lithium is taken by 
mouth.
Common side effects include increased urination, shakiness of the hands, and increased thirst. Serious side effects include 
hypothyroidism, diabetes, and lithium toxicity. Blood level monitoring is recommended to decrease the risk of potential 
toxicity. If levels become too high, diarrhea, vomiting, poor coordination, sleepiness, and ringing in the ears may occur. If 
used during pregnancy, lithium can cause problems in the baby. It appears to be safe to use while breastfeeding. Lithium 
salts are classified as mood stabilizers. How lithium works is not specifically known.



Cis- Platin

➢Barnett Rosenberg in 1965 accidentally discover cis platin. It is a 
chemotherapy agent. In addition it is also used for Auger 
therapy (low energy radiation therapy).

➢ It is used to treat various types of cancers but particularly 
effective against testicular cancer.

  Side effects:

✓ Nephrotoxicity  (kidney damage)

✓ Neurotoxicity  (nerve damage) 

✓ Ototoxicity (hearing loss)

✓ Nausea  and vomitting



Mechanism of cisplatin : 
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Mercury Poisoning

Its toxic effects can cause damage to the brain, kidneys, and lungs with symptoms 
including sensory impairment (vision, hearing, speech); lack of coordination; loss of 
hair, teeth, and nails; memory impairment; and insomnia



Nitrogenase and Hydrogenase

https://www.mdpi.com/2075-4450/13/1/84





HOMO = -15.6 eV
LUMO = -7.0 eV



There are two types of bacteria that synthesize nitrogenase and are required for nitrogen 
fixation. These are: 
•Free-living bacteria (non-symbiotic), examples include: 

• Cyanobacteria (blue-green algae)
• Green sulfur bacteria
• Azotobacter

•Mutualistic bacteria (symbiotic), examples include: 
• Rhizobium, associated with leguminous plants
• Spirillum, associated with cereal grasses
• Frankia

For Nitrogenase Reading:
1. https://pdb101.rcsb.org/motm/26; 2. https://www.rcsb.org/structure/1n2c; 
3. https://www.nature.com/articles/387370a0. Structure of ADP·AIF4

–-stabilized nitrogenase complex and its implications 
for signal transduction
4. https://www.nature.com/articles/s42004-023-01046-6 Fe protein docking transduces conformational changes to MoFe 
nitrogenase active site in a nucleotide-dependent manner and references therein
 5. https://doi.org/10.1021/acs.accounts.8b00112  Energy Transduction in Nitrogenase
6.  Nitrogenase assembly

https://en.wikipedia.org/wiki/Cyanobacteria
https://en.wikipedia.org/wiki/Green_sulfur_bacteria
https://en.wikipedia.org/wiki/Azotobacter
https://en.wikipedia.org/wiki/Rhizobium
https://en.wikipedia.org/wiki/Leguminous
https://en.wikipedia.org/wiki/Spirillum
https://en.wikipedia.org/wiki/Cereal
https://en.wikipedia.org/wiki/Frankia
https://pdb101.rcsb.org/motm/26
https://www.rcsb.org/structure/1n2c
https://www.nature.com/articles/387370a0
https://www.nature.com/articles/s42004-023-01046-6
https://doi.org/10.1021/acs.accounts.8b00112




https://pdb101.rcsb.org/motm/26





2 Mo, 30 Fe and Sulphide, 40 cys units





https://www.nature.com/articles/s42004-023-01046-6





MoFe7S9C-homocitrate

https://www.nature.com/articles/s42004-023-01046-6



https://www.uky.edu/~dhild/22/lect22.html



















Hydrogenase

the [FeFe] and [NiFe] hydrogenases are true redox catalysts, driving H2 oxidation and proton (H+) reduction 
(equation 1) while the [Fe] hydrogenases catalyze the reversible heterolytic cleavage of H2 shown by reaction 
(2)

H2   2 H+ + 2 e- (1)

H2   H+ + H- (2) (2) 

A hydrogenase is an enzyme that catalyzes the reversible oxidation of molecular hydrogen (H2), as shown below:
(1) H2 + Aox → 2H+ + Ared

(2) 2H+ + Dred → H2 + Dox

https://en.wikipedia.org/wiki/Electron_acceptor
https://en.wikipedia.org/wiki/Electron_donor




• 1835 Dominance of English language 
as a medium of employment and 
education

• Establishment of teacher-training 
schools for all levels of instruction. 

• led towards the nationalization of 
many universities

• Many advantages but one biggest 
loss :

Education lost its own esteem, and 
Indian touch
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