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                                   EDO UNIVERSITY IYAMHO  
                                 Faculty of Basic Medical Sciences 

                                Department of Biochemistry      
                   
MBC 201: Nucleic Acids/Nucleotides/Nucleosides; Biochemistry of 
Muscle & Biochemistry of Ageing 

(MBBS students only) 
 
Instructor: Dr. Usunobun Usunomena 
Email: usunobun.usunomena@edouniversity.edu.ng 
Lectures: Wednesday –Thursday, 8-10pm, LT2  
Phone: (+234) 8034174871 
Office hours: Mondays, Wednesdays and Thursdays, 11.00-3.00pm 
 
Co-Instructor: All Biochemistry Lecturers 
 
General overview of lecture:  

• Metabolism of nucleic acids I: Chemistry and structure of the nucleic acids: RNA and DNA Purine 
nucleosides and nucleotides 

• Synthesis and catabolism of purine nucleotides. 
• Synthesis and catabolism of pyrimidine nucleotides. 
• Metabolism of nucleic acids II: Disorders of purine and pyrimidine metabolism. 
• Muscle action: Biochemical concept. Muscle action: Molecular concept, control. 
• Ageing, Ageing and signaling pathways, Ageing and apoptosis, Concept of metabolic processes and 

oxidative stress in ageing 
 
Learning outcomes: At the completion of this course, students are expected to: 

1. Have vast and detail knowledge of the Formation of Purine/Pyrimidine Nucleotides. 
2. Understand disorders of Purine/Pyrimidine Nucleotide metabolism 
3. Draw and Describe the muscle and its components 
4. Highlight functions of the muscular system 
5. Know the types of muscle and their differences 
6. Have detail knowledge of the energy usage in Muscle 
7. Know how muscle contracts 
8. Highlight the types of muscle contractions 
9. Have vast and detail knowledge of definition of Ageing  
10. Itemize the characteristics of Ageing. 
11. Acquire detail knowledge of the theories of Ageing 
12. Basic information on role of antioxidants in counteracting activities of free radical 

 
Assignments: We expect to have 3 homework assignments throughout the course in addition to a Mid-Term 
Test and a Final Exam. Term papers are to be given and submission made on the due date. Home works in the 
form of individual assignments, and group assignments are to be organized and structured as preparation for the 
midterm and final exam, and are meant to be a studying material for both exams.  
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Grading: We will assign 10% of this class grade to home works, 10% for the student presentation, 10% for the 
mid-term test and 70% for the final exam. The Final exam is comprehensive. 
 
Textbook: The recommended textbook for this class are as stated: 
(i) Biochemistry by LubertStryer 
(ii) Biochemistry by Voet and Voet 
(iii) Lehninger, A. L. Principles of Biochemistry 
 (iv) Harper, H.A. Review of Physiological Chemistry   
(v) Karlson P. Introduction to Modern Biochemistry. 
 
 
MAIN LECTURE 

NUCLEIC ACIDS 
Nucleic acids are the molecular repositories of genetic information. The ability of nucleic acids to store and 
transmit genetic information from one generation to the next is a fundamental condition for life. 

Nucleic acids store and transmit genetic information.  

Nucleic acids are chemically composed of polymers of nucleotides joined together by phosphodiester linkages 
(bonds). Nucleic acids are broadly divided into two major types; Ribonucleic acid (RNA) which is single 
stranded and deoxyribonucleic acid (DNA) which is double stranded. 

Nucleotides make up nucleic acids 

Nucleotide has three parts: 5-carbon sugar, phosphate group, nitrogenous base 

A nucleoside consists of a purine or pyrimidine base linked to a five-carbon sugar (pentose). A nucleotide is 
composed of a nucleoside plus one or more phosphate groups. 

There are two types of nucleic acids, ribonucleic acids (RNA) and deoxyribonucleic acid (DNA). Recall that a 

nucleoside is a base + sugar. A Nucleotide is composed of a base + sugar + phosphate. The deoxy- prefix in 

Deoxyribonucleotides is the nomenclature used for DNA. The term ribonucleotides is employed when it is 

nomenclature for RNA, or in other words, C-2 on the sugar unit has an -OH group (versus deoxy which C-2 has 
2 hydrogens). Symbols are used to simplify the names. For example, ATP (precursor of RNA). The "A" in the 
front signifies that the base is Adenine and the "T" in the middle signigies tri-phosphates. AMP on the other 
hand, also has an adenine, but the M signifies that the sugar is bound to a single phosphate group. 
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The nucleotides found in cells are derivatives of the heterocyclic highly basic, compounds, purine and 
pyrimidine. 

 
Why are they called bases? 

Answer: Because N1 and N3 of pyrimidine, and N1, N3, and N7 of purine can accept protons 

 

What’s the sugar/base link? 

Answer: an N-glycosidic bond between C1’ of sugar and N1 of pyrimidine ring or N9 of purine ring 

 

There are five major bases found in cells. The derivatives of purine are called adenine and guanine, and the 
derivatives of pyrimidine are called thymine, cytosine and uracil. The common abbreviations used for these five 
bases are, A, G, T, C and U 
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The purine and pyrimidine bases in cells are linked to carbohydrate and in this form are termed, 
nucleosides. The nucleosides are coupled to D-ribose or 2'-deoxy-D-ribose through a β-N-glycosidic bond 
between the anomeric carbon of the ribose and the N9 of a purine or N1 of a pyrimidine. 

The base can exist in 2 distinct orientations about the N-glycosidic bond. These conformations are 
identified as,syn and anti. It is the anti conformation that predominates in naturally occurring nucleotides. 

  

syn-Adenosine anti-Adenosine 
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Nucleosides are found in the cell primarily in their phosphorylated form. These are termed nucleotides. 
The most common site of phosphorylation of nucleotides found in cells is the hydroxyl group attached to the 
5'-carbon of the ribose The carbon atoms of the ribose present in nucleotides are designated with a prime (') 
mark to distinguish them from the backbone numbering in the bases. Nucleotides can exist in the mono-, di-, 
or tri-phosphorylated forms. 

Nucleotides are given distinct abbreviations to allow easy identification of their structure and state of 
phosphorylation. The monophosphorylated form of adenosine (adenosine-5'-monophosphate) is written as, 
AMP. The di- and tri-phosphorylated forms are written as, ADP and ATP, respectively. The use of these 
abbreviations assumes that the nucleotide is in the 5'-phosphorylated form. The di- and tri-phosphates of 
nucleotides are linked by acid anhydride bonds. Acid anhydride bonds have a high ΔG0' for hydrolysis 
imparting upon them a high potential to transfer the phosphates to other molecules. It is this property of the 
nucleotides that results in their involvement in group transfer reactions in the cell. 
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Compound that have their structures derived from nucleotide structures are called as nucleotide derivatives. 
They share close structural features of nucleotides. Nicotinamide Adenine dinucleotide (NAD), Nicotinamide 
Adenine 

dinucleotide phosphate (NADP), flavine adeninedinucleotide (FAD) are some of the examples for nucleotide 
derivatives. 
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As a class, the nucleotides may be considered one of the most important metabolites of the cell. 
Nucleotides are found primarily as the monomeric units comprising the major nucleic acids of the cell, RNA 
and DNA. However, they also are required for numerous other important functions within the cell. These 
functions include: 

1. serving as energy stores for future use in phosphate transfer reactions. These reactions are predominantly 
carried out by ATP. 

2. forming a portion of several important coenzymes such as NAD+, NADP+, FAD and coenzyme A. 

3. serving as mediators of numerous important cellular processes such as second messengers in signal 
transduction events. The predominant second messenger is cyclic-AMP (cAMP), a cyclic derivative of AMP 
formed from ATP. 

4. controlling numerous enzymatic reactions through allosteric effects on enzyme activity. 

5. serving as activated intermediates in numerous biosynthetic reactions. These activated intermediates include 
S-adenosylmethionine (S-AdoMet or SAM) involved in methyl transfer reactions as well as the many sugar 
coupled nucleotides involved in glycogen and glycoprotein synthesis e.gActivators of substrates (e.g.UDP-
glucose) 

5. Precursors of nucleic acids.  

http://themedicalbiochemistrypage.org/glycogen.html
http://themedicalbiochemistrypage.org/glycoproteins.html
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FORMATION OF PURINE/PYRIMIDINE NUCLEOTIDES 
•Are produced from N-bases (these come from the diet and from partly degraded nucleotides) 

•Are produced by de novo pathways. 

DE NOVO BIOSYNTHESIS OF NUCLEOTIDES. 

Origin of atoms in purine rings 

 

PURINE NUCLEOTIDE BIOSYNTHESIS. 
The purine skeleton is synthesized from glycine, aspartate, glutamine, CO2, and two one-carbonfragments 

provided by tetrahydrofolate derivatives. 

Ribose 5-phosphate from pentose phosphate pathway is used as the first substrate in the synthesis. ATP and 

GTP are required as sources of energy. 

The first step in purine biosynthesis is thephosphorylation of ribose 5-phosphate to5-phosphoribosyl-1-

pyrophosphate (PRPP). 

 

Synthesis of 5-phosphoribosyl-1-pyrophosphate (PRPP) 

The next step, the formation of 5-phosphoribosyl-1-amine, is the committed step in purine biosynthesis. The 

enzyme amidotransferaseis feedback-inhibited by the end products of the pathway, ATP and GTP. (AMP and 

GMP also inhibit.) In a series of nine further reactions the purine nucleotide inosine monophosphate (IMP) is 

formed. 
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Synthesis of purine nucleotides 
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Synthesis of AMP and GMP from IMP showing feedback inhibition. 

IMP is the substrate for two short pathways that yields AMP and GMP. In AMP synthesis, an amino group from 

aspartate is transferred to the purine. In GMP synthesis, glutamate is the source of the amino group. Kinases 

then catalyzes phosphoryl-group transfer reactions to convert the nucleoside monophosphates to diphosphates 

and then triphosphates (ATP and GMP). 

 
Inosine monophosphate is converted to guanosine monophosphate (GMP) via xanthosinemonophosphate, and 

to adenosine monophosphate (AMP) via adenylosuccinate. The initialstep in each reaction is inhibited by its 

end product (GMP or AMP, respectively), and activated bythe triphosphate of the other reaction’s product. This 

cross-regulation ensures the balancedsynthesis of adenine and guanine nucleotides. 

GTP Participates in AMP synthesis and ATP participates in GMP synthesis. High concentration of ATP 

therefore promote GMP production and high concentration of GTP promote AMP production. This reciprocal 

relationship is one mechanism for balancing the production of adenine and guanine nucleotides (because most 

nucleotides are destined for DNA or RNA synthesis, they are required in roughly equal amounts). 

 

PURINENUCLEOTIDE SYNTHESIS FROM N-BASES 
SALVAGE PATHWAY OF PURINENUCLEOTIDE PRODUCTION 

 
•Saves purine bases from degradation 
•Saves energy 
•Prevents over-production of uric acid  
•The pathway is important in brain and in RBC 
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A salvage pathway is a pathway in which nucleotides (purine and pyrimidine) are synthesized from 
intermediates in the degradativepathway for nucleotides. 

Salvage pathways are used to recover bases and nucleosides that are formed during degradation of RNA and 
DNA. This is important insome organs because some tissues cannot undergo de novosynthesis. 

The salvaged bases and nucleosides can then be converted back into nucleotides. 

Salvage pathway of purine nucleotide synthesis 

 

 

 

DISORDERS OF PURINE NUCLEOTIDE METABOLISM 

Uric acid is rather poorly soluble in water. Normal adult humans synthesize between 600 and 700mg of uric 

acid per day, and dietary purines contribute another 300 to 600 mg (total miscible pool: 1200 mg). This amount 

of uric acid must be excreted daily through the kidney (66%) and the gastrointestinal tract (33%). Serum levels 

below 7 mg/100 ml of uric acid are considered normal. Hyperuricemia (>7 mg/100 ml) may lead to gout. 

Causes of hyperuricemia: impaired excretion of uric acid in kidney, wrong dietary habits, disturbances in purine 

synthesis regulation. Severe hyperuricemia is a characteristic for neurologic Lesh-Nyhan syndrome. 
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GOUT 
GOUT is characterized by elevated uric acid concentrations in blood and urine due to a variety of metabolic 

abnormalities that lead to overproduction of purine nucleotides via the de novo pathway. 

Gout (Metabolic arthritis) is a disease caused by a disorder of purine metabolism resulting in hyperuricemia. 

Sodium urate crystals are deposited on the articular cartilage of joints and in the particular tissue like tendons 

and clinically manifesting as recurrent acute arthritis progressing to chronic deforming arthritis, formation of 

tophi and development of systemic complications like renal failure. Normally, the human bloodstream only 

carries small amounts of uric acid. However, if the blood has an elevated concentration of uric acid, uric acid 

crystals are deposited in the cartilage and tissue surrounding joints.  

Renal excretion of uric acid proceeds as follows. Uric acid is filtered freely in the glomerulus but is 

subsequently reabsorbed to at least98% in the proximal tubules. Active secretion of uric acid in the distal 

tubules accounts for most of the urate that finally appears in the urine.  

There are different approaches to the treatment of gout that include colchicine, antihyperuricemic drugs and 

allopurinol. Allopurinol and its metabolite, alloxanthine are effective inhibitors of xanthine oxidase and will 

cause a decrease in uric acid levels. 

LESCH-NYHAN SYNDROME 

Lessch-Nyhan syndrome is a disease caused by a severe deficiency in HPRTase activity. The role of HPRTase 

is to catalyze reactions in which hypoxanthine and guanine are converted to nucleotides. In the absence of 

HPRTase, hypoxanthine and guanine are not converted to IMP and GMP, respectively, in the salvage reactions. 

The disease is characterized by the accumulation of excessive amounts of uric acid, a product of nucleotide 

degradation which causes neurological abnormalities and destructive behavior including self-mutilation. 

In Lesch-Nyhan disease the enzyme hypoxanthine-guanine-phosphoribosyltransferase(HPRTase) is 

defective. Patients with this disease have elevated levels of uric acid and show anincreased rate of de novo 

synthesis of purines. The gene for HPRTase is on the Y-chromosome, hence the deficiency is virtually limited 

to males and, since patients with this disease usually do not reach sexualmaturity. In addition to 

hyperuricemia, thepatients show neurological disorders such as severe self-mutilation and mental retardation. 

Lesch–Nyhan syndrome (LNS) also known as Juvenile gout, is a rare inherited disorder caused by a deficiency 

of the enzyme hypoxanthine-guanine phosphoribosyltransferase (HGPRT), produced by mutations in the HPRT 

gene. The disorder was first recognized and clinically characterized by medical student Michael Lesch and his 

mentor, pediatrician Bill Nyhan, who published their findings in 1964.The HGPRT deficiency causes a build-up 

of uric acid in all body fluids. This results in both hyperuricemia and hyperuricosuria, associateed with severe 

gout and kidney problems. Neurological signs include poor muscle control and moderate mental retardation. 
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The symptoms caused by the buildup of uric acid (gout and renal symptoms)respond well to treatment with 

drugs such as allopurinol that reduce the levels of uric acid in the blood. 

PYRIMIDINE NUCLEOTIDE BIOSYNTHESIS. 
The pyrimidine skeleton is synthesized from carbamoyl phosphate and aspartate. The synthesis of 

carbamoyl phosphate from glutamine, CO2, and two ATP’s occurs in the cytoplasm of the cell and is inhibited 

by UTP. (Compare this reaction with the synthesis of urea in the mitochondrion, where ammonium ion is used 

instead of glutamine.) 

 

Sources of atoms in the pyrimidine ring. 

The committed step in pyrimidine biosynthesis is the formation of N-carbamoyl aspartate. The enzyme 

aspartate transcarbamoylase is allosterically inhibited by CTP and activated by ATP. The binding of ATP 

and CTP to the regulatory site of the enzyme is competitive. This mechanism seems to balance the synthesis of 

purines and pyrimidines. 
 

 

De novo synthesis of pyrimidines. 
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Carbamoyl aspartate cyclizes to dihydroorotate, which is then dehydrogenated to orotateby NAD+. Orotate is 

converted to uridine monophosphate (UMP) by condensation withphosphoribosyl pyrophosphate, followed by 

decarboxylation. 

 
Cytosine nucleotides are synthesized by amination of UTP. Glutamine is the amino donor, and one ATP is 

hydrolyzed in the reaction. 

 

Synthesis of CTP from UTP 

 

DEGRADATION OF PURINE AND PYRIMIDINE NUCLEOTIDES 

 

Uric acid, the final product of purine catabolism in humans, is formed by successive oxidations of 
hypoxanthine and xanthine both catalyzed by the molybdenum-containing enzyme xanthine oxidase. 

The end product of purine catabolism is uric acid which must be excreted. Excretion occurs via the kidney and 
the gastrointestinal tract.  
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Since uric acid is not very soluble in aqueous medium, there are clinical conditions in which elevated levels of 
uric acid results in deposition of sodium urate crystals primarily in joints. 

Hyperuricemia is a clinical condition characterized by excess levels of uric acid in the blood and generally 
increased levels of uric acid excretion in the urine (hyperuricuria). 

 

 

Uracil and cytosine are converted to β-alanine, thymine to β-aminoisobutyrate. Both amino acids can be 
oxidized further to CO2 and NH3, but β-aminoisobutyrate is metabolized only slowly and is often found 
excreted directly with urine. (β-Aminoisobutyrate can be converted to methylmalonate, which is then 
rearranged, as a CoA derivative, to succinyl CoA in a vitamin-B12-dependent reaction.). 

NH3 is detoxicatedin the liver. CO3 is exhaled or used for biosynthetic purposesas bicarbonate. 
 

DISORDERS OF PYRIMIDINE NUCLEOTIDE METABOLISM. 

Orotic aciduria, a very rare hereditary disorder, is a pyrimidine auxotrophism in humans. Orotic Aciduria is 
characterized by severe anemia, growth retardation and high levels of orotic acid excretion. The biochemical 
basis for orotic aciduria is a defect in one or both of the activities of orotatephosphoribosylytransferase or 
orotidine decarboxylase associated with UMP synthase, the bifunctional protein.  

Replacement therapy with uridine is possible. To treat this disorder, patients are fed uridine which leads not 
only to reversals of the problem but also to decreased formation of orotic acid. Uridine is taken up by cells and 
converted by uridinephosphotransferase to UMP that is sequentially converted to UDP and then to UTP. UTP 
formed exogenous uridine in turn inhibits carbamoyl phosphate synthase II, the major regulated step in the de 
novo pathway.  
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ANTICANCER DRUGS THAT INTERFERE WITH NUCLEOTIDE BIOSYNTHESIS. 

Cancer cells divide more rapidly than most normal cells. Thus, by interfering with nucleotide synthesis one can 
often preferentially starve cancer cells of vital precursors for their DNA synthesis. Rapidly dividing normal 
cells, such as in bone marrow and intestinal epithelium are also affected by these drugs thus limiting their use. 
One of the most successful anticancer drugs is amethopterin, a folic acid analog that inhibits the enzyme 
dihydrofolatereductase.  

5-Fluorouracil is another often used anticancer drug. In the cell, it is converted into its deoxyribonucleotide 
monophosphate, 5-fluorodeoxyuridine monophosphate, which directly inhibits thymidylate synthetase. 
6-Mercaptopurine, when converted to its ribonucleoside 5'-phosphate inhibits several enzymes in purine 
biosynthesis. It is used in the treatment of leukemia. 

 

Because cancer cells undergo rapid cell division, the enzymes of nucleotide synthesis, including thymidylate 
synthase and dihydrofolate reductase are highly active. Compounds that inhibit either of these reaction can 
therefore act as anticancer agents. For example the dUMPanalog 5-fluorodeoxyuridylate inactivates thymidylate 
sythase. Antifolates such as methotrexate are competitive inhibitors of dihydrofolate reductase because they 
compete with dihydrofolate for binding to the enzyme. In the presence of methotrexate, a cancer cell cannot 
regenerate the tetrahydrofolate required for dTMP production and the cell dies. Most non cancer cells which 
grow much more slowly are not as sensitive to the effect of the drug.  
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FUNCTION, STRUCTURE AND PROPERTIES OF DNA 

What makes DNA “the molecule of life”? DNA, or deoxyribonucleic acid, is the molecule that carries all the 
genetic information of an organism. It can be thought of as a blueprint containing the instructions that govern 
the production of proteins and other molecules essential to cell function. The collections of these instructions is 
called a genome. The informational units of the genome are called genes. Genes are translated into protein via 
the genetic code, which defines the protein sequence. This translation process is central to life. 

As an instruction book, all DNA does is to store information. DNA is therefore like any other data-storing 
device: it needs to be read, stored, copied and otherwise manipulated by other biomolecules. These other 
macromolecules exist in different forms and types, and interact with DNA in different ways, e.g., by bending it, 
copying it, denaturing it, packing it, walking on it, nicking it, repairing it, etc. All this is done in order to 
preserve and obey the set of instructions that give life to the organism. In this sense, there is no life without 
genetic information. 

The double helix is composed of two polynucleotide chains that are held together by weak, non-covalent bonds 
between pairs of bases. Adenine on one chain is always paired with thymine on the other chain and, likewise, 
guanine is always paired with cytosine. The two strands have the same helical geometry but base pairing holds 
them together with the opposite polarity. That is, the base at the 5′ end of one strand is paired with the base at 
the 3′ end of the other strand. 

The base defines the type of nucleotide. There are two types of bases in DNA: purines and pyrimidines. 

DNA has deoxyribose as its sugar. DNA consists of a phosphate group, a sugar, and a nitrogenous base. The 
structure of DNA is a helical, double-stranded macromolecule with bases projecting into the interior of the 
molecule. These two strands are always complementary in sequence. One strand serves as a template for the 
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formation of the other during DNA replication, a major source of inheritance. This unique feature of DNA 
provides a mechanism for the continuity of life.  

A sugar, phosphate, and base are bonded together to form what is called a nucleotide. Nucleotides bind to each 
other to form a long strand of DNA by connecting the phosphate of one nucleotide to the sugar of another 
nucleotide. DNA is double-stranded, with the two strands of nucleotides connected in the middle by weak bonds 
that are formed between the bases. There are three billion pairs of these bases in all of your cells. They provide 
the information necessary to form your body and make it function. The part of DNA that provides the 
information for what you or any other living thing looks like is found in the arrangement of the four DNA 
bases. These bases communicate with the cell by “spelling out” instructions. Sections of DNA, or genes, are 
“unzipped” by enzymes when it is necessary to instruct the cell to make certain proteins. These proteins in turn 
determine the characteristics of each kind of living thing. 
 
The structure of DNA was found by Rosalind Franklin when she used x-ray crystallography to study the genetic 
material. The x-ray photo she obtained revealed the physical structure of DNA as a helix. DNA has a double 
helix structure. The outer edges are formed by alternating deoxyribose sugar molecules and phosphate groups, 
which make up the sugar-phosphate backbone. The two strands run in opposite directions, one going in a 3' to 5' 
direction and the other going in a 5' to 3' direction. The nitrogenous bases are positioned inside the helix 
structure like "rungs on a ladder," due to the hydrophobic effect, and stabilized by hydrogen bonding. 

The two strands run in opposite directions to form the double helix. The strands are held together by hydrogen 
bonds and hydrophobic interactions. The H-bonds are formed between the base pairs of the anti-parallel strands. 
The base in the first strand forms a H-bond only with a specific base in the second strand. Those two bases form 
a base-pair (H-bond interaction that keeps strands together and form double helical structure). The base–pairs in 
DNA are adenine-thymine (A-T) and cytosine-guanine (C-G). Such interactions provide us an understanding 
that nitrogen-containing bases are located inside of the DNA double helical structure, while sugars and 
phosphates are located outside of the double helical structure. 

Breathing is more frequent in regions rich in A– T pairs and could be important for interactions with proteins. 
DNA helices can exist in various forms (A, B, C, D, and Z) 

The component consisting of the base and the sugar is known as the nucleoside. DNA contains deoxyadenosine 

(deoxyribose sugar bonded to adenine), guanoside (deoxyribose sugar bonded to guanine), cytidine 
(deoxyribose sugar bonded to cytosine), and thymidine (deoxyribose sugar bonded to thymine). The linkage of 
the bonds between the base to the sugar is known as the beta-Glycosidic linkage. In purines, this occurs between 
the N-9 and C-1' and in pyrimidines this occurs between the N-1 and C-1'. A nucleoside and a phosphate group 
make up a nucleotide. The bond between the deoxyribose sugar of the nucleoside and the phosphate group is a 
3'-5' phosphodiester linkage. The bases, located inside the double helix, are stacked. The distance between two 
neighboring bases that are perpendicular to the main axis is 3.4 A˚. The DNA structure is repetitive. There are 
ten bases per turn, that is the structure repeats after 34 A˚, so every base has a 34° angle of rotation. The 
diameter of the double helix is approximately 20 A˚. 

From X-ray analysis data, Crick and Watson proposed a double-stranded structure for DNA in 1953 in which 
two antiparallel (i.e., 5`→3`and 3`→5`) polynucleotide chains form a right-handed helix (i.e., looking along the 
axis of the helix, the strands are coiled clockwise). Naturally occurring DNA usually consists of right-handed 
helices with a major and a minor groove. The hydrophobic bases are located inside the helix and the sugar – 
phosphate “backbone” on the outside.  
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In order to accommodate the large amount of DNA present in living cells, it must be packaged as compactly as 
possible with the help of proteins and RNA. Proteins can recognize specific binding sites on the DNA. The 
grooves of the DNA helix are large enough to allow proteins to come into contact with the bases. 

The most common site of phosphorylation of nucleotides found in cells is the hydroxyl group attached to the 5'-
carbon of the ribose. The carbon atoms of the ribose present in nucleotides are designated with a prime (') mark 
to distinguish them from the backbone numbering in the bases. Nucleotides can exist in the mono-, di-, or tri-
phosphorylated forms. The monophosphorylated form of adenosine (adenosine-5'-monophosphate) is written as, 
AMP. The di- and tri-phosphorylated forms are written as, ADP and ATP, respectively. The use of these 
abbreviations assumes that the nucleotide is in the 5'-phosphorylated form. The di- and tri-phosphates of 
nucleotides are linked by acid anhydride bonds. 

 

 



20 
 

 

Nucleotides bind to each other to form a long strand of DNA by connecting the phosphate of one nucleotide to 
the sugar of another nucleotide. DNA is double-stranded, with the two strands of nucleotides connected in the 
middle by weak bonds that are formed between the bases. There are three billion pairs of these bases in all of 
your cells. They provide the information necessary to form your body and make it function. The part of DNA 
that provides the information for what you or any other living thing looks like is found in the arrangement of the 
four DNA bases. These bases communicate with the cell by “spelling out” instructions. Sections of DNA, or 
genes, are “unzipped” by enzymes when it is necessary to instruct the cell to make certain proteins. These 
proteins in turn determine the characteristics of each kind of living thing 

Genes are sections of DNA located at specific loci (sites) on a chromosome. These sections can have anywhere 
from just over 1,000 DNA bases to several thousand bases. For example, a gene in a plant may cause that plant 
to be resistant against a disease. Or another gene in a fruit fly may cause that fruit fly to have short wings. These 
are all naturally occurring traits.  Sometimes several or many different genes together make up for a specific 
trait. For example the blue, gray, green or brown coloration in our eyes. A gene includes DNA bases that code 
for a specific protein and the additional DNA sequences required for the production of the encoded protein. The 
gene is the basic physical and functional unit of heredity. It consists of a specific sequence of nucleotides at a 
given position on a given chromosome that codes for a specific protein (or, in some cases, an RNA molecule). 
A human being has 20,000 to 25,000 genes located on 46 chromosomes (23 pairs). These genes are known, 
collectively, as the human genome.  

Every person has two copies of each gene, one inherited from each parent. Most genes are the same in all 
people, but a small number of genes (less than 1 percent of the total) are slightly different between people. 
Alleles are forms of the same gene with small differences in their sequence of DNA bases. These small 
differences contribute to each person’s unique physical features. Genes have information for a specific trait in 
the sequence of their DNA. More precisely, genes have information to produce proteins that in turn determine 
the structure of a living thing and how it functions. As few as one or two differences in the DNA base sequence 
of genes, or the regulatory sequences that control them, can make humans physically different from each other. 
These differences affect the amount and activity of the proteins that come from the information in genes. 
Humans and animals have many of the same genes. Large differences in the sequence of genes, the location of a 
particular gene on a chromosome, and the regulation of these genes account for many of the observable 
differences among animals, and between animals and humans. 

The DNA double helix is held together by two main forces: hydrogen bonds between complementary base pairs 

inside the helix and the Van der Waals base-stacking interaction. 
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Hydrogen bonds 
Watson and Crick found that the hydrogen bonded base pairs, G with C, A with T, are those that best fit within 
the DNA structure. It is important to note that three hydrogen bonds can form between G and C, but only two 
bonds can be found in A and T pairs. This is why it is more difficult to separate DNA strands that contain more 
G-C pairs than A-T pairs. On the other hand, A-T pairs seem to destabilize the double helical structures. This 
conclusion was made possible by a known fact that in each species the G content is equal to that of C content 
and the T content is equal to that of A content. 

The three hydrogen bonds that constitute the linkage of Guanine(G) and Cytosine(C) consequently alters the 
thermal melting of DNA, which is dependent upon base compositions. With varying base composition the 
melting point of such molecule will either increase or decrease. 

Denaturing and Annealing 
Ultraviolet (UV) light can detect whether bases are stacked or unstacked. Stacked bases within the DNA 
structure facilitate shielding from light, therefore the absorbance of UV light of double helical DNA is much 
less than single stranded DNA. This characteristic is known as the hypochromic effect, in which less color is 
emitted from the double helix of DNA molecules. 

The melting temperature (Tm) is the temperature in which DNA is half way between double stranded and of 
random sequence. The Tm depends greatly on base composition. Since G-C base pairs are stronger due to more 
Hydrogen bonds, DNA with high G-C content will have a higher Tm than that of DNA with greater A-T 
content. 

When heat is applied to a double-stranded DNA, each individual strand will eventually separate (denature) 
because hydrogen bonds are disrupted between base pairs. Upon separation, the separated strands spontaneously 
reassociate to form the double helix again. This process is known as annealing. 

Hypochromic Effect 
DNA absorbs very strongly at wavelengths close to UV light (~260 nm). A single stranded DNA will absorb 
more UV light than that of double-stranded DNA. DNA UV absorption decreases when it forms a double 
strand, this characteristic is an indication of DNA stability. With the increase in light energy, its structure and 
therefore its function will still remain intact since there is low disturbance to its structure. 

The decreased absorbance observed with the DNA double helix with respect to the native and denatured forms 
is explained by the fact that the stacking of the nitrogenous bases that takes place with the double helix does not 
leave them as exposed to radiation and thus they are able to absorb less. The aromaticity of the nitrogenous 
bases (specifically in the purine and pyrimidine like ring structures) accounts for the absorption peak being at 
260nm. 

Base-stacking interactions 
The two strands of double-stranded DNA are held together by a number of weak interactions such as 
hydrogenbonds, stacking interactions, and hydrophobic effects. Of these, the stacking interactions between base 
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pairs are the most significant. The strength of base stacking interactions depends on the bases. It is strongest for 
stacks of G-C base pairs and weakest for stacks of A-T base pairs. The hydrophobic effect stacks the bases on 
top of one another. The stacked base pairs attract one another through Van der Waals forces, typically from 2 to 
4 kJ/mol-1. In addition, base stacking in DNA is favored by the conformations of the somewhat rigid five 
membered rings of the backbone phosphate-sugars. The base-stacking interactions, which are largely 
nonspecific with respect to the identity of the stacked base, make the major contribution to the stability of the 
double helix. 

As a result of the double helical nature of DNA, the molecule has two asymmetric grooves. One groove is 
smaller than the other. This asymmetry is a result of the geometrical configuration of the bonds between the 
phosphate, sugar, and base groups that forces the base groups to attach at 120 degree angles instead of 180 
degree. The larger groove is called the major groove, occurs when the backbones are far apart; while the 
smaller one is called the minor groove, occurs when they are close together. 

Since the major and minor grooves expose the edges of the bases, the grooves can be used to tell the base 
sequence of a specific DNA molecule. The possibility for such recognition is critical, since proteins must be 
able to recognize specific DNA sequences on which to bind in order for the proper functions of the body and 
cell to be carried out. As you might expect, the major groove is more information rich than the minor groove, 
allowing the DNA proteins to interact with the bases. This fact makes the minor groove less ideal for protein 
binding. 
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Forms of DNA. 

 

Following features represented different characteristics of A-form DNA structure: 

1. Most RNA and RNA-DNA duplex in this form 

2. Shorter, wider helix than B. 

3· Deep, narrow major groove not easily accessible to proteins 

4· Wide, shallow minor groove accessible to proteins, but lower information content than major groove. 

5· Favored conformation at low water concentrations 

6· Base pairs tilted to helix axis and displaced from axis 

7· Sugar pucker C3'-endo (in RNA 2'-OH inhibits C2'-endo conformation) 

8· Right handed 

9· Size is about 26 angstroms 

10· Needs 11 base pairs per helical turn 

11· Glycosyl bond conformation is Anti 

A-DNA can be observed in X-ray analyses at 66% relative humidity. It has 11 base pairs per turn of the helix, 
the planes of the base pairs are tilted away from the vertical helical axis (19◦), the helix is right-handed and has 
a diameter of ca. 2.3 nm. 

B form 
The double helical structure of normal DNA takes a right-handed form called the B-helix. It is about 20 
angstroms with a C-2' endo sugar pucker conformation. The helix makes one complete turn approximately 
every 10 base pairs (= 34 A per repeat/3.4 A per base). B-DNA has two principal grooves, a wide major groove 
and a narrow minor groove. Many proteins interact in the space of the major groove, where they make 
sequence-specific contacts with the bases. In addition, a few proteins are known to make contacts via the minor 
groove. 
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B-DNA is the classical Watson – Crick form. It represents the structure of DNA at a relative humidity of >92% 
and largely corresponds to that found under physiological conditions. The helix is also right-handed with about 
10.2 – 10.4 base pairs per turn and a diameter of ca. 2 nm. Single unpaired bases can be “looped out” of the 
helix and barely disturb the rest of the structure. Protein –DNA interactions usually require recognition of 
nucleotide sequences in the major groove of the B-DNA double helix. 

Z form 
The left-handed conformation of Z-DNA has an alternating sequence of pyrimidines and purines and is formed 
in vitro at high salt concentrations (>2 mol/L NaCl) or in the presence of divalent cations (Mg2+>0.7 mol/L). 

Unlike the right-handed helices (which have two grooves), this structure forms a single, very deep groove that 
penetrates the helix axis. The sugar – phosphate backbone assumes a zig-zag arrangement (therefore Z-DNA) 
with 12 base pairs per turn of the helix. Z-helices can form in vivo at physiological salt concentrations. They are 
less stable than B-DNA, but are stabilized by supercoiling, proteins, special ions, and methylation. Torsional 
stress of DNA in vivo can favor the formation of Z-DNA. 

Z-DNA and B-DNA are interconvertible; part of a DNA molecule may exist in the B form and anotherpart in 
the Z form. 

DNA sequences can flip from a B form to a Z form and vice versa. Z form of DNA is a more radical departure 
from the B structure; the most obvious distinction is the left-handed helical rotation. The Z form is about 18 
angstroms and there are 12 base pairs per helical turn, and the structure appears more slender and elongated. 
The DNA backbone takes on a zigzag appearance. Certain nucleotide sequences fold into left-handed Z helices 
much more readily than others. Prominent examples are sequences in Which pyrimidines alternate with purines, 
especially alternating C and G or 5-methyl-C and G residues. To form the left-handed helix in Z-DNA, the 
purine residues flip to the syn conformation alternating with pyrimidines in the anti conformation. The major 
groove is barely apparent in Z-DNA, and the minor groove is narrow and deep. For pyrimidines, the sugar 
pucker conformation is C-2' endo and for purines, it is a C-3' endo. 

Z-DNA formation occurs during transcription of genes, at transcription start sites near promoters of actively 
transcribed genes. During transcription, the movement of RNA polymerase induces negative supercoiling 
upstream and positive supercoiling downstream the site of transcription The negative supercoiling upstream 
favors Z-DNA formation; a Z-DNA function would be to absorb negative supercoiling. At the end of 
transcription, topoisomerase relaxes DNA back to B conformation. 

 
COMPARISON OF A, B AND Z-FORM OF DNA 

 

C-DNA helices can be observed at a relative humidity of 44 – 66%in the presence of lithium salts. The helix is 
also right-handed and similar to the B form, but with 9.3 base pairs per turn. 
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D-DNA occurs in nature only in sequences with alternating adenine and thymine residues and in the DNA of the 
bacteriophage T 2 (TDNA). The helix is also right-handed and has 8 base pairs per turn. 

Properties 
Physical and Chemical Properties 
The size of naturally occurring DNA varies from a few thousand to 109 base pairs. The length of such 
molecules (micro- to centimeter range) can easily be measured under the electron microscope. 

DNAabsorbsUVlight at 260 – 280 nm due to its bases. Aqueous DNA solutions are very viscous; viscosity 
depends on DNA length, DNA concentration, and temperature. Heating to a critical temperature is accompanied 
by a decrease in viscosity because the hydrogen bonds responsible for base pairing are disrupted and thehelix 
structure collapses. This process is called thermal denaturation or melting of DNA. The temperature at which 
one-half of the base pairs is disrupted is denoted the melting temperature. It depends on the base composition 
(G –C pairs are more stable than A– T pairs). Double-stranded DNAranging in size from 100 to>100 000 base 
pairs melts at ca. 90 ◦C. In shorter double strands a gradual decrease in the melting temperature is observed. The 
melting temperature increases with increasing salt concentrations because the solubility of the bases decreases 
and hydrophobic interactions are increased. Chemicals that compete with hydrogen bond formation, such as 
urea or formamide, lower the melting temperature of DNA. Methanol has a similar effect; it increases the 
solubility of the bases and increases the interaction with water. The “melting” of double-stranded DNA is also 
facilitated by solvents such as ethylene glycol, dimethylformamide, dimethyl sulfoxide; low ionic strength; or 
extreme pH values. DNA can be denatured at an alkaline pH because the keto – enol equilibria of the bases are 
shifted preventing these groups from participating in hydrogen bonding. 

Since the stacked bases in the double-stranded helix are not as easily excited by UV light as in single strands, 
absorption at 260 nm is lower for double-stranded DNA than for single strands. Increase in UV absorption can 
thus be used to measure DNA denaturation. At 260 nm solutions containing 50 μg/mL of double-stranded DNA, 
50 μg/mL of single stranded DNA, and 50 μg/mL of free bases have absorptions of ca. 1.00, 1.37, and 1.60, 
respectively. 

Denaturation can also occur in the presence of proteins that destabilize the helix (melting proteins). Such 
proteins are required to unwind the helix during replication and to facilitate interaction between single strands 
during genetic recombination. 

The reassociation (renaturation) of thermally denatured DNA is a spontaneous process but only occurs if the 
solution is cooled slowly below the melting temperature. Renaturation can take several hours, depending on the 
size of the molecule, because it initially relies on random base pairing (hybridization); it is, however, a 
cooperative process. Rapid cooling of denatured DNA at salt concentrations >50 mmol/L produces a very 
compact molecule in which about two-thirds of the bases are hydrogen bonded or stacked. At salt 
concentrations below 10 mmol/L the DNA remains denatured even after cooling. 

The length of RNA varies greatly: tRNA has a length of 75 – 90 nucleotides and mRNA can be up to several 
thousand nucleotides long. Denaturation effects are rarely observed because RNA has few truely double-
stranded regions; it is most likely to be observed in tRNA. 

Because they are extremely long, DNA molecules are extremely sensitive to mechanical influences (shearing 
forces, e.g., vigorous stirring) and easily break into small fragments (ca. 1000 base pairs). Ultrasonic treatment 
of DNA in solution produces fragments of ca. 100 –500 base pairs owing to disruption of hydrogen bonds and 
single-strand and double-strand breaks in the sugar – phosphate backbone. 

Nucleic acids are sparingly soluble in water (depending on the molecular mass). They are negatively charged 
and acidic at physiological pH and form water-soluble alkali and ammonium salts that can be precipitated with 
ethanol. 
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RNA and DNA are insoluble in cold acid. DNA is more sensitive to acid hydrolysis than RNA. At pH <1, 
however, both DNA and RNA break down into the free bases, phosphoric acid, and (deoxy)ribose. Acid 
hydrolysis can be used to determine the base composition of nucleic acids (e.g., total hydrolysis can be achieved 
by heating DNA in 90% formic acid at 180 ◦C for 30 min). The β-glycosidic linkage between the N-9 of purines 
and the C-1 of deoxyribose is selectively cleaved at ca.pH 4, resulting in apurinic sites. Anhydrous hydrazine 
cleaves the pyrimidine residues. 

DNA is stable at pH 13, only 0.2 of 106 phosphodiester bonds are broken per minute at 37 ◦C. 

In contrast, RNA is rapidly hydrolyzed at alkaline pH. 

DNA can be both specifically and nonspecifically cleaved by a variety of enzymes [deoxyribonucleases 
(DNases)]. RNA is cleaved by ribonucleases (RNases). Some of these cleavage reactions are exploited for 
sequencing RNA. 

Interaction with Proteins 
In bacteria, DNA occurs as a complex with RNA and proteins that is bound to but not surrounded by a 
membrane. The DNA often has a closed circular form and is organized in a series of super-helical loops. 

The DNA of higher cells is enclosed within the nuclear membrane as morphologically distinct units of varying 
size (chromosomes); it is associated with basic proteins called histones. 

The number and size of the chromosomes are species specific (karyotype). Two full turns of the DNA double 
helix (146 base pairs) are wound around a histone octamer (diameter ca. 8.6 nm) to form a nucleosome. The 
width of the grooves varies due to the periodic arrangement of A– T trinucleotides on the inside and G–C 

trinucleotides on the outside of the nucleosome at intervals of about ten base pairs. Nucleosomes can become 
condensed into fibers of 10 or 30 nm (super superhelices, solenoids). 

Eucaryotic cellular organelles (e.g., mitochondria, chloroplasts) possess closed circular DNA that is not 
associated with histones. 

RNA STRUCTURE 
RNA differs from DNA in three respects. First, the backbone of RNA contains ribose rather than 2′-
deoxyribose. That is, ribose has a hydroxyl group at the 2′ position. Second, RNA contains uracil in place of 
thymine. Uracil has the same single-ringed structure as thymine, except that it lacks the 5′ methyl group. 
Thymine is in effect 5′ methyl-uracil. Third, RNA is usually found as a single polynucleotide chain. Except for 
the case of certain viruses, RNA is not the genetic material and does not need to be capable of serving as a 
template for its own replication. Rather, RNA functions as the intermediate, the mRNA, between the gene and 
the protein-synthesizing machinery. Another function of RNA is as an adaptor, the tRNA, between the codons 
in the mRNA and amino acids. RNA can also play a structural role as in the case of the RNA components of the 
ribosome. Yet another role for RNA is as a regulatory molecule, which through sequence complementarity 
binds to, and interferes with the translation of, certain mRNAs. Finally, some RNAs (including one of the 
structural RNAs of the ribosome) are enzymes that catalyze essential reactions in the cell. In all of these cases, 
the RNA is copied as a single strand off only one of the two strands of the DNA template, and its 
complementary strand does not exist. 

RNA is an unbranched single-stranded polymerwith many intramolecular double-stranded sections that may 
account for 50 – 67% of the molecule. As in DNA, the backbone of RNA consists of 3`,5`-phosphodiester 
bonds; however the sugar is ribose (and not deoxyribose) and uracil replaces thymine.  

Double-stranded RNA cannot form a B-helix because of steric hindrance caused by the 2_-OH groups of ribose; 
helices of the A type are, however, possible. The functional groups of the nucleotides in the major groove of the 
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A type of double helix found in RNA are not easily accessible to proteins. Protein binding to RNA probably 
occurs via interaction with single-stranded regions. 

Four functional RNA families exist: messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), 
and small nuclear RNA (only in eucaryotes). The structure of tRNAs has been studied most extensively; about 
half of the ca. 75 – 90 nucleotides within the tRNA molecule are paired, resulting in a secondary structure with 
a stem and three loops similar to that of a cloverleaf. 

There are three major forms of RNA: ribosomal RNA (rRNA), transfer RNA (tRNA) and messenger RNA 
(mRNA) and these exist in all the major life forms, together with other distinct RNA molecules which are not 
universal.  

rRNA accounts for about 80% of the total cellular RNA and is associated with protein to form the cytoplasmic 
particles known as ribosomes. As shown below the ribosome itself can be considered as two subunits, a large 
and a small, both of which are RNA–protein associations with about 65% RNA: 35% protein. The RNA has 
high molecular mass and is metabolically stable. 

 

Transfer RNA is the next most abundant species and accounts for about 15% of the total RNA. These molecules 
are of much lower molecular mass than the rRNA and are also referred to as 4S RNA. These molecules function 
as adaptors for amino acids in the course of protein synthesis and many different tRNAs exist, each being 
specific for one amino acid. The tRNA molecule is single-stranded but the chain folds back on itself in a very 
distinctive way such that about 50–60% of the structure is base-paired. 

Most of the remainder of the cell RNA (less than 5%) is accounted for by mRNA which, in eukaryotes, 
originates in the nucleus and migrates to the cytoplasm during protein synthesis. It is of high molecular mass 
and is metabolically very labile, i.e. easily broken down. mRNA is centrally involved in the transfer and 
expression of the genetic information and is responsible for the sequence of amino acids in each of the different 
proteins in the cell. Because the size of the messenger is variable, no S-value is associated with it. 

Note: the S-values refer to how fast a particular molecule sediments in an ultracentrifuge and the S refers to 
Svedberg units, the unit of measurement in such studies. 

THE CHEMICAL NATURE OF RNA DIFFERS FROM THAT OF DNA 
Ribonucleic acid (RNA) is a polymer of purine and pyrimidine ribonucleotides linked together by 3′,5′-
phosphodiester bridges analogous to those in DNA. Although sharing many features with DNA, RNA possesses 
several specific differences: 

(1) In RNA, the sugar moiety to which the phosphates and purine and pyrimidine bases are attached is ribose 
rather than the 2′-deoxyribose of DNA. 

(2) The pyrimidine components of RNA differ from those of DNA. Although RNA contains the ribonucleotides 
of adenine, guanine, and cytosine, it does not possess thymine except in the rare case mentioned below. Instead 
of thymine, RNA contains the ribonucleotide of uracil. 
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(3) RNA exists as a single strand, whereas DNA exists as a double-stranded helical molecule. However, given 
the proper complementary base sequence with opposite polarity, the single strand of RNA is capable of folding 
back on itself like a hairpin and thus acquiring double-stranded characteristics. 

(4) Since the RNA molecule is a single strand complementary to only one of the two strands of a gene, its 
guanine content does not necessarily equal its cytosine content, nor does its adenine content necessarily equal 
its uracil content. 
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BIOCHEMISTRY OF MUSCLE 
Movement is one of the significant features of living beings. Animals and plants exhibit a wide range of 
movements. Streaming of protoplasm in the unicellular organisms like Amoeba is a simple form of movement. 
 
Human beings can move limbs, jaws, eyelids, tongue, etc. Some of the movements result in a change of place or 
location. Such voluntary movements are called locomotion. Walking, running, climbing, flying, swimming are 
all some forms of locomotory movements. Locomotorystructures need not be different from those affecting 
other types of movements. For example, in Paramoecium, cilia helps in the movement of food through 
cytopharynx and in locomotion as well. Hydra can use its tentacles for capturing its prey and also use them for 
locomotion. We use limbs for changes in body postures and locomotion as well.  
 
The above observations suggest that movements and locomotion cannot be studied separately. The two may be 
linked by stating that all locomotions are movements but all movements are not locomotions. 
 
Locomotion is generally for search of food, shelter, mate, suitable breeding grounds, favourableclimatic 
conditions or to escape from enemies/predators. 
 
Cells of the human body exhibit three main types of movements, namely, amoeboid, ciliary and muscular. 
Some specialised cells in our body like macrophages and leucocytes in blood exhibit amoeboid movement. It is 
effected by pseudopodia formed by the streaming of protoplasm (as in Amoeba).  
 
Ciliary movement occurs in most of our internal tubular organs which are lined by ciliated epithelium. The 
coordinated movements of cilia in the trachea help us in removing dust particles and some of the foreign 
substances inhaled alongwith the atmospheric air. Passage of ova through the female reproductive tract is also 
facilitated by the ciliary movement. 
 
Movement of our limbs, jaws, tongue, etc, require muscular movement. The contractile property of muscles are 
effectively used for locomotion and other movements by human beings and majority of multicellular 
organisms. Locomotion requires a perfect coordinated activity of muscular, skeletal and neural systems.  
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Muscle (from Latin musculus"little mouse") is contractile tissue of the body and is derived from the 
mesodermal layer of embryonic germ cells. It is classified as skeletal, cardiac, or smooth muscle, and its 
function is to produce force and cause motion, either locomotion or movement within internal organs.  
 
About 40-50 per cent of the body weight of a human adult is contributed by muscles.  
There are over 650 muscles in the body, including 100 muscles in the face. It takes about 17 muscles to smile, 
but about 43 to frown. 
 
Muscle have special properties like excitability, contractility, extensibility and elasticity.  

• Excitability: the ability to respond to stimulation. Skeletal muscles normally respond to stimulation by 
the nervous system. Cardiac and smooth muscles respond to the nervous system and circulating 
hormones.  

• Contractility: the ability to shorten actively and exert a pull or tension that can be harnessed by 
connective tissues 

• Extensibility: the ability to continue to contract over a range of resting lengths  
• Elasticity: the ability of a muscle to rebound toward its original length after a contraction  

Muscles have been classified using different criteria, namely location, appearance and nature of regulation of 
their activities. Based on their location, three types of muscles are identified : (i) Skeletal (ii) Visceral and (iii) 
Cardiac. 
 
Based on appearance, cardiac muscles are striated. 
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Much of muscle contraction occurs without conscious thought and is necessary for survival, like the contraction 
of the heart, or peristalsis (which pushes food through the digestive system).  
 
Living muscle is highly specialized tissue that is capable of converting chemical energy into mechanical energy 
through its contraction. Muscles are positioned and attached to the skeleton in such a way that their contraction 
and relaxation lead to movement and locomotion. 
 
At first, a muscle contraction is initiated by a stimulus that arrives at the surface of the muscle fiber.  This 
stimulus is coming from the brain and spinal cord and is transmitted to muscle via a nerve 
 
Functions of the muscular system 
1. Locomotion: Skeletal muscles are responsible for all locomotion and manipulation. They enable you to 
respond quickly to jump out of the way of a car, direct your eyes, and smile or frown. 
2. Vasoconstriction and vasodilatation- constriction and dilation of blood vessel Walls are the results of    
smooth muscle contraction which helps maintain blood pressure. 
3. Peristalsis – wavelike motion along the digestive tract is produced by the Smooth muscle.Smooth muscle in 
organs of the digestive, urinary, and reproductive tracts propels substances (foodstuffs, urine, semen) through 
the organs and along the tract 
4. Cardiac motion 
5. Posture maintenance- contraction of skeletal muscles maintains body posture and muscle tone. 
6. Heat generation – about 75% of ATP energy used in muscle contraction is released as heat.Muscles 
generate heat as they contract, which plays a role in maintaining normal body temperature. 
 

MUSCLE STRUCTURE 
Let us examine a skeletal muscle in detail to understand the structure and mechanism of contraction. 
 
Muscle is mainly composed of muscle cells (muscle fibers). Within the cells are myofibrils; myofibrils contain 
sarcomeres, which are composed of actin and myosin. Individual muscle fibres are surrounded by endomysium.  
 
Muscle fibers are bound together by perimysium into bundles called fascicles; the bundles are then grouped 
together to form muscle, which is enclosed in a sheath of epimysium. Muscle spindles are distributed 
throughout the muscles and provide sensory feedback information to the central nervous system. Each 
organised skeletal muscle in our body is made of a number of muscle bundles or fascicles held together by a 
common collagenous connective tissue layer called fascia. Each muscle bundle contains a number of muscle 
fibres 
 
Let’s consider the connective tissue sheaths from external to internal. 
● Epimysium. The epimysium(“outside the muscle”) is an “overcoat” of dense irregular connective tissue that 
surrounds the whole muscle. Sometimes it blends with the deep fascia that lies between neighboring muscles or 
the superficial fascia deep to the skin. 
 
● Perimysium and fascicles. Within each skeletal muscle, the muscle fibers are grouped into fascicles that 
resemble bundles of sticks. Surrounding each fascicle is a layer of dense irregular connective tissue called 
perimysium (“around the muscle”). 
 
● Endomysium. The endomysium(“within the muscle”) is a wispy sheath of connective tissue that surrounds 
each individual muscle fiber. It consists of fine areolar connective tissue. 
 
All of these connective tissue sheaths are continuous with one another as well as with the tendons that join 
muscles to bones. When muscle fibers contract, they pull on these sheaths, which transmit the pulling force to 
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the bone to be moved. The sheaths contribute somewhat to the natural elasticity of muscle tissue, and also 
provide routes for the entry and exit of the blood vessels and nerve fibers that serve the muscle. 
 
Skeletal muscle is made up of thousands of cylindrical muscle fibers often running all the way from origin to 
insertion. The fibers are bound together by connective tissue through which run blood vessels and nerves. Each 
muscle fibers contains: 

• an array of myofibrils that are stacked lengthwise and run the entire length of the fiber. 
• mitochondria 
• an extensive smooth endoplasmic reticulum (SER) 
• many nuclei. 

 
The multiple nuclei arise from the fact that each muscle fiber develops from the fusion of many cells (called 
myoblasts). 
The number of fibers is probably fixed early in life. This is regulated by myostatin, a cytokine that is 
synthesized in muscle cells (and circulates as a hormone later in life). Myostatin suppresses skeletal muscle 
development. 
 
Because a muscle fiber is not a single cell, its parts are often given special names such as 

• sarcolemma for plasma membrane 
• sarcoplasmic reticulum for endoplasmic reticulum 
• sarcosomefor mitochondrion 
• sarcoplasm for cytoplasm 

The nuclei and mitochondria are located just beneath the plasma membrane. The endoplasmic reticulum extends 
between the myofibrils. 
 
A muscle contains many muscle fibers. A muscle fiber is a series of fused cells. Each fiber contains a bundle of 
4-20 myofibrils. Myofibrils are composed of thin and thick myofilaments. Each fibril is striated. Striations are 
produced by the arrangement of thick and thin filaments. 
 
Skeletal muscle fibers are very large, elongated cells. Roughly 80% of the content of each muscle fiber consists 
of long bundles of protein called myofibrils. The myofibrils, in turn, consist of two types of myofilament. One 
type of myofilament, called the thick filament, is composed of hundreds of molecules of a protein called 
myosin. The other type of myofilament, the thin filament, contains three different proteins: a structural protein 
called actin that can form bonds with myosin, a protein called tropomyosinthat regulates binding between 
myosin and actin, and the calcium binding troponin which regulates the position of tropomyosin. The two 
myofilaments are arranged in the myofibrils in distinctive repeated structures called sarcomeres. Each 
sarcomere contains a series of thin filaments at either end that partially overlap with thick filaments found in the 
center. 
 
Muscle use molecular myosin to capture and convert energy trapped in ATP into the mechanical energy of 
movement. Myosin is a large protein that interacts with actin, another protein, to produceforce. 
 
Myosin comprises the thick filaments. The head binds actin and ATP. Each myosin (thick) filament is also a 
polymerised protein. Many monomeric proteins called Meromyosins constitute one thick filament. Each 
meromyosin has two important parts, a globular head with a short arm and a tail, the former being called the 
heavy meromyosin (HMM) and the latter, the light meromyosin (LMM). The HMM component, i.e.; the head 
and short arm projects outwards at regular distance and angle from each other from the surface of a polymerised 
myosin filament and is known as cross arm. The globular head is an active ATPase enzyme and has binding 
sites for ATP and active sites for actin. 
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Myosin Head: Provides energy for movement. 
Myosin Tail: Allows the binding of cargo (vesicles, organelles, plasma membranes) 
Myosin Neck: Regulates the activity of the head 
 
Actin has myosin--‐binding sites • At rest the binding sites are blocked by tropomyosin. For contraction to 
occur tropomyosin must be moved out of the way. In the resting state a subunit of troponin masks the active 
binding sites for myosin on the actin filaments 
Troponin consist of three proteins (Troponin T, I and C). One is attached to the actin molecule. One is attached 
to tropomyosin. One contains a binding site for calcium (troponin C) 

 
 
Thick filaments are composed of the protein myosin. Thin filaments are composed of the protein actin. During 
contraction the amount of overlap between actin and myosin increases. Contraction is produced by an 
interaction between actin and myosin. Through the formation of cross bridges, the actin is pulled into the space 
between the myosin filaments 
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Each myofibril is made up of arrays of parallel filaments. 

• The thick filaments have a diameter of about 15 nm. They are composed of the protein myosin. 
• The thin filaments have a diameter of about 5 nm. They are composed chiefly of the protein actin along 

with smaller amounts of two other proteins: troponin and tropomyosin. 
 
Each myofibril in striated muscle is organized as a linear chain of repeating, microscopic contractile units 
termed sarcomeres. Each sarcomere is about 2.5 μm long, in its relaxed state, and consists of myosin-II 
filaments (thick filaments), actin filaments (thin filaments) and associated proteins. 
 
Each myofibril has alternate dark and light bands on it. A detailed study of the myofibril has established that the 
striated appearance is due to the distribution pattern of two important proteins – Actin and Myosin.  
 
The light bands contain actin and is called I-band or Isotropic band, whereas the dark band called ‘A’ or 
Anisotropic band contains myosin. Both the proteins are arranged as rod-like structures, parallel to each other 
and also to the longitudinal axis of the myofibrils.  
 
Actin filaments are thinner as compared to the myosin filaments, hence are commonly called thin and thick 
filaments respectively.  
In the centre of each ‘I’ band is an elastic fibre called ‘Z’ line which bisects it. The thin filaments are firmly 
attached to the ‘Z’ line. The thick filaments in the ‘A’ band are also held together in the middle of this band by a 
thin fibrous membrane called ‘M’ line.  
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The ‘A’ and ‘I’ bands are arranged alternately throughout the length of the myofibrils. The portion of the 
myofibril between two successive ‘Z’ lines is considered as the functional unit of contraction and is called a 
sarcomere. In a resting state, the edges of thin filaments on either side of the thick filaments partially overlap 
the free ends of the thick filaments leaving the central part of the thick filaments. This central part of thick 
filament, not overlapped by thin filaments is called the ‘H’ zone. 
 
Sarcomere 
Ø Smallest contractile unit of the muscle fiber 
Ø Arrangement of Myofilaments---Alternating bands of light and dark areas 

             ----Due to the organization of the actin and myosin 
 

Ø Striated appearance 
 

In adults, increased strength and muscle mass comes about through an increase in the thickness of the individual 
fibers and increase in the amount of connective tissue. In the mouse, at least, fibers increase in size by attracting 
more myoblasts to fuse with them. The fibers attract more myoblasts by releasing the cytokine interleukin 4 (IL-
4). Anything that lowers the level of myostatin also leads to an increase in fiber size. 
 

MUSCLE CLASSIFICATION 
The muscular system includes three types of muscles. They are smooth, which are found on the walls of 
internal organs, cardiac, which is found only in the heart, and skeletal muscles, which help strenthen the body 
and connect to bones. 

Three types of muscle cells 
(1). Smooth muscle or "involuntary muscle" is found within the walls of organs and structures such as the 
esophagus, stomach, intestines, bronchi, uterus, urethra, bladder, and blood vessels, and unlike skeletal muscle, 
smooth muscle is not under conscious control.  
 
Smooth muscle is found in the walls of all the hollow organs of the body (except the heart). Its contraction 
reduces the size of these structures. Thus it regulates the flow of blood in the arteries. It moves your breakfast 
along through your gastrointestinal tract. It expels urine from your urinary bladder.  It sends babies out into the 
world from the uterus. It regulates the flow of air through the lungs. The contraction of smooth muscle is 
generally not under voluntary control. 
 
Smooth muscle tissue is found in the walls of hollow visceral organs, such as the stomach, urinary bladder, and 
respiratory passages. Its role is to force fluids and other substances through internal body channels. Like skeletal 
muscle, smooth muscle consists of elongated cells, but smooth muscle has no striations. Like cardiac muscle, 
smooth muscle is not subject to voluntary control. Its contractions are slow and sustained. 
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Except the heart, any action that the body performs without conscious thought is done by smooth muscle 
contractions. This includes diverse activities such as constricting (closing) the bronchioles (air passages) of the 
lungs or pupils of the eye. 
 
Smooth muscle is made of single, spindle-shaped cells. It gets its name because no striations are visible in them. 
Nonetheless, each smooth muscle cell contains thick (myosin) and thin (actin) filaments that slide against each 
other to produce contraction of the cell. The thick and thin filaments are anchored near the plasma membrane 
(with the help of intermediate filaments)). 
 
Smooth muscle (like cardiac muscle) does not depend on motor neurons to be stimulated. However, motor 
neurons (of the autonomic system) reach smooth muscle and can stimulate it — or relax it — depending on the 
neurotransmitter they release (e.g. noradrenaline or nitric oxide, NO)). 
 
Smooth muscle can also be made to contract by other substances released in the vicinity (paracrine stimulation) 
Example:  

• release of histamine causes contraction of the smooth muscle lining our air passages (triggering an 
attack of asthma)  

• by hormones circulating in the blood Example: oxytocin reaching the uterus stimulates it to contract to 
begin childbirth. 

 
The contraction of smooth muscle tends to be slower than that of striated muscle. It also is often sustained for 
long periods. This, too, is called tonus but the mechanism is not like that in skeletal muscle. 
 
Smooth muscle is also called involuntarymuscle and nonstriatedmuscle (lacks organized sarcomeres).  
–Actinand myosin myofilamentsare present but are not regularly arranged leading to the absence of light and 
dark bands that cause the striations in skeletal muscle tissue. 
 

Characteristics of smooth muscle in comparison to skeletal muscle 
Smooth muscle has: 
Ø 7 times less actin& myosin in smooth muscle than skeletal muscle. 
Ø Lower levels of ATP & creatininephosphate 
Ø Fewer number of mitochondria with slow contractions.  
Ø Smooth muscle cells lack T-tubules. Slower onset of contraction.  
Ø Have poorly developed sarcoplasmicreticulum. Takes Ca++longer to diffuse. Also delays in transport of 

Ca++for longer contraction. 
Ø Contraction stimulated by (a).neurotransmitters (ACh, NE by ANS), (b._ hormones (c). local chemical 

changes (pH, O2, CO2), (d).stretching. 
So smooth muscle is designed for slow reacting, but prolonged contractions. 
 
(2). Cardiac muscle is also an "involuntary muscle" but is a specialized kind of muscle found only within the 
heart. Heart muscle — also called cardiac muscle — makes up the wall of the heart. Throughout life, it 
contracts some 70 times per minute pumping about 5 liters of blood each minute. 
 
Cardiac muscle tissue pushes blood through the arteries and veins of the circulatory system. 
Cardiac muscle contracts and relaxes to pump blood automatically without thinking about it. Cardiac muscle is 
only in the heart and makes up the atria and ventricles (heart walls). Like skeletal muscle, cardiac muscle 
contains striated fibers. Cardiac muscle is often called involuntary muscle because conscious thought does not 
control its contractions. 
 
Like skeletal muscle cells, cardiac muscle cells are striated, but cardiac muscle is not voluntary. Indeed, it can 
and does contract without being stimulated by the nervous system. Most of us have no conscious controlover 
how fast our heart beats. 
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3.Skeletal muscle or "voluntary muscle" is anchored by tendons to bone and is used to affect skeletal 
movement such as locomotion and in maintaining posture. Though this postural control is generally maintained 
as a subconscious reflex, the muscles responsible react to conscious control like non-postural muscles. An 
average adult male is made up of 40-50% of skeletal muscle and an average adult female is made up of 30-40%. 
 
Skeletal muscle, as its name implies, is the muscle attached to the skeleton. It is also called striated muscle. 
The contraction of skeletal muscle is under voluntary control. 
 
Voluntary muscle contraction is used to move the body, and can be finely controlled, like movements of the 
eye, or gross movements like the quadriceps muscle of the thigh.  
 
They can be found on the legs, arms, face and jaw, often in pairs of antagonistic muscles. A pair of muscles, the 
biceps and triceps, are used to bend and straighten the elbow. 
 
Skeletal muscle is a system of pairs that relax and contract to move a joint. For example, when front leg muscles 
contract, the knee extends (straightens) while back leg muscles relax. Conversely, to flex (bend) the knee, back 
leg muscles contract while front leg muscles relax. Some muscles are named for their ability to extend or flex a 
joint; for example, extensor carpiradialislongus muscle and flexor digitorumbrevis muscle. 
 
Skeletal muscle aids in heat generation. During muscle contractions, muscle cells expend much energy, most of 
which is converted to heat. To prevent overheating, glands in the skin produce sweat to cool the skin; and, the 
body radiates heat from the blood and tissues through the skin. 
Skeletal muscle fibers are the longest muscle cells and have obvious stripes called striations. Although it is 
often activated by reflexes, skeletal muscle is called voluntary muscle because it is the only type subject to 
conscious control. 
 
Skeletal muscle is responsible for overall body mobility. It can contract rapidly, but it tires easily and must rest 
after short periods of activity. Nevertheless, it can exert tremendous power. Skeletal muscle is also remarkably 
adaptable. For example, your forearm muscles can exert a force of a fraction of an ounce to pick up a paper 
clip—or a force of about 6 pounds to pick up a book! 
 
There are two broad types of voluntary muscle fibers, slow twitch and fast twitch. Slow twitch fibers contract 
for long periods of time but with little force while fast twitch fibers contract quickly and powerfully but fatigue 
very rapidly. 
 
Skeletal muscle is further divided into several subtypes: 
Blood flows from the heart to arteries, which narrow into arterioles, and then narrow further still into capillaries. 
After the tissue has been perfused, capillaries widen to become venules and then widen more to become veins, 
which return blood to the heart. 
 
Type I, slow oxidative, slow twitch, or "red" muscle is dense with capillaries and is rich in mitochondria and 
myoglobin, giving the muscle tissue its characteristic red color. It can carry more oxygen and sustain aerobic 
activity. 
 
Type II, fast twitch, muscle has three major kinds that are, in order of increasing contractile speed: 
Type IIa, which, like slow muscle, is aerobic, rich in mitochondria and capillaries and appears red. 
 
Type IIx (also known as type IId), which is less dense in mitochondria and myoglobin. This is the fastest 
muscle type in humans. It can contract more quickly and with a greater amount of force than oxidative muscle, 
but can sustain only short, anaerobic bursts of activity before muscle contraction becomes painful (often 
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incorrectly attributed to a build-up of lactic acid). N.B. in some books and articles this muscle in humans was, 
confusingly, called type 
IIB. 
 
Type IIb, which is anaerobic, glycolytic, "white" muscle that is even less dense in mitochondria and myoglobin. 
In small animals like rodents this is the major fast muscle type, explaining the pale color of their meat. 

 
Flexion: Bending a limb so the angle between two bones decreases 
Extension: Straightening a limb so that the angle of two bones increases 

 

 
A single skeletal muscle, such as the triceps muscle, is attached at its origin to a large area of bone; in this case, 
the humerus. At its other end, the insertion, it tapers into a glistening white tendon which,in this case, is 
attached to the ulna, one of the bones of the lower arm. 
 
As the triceps contracts, the insertion is pulled toward the origin and the arm is straightened or extended at the 
elbow. Thus the triceps is an extensor. Because skeletal muscle exerts force only when it contracts, a second 
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muscle — a flexor — is needed to flex or bend the joint. The biceps muscle is the flexor of the lower arm. 
Together, the biceps and triceps make up an antagonistic pair of muscles. Similar pairs, working 
antagonistically across other joints, provide for almost all the movement of the skeleton. 

 Skeletal muscles - frontal view 
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 Skeletal muscles - back view 
 
 

 
Structural Organization of Skeletal Muscle 
 



42 
 

 
The Formation and Structure of a Skeletal Muscle Fiber 
 

 
Cardiac and skeletal muscle are "striated" in that they contain sarcomeres and are packed into highly-regular 
arrangements of bundles; smooth muscle has neither. While skeletal muscles are arranged in regular, parallel 
bundles, cardiac muscle connects at branching, irregular angles. Striated muscle contracts and relaxes in short, 
intense bursts, whereas smooth muscle sustains longer or even near permanent contractions. 
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SOURCES OF ENERGY FOR MUSCLE CONTRACTION 
ATP is the immediate source of energy for muscle contraction. Although a muscle fiber contains enough ATP 
to power a few twitches, its ATP "pool" is replenished as needed. There are three sources of high-energy 
phosphate to keep the ATP pool filled. 

• creatine phosphate 
• glycogen 
• cellular respiration in the mitochondria of the fibers. 

Creatine phosphate 
Creatine phosphate is an important energystored in the skeletal muscle.Creatine is synthesized in the 
liver(from Arg, Gly, Met), and transported tothe muscle cells, where it isphosphorylated by creatine kinase 
(ATPis required) to creatine phosphate. 
 
As we begin to exercise vigorously, the demand for ATP soars and consumes the ATP stored in working 
muscles within a few twitches. Then creatine phosphate (CP), a unique high-energy molecule stored in 
muscles, is tapped to regenerate ATP while the metabolic pathways adjust to the suddenly higher demand for 
ATP. 
 
Coupling CP with ADP transfers energy and a phosphate group from CP to ADP to form ATP almost instantly: 
 
creatinekinase 
Creatine phosphate +ADP → creatine+ ATP 
 
Muscle cells store two to three times more CP than ATP. The CP-ADP reaction, catalyzed by the enzyme 
creatine kinase, is so efficient that the amount of ATP in muscle cells changes very little during the initial 
period of contraction. 
 
Together, stored ATP and CP provide for maximum muscle power for about 15 seconds—long enough to 
energize a 100-meter dash (slightly longer if the activity is less vigorous). The coupled reaction is readily 
reversible, and to keep CP “on tap,”CP reserves are replenished during periods of rest or inactivity. 
 
Glycolysis/Glycogenolysis 
As stored ATP and CP are exhausted, more ATP is generated by breaking down (catabolizing) glucose obtained 
from the blood or glycogen stored in the muscle. The initial phase of glucose breakdown is glycolysis. This 
pathway occurs in both the presence and the absence of oxygen, but because it does not use oxygen, it is an 
anaerobic pathway.  
 
Skeletal muscle fibers contain about 1% glycogen. The muscle fiber can degrade this glycogen by 
glycogenolysis producing glucose-1-phosphate. This enters the glycolytic pathway to yield two molecules of 
ATP for each pair of lactic acid molecules produced. Not much, but enough to keep the muscle functioning if it 
fails to receive sufficient oxygen to meet its ATP needs by respiration. However, this source is limited and 
eventually the muscle must depend on cellularrespiration. 

 
 
Cellular respiration 
Cellular respiration not only is required to meet the ATP needs of a muscle engaged in prolonged activity (thus 
causing more rapid and deeper breathing), but is also required afterwards to enable the body to resynthesize 
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glycogen from the lactic acid produced earlier (deep breathing continues for a time after exercise is stopped). 
The body must repay its oxygen debt. 
 
When muscles contract vigorously and contractile activity reaches about 70% of the maximum possible (for 
example, when you run 600 meters with maximal effort), the bulging muscles compress the blood vessels 
within them, impairing blood flow and oxygen delivery. Under these anaerobic conditions, most of the pyruvic 
acid is converted into lactic acid, and the overall process is referred to as anaerobicglycolysis.  
 
Thus, during oxygen deficit, lactic acid is the end product of cellular metabolism of glucose. Most of the lactic 
acid diffuses out of the muscles into the bloodstream. Subsequently, the liver, heart, or kidney cells pick up the 
lactic acid and use it as an energy source. Additionally, liver cells can reconvert it to pyruvic acid or glucose 
and release it back into the bloodstream for muscle use or convert it to glycogen for storage. 
 
Although anaerobic glycolysis readily fuels spurts of vigorous exercise, it has shortcomings. Huge amounts of 
glucose are used to produce relatively small harvests of ATP, and the accumulating lactic acid is partially 
responsible for muscle soreness during intense exercise. 
 
Cardiac muscle has a much richer supply of mitochondria than skeletal muscle. This reflects its greater 
dependence on cellular respiration for ATP. 
 
Cardiac muscle has little glycogen and gets little benefit from glycolysis when the supply of oxygen is limited. 
Thus anything that interrupts the flow of oxygenated blood to the heart leads quickly to damage — even death 
— of the affected part. This is what happens in heart attacks. 
 
Muscular activity accounts for much of the body's energy consumption. All muscle cells produce adenosine 
triphosphate (ATP) molecules which are used to power the movement of the myosin heads. Muscles contain an 
ATP store in the form of creatine phosphate which is generated from ATP and can regenerate ATP when 
needed with creatine kinase. Muscles also keep a storage form of glucose in the form of glycogen. 
Glycogen can be rapidly converted to glucose when energy is required for sustained, powerful contractions. 
Within the voluntary skeletal muscles, the glucose molecule is metabolized in a process called glycolysis which 
produces two ATP and two lactic acid molecules in the process. Muscle cells also contain globules of fat, which 
are used for energy during aerobic exercise. The aerobic energy systems take longer to produce the ATP and 
reach peak efficiency, and requires many more biochemical steps, but produces significantly more ATP than 
anaerobic glycolysis.  
Cardiac muscle on the other hand, can readily consume any of the three macronutrients(protein, glucose and fat) 
without a 'warm up' period and always extracts the maximum ATP yield from any molecule involved. The heart 
and liver will also consume lactic acid produced and excreted by skeletal muscles during exercise. 
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MUSCLE CONTRACTION 
Muscles are remarkably diverse in their size, shape and structure. The longer a muscle, the moreit can shorten 
and higher its velocity of shortening. In contrast, the thicker a muscle, the more force(tension) it can develop. 
Regardless of their shapes and sizes, all muscles are made up of individualfibers but the number of fibers in 
muscles differs from a few hundred to a million, depending on the size of muscle. 
 

The theory of muscle contraction that is widely accepted today has to dowith the configuration change in the 
actin molecule due to the binding of calcium ions to troponin. Thebinding of calcium ions to the troponin 
complex changes the normal relationship between the troponinand actin, and produces a new condition that 
leads to contraction. Such a condition causes the actin andthe myosin filaments to bind to each other.  
 
Once the binding sites on actin have been madeavailable, the crossbridge of myosin rapidly attaches to actin. It 
is usually hypothesized that, after thecrossbridges formed, the stored adenosine triphosphate (ATP) in one of the 
heads of myosin, providesenergy for the cross bridge to rotate forward while it is still attached to actin.  
 
Therefore these filamentsslide along each other and cause shortening of the muscle. However, the calcium ions 
do not remain in theregion of the myofibrils for more than a few milliseconds, because once the electrical 
current caused bythe action potential is over, the sarcoplasmic reticulum almost immediately sequesters the 
calcium ions out of the sarcoplasm.  
 
Therefore, in effect, the action potential causes a short pulse of calcium ions inthe region of the myofibril, and it 
is during this time that the contractile process is activated. At thetermination of this pulse of calcium ions, the 
muscle immediately relaxes. 
 
Ø Motor neurons stimulate muscle contraction 
Ø Motor neurons are branched and can stimulate more than one muscle 

fiber 
Ø Motor unit = motor unit and all the muscle fibers it controls 
Ø Neuromuscular junctions = the synapse between a motor neuron and a muscle fiber 
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The Arrangement of Motor Units in a Skeletal Muscle 

 
STEPS TO MUSCLE CONTRACTION 

Mechanism of muscle contraction is best explained by the sliding filament theory which states that contraction 
of a muscle fibre takes place by the sliding of the thin filaments over the thick filaments. 
 
For a muscle to contract, the necessary signals in the form of nerve impulses (action potentials) are sent by large 
cells, called motoneurons, lying in the spinal cord. There are usually a hundred or more motoneurons for each 
muscle.  
Muscle contraction is initiated by a signal sent by the central nervous system (CNS) via a motor neuron.  
 
A motor neuron along with the muscle fibres connected to it constitute a motor unit. The junction between a 
motor neuron and the sarcolemma of the muscle fibre is called the neuromuscular junction or motor-end plate. 
A neural signal reaching this junction releases a neurotransmitter (Acetyl choline) which generates an action 
potential in the sarcolemma (The binding Ach causes depolarization of the sarcolemma by opening ion 
channels and allowing Na+ ions into the muscle cell).  
(Depolarization creates a wave of action potential (electrical current) across the sarcolemma. Action potential 
travels across the sarcolemma and down the Transverse tubule (T-tubule ) which triggers the sarcoplasmic 
reticulum SR to release Ca2+. T tubules is a tube or tunnel-like in foldings of sarcolemma. T tubules is open 
to cell surface. T tubules extend into muscle cell. T tubules surround sarcoplasmic reticulum) 
This spreads through the muscle fibre and causes the release of calcium ions into the sarcoplasm. Increase in 
Ca2+ level leads to the binding of calcium with a subunit of troponin on actin filaments and thereby remove the 
masking of active sites for myosin (As Ca2+ levels rise, Ca2+ ions bind with Troponin which removes the 
blocking action of Tropomyosin from the Actin binding sites. Troponin changes shape, alters the position of 
the tropomyosin strand, and exposes the active sites on the actin molecules). 
Utilising the energy from ATP hydrolysis (in order to contract, ATP binds to the Myosin), the myosin head now 
binds to the exposed active sites on actin to form a cross bridge (Myosin is now ready to bind with the actin and 
form cross bridges which begins the contraction process). This pulls the attached actin filaments towards the 
centre of ‘A’ band. The ‘Z’ line attached to these actins are also pulled inwards thereby causing a shortening of 
the sarcomere, i.e., contraction (This will pull the Z-bands towards each other, thus 
shortening the sarcomere and the I-band). It is clear from the above steps, that during shortening of the muscle, 
i.e., contraction, the ‘I’ bands get reduced, whereas the ‘A’ bands retain the length.  
The myosin, releasing the ADP and P1 goes back to its relaxed state (ATP is then hydrolyzed (broken down) to 
ADP and Pi, which gives the myosin the energy to “cock” its head to the high-energy position). A new ATP 
binds and the cross-bridge is broken (Actin and myosin bind together to form a cross bridge). The ATP is again 
hydrolysed by the myosin head and the cycle of cross bridge formation and breakage is repeated causing further 
sliding (The myosin heads then pull the actin filaments inward and release the ADP and Pi and return to a low 
energy position, the myosin is now ready for more ATP to bind and repeat the cycle as long as Ca2+ ions and 
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ATP are available). The process continues till the Ca++ ions are pumped back to the sarcoplasmic cisternae 
resulting in the masking of actin filaments. This causes the return of ‘Z’ lines back to their original position, i.e., 
relaxation. The reaction time of the fibres can vary in different muscles.  
 
Repeated activation of the muscles can lead to the accumulation of lactic acid due to anaerobic breakdown of 
glycogen in them, causing fatigue. 
 
In summary 
Muscle fibre is the anatomical unit of muscle. Each muscle fibre has many parallelly arranged myofibrils. Each 
myofibril contains many serially arranged units called sarcomere which are the functional units. Each sarcomere 
has a central ‘A’ band made of thick myosin filaments, and two half ‘I’ bands made of thin actin filaments on 
either side of it marked by ‘Z’ lines. Actin and myosin are polymerised proteins with contractility. The active 
sites for myosin on resting actin filament are masked by a protein-troponin. Myosin head contains ATPase and 
has ATP binding sites and active sites for actin. A motor neuron carries signal to the muscle fibre which 
generates an action potential in it. This causes the release of Ca++ from sarcoplasmic reticulum. Ca++ activates 
actin which binds to the myosin head to form a cross bridge. These cross bridges pull the actin filaments 
causing them to slide over the myosin filaments and thereby causing contraction. Ca++ are then returned to 
sarcoplasmic reticulum which inactivate the actin. Cross bridges are broken and the muscles relax. 

 
The Events in Muscle Contraction 
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The Sliding Filament Theory 
Explains the following changes that occur between thick and thin filaments during contraction: 

• The H band and I band get smaller. 
• The zone of overlap gets larger. 
• The Z lines move closer together. 
• The width of the A band remains constant throughout the contraction.  
 
Muscle Contraction 
• Contracting muscle fibers exert a pull, or tension, and shorten in length. 
• Caused by interactions between thick and thin filaments in each sarcomere 
• Triggered by presence of calcium ions 
• Contraction itself requires the presence of ATP. 

 
The Start of a Contraction 

• Triggered by calcium ions in the sarcoplasm  
• Electrical events at the sarcolemmal surface 
• Trigger the release of calcium ions from the terminal cisternae  
• The calcium ions diffuse into the zone of overlap and bind to troponin.  
• Troponin changes shape, alters the position of the tropomyosin strand, and exposes the active sites on 

the actin molecules.  
 
The End of a Contraction 

• When electrical stimulation ends: 
• The SR will recapture the Ca2+ions. 
• The troponin–tropomyosin complex will cover the active sites. 
• And, the contraction will end. 

 
ROLE OF Ca2+ IN MUSCLE CONTRACTION 

1. promotes neurotransmitter release . 
2. Triggers Ca+ release from SR . 
3. Triggers sliding of filaments and ATpaseactivity . 
4. promotes glycogen breakdown & ATP synthesis . 
 

TYPES OF MUSCLE CONTRACTIONS 
Ø Isometric contraction----the muscle contract but it does not change the length (Tension but no shortening 

of the muscle occurs. No movement occurs. Its used for stabilization. Energy is still used! 
Example: contractions that serve to keep the body fixed in position as in 1. maintaining posture, 2. 
maintaining balance. 

 
Ø Isotonic contraction-----muscle contraction which create movement (Tension produced and overall 

shortening of the muscle as a load is moved through the range of motion of the joint). Example = 
flexion, extension. There are two types  

(i) Eccentric---- where the muscle lengthens under tension during contraction and its often used for control 
or deceleration of limbs 

(ii) Concentric—where muscle shortens during a concentric contraction. Tension develops as concentric 
contraction occurs. Its most common contraction in sport 
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Definition of Structures 

• Fascicles - discrete bundles of muscle fibers 
• Muscle Fibers - muscle cells (multiple nuclei, mitochondria, glycogen granules, lipid droplets, 

ribosomes, t-tubules, golgiand sarcoplasmic reticulum, contraction proteins) 
• Myofibrils - longitudinal subcellular structures of muscle proteins. 
• Sarcomeres - contractile protein units within myofibrils. 
• Contractile Proteins - filamentous actin, myosin, tropomyosin, troponin, titin, nebulin. 
• Striations -visual appearance through electron microscopy of an organized array of light and dark 

strands within sarcomeres. 
• Myofibrils -organized array of sarcomeres connected in series (end to end) along the length of a muscle 

fiber. 
• Sarcomeres -structural units of the myofiber where structural and contractile proteins are organized in a 

specific sequence, causing a striated appearance under electron microscopy. 
• Myosin - the largest of the contractile proteins 
• S1 unit - the globular head region of myosin 
• Actin - a globular protein that forms a two stranded filament (F-actin) in vivo. 
• Tropomyosin- a rod shaped protein attached to actin in a regular repeating sequence. 
• Troponin - a 3 component protein that is associated with each actintropomyosincomplex. 
• Sarcolemma - the cell membrane of skeletal muscle. 
• Motor Unit - a single αmotor nerve and all the muscle fibers that it innervates. 
• Convulsion : series of involuntary contractions of various voluntary muscles. 
• Fibrosis : Degenerative disease in which connective tissue replaces skeletal muscle tissue. 
• Myalgia : pain resulting from any muscular disorder. 
• Myasthenia gravis : an autoimmune , chronic diseasecharacterized by muscles that are weak and easily 

fatigue . it results from the immunes systems attack on neuromuscular junctions . 
• Paresis : partial or slight paralysis of the muscle . 
• Muscular dystrophy : progressive muscle weakness and atrophy caused by deficient dystrophin protein . 
• Myopathy : Any muscular disease . 
• Paralysis : loss of ability to move a body part . 
• Myotonia : prolonged muscular spasm . 
• Myositis : inflammation of skeletal muscle tissue . 
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• Spasm : A sudden , involuntary smooth or skeletal muscle twitch , can range from mild to very painful 
irritation. 

• Tics : spasm of eye–lid or facial muscles . 
• Cramp : a prolonged spasm that cause a muscle to become taut and painful . 

 
Ø Striation: only present in skeletal and cardiac muscles. Absent in smooth muscle. 
Ø Nucleus: smooth and cardiac muscles are uninculcated (one nucleus per cell), skeletal muscle is 

multinucleated (several nuclei per cell). 
Ø Transverse tubule (T tubule ): well developed in skeletal and cardiac muscles to transport calcium. 

Absent in smooth muscle. 
Ø Intercalated disk: specialized intercellular junction that only occurs in cardiac muscle. 
Ø Control: skeletal muscle is always under voluntary control‚ with some exceptions (the tongue and 

piliarrector muscles in the dermis). smooth and cardiac muscles are under involuntary control. 
Ø Cross-bridge: myosin forms a bond with actin. 
Ø Toneis a sustained partial state of contraction in the muscle.  
Ø Tone is maintained in the body without fatigue by the alternation of different motor units. It serves to 

keep the body in a state of readiness for activity at all times. 
Ø Hypotonia–Refers to decreased or lost muscle tone, resulting in flaccid (flattened) shape instead of 

round. 
Ø Atrophy–Wasting of muscle tissue where muscle fibers decrease in size as myofibrils are lost. 
Ø Hypertrophy–Opposite of atrophy. Refers to an increase in diameter of muscle fibers where myofibrils, 

mitochondria, and SR are increased. No increase in # of cells. Capillaries servicing muscle fibers are 
increased too. Due to forceful, repetitive strength training, which results in increased capacity for 
forceful contractions. 

 
 

DISORDERS OF MUSCULAR SYSTEM 
Myasthenia gravis: Auto immune disorder affecting neuromuscular junction leading to fatigue, weakening and 
paralysis of skeletal muscle. 
 
Muscular dystrophy: Progressive degeneration of skeletal muscle mostly due to genetic disorder. 
 
Tetany:Rapid spasms (wild contractions) in muscle due to low Ca++ in body fluid. 
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BIOCHEMISTRY OF AGEING 
The meaning and scope of ageing 
An organism does not remain the same biologically over its life span. The structure and function of one’s 
biological processes undergo various changes. Some of these changes are termed growth, some development, 
others maturation or ageing. 
 
Growth is defined as an irreversible, quantitative increase in size or mass, involving the production of new 
protoplasm. 
 
Development is defined as a progression of changes, either quantitative or qualitative, that lead from an 
undifferentiated state to a well-integrated, highly organized, matured form. 
 
Maturation in this approach means a functional capacity of the organs and the entire organism. 
 
Harman defines Aging as the progressive “accumulation of diverse deleterious changes in cells and tissues with 
advancing age that increase the risk of disease and death.” This definition illustrates two widely recognized and 
equally important aspects of the aging process:  
(1) aging is characterized as a progressive decline in biological functions with time, and  
(2) aging results in a decreased resistance to multiple forms of stress, as well as an increased susceptibility to 
numerous diseases. 
 
Aging involves the cumulative changes in an organism, organ, tissue or cell over time that lead to decreases in 
physiological and biochemical functional capacity. In humans aging is associated with degenerative changes in 
the skin, bones, heart, blood vessels, lungs, nerves and other organs and tissues. 

 
 
Why do we age? The origin of ageing 
Important theories of aging at the whole animal level are: Wear and tear theory; Error catastrophe theory; Stress 
damage theory; Autointoxication theory; The evolution theory (programmed aging theory?); Stored information 
theory (programmed aging theory). 
 
Major theories of aging at the organ level are: Endocrine theory; Immuno-biological theory; Brain retardation 
theory. 
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Key aging theories at the cellular level are: The cell membrane theory; Somatic mutation theory; The 
mitochondrial theory; The mitochondrial-lysosomal axis theory; Limited cell proliferation theory (programmed 
aging theory). 
 
Important aging theories at the molecular level are: Accumulation of DNA alterations; Trace element theory; 
Free radical theory; Crosslinkage theory; Oxidative stress theory; Non-enzymatic glycosylation theory; 
Carbonyl toxification theory; Garbage catastrophe theory; Gene mutation theory; Telomere shortening theory 
(programmed aging theory); 
 
Some other important theories of aging are: Aging as entropy, Mathematic model theory and various unified 
aging theories.  
 
It is easy to find that the majorityof the above mentioned theories of aging consider aging as a consequence of 
diverse external damages in life process. In brief, aging is a process of passive damage accumulation. 
 
Of the 20–30 different theories of aging, the most widely accepted is the Free Radical Theory. This theory was 
developed by Denham Harman and has been discussed for more than 50 years. The FreeRadical Theory states 
that accumulated free radical damage and oxidative stress alter biochemical andcellular processes as aging 
damage accumulates. 
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Theories about the aging process. 
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The "Wear and Tear" Theory 
Dr. August Weismann, a German biologist, first introduced this theory in 1882. He believed that the body and 
its cells were damaged by overuse and abuse. The organs and skin are worn down by toxins in the diet and in 
the environment. Wear and the tear are not confined to the organs; it also takes place at the cellular level. 
 
The Neuroendocrine Theory 
This theory developed by Dr. Vladimir Dilman elaborates on the wear and tear theory by focusing on the 
neuroendocrine system. When young, the hormones work together to regulate many bodily functions, including 
the responses to heat and cold, life experiences and sexual activity. Different organs release various hormones 
all under the governance of the hypothalamus. The hypothalamus responds to the body's hormone levels as its 
guide to regulating hormonal activity. 
 
When young, hormone levels tend to be high. With the increase in the age, the body produces lower levels of 
hormones which can have disastrous effects on the functioning. The growth hormones, for example, drop 
dramatically as the age increases so that even if an elderly person has not gained weight, he or she has 
undoubtedly increased the ratio of fat-to-muscle. 
 
Hormones are vital for repairing and regulating the bodily functions, and when aging causes a drop in the 
hormone production, it causes a decline in body's ability to repair and regulate itself as well. Thus, hormone 
replacement therapy, a frequent component of any anti-aging treatment, helps to reset the body's hormonal 
clock and so can reverse or delay the effects of aging and thus keeping young. 
 
The Genetic Control Theory 
This theory states that humans are born with a unique genetic code, a predetermined tendency to certain types of 
physical and mental functioning, and that the genetic inheritance has a great deal to say about how quickly one 
becomes aged and how long lives. Each person has a biological clock. When that clock goes off, it signals the 
bodies first to age and then to die. However, the timing on this genetic clock is subject to enormous variation, 
depending on what happens with the growth and on how one actually lives (quality of life, feeding, sanitation, 
health care practices, etc). 
 
Waste Accumulation Theory 
In the course of life span the cells produce more waste than they can properly eliminate. This waste can include 
various toxins which when accumulated to a certain level, can interfere with normal cell function, ultimately 
killing the cell. Evidence supporting this theory is the presence of a waste product called lipofuscin leading to 
age pigment. Lipofuscin is formed by a complex reaction that binds fat in the cells to proteins. This waste 
accumulates in the cells as small granules and increases in size as a person ages. 
 
Limited Number of Cell Divisions Theory 
The number of cell divisions is directly affected by the accumulations of the cell's waste products. The more 
wastes accumulates over the time, the faster cells degenerate. 
 
Hayflick Limit Theory 
In 1962, two cell biologists, Dr. Hayflick and Dr. Moorehead, made one of the greatest contributions to the 
history of cellular biology by demonstrating the senescence of cultured human cells. Hayflick theorized that the 
aging process was controlled by a biological clock contained within each living cell. 
The 1961 studies concluded that human cells have a limited life span. The most evident changes took place in 
the cell organelles, membranes and genetic material. This improper functioning of cells and loss of cells in 
organs and tissues may be responsible for the effects of aging. 
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Death Hormone Theory (DECO) 
Unlike other cells, brain cells or neurons do not replicate. The humans are born with roughly 12 billion of them 
and over a life time, about 10 percent perish. Dr. Denckle speculated that as the age increased the pituitary 
released DECO (decreasing oxygen consumption hormone or "death hormone"). 
This inhibits the ability of cells to use the thyroxine, the rate at which cells convert the food to energy. 
The metabolic rate increases and accelerates the process of aging. 
 
Thymic-Stimulating Theory 
This theory suggests that the disappearance of the thymus contributes to the aging process by weakening the 
body's immune system. Thymic hormones may also play a role in stimulating and controlling the production of 
neurotransmitters and brain and endocrine system hormones which means they may be the key regulators 
responsible for immunity. The size of this gland reduces from 200 to 250 grams at birth and then shrinks to 
around three grams by age 60. Thymic factors are helpful in restoring the immune systems of children 
bornwithout them as well as rejuvenating the poorly functioning immune systems of the elderly 
 
Mitochondrial Theory 
The free radical theory is supported by the directed experimental observations of mitochondrial aging. They 
produce cell energy by a process that leads to the formation of potentially damaging free radicals. Mitochondria 
are also one of the easiest targets of free-radical injury because they lack most of the defenses found in other 
parts of the cell. 
 
Errors and Repairs Theory 
In 1963, Dr. Leslie Orgel suggested that "an error in the machinery for making protein could be catastrophic." 
The production of proteins and the reproduction of DNA sometimes are not carried out with accuracy. The 
body's DNA is so vital that the natural repair processes kick in when an error is made. But the system is 
incapable of making perfect repairs on these molecules every time, and the accumulation of these flawed 
molecules can cause diseases and other age changes to occur. 
 
Redundant DNA Theory 
This theory blames errors accumulating in the genes for age changes. But, as these errors accumulate, this 
theory also blames the reserve genetic sequences of identical DNA that take over until the system is worn out. 
Dr. Zhores Medvedev proposed that different species life spans could be a function of the degree of these 
repeated gene sequences. 
 
Cross-Linkage Theory 
Developmental aging and cross-linking were first proposed in 1942 by Johan Bjorksten. He applied this theory 
to aging diseases such as sclerosis, a declining immune system and the loss of elasticity in the skin. Collagen is 
one of the most common proteins found in the skin, tendons, ligaments, bone and cartilage. Collagen protein 
can be compared to the legs of a ladder with very few rungs. Each protein is connected to its neighbors by other 
rungs forming a cross-link. In young people, there are few cross-links and the ladders are free to move up and 
down. The collagen stays soft and pliable. It is thought that these cross-links begin to obstruct the passage of 
nutrients and waste between cells. Cross-linking also appears to occur when older immune systems are 
incapable of cleaning out excess glucose molecules in the blood. These sugar molecules react with proteins 
causing cross-links and the formation of destructive free radicals. 
 
Autoimmune Theory 
With age the system's ability to produce necessary antibodies that fight disease declines, as does its ability to 
distinguish between the antibodies and proteins. In a sense, the immune system becomes self-destructive and 
reacts against itself. Examples of autoimmune disease are lupus, scleroderma and adult-onset diabetes. 
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Caloric Restriction Theory 
Calorie restriction or energy restriction is a theory proposed by Dr. Roy Walford. He developed a high nutrient 
low-calorie diet demonstrating that "under nutrition with malnutrition" could dramatically retard the functional, 
if not the chronological aging process. An individual on this program would lose weight gradually until a point 
of metabolic efficiency was reached for maximum health and life span. Walford stressed the importance of not 
only the high-low diet but also moderate vitamin and mineral supplements coupled with regular exercise. 
A major neuro-endocrinological effect of calorie restriction is induction of neuropeptide Y in the arcuate 
nucleus. Aside from its appetite-stimulating effects, neuropeptide Y is thought to be involved in the modulation 
of behavioral processes including anxiety and learning and memory. Despite established effects of calorie 
restriction on arcuate nucleus signaling, studies suggest a mechanistic separation between the two where 
behavior is concerned. 
 
The Rate of Living Theory 
German physiologist Dr. Max Rubner who discovered the relationship among the metabolic rate, body size and 
longevity first introduced this theory in 1908. It simply states that each one is born with a limited amount of 
energy. If this energy is used slowly, then the rate of aging is slowed. If the energy is consumed quickly, aging 
is hastened. Other rate-of-living theories focus on limiting factors such as amount of oxygen inhaled or number 
of heartbeats spent. 
 
Gene Mutation Theory 
In the 1940s, the scientists investigated the role of mutations in aging. Mutations are changes that occur in the 
genes which are fundamental to life. Evidence supporting this idea came from the experiments with radiation. It 
was observed that radiation not only increased animal's gene mutation but it also accelerated their aging process 
as well. However, later studies showed the radiation-induced changes were only mimicking age changes. This 
hypothesis further diminished in validity when the experiments with moderate amounts of radiation actually 
increased the life span of rats. 
 
Accumulated mutations theory 
It was first proposed by Medawar in 1952. This theory suggests that influence of natural selection diminishes 
with age. When there is a deleterious mutation that manifests itself at a young age, there will be strong selection 
pressure to eliminate that mutation because it will impact the fitness of a large majority of the population. If that 
same mutation does not manifest itself until late in life, many of the individuals carrying the mutation will be 
dead before the mutation is expressed. If the mutation is rarely expressed, can be passed from one generation to 
the next and may accumulate in the genome, because there is little opportunity for natural selection to clear this 
mutation from the genome. 
 
Antagonistic pleiotropy theory 
Antagonistic pleiotropy is the second evolutionary theory of aging. It was formulated by Williams in 1957 and 
proposed that genes existed which have beneficial effects early in life but harmful effects later in life. If these 
genes confer increased reproductive success early in life, they would be selected for despite the fact that they 
may later cause senescence. 
 
Disposable soma theory 
Cell maintenance is costly. Given the fact that extrinsic mortality is extremely high in the wild, it would make 
little sense to use precious metabolic resources to maintain the soma beyond the expected lifetime of the 
organism. Using extra energy to increase the reproductive capacity will be more beneficial from an evolutionary 
standpoint because it will enhance the fitness of that individual. 
Therefore, organisms have evolved in such a way that the amount of energy invested in maintaining the soma is 
sufficient to keep the animal alive long enough to reproduce but less than that which would be required to keep 
it alive indefinitely. 
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The disposable soma theory helps to explain why different species have different life spans. The higher the 
extrinsic mortality rate for a species, the more energy should be directed towards reproducing as often as is 
possible. 
 
Order to Disorder Theory 
From the time of conception to sexual maturation, human bodies undergo a system of orderliness. Dr. Leonard 
Hayflick mentioned that humans direct most of the energies to fulfilling a genetically determined plan for the 
orderly production and arrangement of an enormous number and variety of molecules. After the sexual 
maturation, however, these energies start to diminish its efficiency. Disorder occurs in the molecules in turn 
causing other molecules to produce errors and so on. These chaotic changes in the cells, tissues and organs are 
the causes of aging. Disorderliness varies from individual and this may be the reason why the tissues and organs 
deteriorate at different rates. 
 
The Telomerase Theory of Aging 
This theory was born from the surge of technological breakthroughs in genetics and genetic engineering. 
Telomeres are sequences of nucleic acids extending from the ends of chromosomes. Telomeres act to maintain 
the integrity of the chromosomes. Every time the cells divide, telomeres are shortened, leading to cellular 
damage and cellular death associated with aging. 
 
The key element in rebuilding the disappearing telomeres is the enzyme telomerase, an enzyme found only in 
germ cells and cancer cells. Telomerase appears to repair and replace the telomeres manipulating the "clocking" 
mechanism that controls the life span of dividing cells. 
 
Telomeres are gene sequences present at the ends of chromosomes that are responsible for maintaining genome 
integrity. Telomeres theory postulates that normal somatic cells have a finite maximum life and lose telomeric 
DNA with each cell division as a function of aging as found in vitrostudies. The length of telomeres is high at 
birth and gradually decreases with age so that shortening is considered as a biomarker of chronological age 
advances. For many researchers this seems to be the explanation called “Hayflick limit”. 

Figure 
Telomeres are DNA caps that sit on the ends of chromosomes. Each time a cell divides, some of this 
chromosome cap fails to replicate and is lost to subsequent generations of the cell. Once the telomere is 
completely depleted the chromosome ceases dividing. 
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The free radical theory 
This theory suggests that the enhancement of the antioxidative defence system to attenuate free radical-induced 
damage counteracts the aging process. Among the various theories of the aging process, the free radical theory, 
which proposes that deleterious actions of free radicals are responsible for the functional deterioration 
associated with aging, has received widespread attention. Some studies have indicated that the aging process 
leads to suppression of the antioxidative defense system and accumulation of lipid peroxidation products, while 
ginsenoside-Rd attenuates the oxidative damage, which may be responsible for the intervention of GSH/GSSG 
redox status. 

 
Based on this theory, free radicals, which are reactive oxygen species (ROS) produced in metabolic pathways, 
may play a critical role in aging. These ROS extremely reactive chemical molecules, are considered toxic to 
produce oxidative damage to various cellular components (membrane lipids, proteins, nuclear and 
mitochondrial DNA) which causes cellular dysfunction that accompanies aging process. Physiologically, a 
series of enzymatic and non-enzymatic systems act in concert to counteract this toxicity, among which are those 
of superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase. Theoretically, when the 
concentration of ROS exceeds the antioxidant capacity of the system to lighten defense, the toxic effects appear 
oxidative damage 
Because of its high atomic instability free radicals collide with a biomolecule and subtract one electron 
oxidizing it. The biomolecule thus loses its specific function in the cell. If it lipid structures that are rich in 
them, essentially cell membranes and lipoproteins are damaged. In the case of the first altered permeability 
leading to edema and cell death. In the case of oxidized protein is preferably the amino acids phenylalanine, 
tyrosine, tryptophan, histidine and methionine. Crosslinks resulting peptide chains, fragmentation of the protein 
and formation of carbonyl groups are formed. The damage to nucleic acids modified bases, which has serious 
consequences for the development of mutations and carcinogenesis first, or loss of expression or synthesis of a 
protein by specific gene damage 
 
Summarized representation of the theories of causal factors and origin of ageing 
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In most of the theories on biological ageing two basic lines of thought may be distinguished. 
The first represents the deterministic approach and postulates that ageing is an innate, genetically programmed 
process and as such is subject to only minor modifications.  
 
The other one follows the stochastic approach and postulates that ageing is the result of the accumulation of 
harmful products of metabolism in tissues.  
 
These two methodologically different approaches have different implications. If ageing is considered to be a 
programmed phenomenon, nothing much can be done to modify this process. On the other hand, if ageing is 
taken to be a consequence of stresses, it may be possible to modify the life pattern by eliminating some of those 
stresses. It seems that the truth is likely to lie in a combination of these two approaches. 
 
While it is clear that ageing has a genetic basis, there are a large number of various causes indicated as the most 
essential for this process. Considering this, the biological theories may be classified into three major categories: 
genetic cellular theories, non-genetic cellular theories, and physiological theories.  
 
According to the genetic cellular theories, the major causes of ageing maybe perceived in the damage to the 
genetic information involved in the formation of cellular proteins. Several theories have argued that it is the 
breakdown of these basic genetic mechanisms which cause ageing. 
 
The non-genetic cellular theories focus their interest on changes that take place in the cellular proteins after they 
have been formed. They suggest that ageing results from the accumulation of deleterious substances in the cells 
of the organism, or from damage to cell proteins.  
 
A set of physiological theories suggest that ageing results from the failure of some physiologically coordinating 
system, such as the immunological or endocrine systems, to integrate bodily functions properly.  
 
While each of these theories focuses on a different aspect of the ageing process, they may be found to share 
some common points. 
 
According to Strehler, the integrations are as follows: the loss of the ability of a cell to divide which is 
programmed in the genetic code of the cell, the loss of some of the copies of a group of genes responsible for 
protein synthesis essential for cell repairing from environmental damage, an increased accumulation of 
damaged enzymes and lipofuscin which impair the cell function, and decreased normal functioning at the 
cellular level. These processes lead to the decreased integration among the physiological systems of the body; 
ultimately, the systems break down and the individual dies. 
 
Through industrious exploration by genetic scientists for over half a century, some dozens of genes related to 
aging and longevity have been identified, for example, age-1, Chico, clk-1, daf-2, daf-16, daf-23, eat-2, gro-1, 
hsf-1, hsp-16, hsp-70, IgflrC/K, indy, inR, isp-1, KLOTHO, lag-1, lac-1, MsrA, mth, aMUPA, old-1, p66sh, 
Pcmt, Pit-1, Prop-1, ras2p, spe-26, sag, sir2, SIRT1, sod1, etc.  
 
These longevity-related genes have been found mainly within four catagories:  
(1) anti-stresses(e.g. anti-heat shock and anti-oxidative stress systems);  
(2) energy metabolisms (e.g. insulin/IGF-1 signaling pathway, caloric intake and mitochondrial functions);  
(3) mutation prevention (repairing and restoration on nuclear stability);  
(4) protection of hormone homeostasis or mammalian sperms;  
 
How do we age? A defence of a multifactorial concept of ageing 
Ageing is a multifactorial process which takes place simultaneously at each level of the living structure in the 
course of an individual life. The distinguished levels are: subcellular, cellular, tissue, organs, individual and 
population. There are structure specific manifestations of the process of ageing which are presented below: 
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Indicators of the process of ageing at various levels of a living organism 

 
 
Considering some of the molecular, cellular and physiological changes that may be responsible for the growth 
and ageing processes, it may be noted that these changes affect virtually all major systems of the human body: 
skeletal, muscle, skin, pulmonary, cardiovascular, neural, endocrine, reproductive, gastrointestinal, and 
excretory. 
 
FREE RADICAL DAMAGE CASCADE 
One of the prevalent aging theories revolves around free radicals, which are molecules containing unpaired, 
highly reactive electrons, as causal agents in the process of aging. 
 
The abbreviated chemical reactions below illustrate the accumulation of free radical damage and oxidative 
stress.  
The free radical O* contains very high energy and combines with the first molecule it touches. In combining 
with this structure, O* damages it, and in the process, another free radical is created. The second free radical 
then combines with the first structure it touches. The negative cascade continues until the free radicals are 
neutralized. For this reason, antioxidants are crucial to maintaining cellular function as we age. 
 

• O* + cell membrane →damaged cell membrane + A* (Cell membrane protects integrity of cell) 
• A* + mitochondria →damaged mitochondria + B* (Mitochondria produce energy for the cell) 
• B* + DNA →damaged DNA + D* (DNA is the genetic mechanism of the cell that directs all cellular 

function and reproduces itself to create another cell. Damaged DNA leads to a cancerous or malignant 
cell) 

• D* + cellular protein/collagen/elastin →damaged elastic tissue (wrinkles) + E* 
 
The free radical damage cascade shown above depends upon the unpaired electron in the free radical’s outer 
orbit, which captures an electron from other molecules, creating more free radicals in this process and causing 
ongoing collateral damage. The beauty of antioxidants is that they serve as electron donors to free radicals, thus 
neutralizing the free radicals but remaining stable themselves. Antioxidants stop the ongoing cascade 
ofperpetual free radical creation and minimizecollateral damage. 
 
REACTIVE OXYGEN SPECIES (ROS) OXIDATIVE STRESS (OS) AND AGING 
The free radical theory of ageing (FRTA) proposed by Denham Harman, postulates that damage to cellular 
milieu due to the accumulation of free radicals is a key factor in the ageing process and that it may serve as the 
deciding factor of lifespan. The theory was later refined by Harman himself to emphasize the role of 
mitochondrial ROS, as the majority of free radical oxygen species (ROS) production originates in the 
mitochondria of mammalian cells, and was termed as the mitochondrial theory of ageing. The free radical 
theory of aging postulates that ROS cause aging by damaging DNA, lipids, and proteins.  
 
The mitochondrial theory of Aging hypothesizes that mitochondria are the critical component in control of 
aging. It proposed that electrons leaking from the electron transport chain (ETC) produce ROS and that these 
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molecules can then damage ETC components and mitochondrial DNA, leading to further increases in 
intracellular ROS levels and a decline in mitochondrial function. 
 
Mitochondria are involved in key aging-associated processes, such as cellular metabolism and ATP synthesis. It 
is, therefore, not surprising that mitochondrial dysfunctions influence the rate of aging. 
 
ATP production by mitochondria is essential for cell function, signalling pathways and overall cell activities. 
Mitochondria are involved in ATP supply to cells through oxidative phosphorylation (OXPHOS), synthesis of 
key molecules and response to oxidative stress. Mitochondria contain many redox enzymes and naturally 
occurring inefficiencies of oxidative phosphorylation generate reactive oxygen species (ROS). 
 
ROS are generally short-lived highly reactive molecules that are derived from the partial reduction of oxygen. 
Although there are multiple sources of ROS, a majority is produced in mitochondria from a leakage of electrons 
in the electron transport chain (ETC). The reaction of free moving electrons with molecular oxygen produces 
unstable molecules such as superoxide anions (O2

∙−), hydroxyl radicals (OH∙), as well as hydrogen peroxide 
(H2O2).  
 
Oxidative stress can be defined as an excessive bioavailability of ROS, which is the net result of an imbalance 
between production and destruction of ROS (with the latter being influenced by antioxidant defenses). 
 
Oxygen molecule is the final electron acceptor in mitochondrial oxidative phosphorylation. With increasing 
age, the mitochondria produce various reactive oxygen species (ROS) as by product of oxidative 
phosphorylation. Generally, in early life, ROS and their effect is abolished by inherent antioxidant defence of 
the body. But in the later part of life, the imbalance between ROS and antioxidant defence occurs due to the 
increase in either ROS production rate, decline in antioxidant defence or both. Such imbalance will cause ROS 
accumulation leading to damage of the life indispensable macromolecules.  
 
About 90% of the intracellular ROS is generated in the Mitochondria through the mitochondrial electron 
transport chain (ETC). The ETC is located in the inner membrane of the mitochondria and is responsible for the 
extraction of energy from electrons that are deposited by the electron carriers (NADH & FADH2) through 
formation of a proton gradient creating ATP. The NADH and FADH2 feed the electrons into complex I and 
complex II respectively and eventually transferred to complex III & IV. After complex IV, the electrons are 
finally picked up by molecular oxygen and go on to form water. However, the electrons have a tendency to leak 
prematurely at complex I and III which leads to the formation of oxidants like O2

∙− 
 
Accumulated ROS damages the mitochondrial molecules and thus, also impairs healthy metabolic activity. 
Accumulation of ROS damages gives rise to systematic dysfunction of almost all organs, which ultimately 
figures in aging.  
 
The excess ROS in a cell can lead to four different cellular fates or phenotypes- apoptosis, necrosis, autophagy 
and senescence. These cellular fates, in general have negative consequences to a normal cellular and tissue 
homeostasis, which eventually lead to the development of age-associated pathologies at the organismic level 
and can adversely impact life span of an organism.  
 
The body has particular defense mechanisms in place to protect against excess ROS in the form of enzymes like 
superoxide dismutase (SOD), catalase, thyroiodin as well as some small molecule antioxidants (Vitamin C, 
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Vitamin E, and glutathione). Eventually, the body’s ability to combat excess ROS becomes increasingly 
difficult over time and hence, induces the beginning of the ageing process. 
 
Superoxide produced in the mitochondria is usually converted to H2O2 by the antioxidant superoxide dismutase 
1 or 2 (SOD1 or SOD2). H2O2 further gets converted into highly reactive OH∙ and OH− radicals by Fenton and 
Haber Weiss reactions, which lead to disruption of cellular homeostasis by inducing cell death and cellular 
senescence and ultimately development of the age-associated diseases. The O2

∙−can also undergo another type of 
radical reaction with nitric oxide (NO∙) to form the peroxynitrite (ONOO−). When produced in the 
mitochondria, this radical molecule has the capability to disrupt mitochondrial integrity as well as to cause an 
irreversible damage to both DNA and protein molecules. The increased mitochondrial ROS production may 
cause mitochondrial DNA (mt DNA) mutations to occur, which eventually lead to a positive feedback loop of 
more ROS and more mt DNA mutations. Hence, it is proposed that enhanced mitochondrial ROS and mt DNA 
mutations are important contributors to the ageing process. 
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Exposure to ROS levels above the homeostatic threshold have been identified as a major cause of damage to 
cellular macromolecules. The most sensitive to ROS damage is DNA, more specifically that of mitochondria, 
which serves as the primary source of intracellular oxidants. The impairment to DNA molecules from oxidative 
stress is closely evident in the breaks in the double stranded helix as well as an increase in alteration of nitrogen 
bases. Generally, for a proliferating young cell, the damage is repaired more efficiently through the use of base 
or nucleotide excision repair pathways as well as homologous recombination. However, in cells derived from 
aged individuals, these repair pathways are less efficient. 
 
Proteins are also affected by increased ROS levels both in the structural and functional aspect. The most 
susceptible to oxidation are the cysteine and methionine residues of protein side chains due to the possible 
formation of disulfides amongst thiol-groups between proteins. 
 
Another aspect of the cell that is particularly oxidant sensitive is lipids, particularly fatty acid residues of 
phospholipids. The process of lipid peroxidation involves free radical species that target various carbon-to-
carbon bonds and result in products like hydroperoxides, which has been identified as a potential indicator of 
oxidative stress in various tissues. Knowing that, the oxidant radical has the ability to cause damage to both the 
membrane and integrity of the cell. On a macroscopic level, oxidation of lipids can alter fluidity and cause 
severe physiology and membrane damage, something very evident in some diseases as well. 
 
At the cellular level, ROS and OS induce multiple related cellular fates such as apoptosis, necrosis, autophagy 
and senescence, which can adversely affect tissue structure and function. 
 

 
A schematic summary of proposed mechanisms by which ROS and oxidative stress could contribute to the process of aging. A variety 
of exogenous and endogenous factors can stimulate an increase in ROS production at the cellular level. ROS can stimulate signal 
transduction pathways, resulting in changes in gene expression that can modulate numerous responses that impact on cellular function 
and survival. In addition to activating intracellular signaling pathways, elevations in ROS can produce oxidative damage at molecular 
levels (DNA, proteins, lipids), if repair processes are insufficient. One result is organelle damage, which can directly affect key 
cellular responses. In both scenarios—the modulation of expression of various stress-response genes and the intracellular damage to 
macromolecules—there are subsequent responses at cellular levels (e.g., inflammation, proliferation, apoptosis, necrosis) that can 
stimulate additional ROS generation from endogenous sources. ROS-induced changes at cellular levels can also lead to an integrated 
array of systemic responses that can impact, with the passage of time, on aging processes, as well as organ dysfunction, frailty, and 
age-related diseases. 
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One possible integrative scenario by which ROS and oxidative stress could contribute to aging is proposed in 
above. As illustrated in this figure, the aging process involves multifaceted changes that are affected by both 
exogenous conditions and endogenous factors at molecular, cellular, tissue, organ,and systemic levels. Aging 
effects are revealed first at molecular levels and include the accumulation of macromolecular damage and 
changes in signal transduction pathways. These alterations subsequently impact on cellular responses, such as 
organelle dysfunction, inflammation, cell proliferation, survival, and death. Eventually, dysfunction is 
manifested at systemic levels, which would likely include a decline in organ function, reduced stress tolerance, 
frailty, increased incidence of diseases, and death. 
 
Intracellular ROS production is increased with exposure to many environmental stress conditions. 
While increased oxidative stress and other factors trigger an array of alterations at molecular levels that 
contribute to aging, genetic factors, as well as lifestyle, can accelerate or reverse the aging process by either 
sensitizing or preventing and repairing the defects. As the molecular and cellular defects accumulate during the 
life span of an organism, the resulting perturbation in redox balance and the endogenous generation of ROS will 
further influence the regulation of a number of physiological functions (e.g., metabolism and stress 
tolerance)and, ultimately, accelerate the aging process. 

 
Relationship between ROS, inflammation, and aging. An increase in ROS levels and a redox imbalance stimulates an intracellular signaling cascade 
that can potentially stimulate a state of chronic inflammation and contribute to both aging processes and the manifestation of aging-associated 
diseases. iNOS, inducible nitric oxide synthase, O_, positive feedback. 
 
One emerging area of research that has important clinical ramifications is the potential role of ROS on vascular 
dysfunction that accompanies human aging. Blood vessels are critically important to overall physiological 
homeostasis due to their role in supplying cells throughout the body with oxygen and nutrients. Thus, damage to 
these vessels can have a profound impact on organ function and contribute to a myriad of diseases that are 
typically associated with aging (e.g., diabetes, atherosclerosis, hypertension). Endothelial cells that line blood 
vessels, because of their location, are especially vulnerable to potentially damaging circulatory factors, such as 
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oxidized macromolecules and pro-inflammatory cytokines, and endogenous ROS generation within endothelial 
cells can also lead to oxidative damage and cellular dysfunction. 
“Vascular aging” may be a primary factor in the overall aging process; thus, alterations at cellular, tissue, and 
organ levels may be secondary to age-related vascular dysfunction. In such a scenario, therapeutic interventions 
aimed at reducing oxidative stress and accompanying damage to the vasculature could have beneficial effects 
on a range of age-associated pathologies. 
 
Exogenous sources OF ROS 
Exogenous sources such as UV and ionizing radiations, and man-made sources such as smoke exposure, 
chemotherapeutics, environmental toxins and other pollutants can induce various DNA mutations and cause 
increased ROS in mitochondria and cytosol.  
 
Exposure to exogenous ROS producing sources is especially prevalent in skin cells as they are constantly 
exposed to the environment. Radiation can react with oxygen and form O2

∙−, OH− (hydroxide anion) and OH∙ 
radicals that are able to undermine the structural integrity of DNA. 
 
Antioxidants 
Superoxide dismutase enzymes are known to catalyze the dismutation of two superoxide anions into the form of 
oxygen and hydrogen peroxide, and play a crucial role in regulating oxidative stress and redox signaling, in the 
different regions of the cell. Currently, three types of SODs exist within cells: CuZn-SOD (SOD1) located in 
the cytosol, Mn-SOD (SOD2) in the mitochondrial region, andEC-SOD (SOD3) found extracellularly. 
 
Another major antioxidant that plays an important role in combating and protecting against oxidative stress is 
Glutathione (GSH) which is considered the most abundant. GSH serves to function in counteracting hydrogen 
peroxide, lipid hydroperoxides, or xenobiotics, as a cofactor of enzymes such as glutathione peroxidase or 
glutathione-S-transferase (GST). Findings suggest that GSH concentrations in the brain as well as erythrocytes 
of individuals around the age of 70 displayed a 30 to 50% reduction in activity compared to the much younger 
subjects around the age of 20.  
 
As ageing occurs, the general rise in oxidative stress increases both GSH usage and degradation to sustain the 
cellular redox balance. In addition, an accumulating amount of evidence exists suggesting that an overall 
decrease in the adaptive response of GSH synthesis possibly due to the process becoming impaired or 
insufficient, causing a buildup of oxidants and potential cellular damage. 
 
Catalase is also a prominent enzyme that functions to detoxify hydrogen peroxide into water and is localized in 
the peroxisome. 
 
Other antioxidants include Vitamin C, E, A, minerals, as well as some flavonoids. Intake of these antioxidants 
from various sources of food is essential since we possess the inability to synthesize them independently. 
 
 


