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1.0 Objectives:  

• To learn about the structural organization of animal and plant cells. 

• To understand each cell organelle in detail. 

• To discuss the role of cytoskeletal elements in the cell motility. 

 

1.1 Introduction:  

Important events in the discovery of cells: 

In 1665, Robert Hooke looked at cork under a microscope and called them "cells". In 

1665-75, Anton van Leeuwenhoek, the person incorrectly given credit for the invention of the 

microscope, studies organisms living in pond water. He calls them "Animalcules." In 1830, 

German scientists Schleiden and Schawann summarize the findings of many scientists and 

concluded that all living organisms are made of cells. This forms the basis of the Cell Theory 

of Biology. 

The cell theory of biology: All organisms are composed of cells. The cell is the structural 

unit of life - units smaller than cells are not alive. Cells arise by division of preexisting cells - 

spontaneous generation does not exist. Cells can be cultured to produce more cells (in vitro = 

outside organism or cell and in vivo = inside organism or cell).  

Cell biology is particularly interesting because there is so much that is not understood. 

Cells are a complex system themselves. And when you add to an individual cell its 

environment, whether that is the single celled organism or multicellular, there is a complex 

web of reactions. One organism, like the human, can have the same genetic material in every 

cell, yet, there are over 200 types of cells in the human that are different shapes, sizes and 

carry out very different functions. And all of these cells were developed from 1 (one) cell. 

Therefore, still the field of cell biology is fascinating for cell biologists with new discoveries 

made time to time.  

The Nobel Prize in Physiology or Medicine for the year 2012 was jointly awarded to John B. 

Gurdon and Shinya Yamanaka for the discovery that mature cells can be 

reprogrammed to become pluripotent. This Nobel Prize recognizes two scientists who 

discovered that mature, specialized cells can be reprogrammed to become immature cells 

capable of developing into all tissues of the body. Their findings have revolutionized our 

understanding of how cells and organisms develop. 
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John B. Gurdon discovered in 1962 that the specialization of cells is reversible. In a classic 

experiment, he replaced the immature cell nucleus in an egg cell of a frog with the nucleus 

from a mature intestinal cell. This modified egg cell developed into a normal tadpole. The 

DNA of the mature cell still had all the information needed to develop all cells in the frog. 

Shinya Yamanaka discovered more than 40 years later, in 2006, how intact mature cells in 

mice could be reprogrammed to become immature stem cells. Surprisingly, by introducing 

only a few genes, he could reprogram mature cells to become pluripotent stem cells, i.e. 

immature cells that are able to develop into all types of cells in the body. 

These groundbreaking discoveries have completely changed our view of the development and 

cellular specialization. We now understand that the mature cell does not have to be confined 

forever to its specialized state. Textbooks have been rewritten and new research fields have 

been established. By reprogramming human cells, scientists have created new opportunities 

to study diseases and develop methods for diagnosis and therapy. Let us learn about the 

fascinating field of cell biology. 

1.2 Cells: Cells are complex and highly organized. They contain numerous internal 

structures, some are membrane bound (organelles) while others do not. Cells can perform a 

variety of chemical reactions such as, transform simple organic molecules into complex 

molecules (anabolism), breakdown complex molecules to release energy (catabolism) and 

metabolism = all reactions performed by cells. There are two main groups of cells, 

Prokaryotic and Eukaryotic cells. They differ not only in their appearance but also in their 

structure, reproduction, and metabolism. 

1.2.1 Prokaryotes: Cells that lack a membrane-bound nucleus are called prokaryotes (from 

the Greek meaning Pro = before; karyon = 

nucleus). Prokaryotes have a cell membrane, 

and they are made up of generally 

undifferentiated fluid, called the cytoplasm, 

in which floats a circular ring of DNA that 

controls the functioning of the cell. 

Prokaryotes maintain their shape through a 

cytoskeleton and have ribosomes that float in 

the cytoplasm. In addition, some prokaryotes 
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have a special type of cell wall made of a protein-sugar combination called peptidoglycan. A 

few prokaryotes possess whip like tails called flagella that help propel the cells through 

water. Prokaryotes are less complex and less efficient than eukaryotes. They are able to 

survive environmental extremes that would kill higher life forms due to their simplicity. In 

summary the Characterization of prokaryotes are,  

o No nuclear membrane (genetic material dispersed throughout cytoplasm). 

o No membrane-bound organelles. 

o Simple internal structure. 

o Most primitive type of cell (appeared about four billion years ago. 

 
 

1.2.2 Eukaryotes: Cells had membrane bound nucleus are called Eukaryotes (from the Greek 

meaning truly nuclear). All living things besides bacteria 

and cyanobacteria consist of eukaryotic cells, which are 

larger and structurally more complex than prokaryotic 

cells. Like prokaryotes, eukaryotes are surrounded by a 

lipid bilayer cell membrane and have cytoplasm and 

ribosomes. However, unlike prokaryotes, eukaryotes also 

contain organelles and a defined nucleus containing 

DNA. They have a variety of internal membranes and structures, called organelles, and a 

cytoskeleton composed of microtubules, microfilaments, and intermediate filaments, which 

play an important role in defining the cell's organization and shape.  

 
 
1.3 Organelles of cell and their structure and function: 
 

1.3.1 Cell wall: All living organisms are cellular, i.e., their body is made of cells. Each cell 

contains a number of subcellular components like plasma membrane, cytoplasm, cytoskeleton 

and organelles. The cell wall is present in all the plant cells including bacteria. It is present 

external to the plasma membrane and is formed of dead substances secreted by the 

protoplasm of the cell. Cell wall is not uniform in thickness. It is very thin in living cells like 

meristematic cells and parenchymatous cells but very thick in xylem tissue. The cell wall is 

differentiated into middle lamella, primary cellwall, secondary cellwall and tertiary cellwall. 

 Middle lamella is present between two adjacent cells and is formed soon after cell 

division, particularly, during cytokinesis. This layer is present outside the primary cell wall 
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and is composed of calcium and magnesium pectate. It holds the adjacent cells together like 

the cement holds the bricks. 

Primary cell wall is the first cell wall laid down by the protoplast inner to the middle 

lamella. The primary wall is thin and elastic and composed of cellulose, hemicellulose, pectic 

substances, lipids, proteins, some minerals and water. During development of middle lamella 

and primary wall, certain openings are left at places between the adjacent cells. These are 

called plasmodesmata (Strasberger 1901). Through these pores cytoplasmic continuity is 

maintained between the neighbouring cells. It is also made of cellulose, hemicellulose, 

proteins and polysaccharides. 

Secondary cell wall is formed towards inner side primary wall and is made of several 

layers of cellulose, hemicellulose. Deposition of lignin and suberin takes place after the 

primary wall is fully formed. The wall is thick and non-elastic and provides additional 

strength. 

In addition to primary and secondary cell wall, tertiary cell wall is deposited in a few 

cells. First reported by Butchen (1955) in tracheids of some gymnosperms, it is considered to 

be a dried residue of the protoplasm. It looks like swollen nodules on the inner side of the 

secondary wall. Besides cellulose and hemicellulose, xylan is also present in the tertiary cell 

wall. 

 
Ultra structure of cell wall: The electron microscopic study of the cell wall reveals that the 

wall is composed of a ground substance called the matrix in which the cellulosic fibres are 

embedded. Cellulose molecules are long chains formed by the condensation of about 3000 

glucose residues. These units are arranged in a linear order which is present in parallel 

bundles of about 100 units forming micelles or elementary fibrils. Each micelle is a rhombus 

with a cross sectional area of about 3000A. The next largest unit is the microfibril which is 

composed of about 20 micelles with a cross sectional area of about 62,500Ao. About 250 

such microfibrils form a fibril which can be seen under light microscope. 

The cell wall is very thin and delicate in the beginning. As the cell grows, it is stretched and 

new substances are deposited on the primary cell wall. The various substances found on the 

cell wall are: 

Lignin: It is a complex chemical substance deposited in the secondary wall. With the lignin 

deposition, the protoplasm is lost and the cells become woody and hard. Lignin deposition is 

generally not uniform and may result in annular, spiral, scalariform, reticulate or pitted 
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patterns. These thickenings provide mechanical support to the cell. Most of the vegetable 

fibers are lignified. 

Cutin: It is a waxy substance, forms a thin or thick layer called cuticle on the stem or leaf 

surfaces. Cutin is impervious to water and checks evaporation. Deposition of cutin is found to 

be more in xeric plants. 

Suberin: This fatty substance is also waxy in nature. This is deposited on cork cells and is 

impermeable to water and gases. 

Mucilage: It is a slimy substance made of complex carbohydrates. It absorbs water and stores 

it. It becomes hard when dry and viscous when moist. Mucilage is present in leaves of Aloe, 

flowers of Hibiscus, seeds of Linum, etc. 

Mineral crystals: Silica, calcium oxalate and calcium carbonate, etc. are deposited in the cell 

wall in the form of crystals. 

 

Functions of the cell wall: The main function of cell wall is to provide mechanical strength. 

It is also capable of imbibing water and thus, helps the movement of water and solutes inside 

the cell. 

• Maintaining/determining cell shape, since protoplasts are invariably rounded, this is 

good evidence that the wall ultimately determines the shape of plant cells. 

• Support and mechanical strength (allows plants to get tall, hold out thin leaves to 

obtain light) 

• Prevents the cell membrane from bursting in a hypotonic medium (i.e., resists water 

pressure) 

• Controls the rate and direction of cell growth and regulates cell volume 

• Ultimately responsible for the plant architectural design and controlling plant 

morphogenesis since the wall dictates that plant develop by cell addition (not cell 

migration) 

• Has a metabolic role (i.e., some of the proteins in the wall are enzymes for transport, 

secretion) 

• Physical barrier to: (a) pathogens; and (b) water in suberized cells.  However, 

remember that the wall is very porous and allows the free passage of small molecules, 

including proteins up to 60,000 MW.  



Unit-1: Structural organization of cell and function of intracellular organelles 
  

Block-1: Unit-1 Page 7 
 

• Carbohydrate storage - the components of the wall can be reused in other metabolic 

processes (especially in seeds).  Thus, in one sense the wall serves as a storage 

repository for carbohydrates 

• Signaling - fragments of wall, called oligosaccharins, act as hormones. 

Oligosaccharins, which can result from normal development or pathogen attack, serve 

a variety of functions including:  (a) stimulate ethylene synthesis; (b) induce 

phytoalexin (defense chemicals produced in response to a fungal/bacterial infection) 

synthesis; (c) induce chitinase and other enzymes; (d) increase cytoplasmic calcium 

levels and (d) cause an "oxidative burst".  This burst produces hydrogen peroxide, 

superoxide and other active oxygen species that attack the pathogen directly or cause 

increased cross-links in the wall making the wall harder to penetrate.   

• Recognition responses - for example: (a) the wall of roots of legumes is important in 

the nitrogen-fixing bacteria colonizing the root to form nodules; and (b) pollen-style 

interactions are mediated by wall chemistry. 

• Economic products - cell walls are important for products such as paper, wood, fiber, 

energy, shelter, and even roughage in our diet. 

 

1.3.2 Cell membrane: The cell membrane is primarily composed of a mix of proteins and 

lipids. Depending on the membrane’s location and role in the body, lipids can make up 

anywhere from 20 to 80 percent of the membrane, with the remainder being proteins. While 

lipids help to give membranes their flexibility, proteins monitor and maintain the cell's 

chemical climate and assist in the transfer of molecules across the membrane. Like all other 

cellular membranes, the plasma membrane consists of both lipids and proteins. The 

fundamental structure of the membrane is the phospholipid bilayer, which forms a stable 

barrier between two aqueous compartments. In the case of the plasma membrane, these 

compartments are the inside and the outside of the cell. Proteins embedded within the 

phospholipid bilayer carry out the specific functions of the plasma membrane, including 

selective transport of molecules and cell-cell recognition. Carbohydrates are also present, 

although much less abundant, and are found as sugars linked to either lipids or proteins in the 

membrane. 

 

Phospholipid bilayer: The Plasma Membrane is also called the Phospholipid bilayer. The 

three major types of lipids that form the lipid bilayer are phospholipids, glycolipids and 

http://biology.about.com/od/molecularbiology/a/aa101904a.htm
http://biology.about.com/od/molecularbiology/ss/lipids.htm
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sterols. The phospholipids are the predominant type of lipid, and it is their amphipathic nature 

(having both polar heads and long-chain hydrocarbon 

tails) that causes them to form a bilayer spontaneously in 

water. The configuration of the lipids in the bilayer is tail-

to-tail; the polar heads are exposed to water on the 

extracellular and intraceellular sides of the membrane, and 

the long-chain fatty acids are shielded from the water. A 

few common phospholipids in mammalian cells are 

phosphatidylethanolamine, phosphatidylserine and phosphatidylcholine, which all contain 

unsaturated fatty acid chains. In the plasma membrane of animal cells, cholesterol is also a 

common component of the lipid bilayer.  

 

a) Phospholipids: The structure of phospholipids is responsible for the basic function of 

membranes as barriers between two aqueous compartments. Because the interior of the 

phospholipid bilayer is occupied by hydrophobic fatty acid chains, the membrane is 

impermeable to water-soluble molecules, including ions and most biological molecules. 

Second, bilayers of the naturally occurring phospholipids are viscous fluids, not solids. The 

fatty acids of most natural phospholipids have one or more double bonds, which introduce 

kinks into the hydrocarbon chains and make them difficult to pack together. The long 

hydrocarbon chains of the fatty acids therefore move freely in the  interior of the membrane, 

so the membrane itself is soft and flexible. In addition, both phospholipids and proteins are 

free to diffuse laterally within the membrane—

a property that is critical for many membrane 

functions. 

 

In addition to the phospholipids, the plasma 

membranes of animal cells contain glycolipids 

and cholesterol. The glycolipids are found 

exclusively in the outer leaflet of the plasma 

membrane, with their carbohydrate portions 

exposed on the cell surface. They are relatively minor membrane components, constituting 

only about 2% of the lipids of most plasma membranes. Cholesterol, on the other hand, is a 

major membrane constituent of animal cells, being present in about the same molar amounts 

as the phospholipids.  
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b) Cholestrol: Cholesterol will not form a membrane by itself, but inserts into a bilayer of 

phospholipids with its polar hydroxyl group close to the phospholipid head groups. 

Depending on the temperature, cholesterol has distinct effects on membrane fluidity. At high 

temperatures, cholesterol interferes with the movement of the phospholipid fatty acid chains, 

making the outer part of the membrane less fluid and reducing its permeability to small 

molecules. At low temperatures, however, cholesterol has the opposite effect: By interfering 

with interactions between fatty acid chains, cholesterol prevents membranes from freezing 

and maintains membrane fluidity. Although cholesterol is not present in bacteria, it is an 

essential component of animal cell plasma membranes. Plant cells also lack cholesterol, but 

they contain related compounds (sterols) that fulfill a similar function. 

  Recent studies suggest that not all lipids diffuse freely in the plasma membrane. 

Instead, discrete membrane domains appear to be enriched in cholesterol and the 

sphingolipids (sphingomyelin and glycolipids). These clusters of sphingolipids and 

cholesterol are thought to form “rafts” that move laterally within the plasma membrane and 

may associate with specific membrane proteins. Although the functions of lipid rafts remain 

to be understood, they may play important roles in processes such as cell signaling and the 

uptake of extracellular molecules by endocytosis. 

 

c) Glycolipids:  They are located on cell membrane surfaces and have a carbohydrate sugar 

chain attached to them. They help the cell to recognize other cells of the body. 

 

Membrane Proteins: While lipids are the fundamental structural elements of membranes, 

proteins are responsible for carrying out specific membrane functions. Most plasma 

membranes consist of approximately 50% lipid and 50% protein by weight, with the 

carbohydrate portions of glycolipids and glycoproteins constituting 5 to 10% of the 

membrane mass. Since proteins are much larger than lipids, this percentage corresponds to 

about one protein molecule per every 50 to 100 molecules of lipid. In 1972, Jonathan Singer 

and Garth Nicolson proposed the fluid mosaic model of membrane structure, which is now 

generally accepted as the basic paradigm for the organization of all biological membranes. In 

this model, membranes are viewed as two-dimensional fluids in which proteins are inserted 

into lipid bilayers.  

Singer and Nicolson distinguished two classes of membrane-associated proteins,  which they 

called peripheral and integral membrane proteins. Peripheral membrane proteins were 

http://biology.about.com/library/weekly/aa040501a.htm
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operationally defined as proteins that dissociate from the membrane following treatments 

with polar reagents, such as solutions of extreme pH or high salt  concentration, which do 

not disrupt the phospholipid bilayer. Once dissociated from the  membrane, peripheral 

membrane proteins are soluble in aqueous buffers. These proteins are not inserted into the 

hydrophobic interior of the lipid bilayer. Instead, they are indirectly associated with 

membranes through protein-protein interactions. These interactions frequently involve ionic 

bonds, which are disrupted by extreme pH or high salt. 

In contrast to the peripheral membrane proteins, integral membrane proteins can be 

released only by treatments that disrupt the phospholipid bilayer. Portions of these integral 

membrane proteins are inserted into the lipid bilayer, so they can be dissociated only by 

reagents that disrupt hydrophobic 

interactions. The most commonly 

used reagents for solubilization of 

integral membrane proteins are 

detergents, which are small 

 amphipathic molecules 

containing both hydrophobic and 

hydrophilic groups. The hydrophobic 

portions of detergents displace the 

membrane lipids and bind to the hydrophobic portions of integral membrane proteins. 

Because the other end of the detergent molecule is hydrophilic, the detergent-protein 

complexes are soluble in aqueous solutions. 

The membrane-spanning portions of transmembrane proteins are usually α helices of 

20 to 25 hydrophobic amino acids that are inserted into the membrane of the endoplasmic 

reticulum during synthesis of the polypeptide chain. These proteins are then transported in 

membrane vesicles from the endoplasmic reticulum to the Golgi apparatus, and from there to 

the plasma membrane. Carbohydrate groups are added to the polypeptide chains in both the 

endoplasmic reticulum and Golgi apparatus, so most transmembrane proteins of the plasma 

membrane are glycoproteins with their oligosaccharides exposed on the surface of the cell. 

 In contrast to transmembrane proteins, a variety of proteins (many of which behave as 

integral membrane proteins) are anchored in the plasma membrane by covalently attached 

lipids or glycolipids. Members of one class of these proteins are inserted into the outer leaflet 

of the plasma membrane by glycosylphosphatidylinositol (GPI) anchors. GPI anchors are 

added to certain proteins that have been transferred  into the endoplasmic reticulum and are 
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anchored in the membrane by a C-terminal transmembrane region. The transmembrane 

region is cleaved as the GPI anchor is added, so these proteins remain attached to the 

membrane only by the glycolipid. Since the polypeptide chains of GPI-anchored proteins are 

transferred into the endoplasmic reticulum, they are glycosylated and exposed on the surface 

of the cell following transport to the plasma membrane.  

Cytoplasm: The cytoplasm refers to the entire area of the cell outside of the nucleus. The 

cytoplasm has two parts, the organelles and the cytosol, a grayish gel-like liquid that fills the 

interior of the cell. The cytosol provides a home for the nucleus and organelles as well as a 

location for protein synthesis and other fundamental chemical reactions.  

The cytosol is a complex mixture of substances dissolved in water. Although water 

forms the large majority of the cytosol, its structure and properties within cells is not well 

understood. The concentrations of ions such as sodium and potassium are different in the 

cytosol than in the extracellular fluid; these differences in ion levels are important in 

processes such as osmoregulation and cell signaling. 

 

1.3.3 Organelles: The separate structures which can be found in cells are called organelles, 

or "little organs". And just like the organs and systems which interact to allow our bodies to 

function normally, the cell's organelles combine together to allow the cell to carry out the 

function it is designed to do. It is important to realise that different cells have different 

numbers and types of organelles. Cells are specialised for a particular function. There are two 

types of organells, they are (1) Membrane bound organelles and (2) Non- Membrane bound 

organelles 

 

1.3.3.1 Membrane bound organelles: 

A. Mitochondria: Mitochondria are present in both 

plant and animal cells. They are rod-shaped 

structures that are enclosed within two membranes - 

the outer membrane and the inner membrane. The 

membranes are made up of phospholipids and 

proteins. The space in between the two membranes 

is called the inter-membrane space which has the same composition as the cytoplasm of the 

cell. However, the protein content in this space differs from that in the cytoplasm. The 

structures of the various components of mitochondria are as follows:  
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Outer Membrane: The outer membrane is smooth unlike the inner membrane and has 

almost the same amount of phospholipids as proteins. It has a large number of special 

proteins called porins, which allow molecules of 5000 daltons or less in weight to  pass 

through it. The outer membrane is completely permeable to nutrient molecules, ions, ATP 

and ADP molecules. 

Inner Membrane: The inner membrane is more complex in structure than the outer 

membrane as it contains the complexes of the electron transport chain and the ATP 

synthetase complex. It is permeable only to oxygen, carbon dioxide and water. It is made up 

of a large number of proteins that play an important role in producing ATP, and also helps in 

regulating transfer of metabolites across the membrane. The inner membrane has infoldings 

called the cristae that increase the surface area for the complexes and proteins that aid in the 

production of ATP, the energy rich molecules. 

Matrix: The matrix is a complex mixture of enzymes that are important for the synthesis of 

ATP molecules, special mitochondrial ribosomes, tRNAs and the mitochondrial DNA. 

Besides these, it has oxygen, carbon dioxide and other recyclable intermediates. Although 

most of the genetic material of a cell is contained within the nucleus, the mitochondria have 

their own DNA. They have their own machinery for protein synthesis and reproduce by the 

process of fission like bacteria do. Due to their independence from the nuclear DNA and 

similarities with bacteria, it is believed that mitochondria have originated from bacteria by 

endosymbiosis. 

Functions: Functions of mitochondria vary according to the cell type in which they are 

present. 

• The most important function of the mitochondria is to produce energy. The food that 

we eat is broken into simpler molecules like carbohydrates, fats, etc., in our bodies. 

These are sent to the mitochondrion where they are further processed to produce 

charged molecules that combine with oxygen and produce ATP molecules. This entire 

process is known as oxidative phosphorylation. 

• It is important to maintain proper concentration of calcium ions within the various 

compartments of the cell. Mitochondria help the cells to achieve this goal by serving 

as storage tanks of calcium ions. 

• They also help in the building of certain parts of the blood, and hormones like 

testosterone and estrogen. 

• Mitochondria in the liver cells have enzymes that detoxify ammonia. 
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• They play an important role in the process of programmed cell death. Unwanted and 

excess cells are pruned away during the development of an organism. The process is 

known as apoptosis. Abnormal cell death due to mitochondrial dysfunction can affect 

the function of the organ. 

 

B. Golgi bodies: A major organelle in most eukaryotic cells is the structure of membrane-

bound sacs called the Golgi apparatus (or Golgi body, Golgi complex, dictyosome).  It was 

identified in 1897 by the Italian physician Camillo Golgi and named after him in 1898. 

 Golgi apparatus varies in sized and form in different cell types, but usually has similar 

organization for any one kind of cells.  The Golgi apparatus appears as a coarse network 

under a light microscope. Electron microscope shows 

it is central stack of parallel, flattened, inter 

communicating sacs or cisternae and many peripheral 

tubules and vesicles. The sacs or folds of the Golgi 

apparatus are called cisternae. The cisternae vary in 

number from three to seven in most animal cells and 

from ten to twenty in plant cells. Typically there are 

five to eight cisternae but as many as sixty have been 

observed.  

 The cisternae stack has five functional regions: the cis-Golgi network, cis-Golgi, 

medial-Golgi, trans-Golgi and trans-Golgi network. Vesicles from the endoplasmic reticulum 

fuse with the cis-Golgi network and subsequently progress through the stack to the trans-

Golgi network, where they are packaged and sent to the required destination. Each region 

contains different enzymes which selectively modify the contents depending on where they 

are destined to reside.  

Functions of Golgi apparatus: 

• Golgi apparatus is metabolically very active and many functions have been assigned to 

it. 

• The Golgi complex modifies sorts and packages proteins and lipids coming from the 

ER. 

• Chemical labels are added to send the products to other specific parts of the cell or out 

of the cell. 
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• The Golgi apparatus synthesizes some simple carbohydrates such as galactus, sialic 

acid and certain poly saccharides, pectin compounds from simple sugars. 

• The Golgi apparatus links carbohydrates with proteins coming from ER to form 

glycol proteins.  This process is called glycolsylation. 

• Lipids and proteins coming from the ER or complexed into lipoproteins in the Golgi 

apparatus. 

• The production of hormones by endocrine glands is mediated through Golgi 

apparatus. 

• In many mammalian tumor and cancer cells the Golgi complex has been described as 

the site of origin of pigment granules (melanin). Chemical labels are added to send the 

products to other specific parts of the cell or out of the cell. 

C. Endoplasmic reticulum: The endoplasmic reticulum (ER) is a eukaryotic organelle that 

forms an interconnected network of tubules, vesicles, and cisternae within cells. The ER 

membranes make up the majority of all membranes found within a cell. Rough endoplasmic 

reticula synthesize proteins. Smooth endoplasmic reticula synthesize lipids and steroids, 

metabolize carbohydrates and steroids (but not lipids), and also regulate calcium 

concentrations, drug metabolism, and attachment of receptors on cell membrane proteins. 

 The general structure of the endoplasmic reticulum is an extensive membrane network 

of fluid-filled sacs called cisternae that are held together by the cytoskeleton. The 

phospholipid membrane encloses the lumen, which is continuous with the perinuclear space, 

but separate from the cytosol. The functions of the endoplasmic reticulum vary greatly 

depending on their exact type, and the type of cell 

in which it resides. The two varieties are called 

rough endoplasmic reticulum and smooth 

endoplasmic reticulum.  

Rough endoplasmic reticulum: The surface of the 

rough endoplasmic reticulum (RER) is studded 

with protein-manufacturing ribosomes giving it a 

"rough" appearance (hence its name). However, the 

ribosomes bound to the RER at any one time are not a stable part of this organelle's structure; 

ribosomes are constantly being bound and released from the membrane. A ribosome only 

binds to the ER once it begins to synthesize a protein destined for the secretory pathway. The 
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membrane of the RER is continuous with the outer layer of the nuclear envelope. Although 

there is no continuous membrane between the RER and the golgi apparatus, membrane-

bound vesicles shuttle proteins between these two compartments. The RER works in 

conjunction with the Golgi complex to target new proteins to their proper destinations. 

Second methods of transport out of the ER are areas called  membrane contact sites. Here, 

membranes of the ER and other organelles are held closely together, allowing the transfer of 

lipids and other small molecules. 

Smooth endoplasmic reticulum: The smooth endoplasmic reticulum (SER) performs 

functions in several metabolic processes, including synthesis of lipids and steroids, 

metabolism of carbohydrates, regulation of calcium concentration, drug detoxification, 

attachment of receptors on cell membrane proteins, and steroid metabolism. It is connected to 

the nuclear envelope. Smooth endoplasmic reticulum is found in a variety of cell types (both 

animal and plant) and it serves different functions in each. It also contains the enzyme 

glucose-6-phosphatase which it converts to glucose, a step in gluconeogenesis. The SER 

consists of tubules and vesicles that branch and form a network. In some cells there are 

dilated areas, like the sacs of RER. The network of SER allows increased surface area for the 

action or storage of key enzymes and the products of these enzymes. 

Functions of endoplasmic reticulum: 

• The ER facilitates transport of materials from one part of the cell to another, thus 

forming the cells circulatory systems. 

• Tubular ER extensions called desmotubules extend to the plasma desmata to make ER 

continue in the two adjacent plant cells. 

• ER acts as an intra cellular supporting frame work that also maintains the form the 

cell. 

• It keeps the cell organelles proper stationed and distributed in relation to one another. 

• The ER provides space for temporary storage of synthetic products such as glycogen. 

• Sarcoplasmic reticulum helps in muscle contraction by regulating calcium ions 

concentration in the sarcoplasm. 

D. Plastids: Plastids are large cytoplasmic organelles, enclosed by a double membrane. They 

are mostly found in plants with exception of some lower groups like fungi. Few animals, like 

protozoan flagellates, also contain these. Besides metabolism, they impart colouration to 

plant tissues. Plastids are known to be initially found in meristematic cells and found as 
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minute bodies which are not visible under light microscope. On the basis of their colouration, 

plastids are of three major types: chloroplasts, leucoplasts and chromoplasts. 

Leucoplasts are colourless plastids found mostly in the embryonic and sexual cells. They are 

also found in meristematic tissues and in regions of plants which do not receive light. 

Leucoplasts are oval, spherical or filamentous and occur in large numbers in cells of fruits, 

seeds, tubers and rhizomes. They serve mainly for the storage of materials like starch, oil and 

protein. Amyloplasts of potato store starch, elaioplasts of monocotyledons store oil and 

aleuronoplasts of castor seeds store proteins. 

Chromoplasts are coloured plastids found in flowers and fruits. They contain fat-soluble 

yellow, orange and red pigments chiefly carotenoids. Leucopene of tomato, prolycopene of 

berries and capsanthene of red pepper are taken as examples. Chromoplasts are often found in 

fungi and bacteria. 

E. Chloroplast: Chloroplasts are the green plastids found in all green coloured eucaryotic 

cells. It is the "kitchens" of plant cells. They are key organelles for the nourishment of plants 

and other autotrophs. They are also the sites for nitrogen fixation, the reactions of which are 

interconnected with the processes of photosynthesis 

and photorespiration, and play a protective role in 

plant cells. They contain abundant photosynthetic 

pigments the chlorophyll. Organized chloroplasts are 

lacking in prokaryotic cells like blue-green algae and 

bacteria. Chloroplasts may be ribbon like, cuplike, 

lens shaped, oval, spherical, discoid, polygonal or reticulate. Higher plants possess mostly 

discoid chloroplasts. Its diameter varies from 4-8µ and is about 2µ in thickness. A leaf 

parenchyma cell m possesses 20-40 chloroplasts. 

Each chloroplast is covered by two unit membranes, each about 40-60A thick. The space 

between the two membranes is called periplastidlal space, which measures 100-300A apart. 

The membranes are smooth, but the inner membrane is less permeable than the outer and is 

rich in carrier proteins. The internal space of the plastid is filled with a colourless 

proteinaceous matrix called stoma. The stroma contains starch grains, lipid droplets, a small 

circular double helical DNA, free ribosomes and several enzymes. Presence of genetic 

material ensures its own genetic system; but it still depends on the cellular DNA.  

Hence, it is referred to as semiautonomous organelles. The dark reaction of photosynthesis 

takes place in stroma. Additional membranous structures, called thylakoids, are found to be 

present in the stroma. About 20-50 thylakoids are stacked one above the other form a 
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granum. Their number varies from 4-100 in a chloroplast. They constitute the site for light 

reaction of photosynthesis. Two adjacent grana are joined with one another by one or more 

lamellae called stroma lamellae or fret channel. The main function of chloroplast is 

photosynthesis. 

The lamellae in chloroplast are composed of bimolecular layers of lipopigment sandwiched 

between two protein layers. In addition to phospholipids, the lipopigment layers contain 

chlorophyll and carotenoid pigments. The chlorophyll pigments are so arranged that a group 

of 230-300 molecules become distinct in the lamellae and are called the quantasomes. 

Morphologically these are the smallest functional units of photosynthesis.   

  

Function of chloroplast: The chloroplast is a large, complex double membraned organelle 

that performs the function of photosynthesis within plant cells and contains the substance 

chlorophyll that is essential for this process. All reactions of photosynthesis occur in this 

organelle. 

The chloroplasts also create sugar from the sun for the cell and make all the food for other 

organelles. The chloroplasts use photosynthetic chlorophyll pigment and take in sunlight, 

water and carbon dioxide to produce glucose and oxygen. This is the process of 

photosynthesis. The organelle takes in minerals found in the soil and air around them, and 

provides the cell with sunlight to make substances that the cell can process. An important 

structure in the chlorplasts is the inter-connected, flattened, membranous sacs called 

thylakoids. These structures are the site of the photosynthetic light reactions and it involves 

the transfer of electrons from a photo excited state via the chlorophyll inside the thylakoids 

membrane to the stroma, which then produces ATP. 

 In addition, the chloroplasts have their own DNA and ribosomes and reproduce by 

splitting in half; so basically, they are their own individual mini-cells. There are many 

chloroplasts in each cell to perform photosynthesis and its structure has two membranes. The 

outer membrane is eukaryotic in origin whereas, the inner membranes believed to be 

prokaryotic. 

Chloroplasts are also one type of plastid, which is a storage organelle. Most plants convert 

the sugars made during photosynthesis in the chloroplasts, into starch, which is stored in the 

plastids. This is the only form of interaction that the chloroplasts have with other organelles. 

 Photorespiration is a process involving oxygen fixation and release of carbon dioxide, 

in a light-dependent manner. The chemical reactions involved take place in the stroma of 

chloroplast, mitochondria, and peroxisomes. This process utilizes ATP and the reducing 
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equivalents like NADPH and NADH. Thus, the carbon dioxide that was fixed through ATP-

dependent processes is released out again through another set of ATP-dependent reactions. 

This implies an unnecessary expenditure of energy, and hence the photorespiration process 

was considered as a wasteful process. However, later studies revealed their importance and 

protective role in plants. 

F. Lysosomes: Lysosomes are membrane bound organelles that are found in the cytoplasm of 

both plant and animal cells. The word lysosome was derived from two Greek words, 'lysis' 

which means destruction or dissolution and 'soma' which means 'body'. Lysosomes were 

discovered in 1949, by a Belgian cytologist, Christian de Duve. 

 Lysosomes are actually membranous sacs filled with enzymes. They are found in all 

eukaryotic cells and act as 'garbage disposal' or the 'digester' of the cell. Lysosomes are 

spherical bag like structures that are bound by a single layer membrane, however, the 

lysosome shape and size may vary to some extent in different organisms. The lysosome size 

ranges between 0.1 to 1.2μm. The membrane that surrounds the lysosome protects the rest of 

the cell from the hydrolytic or digestive enzymes that 

are contained in the lysosomes. 

 Lysosomes are manufactured by the Golgi 

apparatus, by budding, in the cell and the various 

digestive enzymes that are present in the lysosomes 

are produced in the endoplasmic reticulum. These 

enzymes are then transported to the Golgi apparatus 

and are distributed to the lysosomes. Some examples of enzymes present in the lysosomes 

include nucleases, proteases, lipases and carbohydrases. These enzymes are used to dissolve 

nucleic acids, proteins, lipids and carbohydrates, respectively. All these enzymes are typically 

hydrolytic and can digest cellular macromolecules. Lysosomes are acidic, with a pH of 4.8. 

This acidic pH is maintained by pumping protons, from the cytosol that has a pH of 7.2. The 

protons are pumped across the membrane via proton pumps and chloride ion channels. The 

membrane thus acts as a protective barrier, which protects the cytosol and the rest of the cell 

from the hydrolytic enzymes within the lysosome. 

 The human body comprises about 50 to 75 trillion cells. The cell is the smallest unit 

of life and is often called the building block of life. A single cell is made up of many different 

organelles that have specific functions, such as the nucleus, Golgi bodies, mitochondria, 

peroxisomes and lysosomes. 
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Functions of Lysosomes: 

• Cellular digestion: Lysosomal enzymes degrade proteins into dipeptides and 

carbohydrates onto monosaccharides, sucrose and polysaccharides are not digested 

and remain in the lysosomal vacuoles. 

• Autophagy: By the process of autophagy lysosomes constantly remove cellular 

components like mitochondria etc. Cytoplasmic organelles become surrounded by 

smooth endoplasmic reticulum and lysosomes attach with it and discharge their 

contents into autophagic vacuole and the organelle is digested.  

• Developmental processes: Many developmental processes involve shedding or 

remodelling of tissues with removal of whole cells and extracellular material. It is 

observable in tadpole metamorphosis (regression of tail) or in developmental 

processes like regression of wolffian /mullerian ducts. 

• Exocytosis: Contents of the primary lysosome may be released into the medium by 

exocytosis and it occurs during replacement of cartilage by bone during development 

where osteoclasts release lysosomal enzymes. It can also occur in bone remodelling 

under influence of parathyroid hormone.  

• Endocytosis: Lysosomes may fuse with vesicles or vacuoles formed by endocytosis 

and release their enzymes into it for digestion. The material for digestion may be food 

(protozoa) or a foreign body like parasite. The products of digestion are absorbed and 

assimilated leaving undigested which are released outside by exocytosis. 

• Role in germ cells and fertilization: The acrosome in spermatozoa may be 

considered as a special lysosome containing protease and hyaluronidase along with 

acid phosphatase. The lysosomes in ova help in digestion of stored food. 

• Lysosome in diseases: Lysosomes are involved in many diseases like rheumatoid 

arthritis, silicosis, acute inflammatory responses, anorexia, myocardial infarction, 

different storage diseases etc. 

 

G. Vacuoles: The term vacuole is rather general. It refers 

merely to any membrane bound body with little or no inner 

structure. Vacuoles generally hold something, but their 

contents vary widely, depending on the cell and the organism. 

 It is an important storage organelle present in the cells 

of plants, animals, protists, fungi and bacteria. Apart from water, vacuoles also contain 
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different kinds of organic/inorganic molecules, solid materials and enzymes. Vacuoles are 

kind of large sized vesicles. Multiple membrane vesicles come together to form vacuoles; 

which is why they are larger than other cell organelles. Vacuoles play an important role in the 

smooth functioning of various processes of plant and protist cells. The role played by 

vacuoles in animal and bacterial cells is not as significant as that in plant and protist cells. 

        Plant cells generally have more and large vacuoles than do animal cells. In many types 

of plant cells, the vacuole dominates the central part of the cells, crowding all the other 

elements against the cell wall. Such vacuoles are filled with a fluid, the cell sap, which is 

primarily stored water with various substances in solution or suspension. the solutes may 

include atmospheric gases, inorganic salts, organic acids, sugars, pigments or other materials 

.sometimes the vacuoles are filled with water soluble blue or purple pigments, which give 

color to blue and purple flowers. 

       The large, watery vacuoles of plants serve another curious purpose. While all animals 

have elaborate excretory systems for getting rid of cellular and metabolic wastes, plants lack 

such systems. Instead metabolic wastes and other poisons are sequestered in the central 

vacuoles, frequently forming crystals .some plants store large amounts of waste poisons in 

their vacuoles, and it has been suggested that this serves as a protective device against 

herbivores. 

Functions of Vacuole 

• Vacuole is considered as the 'storage bin' of cells. Along with nucleus, vacuole is one 

of the important organelles of cells. The different functions performed by vacuole are 

listed below. 

• The waste products generated in cells are accumulated in vacuoles. Thus, vacuoles 

protect other organelles of the cell from harmful effects of wastes. 

• Maintaining the right pH level is one of the important functions of vacuoles. The 

vacuoles help in maintaining an acidic internal pH in cells. Apart from maintaining 

the cell pH, vacuoles also maintain the turgor and hydrostatic pressure. 

• The toxins produced in cells have the potential to harm/disturb the health of cells. 

Vacuoles do the crucial job of isolating them from the rest of the cell components. 

• Vacuoles play an important role in the process of autophagy - a process in which 

degradation of cell components takes place. Autophagy is a catabolic process in 

which components that are no longer needed by the cell undergo degradation. During 
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the process of autophagy, vacuoles maintain a balance between biogenesis and 

degradation of substances in cells. 

• Vacuoles are known to protect cells from certain bacteria. Destroying the bacteria that 

attack cells is an important function performed by vacuoles. 

• The food vacuoles found in amoeba perform the important job of digestion. 

 

H. Peroxisomes: These are membrane-bound bodies that often lie near mitochondria or 

chloroplasts. Peroxisomes are found in a great variety of 

organisms, including plants, animals and protests. 

Beaufaytt and Berther (1963) called these micro-bodies as 

peroxisomes. In animals, they are most common in liver 

and kidney cells. Peroxisomes appear as very dense bodies 

with a unique crystalline core of tiny tubes, which cause 

the organelle to stand out unmistakably when it shows up 

in the electron micrographs. Their number varies from 70-100 per cell. Peroxisomes are 

rounded bodies whose diameter varies from 0.2-1.5µm.  

 Peroxisomes are derived from the endoplasmic reticulum and replicate by fission. 

This organelle is surrounded by a lipid bilayer membrane which encloses the crystalloid core. 

The bilayer is enclosed with a plasma membrane which regulates what enters and exits the 

peroxisomes. The peroxisome contains peroxide destroying enzymes (catalase) and peroxide 

producing enzymes. They prevent the peroxides from acting on the cellular contents. There 

are at least 32 known peroxisomal proteins, called peroxins, which carry out peroxisomal 

function inside the organelle. 

 Although the exact function of peroxisomes is not known, present evidence suggests 

that these organelles are associated with glycolate metabolism linked with photorespiration in 

plants and lipid metabolism in animal cells. 

Peroxisomes function: The main function of peroxisomes is to break down long fatty acid 

chains through beta-oxidation and synthesize necessary phospholipids (such as plasmalogens) 

that are critical for proper brain and lung function. Furthermore, they aid certain enzymes 

with energy metabolism in many eukaryotic cells as well with cholesterol synthesis in 

animals. Peroxisomes are also involved in germinating seeds in the glyoxylate cycle, 

photosynthesis in leaves, and oxidation of amines in various yeasts. 
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During catabolism of fatty acid chains in animal cells, peroxisomes break down long 

fatty acids into medium fatty acids which are then transported to mitochondria where the 

majority of catabolism happens. However, in yeast and plant cells, catabolism of fatty acid 

chains happen only in the peroxisomes and the mitochondrion is not involved. The 

catabolism of fats and fat-soluble vitamins, such as vitamin A and vitamin K, as well as the 

production of bile acids also takes place in peroxisomes. If this catabolism is not done 

properly, genetic disorders or skin disorders often result. 

The synthesis of plasmalogens in animal cells also takes place in peroxisomes. These 

organelles are very important to the cell because production of plasmalogens is critical to 

proper functioning of the nervous system since a lack of plasmalogens causes abnormalities 

in the myelination of nerve cells. 

 

I. Nucleus: The nucleus (pl. nuclei; from Latin nucleus or nuculeus, meaning kernel) is a 

membrane-enclosed organelle found in 

eukaryotic cells. It was discovered by 

Robert Brown in 1831. It is spherical in 

shape.  Generally there is only one nucleus 

per cell, but there are exceptions such as 

slime molds and the Siphonales group of 

algae. Simpler one-celled organisms 

(prokaryotes), like the bacteria and 

cyanobacteria, don't have a nucleus. In these 

organisms, all the cell's information and administrative functions are dispersed throughout the 

cytoplasm. 

 Nucleus holds the genetic material and regulates all the activities of the cell, which is 

why it is called control center of the cell. Nucleus plays an important role in cellular 

reproduction as it divides and passes the genetic material to the off springs. Thus, heredity 

depends on the division of the nucleus. 

 Most of the nuclear material consists of chromatin, the unstructured form of the cell's 

DNA that will organize to form chromosomes during mitosis or cell division. Also inside the 

nucleus is the nucleolus, an organelle that synthesizes protein-producing macromolecular 

assemblies called ribosomes. 

 A double-layered membrane, the nuclear envelope, separates contents of the nucleus 

from the cellular cytoplasm. The envelope is riddled with holes called nuclear pores that 
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allow specific types and sizes of molecules to pass back and forth between the nucleus and 

the cytoplasm. It is also attached to a network of tubules, called the endoplasmic reticulum, 

where protein synthesis occurs. These tubules extend throughout the cell and manufacture the 

biochemical products that a particular cell type are genetically coded to produce. 

Ultra structurally the nucleus has the following parts,  

Nuclear envelope: The nuclear envelope, otherwise known as nuclear membrane, consists of 

two cellular membranes, an inner and an outer membrane, arranged parallel to one another 

and separated by 10 to 50 nanometers (nm). The nuclear envelope completely encloses the 

nucleus and separates the cell's genetic material from the surrounding cytoplasm, serving as a 

barrier to prevent macromolecules from diffusing freely between the nucleoplasm and the 

cytoplasm. The outer nuclear membrane is continuous with the membrane of the rough 

endoplasmic reticulum (RER), and is similarly studded with ribosomes. The space between 

the membranes is called the perinuclear space and is continuous with the RER lumen. 

Nuclear pores: Nuclear pores, which provide aqueous channels through the envelope, are 

composed of multiple proteins, collectively referred to as nucleoporins. The pores are about 

125 million daltons in molecular weight and consist of around 50 (in yeast) to several 

hundred proteins (in vertebrates). The pores are 100 nm in total diameter; however, the gap 

through which molecules freely diffuse is only about 9 nm wide, due to the presence of 

regulatory systems within the center of the pore.  

 This size allows the not-free passage of small water-soluble molecules while 

preventing larger molecules, such as nucleic acids and larger proteins, from inappropriately 

entering or exiting the nucleus. These large molecules must be actively transported into the 

nucleus instead. The nucleus of a typical mammalian cell will have about 3000 to 4000 pores 

throughout its envelope, each of which contains a donut-shaped, eightfold-symmetric ring-

shaped structure at a position where the inner and outer membranes fuse. Attached to the ring 

a structure called the nuclear basket extends into the nucleoplasm, and a series of filamentous 

extensions that reach into the cytoplasm. Both structures serve to mediate binding to nuclear 

transport proteins. 

 Most proteins, ribosomal subunits, and some DNAs are transported through the pore 

complexes in a process mediated by a family of transport factors known as karyopherins. 

Those karyopherins that mediate movement into the nucleus are also called importins, 

whereas those that mediate movement out of the nucleus are called exportins. Most 

karyopherins interact directly with their cargo, although some use adaptor proteins. Steroid 

hormones such as cortisol and aldosterone, as well as other small lipid-soluble molecules 
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involved in intercellular signaling, can diffuse through the cell membrane and into the 

cytoplasm, where they bind nuclear receptor proteins that are trafficked into the nucleus. 

There they serve as transcription factors when bound to their ligand; in the absence of ligand, 

many such receptors function as histone deacetylases that repress gene expression. 

Karyolymph or Nuclear sap/ nucleoplasm: The nucleus contains a nuclear sap, enclosed by 

the nuclear envelope, which is known as the nucleoplasm. This holds the nucleoli and 

suspends the chromatins. It is quite probable that in plants the nuclear sap contributes to the 

spindles. 

 Nucleolus: The nucleolus is a discrete densely stained structure found in the nucleus. It is 

the largest organelle present inside the boundaries of nucleus It is not surrounded by a 

membrane, and is sometimes called a suborganelle. It forms around tandem repeats of rDNA, 

DNA coding for ribosomal RNA (rRNA). These regions are called nucleolar organizer 

regions. The main roles of the nucleolus are to synthesize rRNA and assemble ribosomes. 

The structural cohesion of the nucleolus depends on its activity, as ribosomal assembly in the 

nucleolus results in the transient association of nucleolar components, facilitating further 

ribosomal assembly, and hence further association.  

Chromatin: Chromatin is the combination of DNA and proteins that make up the contents of 

the nucleus of a cell. The primary functions of chromatin are  

• To package DNA into a smaller volume to fit in the cell, 

• To strengthen the DNA to allow mitosis, 

• To prevent DNA damage, and 

• To control gene expression and DNA replication. 

  The primary protein components of chromatin are histones that compact the DNA. 

Chromatin is only found in eukaryotic cells: prokaryotic cells have a very different 

organization of their DNA which is referred to as a genophore (a chromosome without 

chromatin). 

 The structure of chromatin depends on several factors. The overall structure depends 

on the stage of the cell cycle: during interphase the chromatin is structurally loose to allow 

access to RNA and DNA polymerases that transcribe and replicate the DNA. The local 

structure of chromatin during interphase depends on the genes present on the DNA: DNA 

coding genes that are actively transcribed ("turned on") are more loosely packaged and are 

found associated with RNA polymerases (referred to as euchromatin) while DNA coding 

inactive genes ("turned off") are found associated with structural proteins and are more 
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tightly packaged (heterochromatin). Epigenetic chemical modifications of the structural 

proteins in chromatin also alter the local chromatin structure, in particular chemical 

modifications of histone proteins by methylation and acetylation. As the cell prepares to 

divide, i.e. enters mitosis or meiosis, the chromatin packages more tightly to facilitate 

segregation of the chromosomes during anaphase. During this stage of the cell cycle this 

makes the individual chromosomes in many cells visible by optical microscope. 

In general terms, there are three levels of chromatin organization: 

• DNA wraps around histone proteins forming nucleosomes; the "beads on a string" 

structure (euchromatin). 

• Multiple histones wrap into a 30 nm fibre consisting of nucleosome arrays in their 

most compact form (heterochromatin). 

• Higher-level DNA packaging of the 30 nm fibre into the metaphase chromosome 

(during mitosis and meiosis). 

 

Functions: The functions of an animal cell nucleus and a plant cell nucleus are almost same. 

This is because the functions are categorized on the basis of prokaryotic and eukaryotic 

nature of the cells. A plant and an animal cell are both eukaryotic. Therefore, the functions of 

their nucleus are also same. 

• Compartmentalization of the cell: Cell compartmentalization is the function of the 

nuclear envelope. It entails separation of the contents of the nucleus from the 

cytoplasm in order to maintain the identity of the nucleus. The nuclear envelope also 

separates the cytoplasmic process from the nuclear process and prevents translation of 

unspliced mRNA, which is a product of the mRNA splicing process. 

• Expression of genes: One of the most significant functions of the nucleus is gene 

expression through DNA transcription. Thus, the nucleus is the site of transcription. It 

involves activity of different types of proteins that helps in unwinding of DNA, 

synthesis of the growing RNA molecules, super coiling of DNA and finally entering 

the actual transcription process. Proteins and other factors that assist and regulate 

transcription are helicase, RNA pol, topoisomerase, and transcription factors. 

• Processing of Pre-mRNA: The newly synthesized mRNA molecule, also known as 

primary transcript that undergoes post-transcriptional modification before getting 

exported to the cytoplasm. Post transcriptional modification takes place in the nucleus 

and it involves various biological processes like 3' poly adenylation, 5' capping and 
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RNA splicing. These vital processes are required before initiation of translation. 

Synthesis of ribosomes takes place inside the nucleus. 

• Nuclear transport: Nuclear transport is carried out by the pores present in the 

nuclear envelope. The entry and exit of molecules is controlled by this structure. 

Cargo proteins are carried from the cytoplasm to the nucleus with the help of 

exportins while macromolecules like RNA are exported to the cytoplasm in 

association with importins and karyopherins. Thus, transportation takes place 

efficiently through the nuclear membrane. 

• Integration and disintegration: Assembly and disassembly of the nucleolus is a 

characteristic feature of the process of cell division. Cell nucleolus function is 

basically associated with apoptosis or programmed cell death. Furthermore, the 

envelope and lamina of the nucleus undergo disintegration during the cell cycle. 

Duplication of chromosomes to form new genetic material of the daughter cells is an 

important function of the cell nucleus. Replication of DNA takes place inside the 

nucleus. 

1.4 Cytoskeleton elements: The cytoskeleton is similar to the lipid bilayer in that it helps 

provide the interior structure of the 

cell the way the lipid bilayer 

provides the structure of the cell 

membrane. The cytoskeleton also 

allows the cell to adapt. Often, a 

cell will reorganize its intracellular 

components, leading to a change in 

its shape. The cytoskeleton is 

responsible for mediating these 

changes. By providing "tracks" 

with its protein filaments, the 

cytoskeleton allows organelles to move around within the cell. In addition to facilitating 

intracellular organelle movement, by moving itself the cytoskeleton can move the entire cells 

in multi-cellular organisms. In this way, the cytoskeleton is involved in intercellular 

communication.  

 The cytoskeleton is composed of three different types of protein filaments: actin, 

microtubules, and intermediate filaments.  
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Actin: Actin is the main component of actin filaments, which are double-stranded, thin, and 

flexible structures. They have a diameter of about 5 to 9 nanometers. Actin is the most 

abundant protein in most eukaryotic cells. Most actin molecules work together to give 

support and structure to the plasma membrane and are therefore found near the cell 

membrane.  

Microtubules: Microtubules are long, cylindrical structures composed of the protein tubulin 

and organized around a centrosome, an organelle usually found in the center of the cell near 

the cell nucleus. Unlike actin molecules, microtubules work separately to provide tracks on 

which organelles can travel from the center of the cell outward.  

 Microtubules are much more rigid than actin molecules and have a larger diameter: 25 

nanometers. One end of each microtubule is embedded in the centrosome; the microtubule 

grows outward from there. Microtubules are relatively unstable and go through a process of 

continuous growth and decay. Centrioles are small arrays of microtubules that are found in 

the center of a centrosome. Certain proteins will use microtubules as tracks for laying out 

organelles in a cell.  

Intermediate filaments: Intermediate filaments are the final class of proteins that compose 

the cytoskeleton. These structures are rope-like and fibrous, with a diameter of approximately 

10 nanometers. They are not found in all animal cells, but in those in which they are present 

they form a network surrounding the nucleus often called the nuclear lamina. Other types of 

intermediate filaments extend through the cytosol. The filaments help to resist stress and 

increase cellular stability.  

 These three types of protein are distinct in their structure and specific function, but all 

work together to help provide intra-cellular structure. Because they are so diverse, it is very 

difficult to study the specific functions of the cytoskeletal components.  

Function: The cytoskeleton provides an important structural framework for: 

• Cell shape: For cells without cell walls, the cytoskeleton determines the shape of the 

cell. This is one of the functions of the intermediate filaments. 

• Cell movement: The dynamic collection of microfilaments and microtubles can be 

continually in the process of assembly and disassembly, resulting in forces that move 

the cell. There can also be sliding motions of these structures. Audesirk and Audesirk 

give examples of white blood cells "crawling" and the migration and shape changes of 

cells during the development of multicelled organisms. 
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• Organelle movement: Microtubules and microfilaments can help move organelles 

from place to place in the cell. In the case of endocytosis when a vesicle is formed to 

engulf some particle from outside the cell, microfilaments attach to the vesicle and 

pull it into the cell. Much of the complex synthesis and distribution function of the 

endoplasmic reticulum and the Golgi complex makes use of transport vesicles, and it 

is thought that the movement of these vesicles is guided by the cytoskeleton. 

• Cell division: During cell division, microtubules accomplish the movement of the 

chromosomes to the daughter nucleus. Then for animal cells, a ring of microfilaments 

helps divide the two developing cells by constricting the central region between the 

cells. 

 
1.5 Summary:  
 
• The cell membrane controls transport of materials in and out of cell. It also functions in 

recognition, communication, and homeostasis. It is selectively permeable. Plant cells also 

have a Cell wall surrounding their cell membrane. 

• The nucleus is a large organelle surrounded by a double membrane. It is the control center 

or "brain" of cell. Contains the DNA and is site of manufacture of RNA. The DNA may be 

bound up tightly in chromosomes, or in the form of chromatin. The nucleus contains one or 

more dark-staining structures called nucleoli, which are sites of ribosomal ribonucleic acid 

(rRNA). 

• Endoplasmic reticulum: the ER is a system of membranous tubular canals that begins just 

outside the nucleus and branches throughout the cytoplasm. The endoplasmic reticulum 

membranes provide an increase in surface area where chemical reactions can occur. 

• If ribosomes are attached to the ER, it is called rough Endoplasmic Reticulum. The function 

of rough ER is protein synthesis. 

• If no ribosomes are attached to the ER, it is called smooth Endoplasmic Reticulum. The 

function of smooth ER is synthesis of lipids. Phospholipids and cholesterol, the main 

components of membranes throughout the cell, are synthesized in the smooth ER. A second 

important function of smooth ER is to detoxify drugs and chemicals in the cell. 

Ribosomes: Ribosomes are small organelles. They are made of rRNA and protein. They are 

not covered by membrane. They have two main subunits, which are made in the nucleolus 

and then sent out to the cytoplasm. The function of ribosomes is that they are the site of 

protein synthesis. 
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• Golgi apparatus (= Golgi Bodies): are stacks of flattened, hollow cavities enclosed by 

membranes. The Golgi apparatus functions in modification, assembly, packaging, storage and 

secretion of substances, like proteins. 

• Vesicles from the ER will often merge with the Golgi bodies. The contents of the vesicles 

will be modified by enzymes within the Golgi bodies. Then the "finished" proteins etc. will 

be "pinched off" the Golgi bodies into new vesicles, which can now be transported to their 

destination. The Golgi bodies usually modify and package proteins that are to be used outside 

the cell. 

• Vesicles and vacuoles: A vesicle is a small vacuole. Vacuoles and vesicles are formed by: 

1) pinching off from the Golgi apparatus 2) endocytosis of the cell membrane 3) extension of 

the ER membrane (for example, the large central vacuole of a plant cell). Vesicles are used 

for transport and storage of materials. 

• Plant cells usually have one large Central Vacuole for storing water. It might also store 

food, wastes, and also helps to support the plant through turgor pressure. 

• Lysosomes are special vesicles which are formed by the Golgi apparatus. They contain 

powerful hydrolytic enzymes (over 40 kinds). 

Lysosomes function in 1) cellular digestion of food 2) autodigestion or breaking down 

damaged cell components like old mitochondria 3) occasionally breaking down of a whole 

cell (by releasing lysosome contents into the cell cytoplasm). 

• Mitochondrion: Large, double-membrane bound organelles that are the site of cellular 

respiration. In mitochondria, organic molecules (especially those formed when glucose is 

split) are broken down in the presence of oxygen to produce energy in the form of ATP. The 

waste products of this reaction are water and carbon dioxide. Sometimes are referred to as the 

"Power houses of the Cell." Mitochondria are found in all eukaryotic cells, including plant 

cells. 

• Chloroplasts: Large, double-membrane bound organelles that are found only in plant cells. 

They produce food for plant cells. Specifically, they capture the energy of the sun with a 

special green pigment called chlorophyll, and then use that energy to combine CO2 and H2O 

to form glucose. 

• Animal cells have two cylindrical bodies, called centrioles, located near the nucleus. The 

centrioles appear as sets of triple tubules. Centrioles play a role in cell division. They 

organize the spindle apparatus during mitosis. Centrioles are short cylinders with a 9+0 

pattern of microtubular triplets. Centrioles also give rise to basil bodies. . Basal bodies, in 

turn direct the formation of cilia and flagella. 
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• Cilia are short, hairlike projections that function in cell movement (e.g. Paramecium) or to 

move materials past cells (e.g. cells of human respiratory tract and oviducts). They consist of 

membrane-bound cylinder, with 9+2 arrangement of microtubules. Cilia are much shorter 

than flagella, and beat stiffly back and forth, like oars. 

• Flagella are longer than cilia, but with same basic anatomy as cilia (membrane-bound 

cylinder, with 9+2 arrangement of microtubules). They beat in a whip-like fashion. They 

function in cell movement (e.g. sperm cells, Euglena). 

• The cytoskeleton is not an organelle, but rather a network of microtubules and 

microfilaments within the cell that help it maintain shape, anchor organelles, or help the 

organelles move as necessary. The primary constituents of the cytoskeleton are microtubules 

(which are like tiny hollow tubes) and microfilaments. 

 

1.6 Key words: Prokaryote, Eukaryote, Organelles, Mitochondria, Chloroplast, Golgi 

complex, Endoplasmic reticulum, Cell membrane, Cell wall, Nucleus, Vacuole, Lysosome, 

Cytoskeleton, Membrane proteins, Phospholipids, Cell motility. 

 

1.7 Questions for self study: 

1. With the help of a diagram explain the structure of a prokaryotic cell? 

2. Explain in detail the structural organization of an animal cell? 

3. How does an animal and plant cell differ? 

4. Write a note on mitochondria and its functions? 

5. Explain in detail the structure and function of chloroplast? 

6. What are cytoskeleton elements explain their role in cell motility? 

 

1.8 Further references:  

1. Molecular Biology of the Cell. 5th Edition – Bruce Alberts, Alexander Johnson et al. 

2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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2.0 Objectives: At the end of this unit, you should be able to, 

• State the importance of mitosis in growth, repair and asexual reproduction. 

• Explain the need for the production of genetically identical cells and fine control of 

replication. 

• Identify, with the aid of diagrams, the main stages of mitosis. 

• State what is meant by homologous pairs of chromosomes. 

• Identify, with the aid of diagrams, the main stages of meiosis. 

• Define the terms haploid and diploid, and explain the need for a reduction division 

process prior to fertilization in sexual reproduction. 

• State how meiosis and fertilization can lead to variation. 

  

2.1 Introduction: 

Cell division and cell cycle: Cell division involves the distribution of identical genetic 

material, DNA, to two daughter cells. Cell division usually occurs 

as part of a larger cell cycle. The cell cycle, or cell-division cycle, 

is the series of events that take place in a cell leading to its division 

and duplication (replication). 

 In cells without a nucleus (prokaryotic), the cell cycle occurs via a 

process termed binary fission. 

 In cells with a nucleus (eukaryotes), the cell cycle can be divided in two periods: interphase 

during which the cell grows, accumulating nutrients 

needed for mitosis and duplicating its DNA and the 

mitotic (M) phase, during which the cell splits itself 

into two distinct cells, often called "daughter cells" 

and the final phase, cytokinesis, where the new cell is 

completely divided. The cell-division cycle is a vital 

process by which a single celled fertilized egg 

develops into a mature organism, as well as the 

process by which hair, skin, blood cells, and some 

internal organs are renewed. In this unit we will study in detail the various stages of cell 

division and cell cycle. 

2.2 Cell cycle: The cell cycle consists of four/five distinct phases:  
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G0 phase: The G0 phase (referred to the G zero phase) or resting phase is a period in the cell 

cycle in which cells exist in a quiescent state. G0 phase is viewed as either an extended G1 

phase, where the cell is neither dividing nor preparing to divide, or a distinct quiescent stage 

that occurs outside of the cell cycle. Some types of cells, such as nerve and heart muscle 

cells, become quiescent when they reach maturity (i.e., when they are terminally 

differentiated) but continue to perform their main functions for the rest of the organism's life. 

Multinucleated muscle cells that do not undergo cytokinesis are also often considered to be in 

the G0 stage. On occasion, a distinction in terms is made between a G0 cell and a 'quiescent' 

cell (e.g., heart muscle cells and neurons), which will never enter the G1 phase, whereas other 

G0 cells may.  

 

G1 phase: The G1 phase, or Gap 1 phase, is the first of four phases of the cell cycle that takes 

place in eukaryotic cell division. During G1 phase, the cell grows in size and synthesizes 

mRNA and proteins that are required for DNA synthesis. Once the required proteins and 

growth are complete, the cell enters the next phase of the cell cycle, S phase. The duration of 

each phase, including the G1 phase, is different in many different types of cells. In human 

somatic cells, the cell cycle lasts about 18 hours, and the G1 phase takes up about 1/3 of that 

time. However, in Xenopus embryos, sea urchin embryos, and Drosophila embryos, the G1 

phase is barely existent and is defined as the gap, if one exists, between the end of mitosis 

and the S phase. G1 phase is particularly important in the cell cycle because it determines 

whether a cell commits to division or to leave the cell cycle. If a cell is signaled to remain 

undivided, instead of moving onto the S phase, it will leave the G1 phase and move into a 

state of dormancy called the G0 phase. Most nonproliferating vertebrate cells will enter the 

G0 phase. It is difficult, but not impossible to reenter the G1 phase once a cell has entered the 

G0 phase. 

 Regulation of G1 Phase: The "checkpoints" that we described earlier are established 

by proteins that use cues from the cell's environment to trigger the entry to and exit from the 

distinct phases of the cell cycle. We will discuss two main families of proteins involved in 

this process—cyclin-dependent protein kinases (Cdks) and cyclins. 

 Cyclin-Dependent Protein Kinase (Cdks): A Cdks is an enzyme that adds 

negatively charged phosphate groups to other molecules in a process called phosphorylation. 

Through phosphorylation, Cdks signal the cell that it is ready to pass into the next stage of the 

cell cycle. As their name suggests, Cyclin-Dependent Protein Kinases are dependent on 
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cyclins, another class of regulatory proteins. Cyclins bind to Cdks, activating the Cdks to 

phosphorylate other molecules. 

 Cyclins: Cyclins are named such because they undergo a constant cycle of synthesis 

and degradation during cell division. When cyclins are synthesized, they act as an activating 

protein and bind to Cdks forming a cyclin-Cdk complex. This complex then acts as a signal 

to the cell to pass to the next cell cycle phase. Eventually, the cyclin degrades, deactivating 

the Cdk, thus signaling exit from a particular phase. There are two classes of cyclins: mitotic 

cyclins and G1 cyclins. 

 G1 cyclins: G1 cyclins bind to Cdk proteins during G1. Once bound and activated, 

the Cdk signals the cell's exit from G1 and entry into S phase. When the cell reaches an 

appropriate size and the cellular environment is correct for DNA replication, the cyclins 

begin to degrade. G1 cyclin degradation deactivates the Cdk and leads to entry into S phase. 

 Mitotic cyclins: Mitotic cyclins accumulate gradually during G2. Once they reach a 

high enough concentration, they can bind to Cdks. When mitotic cyclins bind to Cdks in G2, 

the resulting complex is known as Mitosis-promoting factor (MPF). This complex acts as the 

signal for the G2 cell to enter mitosis. Once the mitotic cyclin degrades, MPF is inactivated 

and the cell exits mitosis by dividing and reentering G1. The cellular signals which are 

described earlier (cell size, completion of DNA replication, and cellular environment) 

provide the signals that regulate the synthesis and degradation of cyclins. 

 

S-phase: S-phase (synthesis phase) is the part of the cell cycle in which DNA is replicated, 

occurring between G1 phase and G2 phase. Precise and accurate DNA replication is 

necessary to prevent genetic abnormalities which often lead to cell death or disease. Due to 

the importance, the regulatory pathways that govern this event in eukaryotes are highly 

conserved. This conservation makes the study of S-phase in model organisms such as 

Xenopus laevis embryos and budding yeast relevant to higher organisms. 

 S Phase Regulation: The G1/S transition is a major checkpoint in the regulation of 

the cell cycle. Depending on levels of nutrients, energy and external factors, cells must decide 

to enter the cell cycle or move into a non-dividing state known as G0 phase. This transition, 

as with all of the major checkpoint transitions in the cell cycle, is signaled by cyclins and 

cyclin dependent kinase (CDKs). The pulse of G1/S cyclins causes CLN3-Cdk1 to activate 

Cln1/2, (Start point (yeast)) as well as Clb5/6 at the initiation of S-phase. This pathway 

contains 2 positive feedback loops, allowing for rapid, unidirectional movement into S-phase. 
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Redundant pathways like this are not uncommon because they allow for tuning the output of 

the system and often lead to faster genetic evolution. 

 

G2 phase: G2 phase, or pre-mitotic phase, is the third and final sub phase of inter-phase in 

the cell cycle directly preceding mitosis. It follows the successful completion of S phase, 

during which the cell’s DNA is replicated. G2 phase ends with the onset of prophase, the first 

phase of mitosis in which the cell’s chromatin condenses into chromosomes. G2 phase is a 

period of rapid cell growth and protein synthesis during which the cell prepares it for mitosis. 

Curiously, G2 phase is not a necessary part of the cell cycle, as some cell types (particularly 

young Xenopus embryos and some cancers proceed directly from DNA replication to mitosis. 

Though much is known about the genetic network which regulates G2 phase and subsequent 

entry into mitosis, there is still much to be discovered concerning its significance and 

regulation, particularly in regards to cancer. One hypothesis is that the growth in G2 phase is 

regulated as a method of cell size control. Fission yeast (S. Pombe) has been previously 

shown to employ such a mechanism, via Cdr2-mediated spatial regulation of Wee1 activity. 

Though Wee1 is a fairly conserved negative regulator of mitotic entry, no general mechanism 

of cell size control in G2 has yet been elucidated. Biochemically, the end of G2 phase occurs 

when a threshold level of active cyclin B1/CDK1 complex, also known as Maturation 

promoting factor (MPF) has been reached. The activity of this complex is tightly regulated 

during G2. In particular, the G2 checkpoint arrests cells in G2 in response to DNA damage 

through inhibitory regulation of CDK1. 

  

G2/M Checkpoint: 

 In vertebrate cells, the G2/M DNA damage checkpoint consists of an arrest of the cell 

in G2 just before mitotic entry in response to genotoxic stress (such as UV radiation, 

oxidative stress, DNA intercalating agents, etc.) in both a p53-dependent and p53-

independent manner. DNA damage signals cause activation of the transcription factor p53. 

CDK1 is directly inhibited by three transcriptional targets of p53: p21, Gadd45, and 14-3-3σ. 

Inactive Cyclin B1/CDK1 is sequestered in the nucleus by p21, while active Cyclin 

B1/CDK1 complexes are sequestered in the cytoplasm by 14-3-3σ. Gadd45 disrupts the 

binding of Cyclin B1 and CDK1 through direct interaction with CDK1. P53 also 

transcriptionally represses CDK1. P53-independent G2 arrest is mainly affected through the 

actions of Chk1 kinase. DNA damage is sensed by ATM and ATR (Rad3 and Mec1 in yeast), 

which then signal to Chk1 and Chk2. Chk1 then mediates the degradation of cdc25A, an 
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activator of CDK1. ATR/ATM also activate p53, indicating that these pathways may act 

synergistically in regulating G2 arrest. Both p53-dependent and p53-independent cell cycle 

arrest are not specific to G2; these same proteins function upstream in DNA damage 

checkpoints in G1 and S phase as well. In yeast, which has no p53 homolog, G2 arrest 

functions through the p53-independent pathway. 

 

2.3 M (mitotic) phase: The relatively brief M phase consists of nuclear division 

(karyokinesis). The M (mitosis) phase has been broken down into several distinct phases, 

sequentially known as: 

• Prophase, 

• Prometaphase,  

• Metaphase,  

• Anaphase and 

• Telophase. 

The five phases are differentiated by specific events of preparation for cell division. 

Cytokinesis refers to the actual cleavage event, splitting the cell in two. 

 

 Prophase: The first phase of mitosis within M phase is called prophase. It follows 

G2, the final phase of interphase. A cell entering M phase manifests a number of physicsl 

signs. Among these are condensations, or thickening, of chromosomes. Chromosome 

condensation is visible through a microscope and is required for subsequent chromosome 

separation during later stages of mitosis. Another physical characteristic of cells beginning 

mitosis is the sprouting of microtubules from replicated centrosomes. Microtubles are protein 

filaments on which chromosomes migrate 

during mitosis.  

 Prophase is marked by very thick 

and dense chromosomes. At this phase, the 

chromosomes are still enclosed in the cell 

nucleus within the nuclear envelope. The 

chromosomes also contain a centromere, 

which is necessary in later phases for attachment to microtubules for migration. Late in 

prophase, kinetochores assemble on the centromeres. Specialized microtubules, called 

kinetochore microtubules later attach to these sites. Duplicated centrosomes, which are the 
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organizing centers of microtubules, begin to separate towards opposite poles of the cell. The 

network of cytoskeletal components begins to break down and the mitotic spindle forms. The 

mitotic spindle is an arrangement of microtubules that is responsible for aligning duplicated 

chromosomes in later phases.  

 

Prometaphase: The major event marking a cell's entry to prometaphase is the 

breakdown of the nuclear envelope into small 

vesicles. Kinetochores also become fully 

matured on the centromeres of the 

chromosomes. The disruption of the nuclear 

envelope allows for the mitotic spindles to gain 

access to the mature kinetochores. As the 

microtubles of the mitotic spindle enter the nuclear region, some attach to the kinetochores 

making them kinetochore microtubules. The remaining microtubules are called non-

kinetochore microtubules. Sister chromatids are captured by microtubules stemming from 

centrosomes on opposite ends of the cell. Once they have captured chromosomes, the 

kinetochore mictrotubles begin to exert force on the chromosomes, moving them. 

 
Metaphase: After the microtubules have found and attached to the kinetochores in 

prometaphase, the two centrosomes start pulling the 

chromosomes through their attached centromeres 

towards the two ends of the cell. As a result, the 

chromosomes come under longitudinal tension from 

the two ends of the cell. The centromeres of the 

chromosomes, in some sense, convene along the 

metaphase plate or equatorial plane, an imaginary line that is right in between the two 

centrosome poles. This line is called the spindle equator. This even alignment is due to the 

counterbalance of the pulling powers generated by the opposing kinetochores, analogous to a 

tug-of-war between people of equal strength. In certain types of cells, chromosomes do not 

line up at the metaphase plate and instead move back and forth between the poles randomly, 

only roughly lining up along the midline. 

 
Because proper chromosome separation requires that every kinetochore be attached to a 

bundle of microtubules (spindle fibres), it is thought that unattached kinetochores generate a 
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signal to prevent premature progression to anaphase without all chromosomes being aligned. 

The signal creates the mitotic spindle checkpoint. 

Anaphase: Anaphase is the stage of mitosis or meiosis when chromosomes are split and the 

sister chromatids move to opposite poles of the cell. Anaphase accounts for approximately 

1% of the cell cycle's duration. It begins with the 

regulated triggering of the metaphase-to-anaphase 

transition. Metaphase ends with the destruction of 

cyclin B. Cyclin B is marked with ubiquitin which 

flags it for destruction by proteasomes, which is 

required for the function of metaphase cyclin-

dependent kinases (M-Cdks). Anaphase starts when the anaphase promoting complex marks 

an inhibitory chaperone called securin with ubiquitin for destruction. Securin is a protein 

which inhibits a protease known as separase. Once destroyed, separase is unleashed and 

breaks down cohesin, a protein responsible for holding sister chromatids together. The 

centromeres are split, and the new daughter chromosomes are pulled toward the poles. They 

take on a V-shape as they are pulled back. While the chromosomes are drawn to each side of 

the cell, the non-kinetochore spindle fibers push against each other, in a ratcheting action, 

which stretches the cell into an oval. 

 

Telophase and Cytokinesis: The final two events of M phase are the re-forming of the 

nuclear envelope around the separated sister chromatids and the cleavage of the cell. These 

events occur in telophase and cytokinesis, 

respectively. In this section we will review the 

events that comprise these final phases of M 

phase. Telophase is technically the final stage of 

mitosis. Its name derives from the latin word 

telos which means end. During this phase, the 

sister chromatids reach opposite poles. The 

small nuclear vesicles in the cell begin to re-form around the group of chromosomes at each 

end. As the nuclear envelope re-forms by associating with the chromosomes, two nuclei are 

created in the one cell. Telophase is also marked by the dissolution of the kinetochore 

microtubules and the continued elongation of the polar microtubules. As the nuclear 

envelopes re-form, the chromosomes begin to decondense and become more diffuse.  
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Cytokinesis: Cytokinesis is the process in which the cell actually divides into two. With the 

two nuclei already at opposite poles of the cell, the cell cytoplasm separates, and the cell 

pinches in the middle, ultimately leading to cleavage. In most cells, the mitotic spindle 

determines the site where the cell will begin to invaginate and split. The first signs of this 

puckering are usually visible sometime during anaphase.  

 In prophase, the cell's cytoskeleton becomes disassembled. The disassembled 

cytoskeletal filaments are used in a different way during cytokinesis. Cleavage occurs by the 

contraction of a thin ring of actin filaments that form the contractile ring. The contractile ring 

defines the cleavage line for the cell. If the ring is not positioned at the center of the cell, an 

asymmetrical division takes place. The ring contracts and eventually pinches the cell until it 

separates into two independent daughter cells. In higher order plants, the cytokinesis process 

is slightly different because the cytoplasm splits with the formation of the cell wall.  

 

2.4 Meiosis: Meiosis is the second important kind of nuclear division. It resembles mitosis in 

many ways but the consequences of meiotic divisions are very different from those of mitotic 

divisions. While mitotic division may occur in almost any living cell of an organism, meiosis 

occurs only in special cells. In animals, meiosis is restricted to cells that form gametes (eggs 

and sperm). Each species has a characteristic number of chromosomes per somatic cell. Fruit 

flies have 8; normal humans have 46. They exist as homologous pairs (partners) that are 

similar in size and shape and carry the same kinds 

of genes. Thus humans have 23 homologous 

pairs. The full complement of 46 chromosomes is 

referred to as the diploid number (referring to the 

fact that each kind of chromosome is represented 

twice).  

  In higher organisms when an egg is 

fertilized the egg and sperm fuse to form a single cell called a zygote which develops into a 

new organism. If the egg and sperm were both diploid (46 chromosomes each in the case of 

humans) then the resulting zygote would be tetraploid. This would be an intolerable situation, 

so a mechanism has evolved to insure that each gamete (egg or sperm) contains only one 

representative of each homologous pair (or half the diploid number). This is referred to as the 

haploid number. Haploid Egg + Haploid Sperm = Diploid Zygote. 

The mechanism that makes this possible is meiosis. Meiosis consists of two divisions, 

Meiosis I and Meiosis II and can potentially result in the production of four cells. The 
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subdivisions of meiosis are named like the subdivisions of mitosis (prophase, metaphase, 

anaphase, telophase) but as we shall see the events are somewhat different. Prior to meiosis, 

all chromosomes are duplicated in a process similar to chromosome duplication prior to 

mitosis. Outside the nucleus of animal cells are two centrosomes, each containing a pair of 

centrioles. The two centrosomes are produced by the duplication of a single centrosome 

during premeiotic interphase. The centrosomes serve as microtubule organizing centers 

(MTOCs). Microtubules extend radially from centrosomes, forming an aster. Plant cells do 

not have centrosomes. Different kinds of microtubule organizing centers serve as sites of 

spindle formation. 

Meiosis I: In meiosis I, chromosomes in a diploid cell re-segregate, producing four haploid 

daughter cells. It is this step in meiosis that generates genetic diversity. There are four phases 

in meiosis I, they are  

Prophase I: Chromosomes become visible, crossing-over occurs, the nucleolus disappears, 

the meiotic spindle forms, and the nuclear envelope disappears. 

At the start of prophase I, the chromosomes have already duplicated. During prophase I, they 

coil and become shorter and thicker and visible under the light microscope. The duplicated 

homologous chromosomes pair, and crossing-over 

(the physical exchange of chromosome parts) occurs. 

Crossing-over is the process that can give rise to 

genetic recombination. At this point, each 

homologous chromosome pair is visible as a bivalent 

(tetrad), a tight grouping of two chromosomes, each 

consisting of two sister chromatids. The sites of 

crossing-over are seen as crisscrossed nonsister chromatids and are called chiasmata 

(singular: chiasma). The nucleolus disappears during prophase I. In the cytoplasm, the 

meiotic spindle, consisting of microtubules and other proteins, forms between the two pairs 

of centrioles as they migrate to opposite poles of the cell. The nuclear envelope disappears at 

the end of prophase I, allowing the spindle to enter the nucleus. Prophase I is the longest 

phase of meiosis, typically consuming 90% of the time for the two 

divisions. 

Metaphase I: The pairs of chromosomes (bivalents) become 

arranged on the metaphase plate and are attached to the now fully 

formed meiotic spindle. 
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The centrioles are at opposite poles of the cell. The pairs of homologous chromosomes (the 

bivalents), now as tightly coiled and condensed as they will be in mitosis, become arranged 

on a plane equidistant from the poles called the metaphase plate. Spindle fibers from one pole 

of the cell attach to one chromosome of each pair (seen as sister chromatids), and spindle 

fibers from the opposite pole attach to the homologous chromosome (again, seen as sister 

chromatids). 

Anaphase I: The two chromosomes in each bivalent separate and migrate toward opposite 

poles. 

Anaphase I begin when the two chromosomes of each bivalent 

(tetrad) separate and start moving toward opposite poles of the cell as 

a result of the action of the spindle. In anaphase I, the sister 

chromatids remain attached at their centromeres and move together 

toward the poles. A key difference between mitosis and meiosis is 

that sister chromatids remain joined after metaphase in meiosis I, 

whereas in mitosis they separate.  

Telophase I: The homologous chromosome pairs reach the poles of the cell, nuclear 

envelopes form around them, and cytokinesis follows to produce 

two cells. 

The homologous chromosome pairs complete their migration to 

the two poles as a result of the action of the spindle. Now a 

haploid set of chromosomes is at each pole, with each 

chromosome still having two chromatids. A nuclear envelope reforms around each 

chromosome set, the spindle disappears, and cytokinesis follows. In animal cells, cytokinesis 

involves the formation of a cleavage furrow, resulting in the pinching of the cell into two 

cells. After cytokinesis, each of the two progeny cells has a nucleus with a haploid set of 

replicated chromosomes. Many cells that undergo rapid meiosis do not decondense the 

chromosomes at the end of telophase I. Other cells do exhibit chromosome decondensation at 

this time; the chromosomes recondense in prophase II. 

Meiosis II: Meiosis II is similar to mitosis. However, 

there is no "S" phase. The chromatids of each 

chromosome are no longer identical because of 

recombination. Meiosis II separates the chromatids 

producing two daughter cells each with 23 chromosomes 
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(haploid), and each chromosome has only one chromatid. The four main steps of Meiosis II 

are, 

Prophase II: Meiosis II begins without any further replication of the chromosomes. In 

prophase II, the nuclear envelope breaks down and the spindle apparatus forms. 

While chromosome duplication took place prior to meiosis I, no new chromosome replication 

occurs before meiosis II. The centrioles duplicate. This occurs by separation of the two 

members of the pair, and then the formation of a daughter centriole perpendicular to each 

original centriole. The two pairs of centrioles separate into two centrosomes. The nuclear 

envelope breaks down, and the spindle apparatus forms. 

Metaphase II: The chromosomes become arranged on the metaphase plate, much as the 

chromosomes do in mitosis, and are attached to the now 

fully formed spindle. 

Each of the daughter cells completes the formation of a 

spindle apparatus.  Single chromosomes align on the 

metaphase plate, much as chromosomes do in mitosis. 

This is in contrast to metaphase I, in which homologous 

pairs of chromosomes align on the metaphase plate. For each chromosome, the kinetochores 

of the sister chromatids face the opposite poles, and each is attached to a kinetochore 

microtubule coming from that pole. 

Anaphase II: The centromeres separate and the sister chromatids 

now individual chromosomes move toward the opposite poles of 

the cell. 

The centromeres separate and the two chromatids of each 

chromosome move to opposite poles on the spindle. The separated chromatids are now called 

chromosomes in their own right.  

Telophase II: A nuclear envelope forms around each set of 

chromosomes and cytokinesis occurs, producing four 

daughter cells, each with a haploid set of chromosomes. 

A nuclear envelope forms around each set of chromosomes. 

Cytokinesis takes place, producing four daughter cells (gametes, in animals), each with a 

haploid set of chromosomes. Because of crossing-over, some chromosomes are seen to have 

recombined segments of the original parental chromosomes. 
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2.5 Cellular signaling: Cells need to interact with their environment and other cells around 

them. This is called cell signalling. Single cellular organisms need to detect nutrients in their 

environment, and cells in multicellular organisms are involved in a complex system of 

communication with each other. Cells detect signals with cell receptors on their plasma 

membrane, which are usually glycoprotein or glycolipids. The signaling molecule binds to 

the receptor because its shape is complementary. This then instigates a chain of reaction 

within the cell, leading to a response. 

Cell signalling pathways can be categorized based on the distance over which the signaling 

occurs. 

Endocrine signalling involves signaling over large 

distances, often where the signaling molecule is 

transported in the circulatory system. 

Paracrine signalling occurs between cells which are 

close together, sometime directly, sometimes via 

extracellular fluid. 

Autocrine signalling is where the cell stimulates a 

response within itself by releasing signals for its own receptors. 

Hormones are often used as cell signaling molecules in multicellular organisms. Hormones 

are produced in a cell, sometimes in response to environmental changes. The hormones are 

released and bind to receptor sites on a target cell, which starts a response. An example of a 

hormone mediated cell signaling pathway is in the use of Insulin to lower blood glucose 

levels. In response to high glucose levels, Beta-Cells in the pancreas release the hormone 

Insulin in to the blood, which binds to cells such as muscle and liver cells. This causes them 

to take up more glucose. Some medicinal drugs work because they are complementary to 

certain cell receptor sites. Some drugs block these receptors so that they natural signaling 

molecules cannot instigate a response. Others are designed to mimic natural signaling 

molecules that the body cannot produce, such as drugs to treat some mental conditions. 

Viruses invade cells by binding to cell receptor sites that are normally used in cell signaling. 

They themselves have receptor sites, despite not being cells. Some poisons also bind to cell 

receptors, preventing the targeted cells from working properly 

 

Extracellular signaling: Communication by extracellular signals usually involves six steps: 

(1) synthesis, (2) release of the signaling molecule by the signaling cell, (3) transport of the 

signal to the target cell, (4) detection of the signal by a specific receptor protein, (5) a change 
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in cellular metabolism, function, or development triggered by the receptor-signal complex 

and (6) removal of the signal, which often terminates the cellular response. 

 In many eukaryotic microorganisms (e.g., yeast, slime molds, and protozoans), 

secreted molecules coordinate the aggregation of free-living cells for sexual mating or 

differentiation under certain environmental conditions. Chemicals released by one organism 

that can alter the behavior or gene expression of other organisms of the same species are 

called pheromones.  Some algae and animals also release pheromones, usually dispersing 

them into the air or water, to attract members of the opposite sex. More important in plants 

and animals are extracellular signaling molecules that function within an organism to control 

metabolic processes within cells, the growth of tissues, the synthesis and secretion of 

proteins, and the composition of intracellular and extracellular fluids. 

 

Cell-surface receptors belong to four major classes: 

 The different types of cell-surface receptors that interact with ligands belong to four 

classes. Binding of ligand to some of these receptors induces second-messenger formation, 

whereas ligand binding to others receptors does not. 

G protein coupled/linked receptors (GPCR): Ligand binding activates a G protein, which 

in turn activates or inhibits an enzyme that generates a specific second messenger or 

modulates an ion channel, causing a change in membrane potential. The receptors for 

epinephrine, serotonin, and glucagon are examples. 

G-Proteins: G-proteins are hetero-trimeric, with three 

subunits designated α, β, and γ. G-protein that activates 

cyclic-AMP formation within a cell is called a 

stimulatory G-protein, designated Gs with alpha subunit 

Gsα. Gs is activated, e.g., by receptors for the hormones 

epinephrine and glucagon. The α-adrenergic receptor is 

the GPCR for epinephrine. 

The α subunit of a G-protein (Gα) binds GTP, and can 

hydrolyze it to GDP + Pi.  

The α and γ subunits have covalently attached lipid 

anchors, which insert into the plasma membrane, 

binding a G-protein to the cytosolic surface of the plasma membrane. Adenylate Cyclase 

(AC) is a transmembrane protein, with cytosolic domains forming the catalytic site. 
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Turn on of the signal: Initially the  G-protein α subunit has bound GDP, and the α, β, & γ 

subunits are complexes together. Gβ,γ, the complex of β & γ subunits, inhibits Gα. Hormone 

binding, usually to an extracellular domain of a 7-helix receptor (GPCR), causes a 

conformational change in the receptor that is transmitted to a G-protein on the cytosolic side 

of the membrane. The nucleotide-binding site on Gα becomes more accessible to the cytosol, 

where [GTP] is usually higher than [GDP]. Gα releases GDP and binds GTP. (GDP-GTP 

exchange) 

Substitution of GTP for GDP causes another conformational change in Gα. Gα−GTP 

dissociates from the inhibitory βγ subunit complex, and can now bind to and activate 

Adenylate Cyclase. Adenylate Cyclase, activated by the stimulatory Gα-GTP, catalyzes 

synthesis of cAMP. Protein Kinase A (cAMP-Dependent Protein Kinase) catalyzes transfer 

of phosphate from ATP to serine or threonine residues of various cellular proteins, altering 

their activity.  

Turn off of the signal: Gα hydrolyzes GTP to GDP + Pi (GTPase). The presence of GDP on 

Gα causes it to rebind to the inhibitory βγ complex. Adenylate Cyclase is no longer activated. 

Phosphodiesterases catalyze hydrolysis of cAMP to AMP. Receptor desensitization varies 

with the hormone. In some cases the activated receptor is phosphorylated via a G-protein 

receptor kinase. The phosphorylated receptor then may bind to a protein β-arrestin. 

β−Arrestin promotes removal of the receptor from the membrane by clathrin-mediated 

endocytosis. β−Arrestin may also bind a cytosolic phosphodiesterase, bringing this enzyme 

close to where cAMP is being produced, contributing to signal turnoff. Protein phosphatases 

catalyze removal of phosphate by hydrolysis of phosphates that were attached to proteins via 

protein kinase A. 

 

Types of GPCR:  

Class A family: The class A GPCR family is referred to as the rhodopsin family. Class A 

contains the largest number of members compiled into at least 19 subclasses (subfamilies). 

Class A GPCRs include opsins, the vast majority of the odorant receptors (at least 290 

receptors), and receptors for monoamines, purines, opioids, chemokines, some small peptide 

hormones, and the large glycoprotein hormones that consist of thyroid stimulating hormone 

(TSH), luteinizing hormone (LH), and follicle-stimulating hormone (FSH). 
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Class B family: The class B GPCR family referred to as the secretin-like receptor class. 

Class B is comprised of 34 subclasses (subfamilies) and members include receptors for 

peptide hormones, such as parathyroid hormone (PTH), parathyroid hormone-related protein 

(PTHrP), and calcitonin. The class B family also contains the vast majority of the orphan 

GPCRs. 

Class C family: The class C family is referred to as the metabotropic receptor or glutamate 

receptor-like family. Class C is comprised of 8 subclasses (subfamilies) and members all 

form dimers and include the metabotropic glutamate receptors (mGluR), extracellular Ca2+-

sensing receptors, taste (gustatory) receptors, and several odorant receptors, as well as the 

pheromone receptors. 

 The vast majority of G-proteins to which GPCRs are coupled are members of the 

heterotrimeric G-protein family (see above). All trimeric G-proteins, whether or not they are 

coupled to receptor-mediated signal transduction cascades, are composed of three subunits: α, 

β, and γ. The α-subunit is responsible for the activity of the G-protein and the βγ subunits are 

regulatory and are involved in binding GTP. All GPCRs act as guanine nucleotide exchange 

factors (GEFs) and when they are activated by ligand binding, they catalyze exchange of 

GDP tightly bound to the α-subunit of heterotrimeric G-proteins for GTP. 

 

Tyrosine kinase linked receptors:  

These receptors lack intrinsic catalytic 

activity, but ligand binding stimulates 

formation of a dimeric receptor, which 

then interacts with and activates one or 

more cytosolic protein-tyrosine kinases. 

The receptors for many cytokines, the 

interferons, and human growth factor 

are of this type. This tyrosine kinase-

linked receptors sometimes are referred 

to as the cytokine-receptor super family. 

Tyrosine kinase: A tyrosine kinase is an enzyme that can transfer a phosphate group from 

ATP to a protein in a cell. It functions as an "on" or "off" switch in many cellular functions. 

Tyrosine kinases are a subclass of protein kinase. 

Second Messenger: Some enzymic receptors and most G protein-linked receptors carry the 

signal molecule’s message into the target cell by utilizing other substances to relay the 
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message within the cytoplasm. These other substances, small molecules or ions commonly 

called second messengers or intracellular mediators, alter the behavior of particular proteins 

by binding to them and changing their shape. The two most widely used second messengers 

are cyclic adenosine monophosphate (cAMP) and calcium. 

Cyclic AMP: The action of epinephrine illustrates the principles by which cyclic AMP 

mediates hormone action. Epinephrine is the “flight or fight hormone” that the adrenal glands 

release in response to stress. The hormone causes an increase in blood pressure and the 

breakdown of glucose for energy. This helps humans in danger to engage in physical activity 

to meet the challenges of a situation. The body responds with a dry mouth, rapid heartbeat, 

and high blood pressure. A biochemical chain of events leads to these responses. When 

epinephrine binds to cells, it stays outside on the membrane+bound receptor. The second 

messenger, cyclic AMP, is made by the enzyme adenylate cyclase. 

Adenylate cyclase is ultimately catalyzes the cyclase reaction, but only when it is associated 

with the hormone+bound receptor and a regulatory protein called a stimulatory Gαprotein 

(guanylate nucleotide binding protein), which activates adenylate cyclase. The Gαprotein is 

the intermediate between the receptor and the 

synthesis of cyclic AMP.  

Gαproteins exist either in an active or an 

inactive state, depending on the guanylate 

nucleotide that is bound. In the inactive state, 

G+protein binds to GDP. In the active state, GTP 

is bound to the Gαprotein. Gαproteins have an 

intrinsic GTPase activity, which converts bound 

GTP to GDP. Hydrolysis of GTP by the 

Gαprotein converts the Gαprotein back to an 

inactive state. Thus the cycle of the Gαprotein is as follows:  

 1. Hormone binds to receptor. 

 2. The hormonebound receptor binds to the G+protein and causes GDP to be replaced  by 

GTP. 

 3. GTPbound Gαprotein interacts with adenylate cyclase. 

 4. Gαprotein hydrolyzes bound GTP to GDP, thereby going back to the ground state. 

Different Gαproteins may either stimulate or inhibit adenylate cyclase to make more or less 

cyclic AMP. 
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Action of cyclic AMP: Cyclic AMP doesn't act directly on its target enzymes; for example, 

glycogen phosphorylase and glycogen synthase. Instead, cyclic AMP stimulates a protein 

kinase cascade that ultimately leads to a cellular response. Cyclic AMP binds to protein 

kinase A, which then catalyzes the transfer of phosphate from ATP to a serine residue on a 

second enzyme, phosphorylase kinase, which itself transfers a phosphate to glycogen 

phosphorylase. Active glycogen phosphorylase then catalyzes the breakdown of glycogen to 

glucose‐1‐phosphate. This provides energy for muscle activity.  

Cells can't be “turned on” forever. Something must modulate the response. In fact, each step 

is reversible. Starting from the target proteins, a protein phosphatase hydrolyzes the 

phosphate from the proteins. Cyclic AMP is hydrolyzed by a phosphodiesterase. Perhaps a 

key point in the modulation system is GTP hydrolysis by the G‐protein. This causes adenylate 

cyclase to return to the unstimulated state. All signaling mechanisms must have this 

modulation feature to allow the possibility of control. For example, the Ras protein of 

mammalian cells is a membrane‐bound GTPase. Mutations that decrease Ras's GTPase 

activity can contribute to uncontrolled growth (i.e., tumor formation) of mammalian cells. 

Calcium: Calcium is a common signaling mechanism, as once it enters the cytoplasm it 

exerts allosteric regulatory effect on 

many enzymes and proteins. Calcium 

can act in signal transduction after 

influx resulting from activation of ion 

channels or as a second messenger 

caused by indirect signal transduction 

pathways such as G protein-coupled 

receptors. 

Calcium signaling through ion 

channels: Movement of calcium ions 

from the extracellular compartment to 

the intracellular compartment alters 

membrane depolarisation. This is seen 

in the heart, during the plateau phase of 

ventricular contraction. In this example, 

calcium acts to maintain depolarisation of the heart. 
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Calcium as a secondary messenger: Important physiological roles for calcium signaling 

range widely. These include muscle contraction, neuronal transmission as in an excitatory 

synapse, cellular motility (including the movement of flagella and cilia), fertilisation, cell 

growth or proliferation, learning and memory as with synaptic plasticity, and secretion of 

saliva. Other biochemical roles of calcium include regulating enzyme activity, permeability 

of ion channels, activity of ion pumps, and components of the cytoskeleton.  

The resting concentration of Ca2+ in the cytoplasm is normally maintained in the range 

of 10–100 nM. To maintain this low concentration, Ca2+ is actively pumped from the cytosol 

to the extracellular space and into the endoplasmic reticulum (ER), and sometimes in the 

mitochondria. Certain proteins of the cytoplasm and organelles act as buffers by binding 

Ca2+. Signaling occurs when the cell is stimulated to release calcium ions (Ca2+) from 

intracellular stores, and/or when calcium enters the cell through plasma membrane ion 

channels. 

Specific signals can trigger a sudden increase in the cytoplasmic Ca2+ level up to 500–

1,000 nM by opening channels in the endoplasmic reticulum or the plasma membrane. The 

most common signaling pathway that increases cytoplasmic calcium concentration is the 

phospholipase C pathway. Many cell surface receptors, including G protein-coupled receptors 

and receptor tyrosine kinases activate the phospholipase C (PLC) enzyme. PLC hydrolyses 

the membrane phospholipid PIP2 to form IP3 and diacylglycerol (DAG), two classical 

second messengers. DAG activates the protein kinase C enzyme, while IP3 diffuses to the 

endoplasmic reticulum, binds to its receptor (IP3 receptor), which is a Ca2+ channel, and thus 

releases Ca2+ from the endoplasmic reticulum. 

Depletion of calcium from the endoplasmic reticulum will lead to Ca2+ entry from 

outside the cell by activation of "Store-Operated Channels" (SOCs). This inflowing calcium 

current that results after stored calcium reserves have been released is referred to as 

Ca2+release-activated Ca2+ current (ICRAC). The mechanisms through which ICRAC occurs 

are currently still under investigation, although two candidate molecules, Orai1 and STIM1, 

have been linked by several studies, and a model of store-operated calcium influx, involving 

these molecules, has been proposed. Recent studies have cited the phospholipase A2 beta, 

nicotinic acid adenine dinucleotide phosphate (NAADP), and the protein STIM 1 as possible 

mediators of ICRAC. 

Many of Ca2+ -mediated events occurs when the released Ca2+ binds to and activates 

the regulatory protein calmodulin. Calmodulin may activate calcium-calmodulin-dependent 
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protein kinases, or may act directly on other effector proteins. Besides calmodulin, there are 

many other Ca2+-binding proteins that mediate the biological effects of Ca2+. 

Calcium ions play an important role in cell signaling, especially with regards to the 

ER. In the neuron, the ER may serve in a network integrating numerous extracellular and 

intracellular signals in a binary membrane system with the plasma membrane. Such an 

association with the plasma membrane creates the relatively new perception of the ER and 

theme of “a neuron within a neuron.” The ER’s structural characteristics, ability to act as a 

Ca2+ sink, and specific Ca2+ releasing proteins, serve to create a system that may produce 

regenerative waves of Ca2+ release that may communicate both locally and globally in the 

cell. These Ca2+ signals, integrating extracellular and intracellular fluxes, have been 

implicated to play roles in synaptic plasticity and memory, neurotransmitter release, neuronal 

excitability and long term changes at the gene transcription level. ER stress is also related to 

Ca2+ signaling and along with the unfolded protein response, can cause ER associate 

degradation (ERAD) and autophagy. 

 
Tyrosine kinase:  The receptors for several protein hormones are themselves protein kinases 

which are switched on by binding of hormone. The kinase activity associated with such 

receptors results in 

phosphorylation of tyrosine 

residues on other proteins. 

Insulin is an example of a 

hormone whose receptor is a 

tyrosine kinase. 

The hormone binds to 

domains exposed on the cell's 

surface, resulting in a 

conformational change that 

activates kinase domains located 

in the cytoplasmic regions of the receptor. In many cases, the receptor phosphorylates itself 

as part of the kinase activation process. The activated receptor phosphorylates a variety of 

intracellular targets, many of which are enzymes that become activated or inactivated upon 

phosphorylation. 

As was seen with cAMP second messenger systems, activation of receptor tyrosine 

kinases leads to rapid modulation in a number of target proteins within the cell. Interestingly, 
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some of the targets of receptor kinases are protein phosphatases which, upon activation by 

receptor tyrosine kinase, become competent to remove phosphates from other proteins and 

alter their activity. Again, a seemingly small change due to hormone binding is amplified into 

a multitude of effects within the cell. 

In some cases, binding of hormone to a surface receptor induces a tyrosine kinase 

cascade even through the receptor is not itself a tyrosine kinase. The growth hormone 

receptor is one example of such a system - the interaction of growth hormone with its 

receptor leads to activation of cytoplasmic tyrosine kinases, with results conceptually similar 

to that seen with receptor kinases. 

 

Receptor tyrosine kinases contain multiple tyrosines and are inactive in the monomer 

 state.  

1. Binding of signal molecules, such as insulin, causes 2 monomers to form a dimer.  

2. ATP donates a phosphate to each of the tyrosines.  

3. Relay proteins bind to the phosphorylated tyrosines, and trigger different cellular 

 responses. Part of the receptor on the cytoplasmic side serves as an enzyme which 

 catalyzes the transfer of phosphate groups from ATP to the amino acid Tyrosine on a 

 substrate protein. The activation of a tyrosine-kinase receptor occurs as follows: 

• Two signal molecules binds to two nearby tyrosine-kinase receptors, causing them to 

aggregate, forming a dimer. 

• The formation of a dimer activated the tyrosine-kinase portion of each polypeptide. 

• The activated tyrosine-kinases phosphorylate the tyrosine residues on the protein. 

• The activated receptor protein is now recognized by specific relay proteins. 

• They bind to the phosphorylated tyrosines, which cause; you guessed it, a conformation 

change. 

• The activated relay protein can then trigger a cellular response 

• One activated tyrosine-kinase dimer can activate over ten different relay proteins, each 

which triggers a different response 

• The ability of one ligand binding event to elicit so many response pathways is a key 

difference between these receptors and G-protein-linked receptors.  

• Abnormal tyrosine-kinases that aggregate without the binding of a ligand have been linked 

with some forms of cancer. 

 

2.6 Summary: 
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The significance of mitosis: 

• Growth: The number of cells within an organism increases by mitosis and this is the basis 

of growth in multi-cellular organisms. 

• Cell Replacement: Cells are constantly sloughed off, dying and being replaced by new 

ones in the skin and digestive tract. When damaged tissues are repaired, the new cells 

must be exact copies of the cells being replaced so as to retain normal function of 

cells. 

• Regeneration: Some animals can regenerate parts of the body, and productions of new 

cells are achieved by mitosis. 

• Vegetative Reproduction: Some plants produce offspring which are genetically similar to 

themselves. These offspring are called clones. 

The significance of meiosis: 

• It maintains the same chromosome number in the sexually reproducing organisms. 

From a diploid cell, haploid gametes are produced which in turn fuse to form a diploid 

cell. 

• It restricts the multiplication of chromosome number and maintains the stability of the 

species. 

• Maternal and paternal genes get exchanged during crossing over. It results in 

variations among the offspring. 

• All the four chromatids of a homologous pair of chromosomes segregate and go over 

separately to four different daughter cells. This leads to variation in the daughter cells 

genetically. 
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2.7 Key words:  Cell division, Cell cycle, Mitosis, Meiosis, Prophase, Metaphase, Anaphase, 

Telophase, S phase, Cellular signaling, Extracellular signaling, G protein linked receptors, 

Cyclic AMP, Tyrosine kinase, Ca2+ as a second messenger. 

 
2.8 Questions for self study: 

1. State the importance of mitosis in growth, repair and asexual reproduction? 

2. Explain with help of diagram the need for the production of genetically identical 

cells? 

3. Identify, with the aid of diagrams, the main stages of mitosis? 

4. State what is meant by homologous pairs of chromosomes? 

5. With the help of a diagram explain the stages of meiosis? 

6. Explain the need for a reduction division process prior to fertilization in sexual 

reproduction? 

7. Explain types of cellular signaling? 

8. What are second messengers? 

9. Write about major classes of cell-surface receptors? 

 

2.9 Further references: 
 
1. Molecular Biology of the Cell. 5th Edition – Bruce Alberts, Alexander Johnson et al. 
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2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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3.0 Objectives:  

• To learn about various signaling pathways those are used by cell during their 

communication. 

• To understand the role of insulin receptor towards regulation of blood glucose. 

• To understand the up- and down-regulation of cell surface receptors and transcription 

factors in signaling pathways.  

• To appreciate the role and mechanism of actions of chemical messengers for peptide 

and steroid hormones.  

 
3.1 Introduction:  

 Insulin is a key player in the control of intermediary metabolism, and the big picture 

is that it organizes the use of fuels for either storage or 

oxidation. Through these activities, insulin has 

profound effects on both carbohydrate and lipid 

metabolism, and significant influences on protein and 

mineral metabolism. Consequently, derangements in 

insulin signalling have widespread and devastating 

effects on many organs and tissues. Receptors of 

insulin are present on cell surface. Insulin receptors 

play critical role in receiving the information and 

further transmitting the signal into the target cell. The 

regulation of cell surface receptors and transcription 

factors is equally important to maintain the magnitude of the signal that has been received. 

The hormones are majorly of two types the peptide hormones and steroid hormones. The 

cells use various messengers for different kind of 

hormones like peptide and steroid hormones. Usually 

With the exception of the thyroid hormone the pepetide 

hormones have cess surface receptors and steroid 

hormones since can pass through the cell membrane 

have cytoplasmic receptors. We will further our 

knowledge about these hormones, receptors and 

messengers and their mechanism of action in this unit. 
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3.2 The Insulin Receptor and Mechanism of Action: Like the receptors for other protein 

hormones, the receptor for insulin is embedded in the plasma membrane. The insulin receptor 

is composed of two α subunits and two β subunits linked by disulfide bonds. The α-chains are 

entirely extracellular and house insulin binding domains, while the linked β-chains penetrate 

through the plasma membrane. 

 
      The insulin receptor is a tyrosine kinase type of receptor. In other words, it functions as an 

enzyme that transfers phosphate groups from ATP to tyrosine residues on intracellular target 

proteins. Binding of insulin to the alpha subunits causes the beta subunits to phosphorylate 

themselves (autophosphorylation), thus activating the catalytic activity of the receptor. The 

activated receptor then phosphorylates a number of intracellular proteins, which in turn alters 

their activity, thereby generating a biological response. 

 Several intracellular proteins have been identified as phosphorylation substrates for 

the insulin receptor, the best-studied 

of which is Insulin Receptor 

Substrate 1 or IRS-1. When IRS-1 is 

activated by phosphorylation, a lot of 

things happen. Among other things, 

IRS-1 serves as a type of docking 

centre for recruitment and activation 

of other enzymes that ultimately 

mediate insulin's effects.  

 

Insulin and carbohydrate metabolism: Glucose is liberated from dietary carbohydrate such 

as starch or sucrose by hydrolysis within the small intestine, and is then absorbed into the 

blood. Elevated concentrations of glucose in blood stimulate release of insulin, and insulin 

acts on cells throughout the body to stimulate uptake, utilization and storage of glucose. The 

effects of insulin on glucose metabolism vary depending on the target tissue. Two important 

effects are: 

1. Insulin facilitates entry of glucose into muscle, adipose and several other tissues. The only 

mechanism by which cells can take up glucose is by facilitated diffusion through a family of 

hexose transporters. In many tissues - muscle being a prime example - the major transporter 

used for uptake of glucose (called GLUT4) is made available in the plasma membrane 

through the action of insulin. 
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 When insulin concentrations are low, GLUT4 glucose transporters are present in 

cytoplasmic vesicles, where they are useless for transporting glucose. Binding of insulin to 

receptors on such cells leads rapidly to fusion of those vesicles with the plasma membrane 

and insertion of the glucose transporters, thereby giving the cell an ability to efficiently take 

up glucose. When blood levels of insulin decrease and insulin receptors are no longer 

occupied, the glucose transporters are recycled back into the cytoplasm. 

 It should be noted here that there are some tissues that do not require insulin for 

efficient uptake of glucose: important examples are brain and the liver. This is because these 

cells don't use GLUT4 for importing glucose, but rather, another transporter that is not 

insulin-dependent. 

 

2. Insulin stimulates the liver to store glucose in the form of glycogen. A large fraction of 

glucose absorbed from the small intestine is immediately taken up by hepatocytes, which 

convert it into the storage polymer glycogen. 

 Insulin has several effects in liver which stimulate glycogen synthesis. First, it 

activates the enzyme hexokinase, which phosphorylates glucose, trapping it within the cell. 

Coincidently, insulin acts to inhibit the activity of glucose-6-phosphatase. Insulin also 

activates several of the enzymes that are directly involved in glycogen synthesis, including 

phosphofructokinase and glycogen synthase. The net effect is clear: when the supply of 

glucose is abundant, insulin "tells" the liver to bank as much of it as possible for use later. 

 A well-known effect of insulin is to decrease the concentration of glucose in blood, 

which should make sense considering the mechanisms described above. Another important 

consideration is that, as blood glucose concentrations fall, insulin secretion ceases. In the 

absense of insulin, a bulk of the cells in the body become unable to take up glucose, and 

begin a switch to using alternative fuels like fatty acids for energy. Neurons, however, require 

a constant supply of glucose, which in the short term, is provided from glycogen reserves. 

 When insulin levels in blood fall, glycogen synthesis in the liver diminishes and 

enzymes responsible for breakdown of glycogen become active. Glycogen breakdown is 

stimulated not only by the absense of insulin but by the presence of glucagon, which is 

secreted when blood glucose levels fall below the normal range. 

 

Insulin and lipid metabolism:  

 The metabolic pathways for utilization of fats and carbohydrates are deeply and 

intricately intertwined. Considering insulin's profound effects on carbohydrate metabolism, it 
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stands to reason that insulin also has important effects on lipid metabolism, including the 

following: 

 Insulin promotes synthesis of fatty acids in the liver. As discussed above, insulin is 

stimulatory to synthesis of glycogen in the liver. However, as glycogen accumulates to high 

levels (roughly 5% of liver mass), further synthesis is strongly suppressed. 

 When the liver is saturated with glycogen, any additional glucose taken up by 

hepatocytes is shunted into pathways leading to synthesis of fatty acids, which are exported 

from the liver as lipoproteins. The lipoproteins are ripped apart in the circulation, providing 

free fatty acids for use in other tissues, including adipocytes, which use them to synthesize 

triglyceride. 

 Insulin inhibits breakdown of fat in adipose tissue by inhibiting the intracellular lipase 

that hydrolyzes triglycerides to release fatty acids. Insulin facilitates entry of glucose into 

adipocytes, and within those cells, glucose can be used to synthesize glycerol. These 

glycerols, along with the fatty acids delivered from the liver, are used to synthesize 

triglyceride within the adipocyte. By these mechanisms, insulin is involved in further 

accumulation of triglyceride in fat cells. From a whole body perspective, insulin has a fat-

sparing effect. Not only does it drive most cells to preferentially oxidize carbohydrates 

instead of fatty acids for energy, insulin indirectly stimulates accumulation of fat in adipose 

tissue. 

 

Other notable effects of insulin: In addition to insulin's effect on entry of glucose into cells, 

it also stimulates the uptake of amino acids, again contributing to its overall anabolic effect. 

When insulin levels are low, as in the fasting state, the balance is pushed toward intracellular 

protein degradation. 

 Insulin also increases the permiability of many cells to potassium, magnesium and 

phosphate ions. The effect on potassium is clinically important. Insulin activates sodium-

potassium ATPases in many cells, causing a flux of potassium into cells. Under certain 

circumstances, injection of insulin can kill patients because of its ability to acutely suppress 

plasma potassium concentrations. 

 

3.3 Chemical messengers for peptide hormones: mechanism of hormone action. 

 Hormones are normally present in the plasma and interstitial tissue at concentrations 

in the range of 10-7M to 10-10M. Because of these very low physiological concentrations, 

sensitive protein receptors have evolved in target tissues to sense the presence of very weak 
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signals. In addition, systemic feedback mechanisms have evolved to regulate the production 

of endocrine hormones. 

 Once a hormone is secreted by an endocrine tissue, it generally binds to a specific 

plasma protein carrier, with the complex being disseminated to distant tissues. Plasma carrier 

proteins exist for all classes of endocrine hormones. Carrier proteins for peptide hormones 

prevent hormone destruction by plasma proteases. Carriers for steroid and thyroid hormones 

allow these very hydrophobic substances to be present in the plasma at concentrations several 

hundred-fold greater than their solubility in water would permit. Carriers for small, 

hydrophilic amino acid-derived hormones prevent their filtration through the renal 

glomerulus, greatly prolonging their circulating half-life. 

 Tissues capable of 

responding to endocrines have 

2 properties in common: they 

possess a receptor having very 

high affinity for hormone, and 

the receptor is coupled to a 

process that regulates 

metabolism of the target cells. 

Receptors for most amino acid-

derived hormones and all 

peptide hormones are located on the plasma membrane. Activation of these receptors by 

hormones (the first messenger) leads to the intracellular production of a second messenger, 

such as cAMP, which is responsible for initiating the intracellular biological response. 

Steroid and thyroid hormones are hydrophobic and diffuse from their binding proteins in the 

plasma, across the plasma membrane to intracellularly localized receptors. The resultant 

complex of steroid and receptor bind to response elements of nuclear DNA, regulating the 

production of mRNA for specific proteins. 

 

Peptide Hormones:  

• Peptide hormones are composed of amino acids. 

• A peptide hormone binds to a cell-surface receptor, it does not enter the cell. 

• The resulting complex activates an enzyme that catalyzes the synthesis of cyclic AMP 

from ATP. Cyclic AMP activates other enzymes that are inactive. 
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 With the exception of the thyroid hormone receptor, the receptors for amino acid-

derived and peptide hormones are located in the plasma membrane. Receptor structure is 

varied: some receptors consist of a single polypeptide chain with a domain on either side of 

the membrane, connected by a membrane-spanning domain. Some receptors are comprised of 

a single polypeptide chain that is passed back and forth in serpentine fashion across the 

membrane, giving multiple intracellular, transmembrane, and extracellular domains. Other 

receptors are composed of multiple polypeptides. For example, the insulin receptor is a 

disulfide-linked tetramer with the β-subunits spanning the membrane and the α-subunits 

located on the exterior surface. 

 Subsequent to hormone binding, a signal is transduced to the interior of the cell, 

where second messengers and phosphorylated proteins generate appropriate metabolic 

responses. The main second messengers are cAMP, Ca2+, inositol triphosphate (IP3), and 

diacylglycerol (DAG). The generation of cAMP occurs via activation of G-protein coupled 

receptors (GPCRs) with its associated G-proteins activated adenylate cyclase. For more 

information on GPCRs and G-proteins visit the Signal Transduction page. Adenylate cyclase 

then converts ATP to cAMP and the subsequent increases in cAMP lead to activation of 

cAMP-dependent protein kinase (PKA) as shown in the Figure below. GPCRs also couple to 

G-protein activation of phospholipase C-γ (PLCγ). Activated PLCγ hydrolyzes membrane 

phospholipids (as described below) resulting in increased levels of IP3 and DAG. 

Downstream signaling proteins are phosphorylated on serine and threonine by PKA and 

DAG-activated protein kinase C (PKC) leading to alterations in their activities. Additionally, 

a series of membrane-associated and intracellular tyrosine kinases phosphorylate specific 

tyrosine residues on target enzymes and other regulatory proteins. 

 The hormone-binding signal of most, but not all, plasma membrane receptors is 

transduced to the interior of cells by the binding of receptor-ligand complexes to a series of 

membrane-localized GDP/GTP binding proteins known as G-proteins. The classic 

interactions between receptors, G-protein transducer, and membrane-localized adenylate 

cyclase are illustrated below using the pancreatic hormone glucagon as an example. When G-

proteins bind to receptors, GTP exchanges with GDP bound to the α subunit of the G-protein. 

The Gα-GTP complex binds adenylate cyclase, activating the enzyme. The activation of 

adenylate cyclase leads to cAMP production in the cytosol and to the activation of PKA, 

followed by regulatory phosphorylation of numerous enzymes. Stimulatory G-proteins are 

designated Gs, inhibitory G-proteins are designated Gi.  
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3.3.1 Glucagon-mediated activation of PKA: 

 Representative pathway for the activation of cAMP-dependent protein kinase (PKA). 

In this example glucagon binds to its' cell-surface receptor, thereby activating the receptor. 

Activation of the receptor is coupled to the activation of a receptor-coupled G-protein (GTP-

binding and hydrolyzing protein) composed of 3 subunits. Upon activation the α-subunit 

dissociates and binds to and activates adenylate cyclase. Adenylate cylcase then converts 

ATP to cyclic-AMP (cAMP). The cAMP thus produced then binds to the regulatory subunits 

of PKA leading to dissociation of the associated catalytic subunits. The catalytic subunits are 

inactive until dissociated from the regulatory subunits. Once released the catalytic subunits of 

PKA phosphorylate numerous substrate using ATP as the phosphate donor. 

 A second class of peptide 

hormones induces the transduction 

of two second messengers, DAG and 

IP3 (diagrammed below for α-

adrenergic stimulation by 

epinephrine). Hormone binding is 

followed by interaction with a 

stimulatory G-protein which is 

followed in turn by G-protein 

activation of membrane-localized 

PLCγ. G-proteins that are coupled to 

receptor-activation of PLCγ are 

termed Gq-proteins. PLCγ hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to 

produce two messengers: IP3, which is soluble in the cytosol, and DAG, which remains in the 

membrane phase. Cytosolic IP3 binds to sites on the endoplasmic reticulum, opening Ca2+ 

channels and allowing stored Ca2+ to flood the cytosol. There it activates numerous 

enzymes, many by activating their calmodulin or calmodulin-like subunits. DAG has two 

roles: it binds and activates protein kinase C (PKC), and it opens Ca2+ channels in the 

plasma membrane, reinforcing the effect of IP3. Like PKA, PKC phosphorylates serine and 

threonine residues of many proteins, thus modulating their catalytic activity.  
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3.3.2 α-adrenergic receptor-mediated regulation of glycogen phosphorylase: 

 Pathways involved in the regulation of glycogen phosphorylase by epinephrine 

activation of α-adrenergic receptors (see the Glycogen page for details of the regulatory 

mechanisms). PLCγ is 

phospholipase C-γ. 

 Only one receptor 

class, that for the natriuretic 

peptides (e.g. atrial 

natriuretic peptide, ANP: 

also sometimes called atrial 

natriuretic factor, ANF), has 

been shown to be coupled 

to the production of 

intracellular cGMP. ANP, a 

peptide secreted by cardiac 

atrial tissue, is much like other peptide hormones in that it is secreted into the circulatory 

system and has effects on distant tissue. The principal site of ANP action is the kidney 

glomerulus, where it modulates the rate of filtration, increasing Na+ excretion in the urine. 

The receptors for the natriuretic factors are integral plasma membrane proteins, whose 

intracellular domains catalyze the formation of cGMP following natriuretic factor-binding. 

Intracellular cGMP activates a protein kinase G (PKG), which phosphorylates and modulates 

enzyme activity, leading to the biological effects of the natriuretic factors. 

 

3.4 Steroid Hormones:  

Steroid hormones enter the cell and bind to receptors in the cytoplasm. The hormone-receptor 

complex enters the nucleus where it binds with chromatin and activates specific genes. Genes 

(DNA) contain information to produce protein as diagrammed below. When genes are active, 

protein is produced. Steroid hormones act more slowly than peptide hormones because of the 

time required to produce new proteins as opposed to activating proteins that are already 

present.  

 Unlike peptide hormones and epinephrine, which are much too large to pass through 

cell membranes, steroid hormones (for example, estrogen, testosterone, and aldosterone), are 

lipid-soluble molecules that readily diffuse through cell membranes. Once inside the 
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cytoplasm, steroid hormones bind selectively to receptor molecules of target cells. While 

these receptor molecules may be located in cytoplasm or nucleus, their ultimate site of 

activity is the nucleus. The 

hormone-receptor complex, now 

known as a gene regulatory 

protein, then activates or 

inhibits specific genes. As a 

result, gene transcription is 

altered, since messenger RNA 

molecules are synthesized on 

specific sequences of DNA. 

Stimulation or inhibition of 

mRNA formation modifies 

production of key enzymes, thus setting in motion the hormone’s observed effect. Thyroid 

hormones and the insect-molting hormone, ecdysone, also act through nuclear receptors. 

3.5 Comparison of mechanisms of steroid and peptide hormone actions.  

Peptide hormones and 

epinephrine act through second 

messenger systems, as for 

example, cyclic AMP, shown 

here. The combination of 

hormone with a membrane 

receptor stimulates the enzyme 

adenylate cyclase to catalyze 

formation of cyclic AMP (second 

messenger). Steroid hormones 

and thyroid hormones penetrate the cell membrane to combine with cytoplasmic or nuclear 

receptors that alter gene transcription.  

 Compared with peptide hormones that act indirectly through second messenger 

systems, steroids have a direct effect on protein synthesis because they bind a nuclear 

receptor that modifies specific gene activity. 

Control of Secretion Rates of Hormones: Hormones influence cellular functions by altering 

rates of many different biochemical processes. Many affect enzymatic activity and thus alter 
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cellular metabolism, some change membrane permeability, some regulate synthesis of 

cellular proteins, and some stimulate release of hormones from other endocrine glands. 

Because these are all dynamic processes that must adapt to changing metabolic demands, 

they must be regulated, not merely activated, by the appropriate hormones. This regulation is 

achieved by precisely controlled release of a hormone into the blood. However, the 

concentration of a hormone in the plasma depends on two factors: its rate of secretion and the 

rate at which it is inactivated and removed from the circulation. Consequently, if secretion is 

to be correctly controlled, an endocrine gland requires information about the level of its own 

hormone(s) in the plasma. Based on the level of the hormone in the circulation the endocrine 

glands regulate their section according to the need of the body. 

3.6 Summary: 

Insulin has profound effects on both carbohydrate and lipid metabolism, and significant 

influences on protein and mineral metabolism.  

The insulin receptor is a tyrosine kinase type of receptor, with two α and two β subunits.  

Elevated concentrations of glucose in blood stimulate release of insulin, and insulin acts on 

cells throughout the body to stimulate uptake, 

through major transporters like GLUT4. Brain and 

the liver tissues do not require insulin for efficient 

uptake of glucose. 

Cell surface receptors: signaling molecules 

include peptide hormones, catecholamines, insulin, 

growth factors, cytokines, etc. Binding, and 

subsequent events triggers an increase or decrease  

in the  cytosolic concentration of a second messenger; or the   activated bound receptor acts  

as a scaffold to recruit and activate other intracellular proteins resulting in required 

physiological effect. 

Intracellular receptors: signaling molecules include steroid hormones, retinoids, thyroxine, 

etc, receptor-hormone complex acts as transcription factor to alter transcription of certain 

genes further leading to translation of these gene products(proteins) resulting in required 

physiological change. 

 

3.7 Key words: Insulin, Peptide hormone, Steroid hormone, Thyroid hormone, Second 

messenger, hormone receptors, cyclic AMP, Protein kinase, Chemical messenger. 
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3.8 Questions for self study: 
10. Explain the hormonal actions of insulin? 

11. Write the structure of insulin receptor? 

12. Sketch a diagram to demonstrate the general action of peptide hormones? 

13. List the names of the second messengers used by hormones?  

14. Explain with help of diagram the action of steroid hormone. 

15. Write about Glucagon-mediated activation of PKA? 

16. Explain α-adrenergic receptor-mediated regulation of glycogen phosphorylase. 

17. Explain why the effects of a steroid hormone action are slower than a peptide 

hormone? 

 

3.9 Further references: 
 
6. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

7. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

8. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

9. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

10. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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4.0 Objectives: At the end of this unit, you should be able to, 

• State the importance of growth factors in animal and plant development. 

• Understand the role of platelet derived growth factors in humans. 

• Understand the role of vascular endothelial growth factors in humans. 

• State what are plant hormones and growth factors? 

• Understand the use of plant hormones in various fields of biology. 

 

4.1 Introduction: Growth factors are a group of proteins that stimulate the growth of 

specific tissues. Growth factors play an important role in promoting cellular differentiation 

and cell division, and they occur in a wide range of organisms, including insects, amphibians, 

humans, and plants. 

When investigators began studying the effects of biological substances on cells and tissues in 

culture, they discovered a group of peptide-hormone-like substances that were distinct from 

any previously known hormones. Because these substances were active in stimulating the 

growth of cells and tissues, they were called growth factors. Some growth factors are similar 

to hormones in that they can be secreted into the blood stream, which carries them to their 

target tissues. Whereas the production of hormones is limited to glandular tissue, growth 

factors can be produced by many different types of tissue. 

There are different kinds of growth factors, many of which were originally isolated from the 

tissues of animals, including mice and cattle. Examples of these substances include insulin-

like growth factors, which stimulate growth by mediating the secretion of growth 

hormone from the pituitary gland; epidermal growth factor, which stimulates the growth of 

epithelial cells; platelet-derived growth factor, which stimulates the growth of muscle cells 

and connective tissue cells; and nerve growth factor, which stimulates the growth of neuronal 

cells. A growth factor that is ubiquitously distributed in plants, animals, and microorganisms 

is lipoic acid, which is used in photosynthesis, lipid and carbohydrate metabolism. 

Some cytokines, small proteins released by one cell to regulate the function of another cell, 

can act as growth factors. 

Several growth factors are used therapeutically. For example, erythropoietin, which 

stimulates the growth of red blood cells, is used to treat anemia associated with 

chronic kidney failure and cancer chemotherapy. Granulocyte colony-stimulating factor (G-

CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) are used to stimulate 

the production of white blood cells in patients with cancer. These agents also can be used to 
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mobilize hematopoietic progenitor cells (hematopoietic stem cells) into the peripheral blood 

circulation, in order to generate cells, that can be harvested and used for bone marrow 

transplant. 

The abnormal production and regulation of growth factors can play a role in the progression 

of disease. For example, vascular endothelial growth factor induces endothelial cells (the 

building blocks of capillaries) to penetrate a tumor nodule and begin the process 

of angiogenesis, or capillary growth-a hallmark in the progression of cancer. 

This unit provides an overview of roles of PDGF and VEGF and their mechanisms of action. 

In addition the unit will focus on the mechanisms and action of plant hormones and growth 

factors. 
 
 
4.2 Growth factors: 

 A growth factor is a naturally occurring substance capable of stimulating cellular 

growth, proliferation and cellular differentiation. Usually it is a protein or a steroid hormone. 

Growth factors are important for regulating a variety of cellular processes. 

 Growth factors typically act as signaling molecules between cells. Examples are 

cytokines and hormones that bind to specific receptors on the surface of their target cells. 

 They often promote cell differentiation and maturation, the effect varies between 

growth factors. For example, bone morphogenic proteins stimulate bone cell differentiation, 

while fibroblast growth factors and vascular endothelial growth factors stimulate blood vessel 

differentiation (angiogenesis). 

 

4.2.1 Platelet-derived growth factor:  

Platelet-derived growth factor (PDGF) is one of the numerous growth factors, or 

proteins that regulate cell growth and division. In particular, it plays a significant role in 

blood vessel formation (angiogenesis), the growth of blood vessels from already-existing 

blood vessel tissue. Uncontrolled angiogenesis is a characteristic of cancer. In chemical 

terms, platelet-derived growth factor is dimeric glycoprotein composed of two A (-AA) or 

two B (-BB) chains or a combination of the two (-AB). 

 PDGF is a potent mitogen for cells of mesenchymal origin, including smooth muscle 

cells and glial cells. In both mouse and human, the PDGF signalling network consists of four 

ligands, PDGFA-D, and two receptors, PDGFRalpha and PDGFRbeta. All PDGFs function 
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as secreted, disulphide-linked homodimers, but only PDGFA and B can form functional 

heterodimers. 

 Though it is synthesized, stored and released by platelets upon activation, it is 

produced by a plethora of cells including smooth muscle cells, activated macrophages, and 

endothelial cells. 

 

Types/Classification: There are five different isoforms of PDGF that activate cellular 

response through two different receptors. Known ligands include A (PDGFA), B (PDGFB), 

C (PDGFC), and D (PDGFD), and an AB heterodimer and receptors alpha (PDGFRA) and 

beta (PDGFRB). PDGF has few other members of the family, for example VEGF sub-family. 

 

Mechanisms: 

 The receptor for PDGF, PDGFR is classified as a receptor tyrosine kinase (RTK), a 

type of cell surface receptor. Two types of PDGFRs have been identified: alpha-type and 

beta-type PDGFRs. The alpha type binds to PDGF-AA, PDGF-BB and PDGF-AB, whereas 

the beta type PDGFR binds with high affinity to PDGF-BB and PDGF-AB. PDGF binds to 

PDGFRs ligand binding pocket located within the second and third immunoglobulin 

domains. Upon activation by PDGF, these receptors dimerise, and are "switched on" by auto-

phosphorylation of several sites on their cytosolic domains, which serve to mediate binding 

of cofactors and subsequently activate signal transduction, for example, through the PI3K 

pathway. Downstream effects of this include regulation of gene expression and the cell cycle. 

The role of PI3K has been investigated by several laboratories. The different ligand isoforms 

have variable affinities for the receptor isoforms, and the receptor isoforms may variably 

form hetero- or homo- dimers. This leads to specificity of downstream signaling. It has been 

shown that the cis oncogene is derived from the PDGF B-chain gene. PDGF-BB is the 

highest-affinity ligand for the PDGFR-beta; PDGFR-beta is a key marker of hepatic stellate 

cell activation in the process of fibrogenesis. 

 

Function: PDGFs are mitogenic during early developmental stages, driving the proliferation 

of undifferentiated mesenchyme and some progenitor populations. During later maturation 

stages, PDGF signalling has been implicated in tissue remodelling and cellular 

differentiation, and in inductive events involved in patterning and morphogenesis. In addition 

to driving mesenchymal proliferation, PDGFs have been shown to direct the migration, 

differentiation and function of a variety of specialised mesenchymal and migratory cell types, 
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both during development and in the adult animal. Other growth factors in this family include 

vascular endothelial growth factors B and C (VEGF-B, VEGF-C) which are active in 

angiogenesis and endothelial cell growth, and placenta growth factor (PlGF) which is also 

active in angiogenesis. 

 PDGF plays a role in embryonic development, cell proliferation, cell migration, and 

angiogenesis. PDGF has also been linked to several diseases such as atherosclerosis, fibrosis 

and malignant diseases. In addition, PDGF is a required element in cellular division for 

fibroblast, a type of connective tissue cell. PDGF is also known to maintain proliferation of 

oligodendrocyte progenitor cells. 

 

4.2.2 Platelet-derived growth factor receptors: 

 Platelet-derived growth factor receptors (PDGF-R) are cell surface tyrosine kinase 

receptors for members of the platelet-derived growth factor (PDGF) family. PDGF subunits -

A and -B are important factors regulating cell proliferation, cellular differentiation, cell 

growth, development and many diseases including cancer. There are two forms of the PDGF-

R, alpha and beta each encoded by a different gene. Depending on which growth factor is 

bound, PDGF-R homo- or heterodimerizes. 

 

Mechanism of action: The 

PDGF family consists of PDGF-

A, -B, -C and -D, which form 

either homo- or heterodimers 

(PDGF-AA, -AB, -BB, -CC, -

DD). The four PDGFs are 

inactive in their monomeric 

forms. The PDGFs bind to the 

protein tyrosine kinase receptors 

PDGF receptor-α and -β. These 

two receptor isoforms dimerize 

upon binding the PDGF dimer, leading to three possible receptor combinations, namely -αα, -

ββ and -αβ. The extracellular region of the receptor consists of five immunoglobulin-like 

domains while the intracellular part is a tyrosine kinase domain. The ligand-binding sites of 

the receptors are located in the three first immunoglobulin-like domains. PDGF-CC 

specifically interacts with PDGFR-αα and -αβ, but not with -ββ, and thereby resembles 
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PDGF-AB. PDGF-DD binds to PDGFR-ββ with high affinity and to PDGFR-αβ to a 

markedly lower extent and is therefore regarded as PDGFR-ββ specific. PDGF-AA binds 

only to PDGFR-αα, while PDGF-BB is the only PDGF that can bind all three receptor 

combinations with high affinity. 

 Dimerization is a prerequisite for the activation of the kinase. Kinase activation is 

visualized as tyrosine phosphorylation of the receptor molecules, which occurs between the 

dimerized receptor molecules (transphosphorylation). In conjunction with dimerization and 

kinase activation, the receptor molecules undergo conformational changes, which allow a 

basal kinase activity to phosphorylate a critical tyrosine residue, thereby "unlocking" the 

kinase, leading to full enzymatic activity directed toward other tyrosine residues in the 

receptor molecules as well as other substrates for the kinase. Expression of both receptors and 

each of the four PDGFs is under independent control, giving the PDGF/PDGFR system a 

high flexibility. Different cell types vary greatly in the ratio of PDGF isoforms and PDGFRs 

expressed. Different external stimuli such as inflammation, embryonic development or 

differentiation modulate cellular receptor expression allowing binding of some PDGFs but 

not others. Additionally, some cells display only one of the PDGFR isoforms while other 

cells express both isoforms, simultaneously or separately. 

 

Interaction with signal transduction molecules:  

Tyrosine phosphorylation sites in growth factor receptors serve two major purposes: to 

control the state of activity of the kinase and to create binding sites for downstream signal 

transduction molecules, which in many cases also are substrates for the kinase. The second 

part of the tyrosine kinase domain in the PDGFβ receptor is phosphorylated at Tyr-857, and 

mutant receptors carrying phenylalanine at this position have reduced kinase activity. Tyr-

857 has therefore been assigned a role in positive regulation of kinase activity. Sites of 

tyrosine phosphorylation involved in binding signal transduction molecules have been 

identified in the juxtamembrane domain, the kinase insert, and in the C-terminal tail in the 

PDGFβ receptor. The phosphorylated tyrosine residue and in general three adjacent C-

terminal amino acid residues form specific binding sites for signal transduction molecules. 

Binding to these sites involves a common conserved stretches, denoted the Src homology 

(SH) 2 domain and/or Phosphotyrosine Binding Domains (PTB). The specificity of these 

interactions appears to be very high, since mutant receptors carrying phenylalanine residues 

in one or several of the different phosphorylation sites generally lack the capacity to bind the 

targeted signal transduction molecule. The signal transduction molecules are either equipped 
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with different enzymatic activities, or they are adaptor molecules, which in some but not all 

cases are found in complexes with subunits that carry a catalytic activity. Upon interaction 

with the activated receptor, the catalytic activities become up-regulated, through tyrosine 

phosphorylation or other mechanisms, generating a signal that may be unique for each type of 

signal transduction molecule. 

 

4.3 Vascular endothelial growth factor: 

Vascular endothelial growth factor (VEGF) is a signal protein produced by cells that 

stimulates vasculogenesis and angiogenesis. It is part of the system that restores the oxygen 

supply to tissues when blood circulation is inadequate. Serum concentration of VEGF is high 

in bronchial asthma and low in diabetes mellitus. VEGF's normal function is to create new 

blood vessels during embryonic development, new blood vessels after injury, muscle 

following exercise, and new vessels (collateral circulation) to bypass blocked vessels. 

When VEGF is overexpressed, it can contribute to disease. Solid cancers cannot grow beyond 

a limited size without an adequate blood supply; cancers that can express VEGF are able to 

grow and metastasize. Overexpression of VEGF can cause vascular disease in the retina of 

the eye and other parts of the body. Drugs such as bevacizumab can inhibit VEGF and 

control or slow those diseases. 

VEGF is a sub-family of growth factors, to be specific, the platelet-derived growth factor 

family of cystine-knot growth factors. They are important signaling proteins involved in both 

vasculogenesis (the de novo formation of the embryonic circulatory system) and angiogenesis 

(the growth of blood vessels from pre-existing vasculature). 

 

Mechanism: All members of the VEGF family stimulate cellular responses by binding to 

tyrosine kinase receptors (the VEGFRs) on the cell surface, causing them to dimerize and 

become activated through transphosphorylation, although to different sites, times and extents. 

The VEGF receptors have an extracellular portion consisting of 7 immunoglobulin-like 

domains, a single transmembrane spanning region, and an intracellular portion containing a 

split tyrosine-kinase domain. VEGF-A binds to VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-

1). VEGFR-2 appears to mediate almost all of the known cellular responses to VEGF.] The 

function of VEGFR-1 is less well-defined, although it is thought to modulate VEGFR-2 

signaling. Another function of VEGFR-1 may be to act as a dummy/decoy receptor, 

sequestering VEGF from VEGFR-2 binding (this appears to be particularly important during 
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vasculogenesis in the embryo). VEGF-C and VEGF-D, but not VEGF-A, are ligands for a 

third receptor (VEGFR-3), which mediates lymphangiogenesis. 

 

Classification/ type: 

VEGF-A: Vascular endothelial growth factor A (VEGFA) is a dimeric glycoprotein that 

plays a significant role in neurons and is considered to be the main, dominant inducer to the 

growth of blood vessels. VEGFA is essential for adults during organ remodeling and diseases 

that involve blood vessels, for example, in wound healing, tumor angiogenesis, diabetic 

retinopathy, and age-related muscular degeneration. During early vertebrate development, 

vasculogenesis occurs which means that the endothelial condense into the blood vessels. The 

differentiation of endothelial cells is dependent upon the expression of VEGFA and if the 

expression is abolished then it can result in the death of the embryo. VEGFA is produced by a 

group of three major isoforms as a result of alternative splicing and if any three isoforms are 

produced (VEGFA120, VEGFA164, and VEGFA188) then this will not result in vessel 

defects and death of the full VEGFA knockout in mice. VEGFA is essential in the role of 

neurons because they too need vascular supply and abolishing the expression of VEGFA 

from neural progenitors will result in defects of the brain vascularization and neuronal 

apoptosis. Anti-VEGFA therapy can be used to treat patients with undesirable angiogenesis 

and vascular leakage in cancer and eye diseases but also could result in the inhibition of 

neurogenesis and neuroprotection. VEGFA could be used to treat patients with 

neurodegenerative and neuropathic conditions and also increase vascular permeability which 

will stop the blood-brain barrier and increase inflammatory cell infiltration. 

 

VEGF-B: In contrast to VEGF-A, VEGF-B plays a less pronounced role in the vascular 

system: Whereas VEGF-A is important for the formation of blood vessels, such as during 

development or in pathological conditions, VEGF-B seems to play a role only in the 

maintenance of newly formed blood vessels during pathological conditions. VEGF-B plays 

also an important role on several types of neurons. It is important for the protection of 

neurons in the retina and the cerebral cortex during stroke and of motoneurons during motor 

neuron diseases such as amyotrophic lateral sclerosis. VEGF-B exerts its effects via the FLT1 

receptor. VEGF-B has also been found to control endothelial uptake and transport of fatty 

acids in heart and skeletal muscle. 
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VEGF-C:  The protein encoded by this gene is a member of the platelet-derived growth 

factor/vascular endothelial growth factor (PDGF/VEGF) family, is active in angiogenesis, 

lymphangiogenesis and endothelial cell growth and survival, and can also affect the 

permeability of blood vessels. This secreted protein undergoes a complex proteolytic 

maturation, generating multiple processed forms that bind and activate VEGFR-3 receptors. 

Only the fully processed form can bind and activate VEGFR-2 receptors. The structure and 

function of this protein is similar to those of vascular endothelial growth factor D (VEGF-D). 

 

VEGF-D: The protein encoded by this gene is a member of the platelet-derived growth 

factor/vascular endothelial growth factor (PDGF/VEGF) family and is active in angiogenesis, 

lymphangiogenesis, and endothelial cell growth. This secreted protein undergoes a complex 

proteolytic maturation, generating multiple processed forms that bind and activate VEGFR-2 

and VEGFR-3 receptors. The structure and function of this protein is similar to those of 

vascular endothelial growth factor C. 

 

PlGF: Placental growth factor (PGF) is a member of the VEGF (vascular endothelial growth 

factor) sub-family - a key molecule in angiogenesis and vasculogenesis, in particular during 

embryogenesis. The main source of PGF during pregnancy is the placental trophoblast. PGF 

is also expressed in many other tissues, including the villous trophoblast. Important for 

Vasculogenesis, Also needed 

for angiogenesis during 

ischemia, inflammation, 

wound healing, and cancer. 

All members of the 

VEGF family stimulate 

cellular responses by binding 

to tyrosine kinase receptors 

(the VEGFRs) on the cell 

surface, causing them to 

dimerize and become activated 

through transphosphorylation. 

The VEGF receptors have an 

extracellular portion consisting 
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of 7 immunoglobulin-like domains, a single transmembrane spanning region and an 

intracellular portion containing a split tyrosine-kinase domain. 

VEGF-A binds to VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1). VEGFR-2 appears to 

mediate almost all of the known cellular responses to VEGF. The function of VEGFR-1 is 

less well defined, although it is thought to modulate VEGFR-2 signaling. Another function of 

VEGFR-1 is to act as a dummy/decoy receptor, sequestering VEGF from VEGFR-2 binding 

(this appears to be particularly important during vasculogenesis in the embryo). In fact, an 

alternatively spliced form of VEGFR-1 (sFlt1) is not a membrane bound protein but is 

secreted and functions primarily as a decoy. A third receptor has been discovered (VEGFR-

3), however, VEGF-A is not a ligand for this receptor. VEGFR-3 mediates 

lymphangiogenesis in response to VEGF-C and VEGF-D. 

 

4.4 Plant hormones and growth factors: Plant hormones are signal molecules produced 

within the plant, and occur in extremely low concentrations. Hormones regulate cellular 

processes in targeted cells locally and, when moved to other locations, in other locations of 

the plant. Hormones also determine the formation of flowers, stems, leaves, the shedding of 

leaves, and the development and ripening of fruit. Plants, unlike animals, lack glands that 

produce and secrete hormones. Instead, each cell is capable of producing hormones. Plant 

hormones shape the plant, affecting seed growth, time of flowering, the sex of flowers, 

senescence of leaves, and fruits. They affect which tissues grow upward and which grow 

downward, leaf formation and stem growth, fruit development and ripening, plant longevity, 

and even plant death. Hormones are vital to plant growth, and, lacking them, plants would be 

mostly a mass of undifferentiated cells. So they are also known as growth factors or growth 

hormone. 

 Hormones are transported within the plant by utilizing four types of movements. For 

localized movement, cytoplasmic streaming within cells and slow diffusion of ions and 

molecules between cells are utilized. Vascular tissues are used to move hormones from one 

part of the plant to another; these include sieve tubes or phloem that move sugars from the 

leaves to the roots and flowers, and xylem that moves water and mineral solutes from the 

roots to the foliage. 

 

Classes of plant hormones: In general, it is accepted that there are five major classes of 

plant hormones, some of which are made up of many different chemicals that can vary in 

structure from one plant to the next. The chemicals are each grouped together into one of 
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these classes based on their structural similarities and on their effects on plant physiology. 

Other plant hormones and growth regulators are not easily grouped into these classes; they 

exist naturally or are synthesized by humans or other organisms, including chemicals that 

inhibit plant growth or interrupt the physiological processes within plants. Each class has 

positive as well as inhibitory functions, and most often work in tandem with each other, with 

varying ratios of one or more interplaying to affect growth regulation. 

 

Abscisic acid: Abscisic acid (ABA), also known as abscisin II and dormin, is a plant 

hormone. ABA functions in many plant developmental processes, including bud dormancy. It 

is degraded by the enzyme (+)-abscisic acid 8'-hydroxylase. 

Function: ABA was originally believed to be involved in abscission. This is now known to 

be the case only in a small number of plants. ABA-mediated signalling also plays an 

important part in plant responses to 

environmental stress and plant pathogens. The 

plant genes for ABA biosynthesis and sequence 

of the pathway have been elucidated. ABA is also 

produced by some plant pathogenic fungi via a 

biosynthetic route different from ABA 

biosynthesis in plants. 

 Abscisic acid owes its names to its role in the abscission of plant leaves. In 

preparation for winter, ABA is produced in terminal buds. This slows plant growth and 

directs leaf primordia to develop scales to protect the dormant buds during the cold season. 

ABA also inhibits the division of cells in the vascular cambium, adjusting to cold conditions 

in the winter by suspending primary and secondary growth. 

 Abscisic acid is also produced in the roots in response to decreased soil water 

potential and other situations in which the plant may be under stress. ABA then translocates 

to the leaves, where it rapidly alters the osmotic potential of stomatal guard cells, causing 

them to shrink and stomata to close. The ABA-induced stomatal closure reduces 

transpiration, thus preventing further water loss from the leaves in times of low water 

availability. A close linear correlation was found between the ABA content of the leaves and 

their conductance (stomatal resistance) on a leaf area basis. 

 Seed germination is inhibited by ABA in antagonism with gibberellin. ABA also 

prevents loss of seed dormancy. Several ABA-mutant Arabidopsis thaliana plants have been 

identified and are available from the Nottingham Arabidopsis Stock Centre - both those 
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deficient in ABA production and those with altered sensitivity to its action. Plants that are 

hypersensitive or insensitive to ABA show phenotypes in seed dormancy, germination, 

stomatal regulation, and some mutants show stunted growth and brown/yellow leaves. These 

mutants reflect the importance of ABA in seed germination and early embryo development. 

ABA has recently been shown to elicit potent anti-inflammatory and anti-diabetic effects in 

mouse models of diabetes/obesity, inflammatory bowel disease, atherosclerosis and influenza 

infection. 

  

Auxin: Auxins are a class of plant hormones (or plant growth substances) with some 

morphogen-like characteristics. Auxins have a cardinal role in coordination of many growth 

and behavioral processes in the plant's life cycle and are essential for plant body 

development. Auxins and their role in plant growth were first described by the Dutch scientist 

Frits Went. Kenneth V. Thimann isolated this phytohormone and determined its chemical 

structure as indole-3-acetic acid. Went and Thimann then co-authored a book on plant 

hormones, Phytohormones, in 1937. 

 The (dynamic and environment responsive) pattern of auxin distribution within the 

plant is a key factor for plant growth, its reaction to its environment, and specifically for 

development of plant organs (such as leaves or flowers). It is achieved through very complex 

and well coordinated active transport of auxin molecules from cell to cell throughout the 

plant body — by the so-called polar auxin transport. Thus, a plant can (as a whole) react to 

external conditions and adjust to them, without requiring a nervous system. Auxins typically 

act in concert with, or in opposition to, other plant hormones. For example, the ratio of auxin 

to cytokinin in certain plant tissues determines initiation of root versus shoot buds. 

 On the molecular level, all auxins are compounds with an aromatic ring and a 

carboxylic acid group. The most important member of the auxin family is indole-3-acetic acid 

(IAA). IAA generates the majority of auxin effects in intact plants, and is the most potent 

native auxin. And as native auxin, its stability is controlled in many ways in plants, from 

synthesis, through possible conjugation to degradation of its molecules, always according to 

the requirements of the situation. However, molecules of IAA are chemically labile in 

aqueous solution, so it is not used commercially as a plant growth regulator. 

 The four naturally occurring (endogenous) auxins are IAA, 4-chloroindole-3-acetic 

acid, phenylacetic acid and indole-3-butyric acid; only these four were found to be 

synthesized by plants. However, most of the knowledge described so far in auxin biology and 

as described in the article below, apply basically to IAA; the other three endogenous auxins 
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seems to have rather marginal importance for intact plants in natural environments. 

Alongside endogenous auxins, scientists and manufacturers have developed many synthetic 

compounds with auxinic activity. 

Broad-leaf plants (dicots), such as dandelions, are 

much more susceptible to auxins than narrow-leaf 

plants (monocots) such as grasses and cereal crops, so 

these synthetic auxins are valuable as synthetic 

herbicides. 

 

Funtion: Auxins are also often used to promote initiation of adventitious roots, and are the 

active ingredient of the commercial preparations used in horticulture to root stem cuttings. 

They can also be used to promote uniform flowering and fruit set, and to prevent premature 

fruit drop. 

 Auxin participates in phototropism, geotropism, hydrotropism and other 

developmental changes. The uneven distribution of auxin, due to environmental cues, such as 

unidirectional light or gravity force, results in uneven plant tissue growth, and generally, 

auxin governs the form and shape of plant body, direction and strength of growth of all 

organs, and their mutual interaction. 

 Auxin stimulates cell elongation by stimulating wall-loosening factors, such as 

elastins, to loosen cell walls. The effect is stronger if gibberellins are also present. Auxin also 

stimulates cell division if cytokinins are present. When auxin and cytokinin are applied to 

callus, rooting can be generated if the auxin concentration is higher than cytokinin 

concentration. Xylem tissues can be generated when the auxin concentration is equal to the 

cytokinins. 

 Auxin also induces sugar and mineral accumulation at the site of application. Auxin 

induces the formation and organization of phloem and xylem. When the plant is wounded, the 

auxin may induce the cell differentiation and regeneration of the vascular tissues. 

 

Root growth and development: Auxins promote root initiation. Auxin induces both growth 

of pre-existing roots and adventitious root formation, i.e., branching of the roots. As more 

native auxin is transported down the stem to the roots, the overall development of the roots is 

stimulated. If the source of auxin is removed, for example the tips of stems are trimmed, the 

roots are less stimulated accordingly, and growth of stem is supported instead. 
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 In horticulture, auxins, especially NAA and IBA, are commonly applied to stimulate 

root initiation when rooting cuttings of plants. However, high concentrations of auxin inhibit 

root elongation and instead enhance adventitious root formation. Removal of the root tip can 

lead to inhibition of secondary root formation. 

 Auxin induces shoot apical dominance; the axillary buds are inhibited by auxin, as a 

high concentration of auxin directly stimulates ethylene synthesis in lateral buds, causing 

inhibition of their growth and potentiation of apical dominance. When the apex of the plant is 

removed, the inhibitory effect is removed and the growth of lateral buds is enhanced. Auxin 

is sent to the part of the plant facing light, and this promotes growth towards that direction. 

 Auxin is required for fruit growth and development and delays fruit senescence. 

When seeds are removed from strawberries, fruit growth is stopped; exogenous auxin 

stimulates the growth in fruits with seeds removed. For fruit with unfertilized seeds, 

exogenous auxin results in parthenocarpy ("virgin-fruit" growth). Fruits form abnormal 

morphologies when auxin transport is disturbed. In Arabidopsis fruits, auxin controls the 

release of seeds from the fruit (pod). The valve margins are a specialised tissue in pods that 

regulates when pod will open (dehiscence). Auxin must be removed from the valve margin 

cells to allow the valve margins to form. This process requires modification of the auxin 

transporters (PIN proteins). 

 Auxin also plays a minor role in the initiation of flowering and development of 

reproductive organs. In low concentrations, it can delay the senescence of flowers. In low 

concentrations, auxin can inhibit ethylene formation and transport of precursor in plants; 

however, high concentrations can induce the synthesis of ethylene. Therefore, the high 

concentration can induce femaleness of flowers in some species. Auxin inhibits abscission 

prior to formation of abscission layer, and thus inhibits senescence of leaves. 

 

Cytokinin: The cytokinin zeatin is named after the genus 

of corn, Zea, in which it was discovered. Cytokinins (CK) 

are a class of plant growth substances (phytohormones) 

that promote cell division, or cytokinesis, in plant roots 

and shoots. They are involved primarily in cell growth and 

differentiation, but also affect apical dominance, axillary 

bud growth, and leaf senescence. Folke Skoog discovered 

their effects using coconut milk in the 1940s at the University of Wisconsin–Madison.  
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 There are two types of cytokinins: adenine-type cytokinins represented by kinetin, 

zeatin, and 6-benzylaminopurine, and phenylurea-type cytokinins like diphenylurea and 

thidiazuron (TDZ). Most adenine-type cytokinins are synthesized in roots. Cambium and 

other actively dividing tissues also synthesize cytokinins. No phenylurea cytokinins have 

been found in plants. Cytokinins participate in local and long-distance signalling, with the 

same transport mechanism as purines and nucleosides. Typically, cytokinins are transported 

in the xylem. Cytokinins act in concert with auxin, another plant growth hormone. 

 

Mode of action: The ratio of auxin to cytokinin plays an important role in the effect of 

cytokinin on plant growth. Cytokinin alone has no effect on parenchyma cells. When cultured 

with auxin but no cytokinin, they grow large but do not divide. When cytokinin is added, the 

cells expand and differentiate. When cytokinin and auxin are present in equal levels, the 

parenchyma cells form an undifferentiated callus. More cytokinin induces growth of shoot 

buds, while more auxin induces root formation. 

 Cytokinins are involved in many plant processes, including cell division and shoot 

and root morphogenesis. They are known to regulate axillary bud growth and apical 

dominance. The "direct inhibition hypothesis" posits that these effects result from the 

cytokinin to auxin ratio. This theory states that auxin from apical buds travels down shoots to 

inhibit axillary bud growth. This promotes shoot growth, and restricts lateral branching. 

Cytokinin moves from the roots into the shoots, eventually signaling lateral bud growth. 

Simple experiments support this theory. When the apical bud is removed, the axillary buds 

are uninhibited, lateral growth increases, and plants become bushier. Applying auxin to the 

cut stem again inhibits lateral dominance. 

 While cytokinin action in vascular plants is described as pleiotropic, this class of plant 

hormones specifically induces the transition from apical growth to growth via a three-faced 

apical cell in moss protonema. This bud induction can be 

pinpointed to differentiation of a specific single cell, and thus is a 

very specific effect of cytokinin.  

 Cytokinins have been shown to slow aging of plant organs 

by preventing protein breakdown, activating protein synthesis, and 

assembling nutrients from nearby tissues. A study that regulated 

leaf senescence in tobacco leaves found that wild-type leaves 

yellowed while transgenic leaves remained mostly green. It was hypothesized that cytokinin 

may affect enzymes that regulate protein synthesis and degradation. 
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Uses: Because cytokinin promotes plant cell division and growth, farmers use it to increase 

crops. One study found that applying cytokinin to cotton seedlings led to a 5–10% yield 

increase under drought conditions. Cytokinins have recently been found to play a role in plant 

pathogenesis. For example, cytokinins have been described to induce resistance against 

Pseudomonas syringae in Arabidopsis thaliana and Nicotiana tabacum. 

 

Ethylene: Ethylene is widely used in chemical industry, and its worldwide production (over 

109 million tonnes in 2006) exceeds that of any other organic compound. Ethylene is also an 

important natural plant hormone, used in agriculture to force the ripening of fruits. 

 

Biosynthesis:  Ethylene is produced from essentially all parts of higher plants, including 

leaves, stems, roots, flowers, fruits, tubers, and seedlings. 

    "Ethylene production is regulated by a variety of developmental and environmental factors. 

During the life of the plant, ethylene production is induced during certain stages of growth 

such as germination, ripening of fruits, abscission of leaves, and senescence of flowers. 

Ethylene production can also be induced by a variety of external aspects such as mechanical 

wounding, environmental stresses, and certain chemicals including auxin and other 

regulators". 

 Ethylene is biosynthesized from the amino acid methionine to S-adenosyl-L-

methionine (SAM, also called Adomet) by the enzyme Met Adenosyltransferase. SAM is 

then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC 

synthase (ACS). The activity of ACS determines the rate of ethylene production, therefore 

regulation of this enzyme is key for the ethylene biosynthesis. The final step requires oxygen 

and involves the action of the enzyme ACC-oxidase (ACO), formerly known as the ethylene 

forming enzyme (EFE). Ethylene biosynthesis can be induced by endogenous or exogenous 

ethylene. ACC synthesis increases with high levels of auxins, especially indole acetic acid 

(IAA) and cytokinins. ACC synthase is inhibited by abscisic acid. 

 Ethylene is a gas that forms through the breakdown of methionine, which is in all 

cells. Ethylene has very limited solubility in water and does not accumulate within the cell 

but diffuses out of the cell and escapes out of the plant. Its effectiveness as a plant hormone is 

dependent on its rate of production versus its rate of escaping into the atmosphere. Ethylene 

is produced at a faster rate in rapidly growing and dividing cells, especially in darkness. New 

growth and newly germinated seedlings produce more ethylene than can escape the plant, 
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which leads to elevated amounts of ethylene, inhibiting leaf expansion. As the new shoot is 

exposed to light, reactions by phytochrome in the plant's cells produce a signal for ethylene 

production to decrease, allowing leaf expansion. Ethylene affects cell growth and cell shape; 

when a growing shoot hits an obstacle while underground, ethylene production greatly 

increases, preventing cell elongation and causing the stem to swell. The resulting thicker stem 

can exert more pressure against the object impeding its path to the surface. If the shoot does 

not reach the surface and the ethylene stimulus becomes prolonged, it affects the stem's 

natural geotropic response, which is to grow upright, allowing it to grow around an object. 

Studies seem to indicate that ethylene affects stem diameter and height: When stems of trees 

are subjected to wind, causing lateral stress, greater ethylene production occurs, resulting in 

thicker, sturdier tree trunks and branches. Ethylene affects fruit-ripening: Normally, when the 

seeds are mature, ethylene production increases and builds-up within the fruit, resulting in a 

climacteric event just before seed dispersal. The nuclear protein Ethylene Insensitive2 (EIN2) 

is regulated by ethylene production, and, in turn, regulates other hormones including ABA 

and stress hormones. 

 

Gibberellin: Gibberellins (GAs) are plant hormones that regulate growth and influence 

various developmental processes, including stem elongation, germination, dormancy, 

flowering, sex expression, enzyme induction, and leaf and fruit senescence. 

 Gibberellin was first recognized in 1926 by a Japanese scientist, Eiichi Kurosawa, 

studying bakanae, the "foolish seedling" disease in rice. It was first isolated in 1935 by 

Teijiro Yabuta and Sumuki, from fungal strains (Gibberella fujikuroi) provided by Kurosawa. 

Yabuta named the isolate as gibberellin. 

 All known gibberellins are diterpenoid 

acids that are synthesized by the terpenoid pathway 

in plastids and then modified in the endoplasmic 

reticulum and cytosol until they reach their 

biologically-active form. All gibberellins are 

derived via the ent-gibberellane skeleton, but are 

synthesised via ent-kaurene. The gibberellins are named GA1 through GAn in order of 

discovery. Gibberellic acid, which was the first gibberellin to be structurally characterized, is 

GA3. 

 Gibberellins are tetracyclic diterpene acids. There are two classes based on the 

presence of either 19 or 20 carbons. The 19-carbon gibberellins, such as gibberellic acid, 
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have lost carbon 20 and, in place, possess a five-member lactone bridge that links carbons 4 

and 10. The 19-carbon forms are, in general, the biologically active forms of gibberellins. 

Hydroxylation also has a great effect on the biological activity of the gibberellin. In general, 

the most biologically active compounds are dihydroxylated gibberellins, which possess 

hydroxyl groups on both carbon 3 and carbon 13. Gibberellic acid is a dihydroxylated 

gibberellin. 

                        

Function: Gibberellins are involved in the natural process of breaking dormancy and various 

other aspects of germination. Before the photosynthetic apparatus develops sufficiently in the 

early stages of germination, the stored energy reserves of starch nourish the seedling. Usually 

in germination, the breakdown of starch to glucose in the endosperm begins shortly after the 

seed is exposed to water Gibberellins in the seed embryo are believed to signal starch 

hydrolysis through inducing the synthesis of the enzyme α-amylase in the aleurone cells. In 

the model for gibberellin-induced production of α-amylase, it is demonstrated that 

gibberellins (denoted by GA) produced in the scutellum diffuse to the aleurone cells, where 

they stimulate the secretion α-amylase. α-Amylase then hydrolyses starch, which is abundant 

in many seeds, into glucose that can be used in cellular respiration to produce energy for the 

seed embryo. Studies of this process have indicated gibberellins cause higher levels of 

transcription of the gene coding for the α-amylase enzyme, to stimulate the synthesis of α-

amylase. 

 Gibberellins are produced in greater mass when the plant is exposed to cold 

temperatures. They stimulate cell elongation, breaking and budding, seedless fruits, and seed 

germination. They do the last by breaking the seed’s dormancy and acting as a chemical 

messenger. Its hormone binds to a receptor, and Ca2+ activates the protein calmodulin, and 

the complex binds to DNA, producing an enzyme to stimulate growth in the embryo. 

  

Other known hormones: 

• Brassinosteroids: these are a class of polyhydroxysteroids, a group of plant growth 

regulators. Brassinosteroids have been recognized as a sixth class of plant hormones, 

which stimulate cell elongation and division, gravitropism, resistance to stress, and 

xylem differentiation. They inhibit root growth and leaf abscission. Brassinolide was 

the first identified brassinosteroid and was isolated from extracts of rapeseed 

(Brassica napus) pollen in 1979. 
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• Salicylic acid: it activates genes in some plants that produce chemicals that aid in the 

defense against pathogenic invaders. 

• Jasmonates: they are produced from fatty acids and seem to promote the production 

of defense proteins that are used to fend off invading organisms. They are believed to 

also have a role in seed germination, and affect the storage of protein in seeds, and 

seem to affect root growth. 

• Plant peptide hormones: encompasses all small secreted peptides that are involved 

in cell-to-cell signaling. These small peptide hormones play crucial roles in plant 

growth and development, including defense mechanisms, the control of cell division 

and expansion, and pollen self-incompatibility. 

• Polyamines: these are strongly basic molecules with low molecular weight that have 

been found in all organisms studied thus far. They are essential for plant growth and 

development and affect the process of mitosis and meiosis. 

• Nitric oxide (NO): serves as signal in hormonal and defense responses (e.g. stomatal 

closure, root development, germination, nitrogen fixation, cell death, stress response). 

NO can be produced by a yet undefined NO synthase, a special type of nitrite 

reductase, nitrate reductase, mitochondrial cytochrome c oxidase or non enzymatic 

processes and regulate plant cell organelle functions (e.g. ATP synthesis in 

chloroplasts and mitochondria). 

• Strigolactones: implicated in the inhibition of shoot branching. 

• Karrikins: a group of plant growth regulators found in the smoke of burning plant 

material that have the ability to stimulate the germination of seeds. 

 

Potential medical applications:  

 Plant stress hormones activate cellular responses, including cell death, to diverse 

stress situations in plants. Researchers have found that some plant stress hormones share the 

ability to adversely affect human cancer cells. For example, sodium salicylate has been found 

to suppress proliferation of lymphoblastic leukemia, prostate, breast, and melanoma human 

cancer cells. Jasmonic acid, a plant stress hormone that belongs to the jasmonate family, 

induced death in lymphoblastic leukemia cells. Methyl jasmonate has been found to induce 

cell death in a number of cancer cell lines. 
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4.5 Summary: Growth factors occur in a wide range of organisms, 

including insects, amphibians, humans, and plants. Growth factors are similar to hormones, 

but production of hormones is limited to glandular tissue, growth factors can be produced by 

many different types of tissue. 

There are different kinds of growth factors, include platelet derived growth factor, vascular 

endothelial growth factor, insulin-like growth factors, epidermal growth factor, platelet-

derived growth factor, nerve growth factor, granulocyte colony-stimulating factor (G-CSF) 

and granulocyte-macrophage colony-stimulating factor (GM-CSF) etc.  

PDGF in chemical terms, is dimeric glycoprotein composed of two A (-AA) or two B (-BB) 

chains or a combination of the two (-AB). PDGF signalling network consists of four ligands, 

PDGFA-D, and two receptors, PDGFRα and PDGFRβ. 

PDGF plays a role in embryonic development, cell proliferation, cell migration, and 

angiogenesis. PDGF has also been linked to several diseases such as atherosclerosis, fibrosis 

and malignant diseases. In addition, PDGF is a required element in cellular division for 

fibroblast. 

VEGF was discovered in the 1970s as an activity released by many tumor cells that promotes 

vascular leakage (blood vessel permeability) and blood clotting. In mammals, VEGFs form a 

family of highly related polypeptides, VEGF-A, -B, -C, -D, and PlGF. VEGFs are produced 

by many cell types in response to hypoxia.  

VEGFs activate a number of signaling pathways in endothelial cells such as, increase 

intracellular Ca2+ concentration, increase mitogenicity and cell migration. VEGFs regulate 

vessel permeability, vessel dilation, cell communication via GAP junctions and are required 

for blood (and lymphatic) vessel formation, vasculogenesis, during embryogenesis. VEGF is 

also required for maturation, angiogenesis, and the repair of vessels. 

Plant hormones are signal molecules produced in extremely low concentrations and 

determine the formation of flowers, stems, leaves, the shedding of leaves, and the 

development and ripening of fruit. Plants, unlike animals, lack glands that produce and 

secrete hormones. Instead, each cell is capable of producing hormones. They affect which 

tissues grow upward and which grow downward, leaf formation and stem growth, fruit 

development and ripening, plant longevity, and even plant death. 

 

4.6 Key words: Growth factors, Platelet derived growth factors, Vascular endothelial growth 

factors, Plant hormones, Auxins, Gibberellins, Cytokines, Receptors. 
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4.7 Questions for self study:  

1. State the importance of growth factors in animal and plant development. 

2. Explain the role of platelet derived growth factors. 

3. With the help of a diagram explain the mechanism of action of vascular 

endothelial growth factors. 

4. What are plant hormones? 

5. Explain the importance of plant hormones in various fields of biology? 

 

4.8 Further references: 

1. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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5.0 Objectives: The objectives of this unit are to, 

1. Understand the membrane proteins. 

2. Study the membrane structure. 

3. Learn about mechanism and regulation of vesicular transport. 

4. Understand Golgi and post Golgi sorting. 

5. Learn about receptor mediated endocytosis. 

5.1 Introduction: Life begins with cells. The individual cells that form our bodies can grow, 

reproduce, process information, respond to stimuli, and carry out an array of chemical 

reactions. These abilities define life. Cells come in an amazing variety of sizes and shapes. 

Most cells in multicellular organisms are intimately involved with other cells. Although some 

unicellular organisms live in isolation, others form colonies or live in close association with 

other types of organisms, such as the bacteria that help plants to extract nitrogen from the air 

or the bacteria that live in our intestines and help us digest food. All cells share certain 

structural features and carry out many complicated processes in basically the same way. The 

biological universe consists of two types of cells- prokaryotic and eukaryotic. Prokaryotic 

cells consist of a single closed compartment that is surrounded by the plasma membrane, 

lacks a defined nucleus, and has a relatively simple internal organization. All prokaryotes 

have cells of this type. Bacteria, the most numerous prokaryotes, are single-celled organisms; 

the cyanobacteria, or blue-green algae, can be unicellular or filamentous chains of cells. 

Eukaryotic cells, unlike prokaryotic cells, contain a defined membrane-bound nucleus and 

extensive internal membranes that enclose other compartments, the organelles. The region of 

the cell lying between the plasma membrane and the nucleus is the cytoplasm, comprising the 

cytosol (aqueous phase) and the organelles. All cells are thought to have evolved from a 

common progenitor because the structures and molecules in all cells have so many 

similarities. Eukaryotic cells are typically much larger than those of prokaryotes. They have a 

variety of internal membranes and structures, called organelles, and a cytoskeleton composed 

of microtubules, microfilaments, and intermediate filaments, which play an important role in 

defining the cell's organization and shape. We have studied in detail various organelles 

present in a cell in the previous block of this book. In the current unit we will study in detail 

the membrane structure, mechanism and regulation of vesicular transport, golgi and post 

golgi sorting, receptor mediated endocytosis. 
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5.2 Membrane Structure: The cell membrane is a biological membrane that separates the 

interior of all cells from the outside environment. The cell membrane is selectively permeable 

to ions and organic molecules and controls the movement of substances in and out of cells. 

The basic function of the cell membrane is to protect the cell from its surroundings. It 

consists of the lipid bilayer with embedded proteins. Cell membranes are involved in a 

variety of cellular processes such as cell 

adhesion, ion conductivity and cell 

signaling and serve as the attachment 

surface for several extracellular structures.  

According to the fluid mosaic 

model of S.J. Singer and G.L. Nicolson 

(1972), which replaced the earlier model 

of Davson and Danielli, biological 

membranes can be considered as a two-

dimensional liquid in which lipid and 

protein molecules diffuse more or less easily.    

 The plasma membrane that surrounds these cells has two layers (a bilayer) of 

phospholipids (fats with phosphorous attached), which at body temperature are like vegetable 

oil (fluid). And the structure of the plasma membrane supports the old saying, “Oil and water 

don’t mix.” Each phospholipid molecule has a head that is attracted to water (hydrophilic: 

hydro = water; philic = loving) and a tail that repels water (hydrophobic: hydro = water; 

phobic = fearing). Both layers of the plasma membrane have the hydrophilic heads pointing 

toward the outside; the hydrophobic tails form the inside of the bilayer. Because cells reside 

in a watery solution (extracellular fluid), and they contain a watery solution inside of them 

(cytoplasm), the plasma membrane forms a circle around each cell so that the water-loving 

heads are in contact with the fluid, and the water-fearing tails are protected on the inside. 

Proteins and substances such as cholesterol become embedded in the bilayer, giving the 

membrane the look of a mosaic. Because the plasma membrane has the consistency of 

vegetable oil at body temperature, the proteins and other substances are able to move across 

it. That’s why the plasma membrane is described using the fluid-mosaic model. The 

molecules that are embedded in the plasma membrane also serve a purpose. For example, the 

cholesterol that is stuck in there, which makes the membrane more stable and prevents it from 

solidifying when your body temperature is low/ when exposed to cold temperatures. (It keeps 
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you from literally freezing when you’re “freezing.”) Carbohydrate chains attach to the outer 

surface of the plasma membrane on each cell. These carbohydrates are specific to every 

person, and they provide unique characteristics such as your blood type. 

The plasma membrane regulates the entry and exit of molecules across the cell. Many 

molecules cross the cell membrane by diffusion and osmosis. Plasma membrane acts as 

transmembrane protein channels and transporters through which nutrients such as sugars or 

amino acids enter the cell and certain products of metabolism leave the cell. Aquaporins are 

protein channels through which water is diffused. Plasma membrane is also involved in 

endocytosis and exocytosis. Exocytosis occurs in various cells to remove undigested residues 

of substances brought in by endocytosis, to secrete substances such as hormones and 

enzymes, and to transport a substance completely across a cellular barrier. 

5.3 Membrane proteins: Membrane proteins are among the most important proteins 

biologically because they allow the cells to communicate with their environments, they 

determine whether the immune system recognizes the cell as foreign or not, they are the 

targets of most, and perhaps all, pharmaceuticals, they control cell adhesion to form tissues, 

they dictate development of plants and animals, and they control important metabolic 

processes, including salt balance, energy production and transmission, and photosynthesis.  In 

short, they are important in across medicine and agriculture.  Membrane proteins are 

interesting scientifically because of their key roles in controlling the processes of life. 

Receptors are membrane proteins that bind to chemicals (e.g., drugs, hormones) outside of 

the cell, and this binding process causes a chemical response on the inside of cells.  For 

example, morphine binds to the opioid receptor in the membranes of brain cells, and the 

interiors of the cells respond by reducing nerve transmission.  There are about a thousand 

receptors in the human genome.  Drug companies want to identify receptors, study what 

binds to them (new drug candidates), and understand what the cell and organism do in 

response to the binding.  New tools created by chemists are needed to enable these advances.  

Ion-channels are membrane proteins that allow transport of chemical species into and out of 

cells.  Nerve transmission, for example, is caused by a difference in ionic strengths across the 

membrane and this is mediated by ion channels.  Ion-channels are also targets for drug 

discovery, and new analytical technology developed for research on receptors will benefit 

research on ion-channels. 
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Membrane proteins can be classified into two broad categories—integral (intrinsic) and 

peripheral (extrinsic)—based on the nature of the membrane-protein interactions. Most 

biomembranes contain both types of membrane proteins. 

Integral membrane proteins, also called intrinsic proteins, have one or more segments that are 

embedded in the phospholipid bilayer. Most integral proteins contain residues with 

hydrophobic side chains that interact with fatty acyl groups of the membrane phospholipids, 

thus anchoring the protein to the membrane. Most integral proteins span the entire 

phospholipid bilayer. These transmembrane proteins contain one or more membrane-

spanning domains as well as domains, from four to several hundred residues long, extending 

into the aqueous medium on each side of the bilayer. In all the transmembrane proteins 

examined to date, the membrane-spanning domains are α helices or multiple β strands. In 

contrast, some integral proteins are anchored to one of the membrane leaflets by covalently 

bound fatty acids, as discussed later. In these proteins, the bound fatty acid is embedded in 

the membrane, but the polypeptide chain does not enter the phospholipid bilayer. 

Peripheral membrane proteins, or extrinsic proteins, do not interact with the hydrophobic core 

of the phospholipid bilayer. Instead they are usually bound to the membrane indirectly by 

interactions with integral membrane proteins or directly by interactions with lipid polar head 

groups. Peripheral proteins localized to the cytosolic face of the plasma membrane include 

the cytoskeletal proteins spectrin and actin in erythrocytes and the enzyme protein kinase C. 

This enzyme shuttles between the cytosol and the cytosolic face of the plasma membrane and 

plays a role in signal transduction. Other peripheral proteins, including certain proteins of the 

extracellular matrix, are localized to the outer (exoplasmic) surface of the plasma membrane. 

5.4 Mechanism and regulation of vesicular transport: Vesicular transport is a major 

cellular activity, responsible for molecular traffic between varieties of specific membrane-

enclosed compartments. It is necessary for maintaining the functional organization of the cell. 

For example, lysosomal enzymes must be transported specifically from the Golgi apparatus 

to lysosomes—not to the plasma membrane or to the ER. Some of the signals that target 

proteins to specific organelles, such as lysosomes, were discussed earlier in this chapter. 

These proteins are transported within vesicles, so the specificity of transport is based on the 

selective packaging of the intended cargo into vesicles that recognize and fuse only with the 

appropriate target membrane. 
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Vesicular transport is an active process in which materials move into or out of the cell  

enclosed as vesicles. Vesicles are bubble-like structures surrounded by a membrane.  

They can form at the cell membrane or can fuse with the membrane. Solid particles,  

droplets of fluid or many molecules at a time can be moved across the membrane in  

vesicles. Vesicular transport is also known as bulk transport because large quantities  

of materials can be transported in this way. The movement of macromolecules such as 

proteins or polysaccharides into or out of the cell is called bulk transport. There are two types 

of bulk transport, exocytosis and endocytosis, and both require the expenditure of energy 

(ATP). 

In exocytosis, materials are exported out of the cell via secretory vesicles. In this process, the 

Golgi complex packages macromolecules 

into transport vesicles that travel to and 

fuse with the plasma membrane. This 

fusion causes the vesicle to spill its 

contents out of the cell. Exocytosis is 

important in expulsion of waste materials 

out of the cell and in the secretion of 

cellular products such as digestive 

enzymes or hormones.  

Endocytosis is the process by which 

materials move into the cell. There are 

three types of endocytosis: phagocytosis, 

pinocytosis, and receptor-mediated 

endocytosis.  

In phagocytosis or “cellular eating,” the 

cell’s plasma membrane surrounds a 

macromolecule or even an entire cell from 

the extracellular environment and buds off to form a food vacuole or phagosome. The newly-

formed phagosome then fuses with a lysosome whose hydrolytic enzymes digest the “food” 

inside. In pinocytosis or “cellular drinking,” the cell engulfs drops of fluid by pinching in and 

forming vesicles that are smaller than the phagosomes formed in phagocytosis. Like 
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phagocytosis, pinocytosis is a non-specific 

process in which the cell takes in whatever 

solutes that are dissolved in the liquid it 

envelops. 

5.5 Receptor mediated endocytosis: 

Receptor mediated endocytosis is an 

endocytotic mechanism in which specific 

molecules are ingested into the cell. The 

specificity results from a receptor-ligand interaction. Receptors on the plasma membrane of 

the target tissue will specifically bind to ligands on the outside of the cell. An endocytotic 

process occurs and the ligand is ingested. 

Unlike phagocytosis and pinocytosis, 

receptor-mediated endocytosis is an 

extremely selective process of importing 

specific molecules into the cell. This 

specificity is mediated by receptor proteins 

located on depressed areas of the cell 

membrane called coated pits. The cytosolic 

surface of coated pits is covered by coat 

proteins. In receptor-mediated endocytosis, the cell will only take in an extracellular molecule 

if it binds to its specific receptor protein on the cell’s surface. Once bound, the coated pit on 

which the bound receptor protein is located then invaginates, or pinches in, to form a coated 

vesicle. Similar to the digestive process in non-specific phagocytosis, this coated vesicle then 

fuses with a lysosome to digest the engulfed material and release it into the cytosol. 

Mammalian cells use receptor-mediated endocytosis to take cholesterol into cells. Cholesterol 

in the blood is usually found in lipid-protein complexes called low-density lipoproteins 

(LDLs). LDLs bind to specific receptor proteins on the cell surface, thereby triggering their 

uptake by receptor-mediated endocytosis. A very well studied example of receptor mediated 

endocytosis involves in the uptake and metabolism of cholesterol. 

The function of receptor-mediated endocytosis is diverse. It is widely used for the specific 

uptake of certain substances required by the cell (examples include LDL via the LDL 
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receptor or iron via transferrin). The role of receptor-mediated endocytosis is also well 

recognized in the downregulation of transmembrane signal transduction. The activated 

receptor becomes internalised and is transported to late endosomes and lysosomes for 

degradation. Receptor-mediated endocytosis is also actively implicated in transducing signals 

from the cell periphery to the nucleus.  

5.6 Golgi and post golgi sorting: The vesicles that leave the rough endoplasmic reticulum 

are transported to the cis face of the Golgi apparatus, where they fuse with the Golgi 

membrane and empty their contents into the lumen. Once inside the lumen, the molecules are 

modified, and then sorted for transport to their next destinations. The Golgi apparatus tends to 

be larger and more numerous in cells that synthesize and secrete large amounts of substances; 

for example, the plasma B cells and the antibody-secreting cells of the immune system have 

prominent Golgi complexes. 

Those proteins destined for areas of the cell other than either the endoplasmic reticulum or 

Golgi apparatus are moved towards the trans face, to a complex network of membranes and 

associated vesicles known as the trans-Golgi network (TGN). This area of the Golgi is the 

point at which proteins are sorted and shipped to their intended destinations by their 

placement into one of at least three different types of vesicles, depending upon the molecular 

marker they carry. The Golgi apparatus is integral in modifying, sorting, and packaging these 

macromolecules for cell secretion (exocytosis) or use within the cell. It primarily modifies 

proteins delivered from the rough endoplasmic reticulum but is also involved in the transport 

of lipids around the cell, and the creation of lysosomes. Enzymes within the cisternae are able 

to modify the proteins by addition of carbohydrates (glycosylation) and phosphates 

(phosphorylation). In order to do so, the Golgi imports substances such as nucleotide sugars 

from the cytosol. These modifications may also form a signal sequence which determines the 

final destination of the protein. For example, the Golgi apparatus adds a mannose-6-

phosphate label to proteins destined for lysosomes. The Golgi plays an important role in the 

synthesis of proteoglycans, which are molecules present in the extracellular matrix of 

animals. It is also a major site of carbohydrate synthesis. This includes the production of 

glycosaminoglycans (GAGs), long unbranched polysaccharides which the Golgi then attaches 

to a protein synthesised in the endoplasmic reticulum to form proteoglycans. Golgi is also 

involved in sulfation. Sulfation is generally performed in the trans-Golgi network. 

 



Unit-5: Membrane proteinsbrane structure. Mechanism and regulation of vesicular transport 
 
 

Block-2: Unit-5 Page 96 
 

Types of vesicles:  

Types Description Example 

Exocytotic 

vesicles 

(continuous) 

Vesicle contains proteins destined for extracellular release. 

After packaging, the vesicles bud off and immediately move 

towards the plasma membrane, where they fuse and release 

the contents into the extracellular space in a process known 

as constitutive secretion. 

Antibody release 

by activated 

plasma B cells 

Secretory 

vesicles 

(regulated) 

Vesicle contains proteins destined for extracellular release. 

After packaging, the vesicles bud off and are stored in the 

cell until a signal is given for their release. When the 

appropriate signal is received they move towards the 

membrane and fuse to release their contents. This process is 

known as regulated secretion. 

Neurotransmitter 

release from 

neurons 

Lysosomal 

vesicles 

Vesicle contains proteins and ribosomes destined for the 

lysosome, an organelle of degradation containing many acid 

hydrolases, or to lysosome-like storage organelles. These 

proteins include both digestive enzymes and membrane 

proteins. The vesicle first fuses with the late endosome, and 

the contents are then transferred to the lysosome via 

unknown mechanisms. 

Digestive 

proteases destined 

for the lysosome 

5.7 Summary: 

All organisms are composed of cells.  The cell is the structural unit of life. Cells are complex 

and highly organized. They can perform a variety of chemical reactions. All cells contain the 

following structures:  

• Plasma membrane - separates the cell from the external environment  

• Cytoplasm - fluid-filled cell interior  

• Nuclear material - genetic information stored as DNA 

There are two types of cell - Prokaryotic and Eukaryotic. Eukaryotic cells are distinguished 

from the more primitive prokaryotic cells by the presence of 1) cytoplasmic membranous 

organelles, 2) a nuclear membrane (i.e. a true nucleus), and 3) chromosomal proteins. 

http://en.wikipedia.org/wiki/Lysosome
http://en.wikipedia.org/wiki/Hydrolase
http://en.wikipedia.org/wiki/Lysosome
http://en.wikipedia.org/wiki/Endosome
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Eukaryotic cells have a variety of internal membranes and structures called organelles and a 

cytoskeleton composed of microtubules, microfilaments and intermediate filaments which 

play an important role in defining cell’s organization and shape. Organelles serve specific 

functions within eukaryotes like Nucleus which is called the “brains” of the cell, directs cell 

activities and contains genetic material called chromosomes made of DNA; Mitochondria - 

synthesize energy from food; Ribosomes- synthesize protein ; Golgi apparatus - synthesize, 

process and package proteins; Lysosome -Contains digestive enzymes to help break food 

down; Endoplasmic reticulum is called the "intracellular highway" because it is for 

transporting various biomolecules around the cell. Vacuoles - used for storage, vacuoles 

usually contain water or food. Plasma membrane separates the interior of all cells from the 

outside environment and is selectively permeable to ions and organic molecules and controls 

the movement of substances in and out of cells. Vesicular transport like exocytosis, 

endocytosis is a major cellular activity, necessary for maintaining the structural organization 

and functioning of the cell.  

5.8 Key words: Membrane proteins, Membrane structure, Phagocytosis, Vesicular transport, 

Post Golgi sorting, Receptor mediated endocytosis. 

5.9 Questions for self study:  

1) Sketch a cell membrane structure and label the lipids present in a typical membrane 

2) Explain the role of cell membrane? 

3) What are membrane proteins and how do they help in membrane functions? 

4) Define the following terms with the aid of a diagram 

a) Endocytosis b) Phagocytosis c) Exocytosis 

5) What is post Golgi sorting? 

6) Write a note on receptor mediated endocytosis. 

5.10 Further references:  

6. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

7. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

8. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

9. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

10. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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6.0 Objectives: 

The objectives of this unit are to, 

1. Understand the multicellularity in organisms. 

2. Study the role of extracellular matrix in the existence of multicellular organisms  

3. Learn about extracellular components such as hyaluronans and proteoglycans. 

4. Understand the importance of matrix protein receptors. 

5. Gain knowledge about adhesive proteins and cell junctions in multicellularity. 

6.1 Introduction: Multicellularity means having more than one cell. Multicellularity has 

evolved independently dozens of times in the history of Earth, for example once for plants, 

once for animals, once for brown algae, but perhaps several times for fungi, slime molds, and 

red algae. Multicellularity exists in both prokaryotes and eukaryotes, and first appeared 

several billion years ago in cyanobacteria. 

There are various mechanisms by which multicellularity could have evolved. One hypothesis 

is that a group of function-specific cells aggregated into a slug-like mass called a grex, which 

moved as a multicellular unit. This is essentially what slime molds do. Another hypothesis is 

that a primitive cell underwent nucleus division, thereby becoming a syncytium. A membrane 

would then form around each nucleus (and the cellular space and organelles occupied in the 

space), thereby resulting in a group of connected cells in one organism (this mechanism is 

observable in Drosophila). A third hypothesis is that, as a unicellular organism divided, the 

daughter cells failed to separate, resulting in a conglomeration of identical cells in one 

organism, which could later develop specialized tissues.  

 

Symbiotic theory: This theory suggests that the first multicellular organisms occurred from 

symbiosis (cooperation) of different species of single-cell organisms, each with different 

roles. Over time these organisms would become so dependent on each other they would not 

be able to survive independently, eventually leading to the incorporation into one 

multicellular organism of their genome. Each respective organism would become a separate 

lineage of differentiated cells within the newly created species. 
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The cellularization (syncytial) theory: This theory states that a single unicellular organism, 

with multiple nuclei, could have developed internal membrane partitions around each of its 

nuclei. Many protists such as the ciliates or slime molds can have several nuclei, lending 

support to this hypothesis. However, the simple presence of multiple nuclei is not enough to 

support the theory. Multiple nuclei of ciliates are dissimilar and have clear differentiated 

functions: the macronucleus serves the organism's needs, while the micronucleus is used for 

sexual-like reproduction with exchange of genetic material. Slime molds syncitia form from 

individual amoeboid cells, like syncitial tissues of some multicellular organisms, not the other 

way round. To be deemed valid, this theory needs a demonstrable example and mechanism of 

generation of a multicellular organism from a pre-existing syncytium. 

The colonial theory: The third explanation of multicellularisation is the Colonial Theory 

proposed by Haeckel in 1874. This theory claims that the symbiosis of many organisms of the 

same species (unlike the symbiotic theory, which suggests the symbiosis of different species) 

led to a multicellular organism. At least some, it is presumed land-evolved, multicellularity 

occurs by cells separating and then rejoining (e.g., cellular slime molds) whereas for the 

majority of multicellular types (those that evolved within aquatic environments), 

multicellularity occurs as a consequence of cells failing to separate following division. The 

mechanism of this latter colony formation can be as simple as incomplete cytokinesis, though 

multicellularity is also typically considered to involve cellular differentiation.  

 

6.2 Extracellular Matrix: Extracellular matrix (ECM) is the extracellular part of animal 

tissue that usually provides structural support to the animal cells in addition to performing 

various other important functions. The extracellular matrix is the defining feature of 

connective tissue in animals. Extracellular matrix includes the interstitial matrix and the 

basement membrane. Interstitial matrix is present between various animal cells (i.e., in the 

intercellular spaces). Gels of polysaccharides and fibrous proteins fill the interstitial space 

and act as a compression buffer against the stress placed on the ECM. Basement membranes 

are sheet-like depositions of ECM on which various epithelial cells rest. The components of 

the ECM form a dynamic and interactive system that informs cells about the biochemical and 

mechanical changes in their extracellular environment. 

The main functions of extracellular matrix (ECM) are: 

• provides mechanical and structural support for tissue (as well as tensile strength for the 
tissue) 
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• biochemical barrier → defense 
• regulating metabolic functions of the cells surrounded by the matrix: 
o Adhesion → anchor cells within tissue 
o Migration → provides pathways (e.g., during wound repair) 
o Proliferation → modulate cell growth by binding and retaining growth factors 
o Differentiation → influences transmission of information across the plasma membrane 

of the connective tissue cells. 

Cells essentially build their own external support network and can reshape it as necessary by 

degrading and replacing the matrix around them controlling the assembly and degradation of 

ECM.  

Cell-ECM junctions are formed by cell surface receptor proteins that link the ECM on the 

external face of plasma membrane to the cytoskeleton on the cytosolic surface.  As with cell-

cell junctions, proteins form highly ordered complexes that connect the cell surface with the 

cytoskeleton. 

 The variety of cells and their ECM forms specialized stable tissue.Some such as 

cartilage, bone and tooth enamel are highly mineralized to withstand tremendous mechanical 

stress, while the lining of the lung, are faragile yet highly flexible, while the ECM that forms 

conea of eye is transparent to light and it shold not be forgotten that everybody has several 

litres of liquid ECM, the blood plasma.  Connective tissue is surrounded by speicalised ECM 

called Basal lamina, whish underlies epithelialcells. Connective tissue is primarily generated 

by Fibroblasts, specialized Fibroblasts include chondroblasts (which secrete cartilage) and 

osteoblasts (whish secrete bone). 

 The ECM is composed of a mixture of proteins and carbohydrates.  Proteins such as 

collagen, elastin, fibronectin and laminin and proteoglycan’s, which are jproteins with 

glycosaminoglycans (GAGs) attached them covalently. Together these proteins impart 

tremendous strength and flexibility to tissues while also serving as a selective filter to control 

the flow of particulate (undissolved) materials between the cells. When cells migrate, the 

ECM functions as scaffold over which cells crawl. Cell-ECM and cell-cell adhesion junctions 

consist of the number of important proteins and structures which include, collagen, 

fibronectin, elastin, laminin, vitronectin, proteoglycan, hyaluronan, heparin sulphate, basal 

lamina, integrins, tight junctions, adheren’s junctions, desmosomes,  hemidesmosomes, gap 

junctions, selectins and plasmodesmata. In order to understand the cell-cell interaction as a 

whole we need to study about these structure and molecules individually. 
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6.2.1 Collagen: Collagen" actually is a family of proteins rather than one specific protein, 

plus it is a complex molecule. It is the single most abundant protein in the animal kingdom. 

There are at least 29 types of collagen, but 80 – 90 percent of the collagen in the body 

consists of types I, II, and III. These collagen molecules packs together to form long thin 

fibrils of similar structure. Type IV, in contrast, forms a two-dimensional reticulum; several 

other types associate with fibril-type collagens, linking them to each other or to other matrix 

components. Numerous epithelial cells make certain types of collagens. The various 

collagens and the structures they form all serve the same purpose, to help tissues withstand 

stretching. In humans and other mammals, collagen is upto 25% to 35% of the total protein 

content of your body. Fibroblasts are the cells that most commonly produce collagen. 29 

types of collagens have been found in humans. The major ones are:  

• Type I. The chief component of tendons, ligaments, and bones.  

• Type II. Represents more than 50% of the protein in cartilage and is the major 

component of the vitreous body of the eye. It is also used to build the notochord of 

vertebrate embryos.  

• Type III. Strengthens the walls of hollow structures like arteries, the intestine, and the 

uterus.  

• Type IV. Forms the basal lamina of epithelia. (The basal lamina is often called the 

basement membrane, but is not related to lipid bilayer membranes.) A meshwork of Type 

IV collagens provides the filter for the blood capillaries and the glomeruli of the kidneys. 

Functions of collagen: Collagen fibers support body tissues, plus collagen is a major 

component of the extracellular matrix that supports cells. Collagen and keratin give the skin 

its strength, waterproofing, and elasticity. Loss of collagen is a cause of wrinkles. Connective 

tissue consists primarily of collagen. Collagen forms fibrils that provide the structure for 

fibrous tissue, such as ligaments, tendons and skin. Collagen also is found in cartilage, bone, 

blood vessels, the cornea of the eye, intervertebral discs, muscles, and the gastrointestinal 

tract.  

Other uses of Collagen: Collagen-based animal glues may be made by boiling the skin and 

sinews of animals. Collagen is one of the proteins that give strength and flexibility to animal 

hides and leather. Collagen is used in cosmetic treatments and burn surgery. Some sausage 

casings are made from this protein. Collagen is used to produce gelatin. Gelatin is hydrolyzed 

collagen. It is used in gelatin desserts (e.g., Jell-O) and marshmallows. 

 Structure of collagen:  
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Primary structure of collagens:  The basic unit of collagens is a polypeptide consisting of 

the repeating sequence (glycine (Gly) - X - Y)n. where X is often proline (Pro) and Y is often 

hydroxyproline (proline to which an -OH 

group is added after synthesis of the 

polypeptide).  

Secondary and tertiary structure: The 

resulting molecule twists into an elongated, 

left-handed helix (NOT an alpha helix). When 

synthesized, the N- terminal and C- terminal 

of the polypeptide have globular domains, 

which keep the molecule soluble. As they 

pass through the endoplasmic reticulum (ER) 

and Golgi apparatus,  

• The molecules are glycosylated.  

• Hydroxyl (-OH) groups are added to the 

"Y" amino acid.  

• S-S bonds link three chains covalently.  

• The three molecules twist together to form a triple helix. 

In some collagens (e.g., Type II), the three molecules are identical (the product of a single 

gene). In other collagens (e.g., Type I), two polypeptides of one kind (gene product) assemble 

with a second, quite similar, polypeptide, that is the product of a second gene. When the triple 

helix is secreted from the cell (usually by a fibroblast), the globular ends are cleaved off. The 

resulting linear, insoluble molecules assemble into collagen fibers. They assemble in a 

staggered pattern that gives rise to the striations. 

 

6.2.2 Fibronectin: Fibronectins are expressed in nearly all animals connective tissue.  

Fibronectins are primarily synthesized by Fibroblast, Hepatocytes (liver cell), endothelial 

cells and some support cells in nervous system. Fibronectins are classified into two groups: 

1) Soluble or plasma fibronectins, found in a variety of tissue fluids such as plasma, 

cerebrospinal fluid (amniotic fluid) and  

2) Insoluble or cellular fibronectins, which forms fiber in ECM of virtually all tissues. 
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 Fibronectins attach cells to ECM in tissues, regulates cell shape and cytoskeletal 

organization, assists in blood clot formation and help to control cell development and wound 

healing. At sites of injury, fibronectins bind to platelets during blood clotting and during 

wound healing it supports migration of new cells as they crawl to cover wounded area. Cells 

bind to fibronectins 

through specific 

integrin receptors. 

Fibronectin exists as a 

protein dimer, 

consisting of two nearly 

identical polypeptide 

chains linked by a pair of C-terminal disulfide bonds. Each fibronectin monomer has a 

molecular weight of 230–250 kDa and contains three types of modules: type I, II, and III. All 

three modules are composed of two anti-parallel β-sheets; however, type I and type II are 

stabilized by intra-chain disulfide bonds, while type III modules do not contain any disulfide 

bonds. The absence of disulfide bonds in type III modules allows them to partially unfold 

under applied force. To fulfill their various functions, fibronectins bind to many other 

proteins in ECM. Binding assays, using fibronectin fragments generated by limited 

proteolysis shows that fibronectins are organized into a set of short sequences called 

“Fibronectin repeats”. Fibronectin is involved in cell adhesion, growth, migration, and 

differentiation. Cellular fibronectin is assembled into the extracellular matrix, an insoluble 

network that separates and supports the organs and tissues of an organism. It is also involved 

in wound healing. 

6.2.3 Elastin: Elastin is a major protein component 

of tissues that require elasticity such as arteries, 

lungs, bladder, skin and elastic ligaments and 

cartilage. Elastin serves an important function in 

arteries as a medium for pressure wave propagation 

to help blood flow and is particularly abundant in 

large elastic blood vessels such as the aorta. It is 

present in all vertebrates above the jawless fish. 
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 It is composed of soluble tropoelastin protein containing primarily, glycine and valine and 

modified alanine and proline residues. Tropoelastin is a ~65kDa protein that is highly cross-

linked to form an insoluble complex. The most common interchain cross-link in elastins is 

the result of the conversion of the amine groups of lysine to reactive aldehydes by lysyl 

oxidase. This results in the spontaneous formation of desmosine cross-links. Desmosine and 

isodesmosine are types of links for the tropoelastin molecules. 

Elastin production consists of basically three stages. 

1. Soon after tropoelastin are synthesized, they bind to a 67 KDa chaperone protein in ER. 

This chaperone remains attached to tropoelastin throughout pathway and prevents elastin 

aggregation in the cell. 

2. Upon secretion, the complex is held at the cell surface by the chaperone until it comes in 

contact with elastic fiber.  

3. Many of the lysine side chain in the released tropoelastin monomer are deaminated by 

lysyl oxidase to form allysines which form covalent bonds with allysines/unmodified lysines 

on the elastin proteins in the fiber. 

 Alterations in the assembly or function of elastin and elastic fibres can have dramatic 

consequences. Patients with little or no elastin cannot maintain tissue integrity and die in 

early childhood. Patients with Williams syndrome produce truncated forms of elastin that 

lack some crosslinking domain and poorly 

organized into fibers. These patients develop severe 

narrowing of their large arteries. 

6.2.4 Laminins: Laminins are major proteins in the 

basal lamina (one of the layers of the basement 

membrane), a protein network foundation for most 

cells and organs. Laminins are an important and 

biologically active part of the basal lamina, 

influencing cell differentiation, migration, and 

adhesion, as well as phenotype and survival.  

Laminins are trimeric proteins that contain an α-

chain, a β-chain, and a γ-chain, found in five, four, and three genetic variants, respectively. 

The trimeric proteins intersect to form a cross-like structure that can bind to other cell 

membrane and extracellular matrix molecules. The three shorter arms are particularly good at 
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binding to other laminin molecules, which allow them to form sheets. The long arm is 

capable of binding to cells, which helps anchor organized tissue cells to the membrane. 

The laminin families of glycoproteins are an integral part of the structural scaffolding in 

almost every tissue of an organism. Laminins form independent networks and are associated 

with type IV collagen networks via entactin, fibronectin, and perlecan. They also bind to cell 

membranes through integrin receptors and other plasma membrane molecules.  

They are secreted and incorporated into cell-associated extracellular matrices. Laminin is 

vital for the maintenance and survival of tissues. Defective laminins can cause muscles to 

form improperly, leading to a form of muscular dystrophy, lethal skin blistering disease 

(junctional epidermolysis bullosa) and defects of the kidney filter (nephrotic syndrome) 

6.2.5 Vitronectin: Vitronectin is a 75 kDa glycoprotein consisting of 459 amino acid 

residues. About one-third of the protein's molecular mass is composed of carbohydrates. On 

occasion, the protein is cleaved after arginine 379, to produce two-chain vitronectin, where 

the two parts are linked by a disulfide bond. Vitronectin is found in serum and the 

extracellular matrix and promotes cell adhesion and spreading, inhibits the membrane-

damaging effect of the terminal cytolytic complement pathway, and binds to several serpin 

serine protease inhibitors. It is a secreted protein and exists in either a single chain form or a 

clipped, two chain form held together by a disulfide bond.  

Many of the proteins bind to vitronectin is enzymes that can do considerable harm if they are 

activated at wrong time or in wrong places in body. The most fundamental means of 

accomplishing this is simple. Vitronectin monomers bind to themselves, thereby “zipping up” 

until they are needed. The folding is thought to occur as a result of ionic attraction between 

negatively charged 

aminoacids near N-terminal 

and positively charged 

aminoacids at C-terminus. 

The folded vitronectin 

monomers circulate in blood 

stream and do not readily unfold.  While it is generally accepted that virtonectin must at least 

partially unfold or “unzip” to initiate binding to its partners, it is not clear how this unfolding 



Unit-6: Multicellularity: ECM- hyaluronans and proteoglycans, matrix proteins. Cell junctions 
 

Block-2: Unit-6 Page 107 
 

is accomplished. Studies with purified vitronectin have demonstrated that its structure is 

sensitive to pH change and ionic concentration, invitro, suggesting that changes in blood 

plasma may intiate unfolding. 

Once vitronectin is unfolded to expose its binding domains, numerous outcomes are possible, 

including clustering of vitronectin into large aggregates within the blood plasma and 

attachment of cells to these clusters. In case of blood clot formation, vitronectin serves as a 

scaffold for initiating proper placement of clots. The partially unfolded vitronectin molelcules 

reveal binding sites for the integrin receptors on platelets, thereby recruiting platelets to 

injured blood vessels.  The bound platelets become activated and release other factors that 

promote clot formation. 

6.2.6 Proteoglycans: Proteoglycans (mucoproteins) are proteins that are covalently bonded at 

multiple sites along the protein chain to a class of polysaccharides, known as 

glycosaminoglycans (GAGs). Glycosaminoglycans constitute approximately 95% of the mass 

of proteoglycans by weight, which results in proteoglycans bearing a resemblance more to 

polysaccharides than to proteins. The physiological properties of proteoglycans are a function 

of the particular glycosaminoglycans present. Proteoglycans can be categorised depending 

upon the nature of their glycosaminoglycan chains. Proteoglycans can also be categorised by 

size, usually in atomic mass units or kilo Daltons (kDa), similar to non-glycosylated proteins. 

The GAGs extend perpendicular from the core protein in a bottlebrush- like structure.  

The linkage of GAGs such as (heparan sulfates and chondroitin sulfates) to the protein core 

involves a specific trisaccharide linker. Some forms of keratan sulfates are linked to the 

protein core through an N-asparaginyl bond. The protein cores of proteoglycans are rich in 

Ser and Thr residues which allow multiple GAG attachment. Types include: 

Glycosaminoglycans Small proteoglycans Large proteoglycans 

Chondroitin sulfate 

 

Decorin,  36 kDa 

Biglycan, 38 kDa 

Versican, 260-370 kDa, present 

in many adult tissues including 

blood vessels and skin. 

Heparan sulfate  Testican, 44 kDa Perlecan, 400-470 kDa. 

Chondroitin sulfate  

Neurocan,136 kDa 

Aggrecan, 220 kDa, the major 

proteoglycan in cartilage. 

Keratan sulfate Fibromodulin, 42 kDa  

http://en.wikipedia.org/wiki/Heparan_sulfate


Unit-6: Multicellularity: ECM- hyaluronans and proteoglycans, matrix proteins. Cell junctions 
 

Block-2: Unit-6 Page 108 
 

Lumican, 38 kDa. 

 

  

These proteins are synthesized in the Rough Endoplasmic Reticulum by ribosomes, and are 

then transported by vesicles to the Golgi apparatus, where the proteins are modified into 

various forms. Proteoglycans are among these modified forms. Upon completion of synthesis, 

the proteoglycans are transported to the Extracellular Matrix by vesicles. 
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Role of proteoglycans and glycosaminoglycans: Proteoglycans perform numerous vital 

functions within the body. They are significant component in the Extracellular Matrix. The 

major functions/purpose of proteoglycans depends on the glycosaminoglycan component of 

the molecule. This component allows connective tissues of the Extracellular Matrix (ECM) to 

be able to withstand compressional forces through hydration and swelling pressure to the 

tissue. Aggrecan best portrays this particular function. 

Aggrecan is one of the most important extracellular proteoglycans. It forms very large 

aggregates (a single aggregate is one of the largest macromolecules known; it can be more 

than 4 microns long). Aggrecan molecules are non-covalently bound to the long molecule of 

hyaluronan (like bristles to the backbone in a bottlebrush). It is faciliated by the linking 

proteins. To each aggrecan core protein multiple chains of chondroitin sulfate and keratan 

sulfate are covalently attached through the trisaccharide linker. They give the cartilage its gel-

like properties and resistance to deformation.  

In addition to Aggrecan are other proteoglycans such as Lumican, Decorin, Perlecan, 

Fibromodulin and Biglycan, each serving 

different functions according to their 

components. 

GAG dependent functions can be divided into 

two classes: the biophysical and the 

biochemical. The biophysical functions 

depend on the unique properties of GAGs: the 

ability to fill the space, bind and organize 

water molecules and repel negatively charged molecules. Because of high viscosity and low 

compressibility they are ideal for a lubricating fluid in the joints. On the other hand their 

rigidity provides structural integrity to the cells and allows the cell migration due to providing 

the passageways between cells.  

6.2.7 Hyaluronan: Hyaluronan (also called hyaluronic acid or hyaluronate or HA) is an 

anionic, nonsulfated glycosaminoglycan distributed widely throughout connective, epithelial, 

and neural tissues. It is unique among glycosaminoglycans in that it is nonsulfated, forms in 

the plasma membrane instead of the Golgi, and can be very large, with its molecular weight 

often reaching the millions. One of the chief components of the extracellular matrix, 
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hyaluronan contributes significantly to cell proliferation and migration, and may also be 

involved in the progression of some malignant tumors. 

Structure of hyaluronan: HA is composed of two monosaccharides: β(1,4)-N-acetyl-D- 

glucosamine and β(1,3)-D-glucuronic acid. 

HA is a linear, unbranched, alternating 

polymer composed of two 

monosaccharides: β(1,4)-N-acetyl-D-

glucosamine and β(1,3)-D-glucuronic acid. 

It is non-sulfated, unlike other 

glycosaminoglycans (GAGs) prominent in 

the ECM, such as heparin and chondroitin 

sulfate. The chain length of HA varies from ~0.200 to 10 MDa, with the most common sizes 

ranging from 2-5 MDa. 

HA dissolves in water to form a viscoelastic solution, with increasing concentration raising 

the solution viscosity (10 mg/ml has a viscosity 5000x that of water). However, under shear 

stress, the viscosity drops rapidly while maintaining elasticity. This characteristic makes HA 

ideal as a biological lubricant. The actual structure of HA in the ECM varies, but it can be 

generally characterized as a random coil with an extended conformation and considerable 

intrinsic stiffness. Hydrogen bonding between adjacent saccharides appears to be the most 

significant force in setting HA’s physiological properties. The physical properties of HA in 

vitro are also significantly influenced by ionic strength. 

HA interacts with a variety of ECM molecules, making it an essential structural component. 

It is continuously secreted from fibroblasts, keratinocytes, chondrocytes and other specialized 

cells throughout the body and degraded by enzymes (hyaluronidases). 

HA, along with the other GAGs present in the ECM, provides compressive strength to 

tissues. Its negative charge, hydrophilicity and long polymer length result in large amounts of 

water being bound with the matrix. Additionally, HA’s unique property of lowering its 

viscosity during shear stress means it works as a lubricant. Under static conditions, it 

provides resiliency.  
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In addition to its role in tissue hydration, HA binds to specific cell surface receptros, which 

results in stimulation of intracellular signaling pathway that process such as cell migration. 

The principle HA receptors is CD44, which belongs to a family of related proteins, known as 

Hyladherins, all of which bind to HA. It is generally thought that HA plays two roles in 

promoting cell migration. Firstly by binding to ECM molecules it disrupts cell-cell and cell-

matrix interaction. Second, HA binding to CD44 receptros may activate intracellular 

signaling pathways that lead directly to cytoskeletal rearrangement and increased cell 

migration. 

6.2.8 Heparan sulfate: Heparan sulfate proteoglycan’s (HSPG) are defined as those 

proteoglycan care proteins that are attached to heparin sulfate (HS) a glycosaminoglycan. HS 

is mostly found on two families of membrane bound proteoglycan’s, the syndecan and the 

glypican. HSPG synthesis 

begins when a xylose sugar 

is added to the hydroxyl 

group of serine side chain 

faound in core protein.  Not 

all serine side chains are 

modified in this way, only 

those that are recognized by 

xylose transferase enzyme.  

Most HSPG contain 3-7 

sugar chains.  After xylose 

is attached, 3 more sugars are quickly attached, forming a ‘linker tetrasaccharide” with the 

structure – serine-xylose-galactose-galactose-glucuronic acid.  Following this, another xylose 

sugar is added, to the glucuronic acid. 

 Completion of HSPG synthesis requires four more main steps and at least 14 different 

enzymes. First, 50-150 copies of the disaccharides N-acetyl glucosamine-glucuronic acid are 

attached by heparin sulfate polymerase to the xylose at the end of the linker tetrasaccharide 

while the core protein is processing through golgi apparatus.  Second, other enzymes modify 

some of the N-acetyl glucosamine sugars by replacing their N-acetyl groups with sulfate 

groups. Third, some glucuronic acid sugars in the chain are epimerized to form iduronic acid. 

Finally, just before the proteoglycans leaves the golgi apparatus, additional sulfates may be 



Unit-6: Multicellularity: ECM- hyaluronans and proteoglycans, matrix proteins. Cell junctions 
 

Block-2: Unit-6 Page 112 
 

added to the iduronic side and the remaining unmodified N-acetylglucosamine sugars. The 

most heavily sulfated forms of HS are called Heparin, a normally occurring anticoagulant. 

HSPGs bind specifically to over 70 extracellular proteins. In many cases, the binding of a 

particular ligand depends on the exact sequence of sugars in its HS chain. The function of the 

HSPG binding can be organized into 3 classes. 

1) HSPGs can act as coreceptors for soluble proteins such as growth factors by stabilizing the 

binding between the growth factor and its signal receptor. 

2) HSPG can enhance internalization of some soluble proteins, such as the low density 

lipoprotein. 

3) HSPGs can act as coreceptors for insoluble proteins such as ECM structural proteins or 

cell adhesion receptors. 

6.3 Basal Lamina: The basal lamina (lamina - layers), also known as the basement 

membrane, is a specialised 

form of extracellular 

matrix. The basal lamina 

can be organised in three 

ways:  

1. It can surround cells 

(eg., muscle fibres have a 

layer of basal lamina around them); 

2. It lies underneath sheets of epithelial cells 

3. It separates two sheets of cells, such as the endothelial cells of blood vessels and epithelial 

cells of another tissue. This type of arrangement is found in the kidney glomerulus, where the 

basal lamina acts as a permeability barrier or sieve. The best known macromolecular 

components of basal laminae are laminin, type IV collagen, entactin and perlecan. All these 

components are secreted at the basal poles of the epithelial cells. Their precise proportions in 

basal laminae vary between and within tissues. Basal laminae are attached to reticular fibers 

made of type III collagen in the underlying connective tissues by anchoring fibrils of type VII 

collagen. These proteins that are produced by cells of the connective tissue form a layer 

below the basal lamina called the reticular lamina. 
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The basal lamina consists of a mixture of collagens, laminin (glycoprotein), perlecan 

(heparan sulphate glycoprotein), entactin (glycoprotein). These proteins can bind to each 

other to make a highly crosslinked extracellular matrix as shown in this diagram.  

All epithelia have a basal lamina which lies between the cells and the underlying connective 

tissue. This layer is so thin that it is often difficult to see with conventional light microscopy 

and is usually only clearly defined under the electron microscope.  

The basal lamina helps to attach and anchor the cells to the underlying connective tissue. 

Proteins (integrins and proteglycans) in the cell membranes attach to proteins in the basal 

lamina, which in turn is linked to the extracellular matrix of connective tissue. Viewed with 

the electron microscope, three distinct layers of the basal lamina can be described: Lamina 

lucida - electron lucent (very little staining in the EM). Lamina densa - electron dense. 

Lamina reticularis - can be associated with reticular fibres of the underlying connective 

tissue. 

The integrins and proteoglycans in the cell membrane that attach to proteins in the 

extracellular matrix/basal lamina communicate with and signal to each other. Cells can 

organise their own extracellular matrix, and the extracellular matrix in turn helps to organise 

cells. Changes in the integrins can mean that cells stop being adhesive and staying put, to 

moving away, or vice versa.  

6.4 Integrins: Integrins are transmembrane receptors that mediate the attachment between a 

cell and its surroundings, such as other cells or the extracellular matrix (ECM). In signal 

transduction, integrins pass information about the chemical composition and mechanical 

status of the ECM into the cell. Therefore, in addition to transmitting mechanical forces 

across otherwise vulnerable 

membranes, they are involved in cell 

signaling and the regulation of cell 

cycle, shape, and motility. 

Integrins are obligate heterodimers 

containing two distinct chains, called 

the α (alpha) and β (beta) subunits. 

The α and β subunits each penetrate 

the plasma membrane and associate 

non-covalently to form heterotrimeric receptor. 
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Each subunit contains several domains that contribute to the function of intact receptor.  For 

the α chain, these domains include a structure called a β propeller, which is found at N-

terminus of the subunit, in the extracellular portion of protein. The propeller contains seven, 

60 aminoacid repeats that form the blades of the propeller, plus 3 or 4 motifs called EGF 

hands, which bind to divalent cations like Ca2+. Some α subunits have an additional domain 

termed the I domain or A domain, which interacts with an Mg2+/Mn2+ metal ion-dependent 

adhesion site (MIDAS) found in β  subunit. Closer to the plasma membrane, the α subunits 

contain 3 domains that together makeup a leg structure and these are called the thigh, calf1 

and calf2 domains. All β chains have a conserved N-terminal PSI domain, followed by a 

hybrid domain which is connected to a globular I/A domain that contacts the β-propellor 

domain of α chain.  Finally both α and β chains contains a single transmembrane domain and 

a short cytoplasmic domain at C-terminus. 

 Integrins are classified into 3 subfamilies based on β subunits.  The β1 integrins bind 

mostly to ECM proteins and are by far the most widely expressed group of integrins.  The β2 

integrins are expressed only by leukocytes and some bind to other cell surface proteins.  

Some of β3 integrins are expressed on the platelets and megakaryocytes (Platelet precursor 

cells) play critical role in blood clotting. 

 Genetic knockout of some integrin subunits is lethal in developing organisms, while 

knockout of other integrin appears to have mild effect, suggesting that some of these 

receptors may be able to compensate for one another. This ability to compensate is known as 

“Functional Redudancy”. 

6.5 Tight Junctions: Cell-cell junctions play 

a critical role in establishing and maintaining 

multicellularity. Along the lateral surfaces of 

adjacent cells in epithelial and endothelial 

cell layers, 3 spearate cell-cell junctions’ 

functions as a group called the junctional 

complex. In vertebrates, these junctions are 

the tight junctions, adherens junctions and 

desmosome; in inertabrates, the septate 

junctions often act in place of tight junction. 

These specialized junctions help to regulate transport of molelcules between them and also 

help to protect the cells from physical and chemical damage. 
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 When viewed in a thin section of cells with a TEM, tight junctions appears as a series 

of small contacts between the opposed lateral membranes of the neighboring cells. Proteins 

on the cytoplasmic face of the membrane adjacent to these contacts are seen as electron-dense 

clouds. The molecular composition of tight junctions is complex.  Over 24 proteins have been 

identified in tight junctions. Three types of transmembrane proteins have been found in tight 

junctions – Claudins, Occludins and the Junctional adhesion molecules (JAM). Claudins are 

the core protein in the tight junction fibrils. They form the pores, by clustering their 

extracellular domains in loops that forms selective channels in the fibrils.  Occludins 

copolymerize laterally with claudins along tight junction’s fibrils but their function is 

unknown. 

The three transmembrane proteins attach stably to nine or more structural proteins, 

including actin. Tight junctions play two important roles. Firstly, they are the molecular 

structures responsible for regulating paracellular transport in an epithelial or endothelial cell 

layer. In this role tight junctions may be thought of as “molecular sieve”. The second role 

played by tight junctions is to structurally and functionally separate the plasma membrane of 

polarized cells into two domains.  

6.6 Adheren Junctions: Adherens junctions are 

components of the junctional complex that hold 

epithelial and endothelial cells together. The most 

well-known adherens junctions are the Zonula 

adherens. It is found just beneath the tight junctions 

between some epithelial cells. 

Regardless of their location, adherens junctions 

share two properties. Firstly they has 

transmembrane receptor proteins known as 

cadherins that bind to identical cadherins on adjacent cells, this binding is called hemophilic 

binding.  

 The dimeric adherins receptors used in adherens junctions contains 5 extracellular 

domains. Three different overlapping arrangements of these domains are possible.  The 

strongest binding occurs when the receptors overlap completely in an antiparallel 

arrangement, while weaker binding interaction forms when receptors overlap partially. By 
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changing the number of adherens receptors, cells can change the strength of their binding to 

their neighbours. The second property shared by adherens junctions is that they form 

adhesions strong enough to allow tissues to change shape and/or resist sheer stress.  

6.7 Desmosomes: The desmosome is a component of junctional complex in epithelial cells 

and is also located in some non-

epithelial cells such as myocardial 

liver, spleen and some neural cells. A 

common description of the 

desmosomes is that it serves as a “spot 

weld” between two adjacent cells. In 

addition to this structural role, 

desmosome proteins also play 

important signaling roles at the cell 

surface. Three features of desmosomes 

are immediately apparent in electron micrograph as shown in the figure.  

Thick accumulation of fibrils runs across a gap (desmosomal core) between the plasma 

membrane of two adjacent cells. These fibrils appear to terminate in a thick patch of electron-

dense material on the cytosolic side of plasma membrane. The electron-dense patches are 

connected to filaments in cytosol of each cell. The accumulation of dense material at the 

plasma membrane consists of two distinct structures, the inner dense and outer dense plaque 

and several of them can be seen along the edge of two adjacent cells. Desmosomes are 

especially abundant in cells exposed to physical stress such as skin and cardiac muscles, cell 

biologists thought that they contribute to resist the physical stresses. The cytoplasmic 

filaments attached to the dense plaque were called Tomofilaments, later it was determined 

that these filaments are intermediate filaments. 

6.8 Hemidesmosomes: The hemidesmosomes is a cell surface junctional protein found at the 

basal surface of the plasma membrane of epithelial cells. This structure is a complex 

interweaving of ‘plaques’ and filaments and looks like half of a desmosome. Despite 

appearance however, the hemidesmosome is to anchor epithelial sheets to the basal lamina. 
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At the cytoplasmic side of a hemidesmosomes, we see a cluster of intermediate filaments 

attached to inner plaque. This plaque is 

composed of proteins BP / plectin that bind 

to intermediate filament proteins. The outer 

plaque contains two types of 

transmembrane proteins; an integrin 

receptor and collagen. In extracellular 

space, anchoring filaments (BP and ECM 

protein laminin) project outward from 

plasma membrane, through lamina 

lucida, and into the lamina densa, 

finally, anchoring fibrils of collagen connect the lamina densa to the sub basal lamina densa 

that composed of several ECM proteins. 

6.9 Gap junctions: These are the direct connections between the cytoplasm of adjacent cells. 

These junctions are open channels through the plasma membrane, allowing ions and small 

molecules to diffuse freely 

between adjacent cells, but 

preventing the passage of proteins 

and nucleic acid. Consequently, 

gap junctions couple both the 

metabolic activities and the electric 

response of the cells they connect. 

Most cells in animal tissues 

communicate by gap junctions. 

Gap junctions are constructed of 

transmembrane proteins of the connexin family. Six connexins assemble to form a cylinder 

with an open aqueous pore in its centre. Such an assembly of connexins, a connexon, in 

plasma membrane of one cell then aligns with connexons of adjacent cells, forming an open 

channel between the two cytoplasms. The individual connexons within the electrical synapse 

can be opened or closed in response to several types of signals but, when open, allow rapid 

passage of ions between the two nerve cells. 
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6.10 Selectins: Selectins are highly specialized 

cell surface receptors that are expressed 

exclusively in cells in vascular system. Three 

different types of selectins have been identified so 

far and they are named according to the cells that 

express them: L-selectins (Leukocytes), P-

selectins (Platelets) and E-selectins (Endothelial 

cells). These selectins are expressed when cells 

have become activated by cytokines during 

inflammation. The function of selectins is to facilitate the movement of leukocytes out of 

blood vessel (a process called the extravasion), and into inflamed tissues, where they 

contribute to the immune response. This is a different task; leukocytes that extravasate must 

first adhere to the walls of blood vessels despite the sheer forces excerted by flowing blood. 

Leukocytes come to a “rolling stop”, which is mediated by selectins. In this way they are able 

to gradually reduce their speed in the blood vessels.  As they come to a stop, leukocytes 

engage the integrin receptors on endothelial cells. These receptors increase adhesion and 

assist in escaping from the 

blood vessel. 

The cells are able to 

form transient, reversible 

adhesive interactions with the 

endothelial cells lining the 

vessel. As leukocytes forms 

these associations, it drags or rolls along the vessel wall until it forms enough associations to 

come to a complete stop. This is known as discontinuous cell-cell adhesion. 
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6.11 Plasmodesmata: Adhesion between plant cells is mediated by their cell walls rather 

than by transmembrane proteins. In particular, a specialized pectin rich region of the cell wall 

called middle lamella-acts as a glue to hold 

adjacent cells together. However adjacent plant 

cells communicate with each other through 

cytoplasmic connections called plasmodesmata. 

Although distinct in structure, plasmodesmata 

functions analogously to gap junctions as a means 

of direct communication between adjacent cells in 

tissues. Plasmodesmata form from incomplete separation of daughter cells following plant 

cell mitosis. At each plasmodesmata, the plasma membrane of one cell is continuous with 

that of its neighbor creating a channel between the two cytosols. An extension of the SER 

passes through the pore, leaving a ring of the surrounding cytoplasm through which ions and 

small molecules are able to pass freely between the cells. Plasmodesmata are dynamic 

structures that can open or close in response to appropriate stimuli, permitting the regulated 

passage of macromolecules, between adjacent cells. In addition there is evidence that the 

proteins and lipids can be targeted to plasmodesmata in response to specific signals. 

Plasmodesmata may thus play a key role in plant development by controlling the trafficking 

or regulatory molecules such as transcription factors or RNA’s between the cells. 

6.12 Summary: The cell-ECM and cell-cell adhesion proteins are primarily important for 

multicellular organisms. These proteins help the cells to aggregate to differentiate and to form 

specialized organs confined with particular physiology and structure. The existence of 

multicellular life becomes critical, if there is any mutation in these ECM protein coding 

genes, because the cell-ECM or cell-cell cementing cannot occur. Thus ECM is considered as 

the “universal biological cement”. Find the list of cell-ECM and cell-cell adhesion junction’s 

components and their functions given below: 

Collagen: It provides structural support to tissues. 

Fibronectin: It provides connections between cells to collagenous matrix. 

Elastin: Its fiber imparts flexibility to tissues. 

Laminin: It provides an adhesive substrate for cells. 

Vitronectin: It facilitates targeted cells adhesion during blood clotting.  

Proteoglycan: It provides hydration to tissues. 
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Hyaluronan: It’s a glycosylaminoglycan enriched in contractile tissues. 

Heparin Sulphate: It’s a cell surface receptor. 

Basal lamina: It’s a specialized ECM. 

Integrins: These are receptors for ECM proteins. 

Tight Junctions: It forms selectively permeable barriers between cells. 

Adheren’s Junctions: It links adjacent cells. 

Desmosomes: These are intermediate filament based cell adhesion complex. 

Hemidesmosomes: It attaches epithelial cells to the basal lamina. 

Gap Junctions: It allow direct transfer of molecules between adjacent cells. 

Selectins: It controls adhesion of circulating immune cells. 

Plasmodesmata: These are intercellular channels that connect plant cells. 

6.13 Key words: collagen, fibronectin, elastin, laminin, vitronectin, proteoglycan, 

hyaluronan, heparin sulphate, basal lamina, integrins, tight junctions, adheren’s junctions, 

desmosomes,  hemidesmosomes, gap junctions, selectins and plasmodesmata. 

6.14  Questions for self study: 

1. State the importance of extracellular matrix. 

2. Can multicellularity exist without extracellular matrix? 

3. Explain the role of collagen and fibronectin in the extracellular matrix. 

4. What is hyaluronan? What is its role in extracellular matrix 

5. Write a note on the following 

6. Tighat junctions b) Adheren’s junctions c) Gap junctions 

7. Explain the importance of plasmodesmata? 

6.15 Further references: 

1. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 

6. Cells: Benjamin Lewin, Lynne Cassimeris et al. 

7. Infrastructure and activities of cells: Butterworth & Heinemann. 
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7.0 Objectives: The objectives of this unit are to, 

6. Understand the composition of the plant cell wall. 

7. Study the various layers present in cell wall and their functions.  

8. Learn about the protein components and their role in cell wall. 

9. Gain knowledge about the importance of the cell wall in plant cells. 

 

7.1 Introduction: The plant cell wall is a remarkable structure. It provides the most 

significant difference between plant cells and other eukaryotic cells. The cell wall is rigid (up 

to many micrometers in thickness) and gives plant cells a very defined shape. While most 

cells have a outer membrane, none is comparable in strength to the plant cell wall. The cell 

wall is the reason for the difference between plant and animal cell functions. Because the 

plant has evolved this rigid structure, they have lost the opportunity to develop nervous 

system, immune system, and most importantly, mobility. 

The cell wall is composed of cellulose fibers, polysaccharides, and proteins. In new cells the 

cell wall is thin and not very rigid. This allows the young cell to grow. This first cell wall of 

growing cells is called the primary cell wall. When the cell is fully grown, it may retain its 

primary wall, sometimes thickening it, or it may deposit new layers of a different material, 

called the secondary cell wall. 

On the whole, each cell's cell wall interacts with its neighboring cells to form a tightly bound 

plant structure. Despite the rigidity of the cell wall, chemical signals and cellular excretions 

are allowed to pass between cells. Let us study in detail the sturutures and functions of the 

cell wall and its components. 

 

7.2 Plant cell wall: Cell wall consist of 3 types of layers. 

Middle lamella: This is the first layer formed during cell division and makes up the outer 

wall and is shared by adjacent cells. It is composed of pectic compounds and protein. 

Primary wall: This is formed after the middle lamella and consists of a rigid skeleton of 

cellulose microfibrils embedded in a gel-like matrix composed of pectic compounds, 

hemicellulose, and glycoproteins. 

Secondary wall: formed after cell enlargement is completed. The secondary wall is 

extremely rigid and provides compression strength. It is made of cellulose, hemicellulose and 

lignin. The secondary wall is often layered.  
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7.3 What is a primary cell wall: Growing plant cells are surrounded by a polysaccharide-

rich primary wall. This wall is part of the apoplast which itself is largely self-contiguous and 

contains everything that is located 

between the plasma membrane and the 

cuticle. The primary wall and middle 

lamella account for most of the apoplast 

in growing tissue. The symplast is 

another unique feature of plant tissues. 

This self-contiguous phase exists 

because tube-like structrues known as plasmodesmata connect the cytoplasm of different 

cells. 

Plants differ in shape and size. These differences result from the different morphologies of 

the various cells that make up the vegetative and reproductive organs of the plant body. 

Changes in tissue and organ morphology that occur during plant growth and development 

result from controlled cell division and growth together with modification and structural 

reorganization of the wall, and the synthesis and insertion of new material into the existing 

wall. 

Some of the functions of the primary wall: 

• Structural and mechanical support. 

• maintain and determine cell shape. 

• resist internal turgor pressure of cell. 

• control rate and direction of growth. 

• ultimately responsible for plant architecture and form. 

• regulate diffusion of material through the apoplast. 

• carbohydrate stored in walls of seeds may be metabolized. 

• protect against pathogens, dehydration, and other environmental factors. 

• source of biologically active signaling molecules. 

• cell-cell interactions. 

 

Primary walls are the major textural component of plant-derived foods. The ripening of fruits 

and vegetables is associated with changes in wall structrue and composition. Plant-derived 

beverages often contain significant amounts of wall polysaccharides. Some wall 

polysaccharides bind heavy metals, stimulate the immune system or regulate serum 

cholesterol. Wall polysaccharides are used commercially as gums. gels, and stabilizers. Thus, 
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cell wall structure and organization is of interest to the plant scientist, the food processing 

industry and the nutritionist. 

 

7.4 Primary wall composition and architecture:  

Primary walls isolated from higher plant tissues and cells are composed predominantly of 

polysaccharides together with lesser amounts of structural glycoproteins (hydroxyproline-rich 

extensins), phenolic esters (ferulic and coumaric acids), ionically and covalently bound 

minerals (e.g. calcium and boron), and enzymes. In addition walls contain proteins 

(expansins) that are believed to have a role in regulating wall expansion. Lignin, a 

macromolecule composed of highly cross-linked phenolic molecules, is a major component 

of secondary walls. The main ingredient in cell walls is polysaccharides (or complex 

carbohydrates or complex sugars) which are built from monosaccharides (or simple 

sugars).  Eleven different monosaccharides are common in these polysaccharides including 

glucose and galactose. Carbohydrates are good building blocks because they can produce a 

nearly infinite variety of structures.  There are a variety of other components in the wall 

including protein, and lignin 

The major polysaccharides in the primary wall are: 

Cellulose : A polysaccharide composed of 1,4-linked β-D-glucose residues 

Hemicellulose:  Branched polysaccharides that are structurally homologous to cellulose 

because they have a backbone composed of 1,4-linked β-D-hexosyl residues. The 

predominant hemicellulose in many primary wall is xyloglucan. Other hemicelluloses found 

in primary and secondary walls include glucuronoxylan, arabinoxylan, glucomannan, and 

galactomannan. 

Pectin: A family of complex polysaccharides that all contain 1,4-linked α-D-galacturonic 

acid. To date three classes of pectic polysaccharides have been characterized: 

Homogalacturonans, rhamnogalacturonans, and substituted galacturonans. The organization 

and interactions of wall components is not known with certainty and there is still considerable 

debate about how wall organization is modified to allow cells to expand and grow.  

Cellulose: polymer of glucose - typically consisting of 1,000 to 10,000 β-D-glucose residues 

- major component of primary and secondary wall layers. 
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Cellulose polymers 

associate through hydrogen 

bonds. The H-bonding of 

many cellulose molecules 

to each other results in the 

formation of micro fibers 

and the micro fibers can 

interact to form fibers. 

Certain cells, like those in cotton ovules, can grow cellulose fibers of enormous lengths. 

Cellulose fibers usually consist of over 500,000 cellulose molecules. If a fiber consists of 

500,000 cellulose molecules with 5,000 

glucose resides/cellulose molecule, the 

fiber would contain about 2.5 billion 

H-bonds. Even if an H-bond is about 

1/10 the strength of a covalent bond, 

the cumulative bonding energy of 2.5 billion of them is awesome. It is the H-bonding that is 

the basis of the high tensile strength of cellulose. 

Hemicellulose (Cross linking glycans): Is a polysaccharide composed of a variety of sugars 

including xylose, arabinose, mannose. Hemicellulose that 

is primarily xylose or arabinose are referred to as 

xyloglucans or arabinoglucans, respectively. 

Hemicellulose molecules are often branched. Like the 

pectic compounds, hemicellulose molecules are very 

hydrophilic. They become highly hydrated and form gels. 

Hemicellulose is abundant in primary walls but is also 

found in secondary walls. 

Hemicelluloses comprise almost one-third of the carbohydrates in woody plant tissue. The 

chemical structure of hemicelluloses consists of long chains of a variety of pentoses, hexoses, 

and their corresponding uronic acids. Hemicelluloses may be found in fruit, plant stems, and 

grain hulls. Although hemicelluloses are not digestible, they can be fermented by yeasts and 
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bacteria. The polysaccharides yielding pentoses on hydrolysis are called pentosans. Xylan is 

an example of a 

pentosan consisting of 

D-xylose units with 

1β→4 linkages. 

Pectin : Pectin is a 

polysaccharide that acts 

as a cementing 

material in the cell 

walls of all plant 

tissues. The white 

portion of the rind of 

lemons and oranges contains approximately 30% pectin. Pectin is the methylated ester of 

polygalacturonic acid, which consists of chains of 300 to 1000 galacturonic acid units joined 

with 1α→4 linkages. The degree of esterification affects the gelling properties of pectin. The 

structure shown here has three methyl ester forms (-COOCH3) for every two carboxyl groups 

(-COOH), hence it has a 60% degree of esterification. Pectin is an important ingredient of 

fruit preserves, jellies, and jams. 

Pectic acid: polymer of around 100 galacturonic acid 

molecules. very hydrophilic and soluble, become very 

hydrated. Forms salts and salt bridges with Ca2+ and 

Mg2+ that are insoluble gels. Major component of middle 

lamella but also found in primary walls. Because the 

carboxyl groups on the galacturonic acid molecules are 

weak acids, they can exist in negatively charged and 

uncharged states depending on protonation (see fig below). The extent to which the 

molecules are protonated is pH dependent and related to the pKa (the pH at which the two 

forms are in equilibrium). 

 

7.5 Secondary cell walls:  Plants form two types of cell wall that differ in function and in 

composition. Primary walls surround growing and dividing plant cells. These walls provide 

mechanical strength but must also expand to allow the cell to grow and divide. The much 
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thicker and stronger secondary wall (see figure on right), which accounts for most of the 

carbohydrate in biomass, is deposited once the cell has ceased to grow. The secondary walls 

of xylem fibers, tracheids, and sclereids are further strengthened by the incorporation of 

lignin. 

The evolution of conducting 

tissues with rigid secondary 

cell walls was a critical 

adaptive event in the history of 

land plants, as it facilitated the 

transport of water and nutrients 

and allowed extensive upright growth. Secondary walls also have a major impact on human 

life, as they are a major component of wood and are a source of nutrition for livestock. In 

addition, secondary walls may help to reduce our dependence on petroleum, as they account 

for the bulk of renewable biomass that can be converted to fuel. Nevertheless, numerous 

technical challenges must be overcome to enable the efficient utilization of secondary walls 

for energy production and for agriculture. 

Primary and secondary walls contain cellulose, hemicellulose and pectin, albeit in different 

proportions. Approximately equal amounts of pectin and hemicellulose are present in dicot 

primary walls whereas hemicellulose is more abundant in grasses (e.g., switchgrass). The 

secondary walls of woody tissue and grasses are composed predominantly of cellulose, 

lignin, and hemicellulose (xylan, glucuronoxylan, arabinoxylan, or glucomannan). The 

cellulose fibrils are embedded in a network of hemicellulose and lignin. Cross-linking of this 

network is believed to result in the elimination of water from the wall and the formation of a 

hydrophobic composite that limits accessibility of hydrolytic enzymes and is a major 

contributor to the structural characterisitics of secondary walls. 

Xylan, which accounts for up to 30% of the mass of the secondary walls in wood and grasses 

contributes to the recalcitrance of these walls to enzymic degradation. A high xylan content 

in wood pulp increases the economic and environmental costs of bleaching in paper 

manufacturing. Thus, reducing the xylan content of secondary walls and altering xylan 

structure, molecular weight, ease of extractability, and susceptibility to enzymic 

fragmentation are key targets for the genetic improvement of plants. However, progress in 

these areas is limited by our incomplete understanding of the mechanisms of xylan 

biosynthesis. 
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7.6 Structural proteins: In addition to carbohydrates, cell walls contain a variety of proteins. 

One type of cell wall proteins, called glycoproteins contains carbohydrate side chains on 

certain amino acids. The proteins are particularly rich in the amino acids hydroxyproline 

(hydroxyproline-rich glycoprotein, HPRG), proline (proline-rich protein, PRP), and glycine 

(glycine-rich protein, GRP). These proteins form rods (HRGP, PRP) or beta-pleated sheets 

(GRP). Strucural proteins are found in all layers of the plant cell wall but they are more 

abundant in the primary wall layer. 

Like the cell wall carbohydrates, glycoproteins are hydrophilic and can form H-bonds and 

salt bridges with cell wall 

polysaccharides.  In addition to 

hydroxyproline, cell wall 

proteins are often high in the 

amino acids proline and lysine. 

The NH3+ on lysine provides 

positive charges along the 

peptide backbone. The positive 

charges residues can associate with negatively charged groups on pectic acids, etc. In 

addition to electrostatic interactions, H-bonds also form between amino acid side chains and 

cell wall carbohydrates.  

Another type of structural cell wall protein, called extensin, can form covalent bonds with 

other extensin proteins through the amino acid tyrosine. In extensin, the tyrosines are evenly 

spaced and when they bond with tyrosine on another extensin molecule, they can wrap 

around other cell wall 

constituents "knitting" 

the wall together. 

The amount of extensin 

changes with 

development. Cells that 

have thick, hard walls are often rich in extensin (i.e., sclerids and fibers). The amount of 

extensin produced is dependent on mechanical wounding, infection and these responses are 

mediated by plant hormones. 
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Extensin is a well-studied HRGP. HRGP is induced by wounding and pathogen attack. The 

wall proteins also have a structural role since: (1) the amino acids are characteristic of other 

structural proteins such as collagen; and (2) to extract the protein from the wall requires 

destructive conditions. Protein appears to be cross-linked to pectic substances and may have 

sites for lignification. The proteins may serve as the scaffolding used to construct the other 

wall components.  

Another group of wall proteins are heavily glycosylated with arabinose and galactose. These 

arabinogalactan proteins, or AGP's, seem to be tissue specific and may function in cell 

signaling. They may be important in embryogenesis and growth and guidance of the pollen 

tube. 

Lignin: Polymer of phenolics, especially phenylpropanoids. Lignin is primarily a 

strengthening agent in the wall. It also resists fungal/pathogen attack. Suberin, wax, cutin are 

also present in various amounts with cell wall.  A variety of lipids are associated with the 

wall for strength and waterproofing. 

Water: The wall is largely hydrated and comprised of between 75-80% water. This is 

responsible for some of the wall properties. For example, hydrated walls have greater 

flexibility and extensibility than non-hydrated walls. 

Cell walls also contain functional proteins. Enzymatic activities in cell walls include:  

• Oxidative enzymes - peroxidases 

• Hydrolytic enzymes - pectinases, cellulases 

• "Expansins" - enzymes that catalyze cell wall "creep" activity  

General functions of cell wall 

enzymes include protection against 

pathogens, cell expansion, cell wall 

maturation.  

 

Cell expansion: The cell expansion 

involves loosening of existing wall materials and production of new material. Cell wall 

loosening can occur by at least 3 mechanisms:  

1) Wall acidification - H+ATPase in plasma membrane 'pumps" H+ from cytoplasm into cell 

wall. The pH of the wall drops and carboxylic acids become protonated and 'salt bridges" are 

broken.  
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In addition, the enzyme "expansin" is activated and causes cellulose micro fibers to slip 

(mechanism of expansin action is unknown). This results in cell wall "creep". Hydrolytic 

enzymes like cellulase and pectinase, "degrade" cell walls by breaking polymers into smaller 

subunits or by breaking crosslinks.  

 

7.7 Functions of cell walls: 

• Provide tensile strength and limited plasticity which are important for:  

o keeping cells from rupturing from turgor pressure  

o turgor pressure provides support for non-woody tissues  

• Thick walled cells provide mechanical support  

• Tubes for long-distance transport  

• Cutinized walls prevent water loss  

• Provide mechanical protection from insects & pathogens  

• Physiological & biochemical activities in the wall contribute to cell-cell communication  

During growth and development  

• Cell division involves synthesis of new cell wall  

• Cell enlargement involves changes in cell wall composition  

Cell differentiation involves changes in cell wall composition 

The cell wall serves a variety of purposes including:  

1. Maintaining/determining cell shape (analogous to an external skeleton for every 

cell). Since protoplasts are invariably round, this is good evidence that the wall ultimately 

determines the shape of plant cells.  

2. Support and mechanical strength (allows plants to get tall, hold out thin leaves to obtain 

light).  

3. Prevents the cell membrane from bursting in a hypotonic medium (i.e., resists water 

pressure).  

4. Controls the rate and direction of cell growth and regulates cell volume.  

5. Ultimately responsible for the plant architectural design and controlling plant 

morphogenesis since the wall dictates that plants develop by cell addition (not cell 

migration).  

6. Has a metabolic role (i.e., some of the proteins in the wall are enzymes for transport, 

secretion).  
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7. Physical barrier to: (a) pathogens; and (b) water in suberized cells.  However, remember 

that the wall is very porous and allows the free passage of small molecules, including 

proteins up to 60,000 MW.  

8. Carbohydrate storage: The components of the wall can be reused in other metabolic 

processes (especially in seeds).  Thus, in one sense the wall serves as a storage repository 

for carbohydrates.  

9. Signaling: Fragments of wall, called oligosaccharins, act as hormones. Oligosaccharins, 

which can result from normal development or pathogen attack, serve a variety of functions 

including:  (a) stimulate ethylene synthesis; (b) induce phytoalexin (defense chemicals 

produced in response to a fungal/bacterial infection) synthesis; (c) induce chitinase and 

other enzymes; (d) increase cytoplasmic calcium levels and (d) cause an "oxidative 

burst".  This burst produces hydrogen peroxide, superoxide and other active oxygen 

species that attack the pathogen directly or cause increased cross-links in the wall making 

the wall harder to penetrate.    

10. Recognition responses: For example: (a) the wall of roots of legumes is important in 

the nitrogen-fixing bacteria colonizing the root to form nodules; and (b) pollen-style 

interactions are mediated by wall chemistry.  

11. Economic products: Cell walls are important for products such as paper, wood, fiber, 

energy, shelter, and even roughage in our diet. 

 

7.8 Summary:  A cell wall surrounds the plasma membrane in all plant cells. It is a porous 

covering of about 0.1 milli microns to 10 milli microns in size. 

The cell wall is chiefly composed of insoluble polysaccharides. The most common 

constituent is cellulose. Certain other polysaccharides like pectin, hemicellulose, lignin and 

xylan may also be present. 

The cell wall is generally deposited in two layers a 

primary wall and a secondary wall. 

Primary wall is represented by the wall material 

deposited when the cell is young. It is thin and elastic 

and is composed of only cellulose. Meristematic cells 

and parenchyma cells in plants show only primary 

wall. 
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Secondary wall is represented by wall material deposited in mature cells. Secondary wall is 

always internal to the primary walls. It is thick, rigid and non-elastic. It is usually composed 

of additional cellulose, hemicellulose or pectin. 

The deposition of secondary wall material is not uniform. At places it is discontinuous, to 

enclose areas called pits. The pits may be simple or bordered with overhanging wall material. 

Secondary walls are seen in specialised cells such as sclerenchyma, collenchyma, xylem 

vessels and tracheids. 

The cell wall is interrupted by narrow pores, which carry fine strands of cytoplasm 

interlinking the contents of the cell. These pores are called plasmodesmata. They allow 

movement of substances between adjacent cells. 

 

7.9 Key words: Plant cell wall, Plasma membrane, Primary cell wall, Secondary cell wall, 

Middle lamella, Cellulose, Pectin, Proteoglycans.   

 

7.10 Questions for self study:  

6. What is a cell wall? how does it differ from a cell membrane?  

7. Name different layers of a plant cell wall? 

8. Explain the role of primary cell wall in plants? 

9. What are the various carbohydrates present in plant cell wall? 

10. Write a note on the following:  

a) Cellulose b) Hemicellulose c) Pectin d) Pectin acid 

11. Describe structural proteins of a plant cell wall? 

7.11 Further references:  

1. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al., 

2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 

6. Cells: Benjamin Lewin, Lynne Cassimeris et al., 

7. Infrastructure and activities of cells: Butterworth & Heinemann. 
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8.0 Objectives: The objectives of this unit are to, 

6. To know what are microfilaments. 

7. To understand the structural elements of the microfilaments. 

8. Learn about cell motility.  

9. Study in detail the factors that control cell shape. 

10. Understand the architecture of actin filaments. 

11. To gain knowledge regarding the assembly of actin. 

 

8.1 Introduction: Eukaryotic cells have cytoskeleton which maintains cell shape. The 

primary importance of cytoskeleton is in cell motility. The internal movement of cell 

organelles, as well as cell locomotion and muscle fiber contraction could not take place 

without the cytoskeleton. The cytoskeleton is an organized network of three primary protein 

filaments: microtubules, microfilaments (actin filaments), and intermediate fibers which play 

an important role in defining the cell's organization and shape. Cytoskeleton is present within 

the cell’s cytoplasm. They are also called cytoskeletal fibers. All these fibers are polymers 

built from small protein 

subunits held together by 

noncovalent bonds. 

Microfilaments are fine, 

thread-like protein fibers, 3-

6 nm in diameter. They are 

composed predominantly of 

a contractile protein called 

actin, which is the most abundant cellular protein. Microfilaments' association with the 

protein myosin is responsible for muscle contraction. Microfilaments can also carry out 

cellular movements including gliding, contraction, and cytokinesis. Microtubules are 

cylindrical tubes, 20-25 nm in diameter. They are composed of subunits of the protein 

tubulin, these subunits are termed alpha and beta. Microtubules act as a scaffold to determine 

cell shape, and provide a set of "tracks" for cell organelles and vesicles to move on. 

Microtubules also form the spindle fibers for separating chromosomes during mitosis. When 

arranged in geometric patterns inside flagella and cilia, they are used for locomotion. 

Intermediate filaments are about 10 nm diameter and provide tensile strength for the cell.  
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Cellular movement is accomplished by cilia and flagella.  Cilia are hair like structures that 

can beat in synchrony causing the movement of unicellular paramecium.  Cilia are also found 

in specialized linings of eukaryotes. For example, cilia sweep fluids past stationary cells in 

the lining of trachea and tubes of female oviduct. Flagella are whip like appendages that 

undulate to move cells. They are longer than cilia, but have similar internal structures made 

of microtubules. Prokaryotic and eukaryotic flagella differ greatly. Actin is a globular multi-

functional protein that forms microfilaments. It is found in all eukaryotic cells. Actin is 

roughly 42-kDa in size and it is the monomeric subunit of two types of filaments in cells: 

microfilaments, one of the three major components of the cytoskeleton, and thin filaments, 

part of the contractile apparatus in muscle cells. It can be present as either a free monomer 

called G-actin or as part of a linear polymer microfilament called F-actin both of which are 

essential for such important cellular functions as the mobility and contraction of cells during 

cell division. Actin filaments, usually in association with myosin, are responsible for many 

types of cell movements. Myosin is the prototype of a molecular motor—a protein that 

converts chemical energy in the form of ATP to mechanical energy, thus generating force and 

movement. The most striking variety of such movement is muscle contraction. Let us 

understand in detail the structural elements in microfilaments, cell motility and cell shape; 

actin architecture and assembly in this unit. 

 

8.2 Structural elements in micro filaments: Microfilaments or actin filaments are the 

thinnest filaments of the cytoskeleton, a structure found in the cytoplasm of eukaryotic cells. 

These linear polymers of actin subunits are flexible and relatively strong, resisting buckling 

by multi-piconewton compressive forces and filament fracture by nanonewton tensile forces. 

Microfilaments are highly versatile, functioning in cytokinesis, amoeboid movement, and 

changes in cell shape. In inducing this cell motility, one end of the actin filament elongates 

while the other end contracts, presumably by myosin II molecular motors. Additionally, they 

function as part of actomyosin-driven contractile molecular motors, wherein the thin 

filaments serve as tensile platforms for myosin's ATP-dependent pulling action in muscle 

contraction and pseudopod advancement. Microfilaments have a tough, flexible framework 

which helps the cell in movement. 

Actin filaments are assembled in two general types of structures: bundles and networks. 

Bundles can be composed of polar filament arrays, in which all barbed ends point to the same 
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end of the bundle, or non-polar arrays, where the barbed ends point towards both ends. A 

class of actin-binding proteins, called cross-linking proteins, dictates the formation of these 

structures. Cross-linking proteins determine filament orientation and spacing in the bundles 

and networks. These structures are regulated by many other classes of actin-binding proteins, 

including motor proteins, branching proteins, severing proteins, polymerization promoters, 

and capping proteins. 

8.3 Microfilaments: Common to all eukaryotic cells, these filaments are primarily structural 

in function and are an important component of the cytoskeleton, along with microtubules and 

often the intermediate 

filaments. Microfilaments 

range from 5 to 9 nanometers 

in diameter and are designed to 

bear large amounts of tension. 

In association with myosin, 

microfilaments help to generate 

the forces used in cellular contraction and basic cell movements. The filaments also enable a 

dividing cell to pinch off into two cells and are involved in amoeboid movements of certain 

types of cells. 

Microfilaments are solid rods made of a protein known as actin. When it is first produced by 

the cell, actin appears in a globular form (G-actin). In microfilaments, however, which are 

also often referred to as actin filaments, long polymerized chains of the molecules are 

intertwined in a helix, creating a filamentous form of the protein (F-actin). All of the subunits 

that compose a microfilament are 

connected in such a way that they 

have the same orientation. Due to this 

fact, each microfilament exhibits 

polarity, the two ends of the filament 

being distinctly different. This 

polarity affects the growth rate of 

microfilaments, one end (termed the 

plus end) typically assembling and 

disassembling faster than the other (the minus end). 
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Unlike microtubules, which typically extend out from the centrosome of a cell, 

microfilaments are typically nucleated at the plasma membrane. Therefore, the periphery 

(edges) of a cell generally contains the highest concentration of microfilaments. A number of 

external factors and a group of special proteins influence microfilament characteristics, 

however, and enable them to make rapid changes if needed, even if the filaments must be 

completely disassembled in one region of the cell and reassembled somewhere else. When 

found directly beneath the plasma membrane, microfilaments are considered part of the cell 

cortex, which regulates the shape and movement of the cell's surface. Consequently, 

microfilaments play a key role in development of various cell surface projections, including 

filopodia, lamellipodia, and stereocilia. 

Individually, microfilaments are relatively flexible. In the cells of living organisms, however, 

the actin filaments are usually organized into larger, much stronger structures by various 

accessory proteins. The exact structural form that a group of microfilaments assumes depends 

on their primary function and the particular proteins that bind them together. For instance, in 

the core of surface protrusions called microspikes, microfilaments are organized into tight 

parallel bundles by the bundling protein fimbrin. Bundles of the filaments are less tightly 

packed together, however, when they are bound by alpha-actinin or are associated with 

fibroblast stress fibers (the parallel fibers in the above picture). Notably, the microfilament 

connections created by some cross-linking proteins result in a web-like network or gel form 

rather than filament bundles. 

Over the course of evolutionary history of the cell, actin has remained relatively unchanged. 

This, along with the fact that all eukaryotic cells heavily depend upon the integrity of their 

actin filaments in order to be able to survive the many stresses they are faced with in their 

environment, makes actin an excellent target for organisms seeking to injure cells. 

Accordingly, many plants, which are unable to physically avoid predators that might want to 

eat them or harm them in some other way, produce toxins that affect cellular actin and 

microfilaments as a defensive mechanism. The death cap mushroom, for example, produces a 

substance called phalloidin that binds to and stabilizes actin filaments, which can be fatal to 

cells. 

8.4 Actin-Architecture and assembly: Actin is a common cytoskeletal protein. It forms 

long, filamentous strands that are extremely common in all eukaryotic cells. It is particularly 
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common in muscle tissue where, together with the protein myosin, it provides the mechanical 

forces required for muscle action. 

Individual actin proteins in the 

unbound state are known as g-

actin ("globular" actin), while 

actin bound within an actin strand 

is known as f-actin ("filamentous" 

actin). Actin can self-assemble in 

vitro, and has the property that both assembly and disassembly occur at a faster rate at one 

end of a filament, called the "plus" end, than at the other end of a filament, the "minus" end. 

The assembly of actin filaments can be studied in vitro by regulation of the ionic strength of 

actin solutions. In solutions of low ionic strength, actin filaments depolymerize to monomers. 

Actin then polymerizes spontaneously if the ionic strength is increased to physiological 

levels. The first step in actin polymerization (called nucleation) is the formation of a small 

aggregate consisting of three actin monomers. Actin filaments are then able to grow by the 

reversible addition of monomers to both ends, but one end (the plus end) elongates five to ten 

times faster than the minus end. The actin monomers also bind ATP, which is hydrolyzed to 

ADP following filament assembly. Although ATP is not required for polymerization, actin 

monomers to which ATP is bound polymerize more readily than those to which ADP is 

bound. ATP binding and hydrolysis play a key role in regulating the assembly and dynamic 

behavior of actin filaments.  

Since actin polymerization is reversible, filaments can depolymerize by the 

dissociation of actin subunits, allowing actin filaments to be broken down when necessary. 

Thus, an apparent equilibrium exists between actin monomers and filaments, which is 

dependent on the concentration of free monomers. The rate at which actin monomers are 

incorporated into filaments is proportional to their concentration, so there is a critical 

concentration of actin monomers at which the rate of their polymerization into filaments 

equals the rate of dissociation. At this critical concentration, monomers and filaments are in 

apparent equilibrium. 

Within the cell, both the assembly and disassembly of actin filaments are regulated by 

actin-binding proteins. The key protein responsible for actin filament disassembly within the 



Unit-8: Micro filaments, Cell motility and cell shape; Actin-Architecture and assembly 
 

Block-2: Unit-8 Page 139 
 

cell is cofilin, which binds to actin filaments and enhances the rate of dissociation of actin 

monomers from the minus end. In addition, cofilin can sever actin filaments, generating more 

ends and further enhancing filament disassembly. Cofilin preferentially binds to ADP-actin, 

so it remains bound to actin monomers following filament disassembly and sequesters them 

in the ADP-bound form, preventing their reincorporation into filaments. However, another 

actin-binding protein, profilin, can reverse this effect of cofilin and stimulate the 

incorporation of actin monomers into filaments. Profilin acts by stimulating the exchange of 

bound ADP for ATP, resulting in the formation of ATP-actin monomers, which dissociate 

from cofilin and are then available for assembly into filaments. Other proteins (Arp2/3 

proteins) can serve as nucleation sites to initiate the assembly of new filaments, so cofilin, 

profilin, and the Arp2/3 proteins (as well as other actin-binding proteins) can act together to 

promote the rapid turnover of actin filaments and remodeling of the actin cytoskeleton which 

is required for a variety of cell movements and changes in cell shape. 

Formins are multi-domain proteins. They are characterized by the presence of three FH 

domains (FH1, FH2 and FH3), although members of the formin family do not necessarily 

contain all three domains.  The FH1 domain interacts with the G-actin binding protein 

profiling, providing G-actin for filament assembly, while the adjacent FH2 domain nucleates 

F-actin. Formin function is regulated by Rho GTPase that binds to an N-terminal GTPase 

binding domain (GBD). 

8.5 Microtubules and intermediate filaments (IFs):  — the other two cytoskeletal systems 

involved in cell motility and the determination of cell shape. Like microfilaments, both 

microtubules and intermediate filaments are long protein polymers. In the cell, microtubules 

and intermediate filaments fill the cytosol, spanning the distance between the nucleus and the 

cell membrane. In many places, the two types of cytoskeletal fibers overlap and follow each 

other through the cytosol; however, in spite of their similar distributions, they have different 

structures that carry out different functions in the cell. 

Microtubule: A microtubule is a hollow cylinder about 24 nm in diameter. The basic 

building block of the microtubule is tubulin, a dimeric protein composed of two 50 KDa 

subunits known as α tubulin, & β tubulin. Staggered assembly of 13 protofilaments yields a 

helical arrangement of tubulin heterodimers in the cylinder wall. 



Unit-8: Micro filaments, Cell motility and cell shape; Actin-Architecture and assembly 
 

Block-2: Unit-8 Page 140 

All cells produce tubulin by transcription of genes coding for tubulin to produce messenger 

RNA, followed by the translation of mRNA by the ribosomes in order to produce protein 

(two types of tubulin). Alpha and beta tubulin 

spontaneously bind one another to form a 

functional subunit that we call a heterodimer. A 

heterodimer is a protein that consists of two 

different gene products. When intracellular 

conditions favor assembly, tubulin heterodimers assemble into linear protofilaments. 

Protofilaments in turn assemble into microtubules. All such assembly is subject to regulation 

by the cell.  

 Singlet mictotubule (made up of 13 protofilaments) in cytosol is very common, but many 

specialized microtubule arrays also 

exist in which microtubules are 

fused along their lengths into 

doublet or triplet microtubule 

structures. Doublet microtubules 

consist of 10 or 11 protofilaments of 

a second microtubule fused to an 

entire 13 protofilament first 

microtubule, and triplet 

microtubules occur in the long shafts of motile cell appendages called cilia and flagella. 

Triplet microtubules occur in the basal body structures that in most animal cells are situated 

at the base of cilia and flagella and in centrioles, which are situated at the center of animal 

cell centrosomes. 

Microtubules in cells are usually organized at the Micro Tubule Organizing Center (MTOC).  

In interphase, it is located to one side of the nucleus, close to the outer surface of the nuclear 

envelope.  In animal cells, MTOC contains a pair of centrioles and known as centrosome.  

The minus ends are embedded at the MTOC and the plus ends are away from it.  One of the 

known proteins of the MTOC is a form of tubulin called γ–tubulin, which does not from 

microtubules itself and does not become incorporated into microtubules, but does appear to 

function in the nucleation of microtubule formation. The MTOCs in cells of higher plants do 

not contain centrioles, but they still function as microtubule organizing centers.  
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Microtubules are dynamic structures that are constantly being polymerized and 

depolymerized. Its polymerization occurs by a nucleation-elongation mechanism, in which 

the formation of a short microtubule nucleus is followed by the growth of the microtubule at 

both ends by the reversible noncovalent addition of tubulin subunits.  The whole course of 

polymerization is divided into three phases: First the lag phase which corresponds to the time 

taken for nucleation.Second the growth phase in which monomers are added to the exposed 

ends of the growing filament causing filament elongation. And thirt the steady phase where 

the growth of the filament due to monomer addition is exactly balanced by depolymerization 

from the ends. The number of monomers that add to the polymer per second depends on the 

concentration of the free subunits.  The concentration of free subunits left in steady state is 

called the critical concentration. 

Microtubules can undergo treadmilling, with addition of tubulin heterodimers at the plus end 

and dissociation of tubulin heterodimers at the minus end. GTP must be bound to both α and 

β subunits for a tubulin heterodimer to associate with other heterodimers to form a 

protofilament or microtubule. Subunit addition brings β-tubulin that was exposed at the plus 

end into contact with a-tubulin. This promotes hydrolysis of GTP bound to the now interior 

β-tubulin. Pi dissociates, but b-tubulin within a microtubule cannot exchange its bound GDP 

for GTP. The GTP on a-tubulin does not hydrolyze. The minus end of α-tubulin may 

contribute an essential residue to the catalytic site of β-tubulin. Thus the minus end of an α 

subunit may serve as GAP (GTPase activating protein) for β-tubulin of the adjacent dimer in 

a protofilament.  

Dynamic instability is characterized by phase transitions between phases of relatively slow 

growing and rapid shorterning at the ends of individual microtubules. Dynamic instability is 

supposed to be a result of the hydrolysis of GTP bound to β-tubulin shortly after assembly. 

The kinetics of GDP tubulin is different from those of GTP tubulin. GDP bound tubulin 

subunit is prone to depolymerization. Since tubulin adds onto the end of the microtubule only 

in the GTP bound state, there is generally a cap of GTP bound tubulin at the tip of the 

microtubule, protecting it from disassembly. When hydrolysis catches up to the tip of the 

microtubule, it begins a rapid depolymerization and shrinkage.  This switch from growth to 

shrinking is called a catastrophe. Addition of GTP bound tubulin to the tip of the microtubule 

again, provides a new cap and protects the microtubule from shrinking.  This is referred to as 

rescue. 
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There are two types of Microtubule motor proteins- Kinesins and Dyneins.  

Kinesin is a motor protein that moves along microtubules. Like myosin, kinesin is a member 

of a large protein superfamily. There are 14 known classes of kinesins in animals.  A typical 

kinesin consist of two heavy chains and two light chains.  The heavy chain has three 

functional domains: the motor head domain, the a-helical stalk domain and the globular tail 

domain. The kinesin I molecule comprises a pair of large globular head domains connected 

by an elongated coiled-coil stalk domain to a pair of small globular tail domains, which 

contain the light chains. Each head has two separate binding sites: one for the microtubule 

and the other for ATP. The tail domain is responsible for binding to receptors on the 

membrane of cargoes. Although most kinesins have two heavy chains (eg. Kinesin I), others 

may have a single heavy chain or four heavy chains. 

Dyneins are a family of minus end directed microtubule motors proteins. They are composed 

of two or three heavy chains (that include the motor domain) and a large and variable number 

of associated light chains.  Heavy chains are present in the form of homo or hetero dimer and 

heterotrimer. Dynein motors exist as either two headed or three headed structures. Dyneins 

are the largest of the known molecular motors, and they are also among the fastest.  Unlike 

kinesin, dynein cannot mediate cargo transport by itself.  Rather, dynein related transport 

requires dynactin, a large protein complex which consists of 11 subunits that links vesicles 

and chromosomes to the dynein light chains. The dynein family can be classified into two 

major groups: cytoplasmic dyneins and axonemal dyneins. Cytoplasmic dyneins are present 

in all eukaryotic cells and are important for vesicle trafficking, as well as for localization of 

golgi apparatus near the center of the cell. They mediate retrograde transport of vesicles 

towards the minus end of microtubules. Cytoplasmic dynein contains approximately 12 

polypeptide subunits: two identical heavy chains (homodimer) and several light chains. 

Axonemal dyneins are highly specialized for the rapid and efficient sliding movements of 

microtubules that drive the beating of cilia and flagella. Heavy chains in axonemal dyneins 

are heterodimers or heterotrimers. 

Microtubules are responsible for various cell movements. Examples include the beating of 

cilia and flagella, the transport of membrane vesicles in the cytoplasm. These movements 

result from the polymerization and depolymerization of microtubules or the actions of 

microtubule motor proteins. Some other cell movements, such as the alignment and 

separation of chromosomes during meiosis and mitosis, involve both processes. Microtubules 
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also direct the migration of nerve-cell axons by promoting the extension of the neuronal 

growth cone. 

In contrast to the motile functions of microtubules, the function of intermediate filaments is 

strictly structural. Intermediate filaments are usually attached at one end to the plasma 

membrane through certain cell junctions or to integral membrane proteins through IF-binding 

proteins. Intermediate filaments integrate cells into tissues. Microtubules form a framework 

for structures such as the spindle apparatus that appears during cell division, or the whiplike 

organelles known as cilia and flagella. Cilia and flagella are the well-studied models for 

microtubule structure and assembly. 

8.6 Cell motility and cell shape: Cell motility is one of the crowning achievements of 

evolution. Primitive cells were probably immobile, carried by currents in the primordial 

milieu. With the evolution of multicellular 

organisms, primitive organs were formed 

by migrations of single cells and groups of 

cells from distant parts of the embryo. In 

adult organisms, movements of single cells 

in search of foreign organisms are integral 

to the host’s defenses against infection; on 

the other hand, uncontrolled cell migration is an ominous sign of a cancerous cell. 

Most cells in the body are stationary, but many of these exhibit dramatic changes in their 

morphology, the contraction of muscle cells, the elongation of nerve axons, the formation of 

cell-surface protrusions, and the constriction of a dividing cell during mitosis. Perhaps the 

most subtle movements are those within cells; the active separation of chromosomes, the 

streaming of cytosol, the transport of membrane vesicles. These internal movements are 

essential elements in the growth and differentiation of cells, carefully controlled by the cell to 

take place at specified times and in particular locations. 

All cell movements are a manifestation of mechanical work; they require a fuel (ATP) and 

proteins that convert the energy stored in ATP into motion. The cytoskeleton, a cytoplasmic 

system of fibers, is critical to cell motility. Like steel girders supporting the shell of a 

building, the cytoskeleton plays a structural role by supporting the cell membrane and by 

forming tracks along which organelles and other elements move in the cytosol. Unlike the 
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passive framework of a building, though, the cytoskeleton undergoes constant rearrangement, 

which can produce movements. 

Cells have evolved two basic mechanisms for generating movement. One mechanism 

involves a special class of enzymes called motor proteins. These proteins use energy from 

ATP to walk or slide along a microfilament or a microtubule. Some motor proteins carry 

membrane-bound organelles and vesicles along the cytoskeletal fiber tracks; other motor 

proteins cause the fibers to slide past each other. The other mechanism responsible for many 

of the changes in the shape of a cell entails assembly and disassembly of microfilaments and 

microtubules. A few movements involve both the action of motor proteins and cytoskeleton 

rearrangements. 

8.7 Summary: Microfilaments or actin filaments are the thinnest filaments of the 

cytoskeleton, a structure found in the cytoplasm of eukaryotic cells. Common to all 

eukaryotic cells, these filaments are primarily structural in function and are an important 

component of the cytoskeleton, along with microtubules and often the intermediate filaments. 

Cell motility is one of the crowning achievements of evolution. All cell movements require a 

fuel (ATP) and proteins that convert the energy stored in ATP into motion. Microtubules and 

intermediate filaments (IFs), the other two cytoskeletal systems involved in cell motility and 

the determination of cell shape. Microtubules are dynamic structures that are constantly being 

polymerized and depolymerized. Microtubules can undergo treadmilling, with addition of 

tubulin heterodimers at the plus end and dissociation of tubulin heterodimers at the minus 

end. There are two types of Microtubule motor proteins- Kinesins and Dyneins. Microtubules 

form a framework for structures such as the spindle apparatus that appears during cell 

division, or the whiplike organelles known as cilia and flagella.  

 

8.8 Key words: Microfilaments, Actin fibers, Mictotubules, Intermediate filaments, ATP, 
Cell motility, Cell shape, Kinesins, Dyneins. 

8.9 Questions for self study: 

12. What are microfilaments? 

13. State the importance of actin filaments. 

14. Explain in detail the structural organization of microfilaments. 

15. Explain microtubules? 

16. Describe the functions of microtubules? 
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17. Write a note on the following. 

b) Kinesins b) Dyneins 

18. Explain the importance of the cytoskeletal elements? 

8.10 Further references:  

1. Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

2. Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

3. Cell and Molecular Biology. 6th Edition. Gerald Karp. 

4. The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E Hausman. 

5. Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 

6. Cells: Benjamin Lewin, Lynne Cassimeris et al. 

7. Infrastructure and activities of cells: Butterworth & Heinemann. 
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9.0 Objectives: 

Ø The unit describes the transduction of chemical energy into mechanical energy by the 

regulated activities of proteins and the use of ATP hydrolysis to drive the contraction 

of muscles or to move cells.  

Ø The unit explains most of the molecular-motor proteins which are based on the P-loop 

NTPase structure. Myosin, kinesin and dynein compared along with their subunit 

structures explaining the mechanism of myosin’s dramatic flexing in response to ATP 

hydrolysis.  

Ø The unit elaborates the structure of vertebrate skeletal muscle by showing how thick 

and thin protein filaments give rise to the striated appearance involving movement.  

Ø Muscle contraction and coordinated molecular movement facilitated by the function 

of calcium ions and ATP is also demonstrated. 

 

9.1. Introduction: Purposeful movement is one of the most distinctive features of animal 

life. The musculature is what makes movements possible.  Muscle is the major biochemical 

transducer (machine) that converts potential (chemical) energy into kinetic (mechanical) 

energy. Muscle, the largest single tissue in the human body, makes up somewhat less than 

25% of body mass at birth, more than 40% in the young adult and somewhat less than 30% in 

the aged adult. We shall discuss aspects of the three types of muscle found in vertebrates: 

skeletal, cardiac, and smooth. Both skeletal and cardiac muscle appears striated upon 

microscopic observation; smooth muscle is nonstriated. Although skeletal muscle is under 

voluntary nervous control, the control of both cardiac and smooth muscle is involuntary. In 

addition to the skeletal muscles, which can be contracted voluntarily, there are also the 

autonomically activated heart muscle and smooth muscle, which is also involuntary. In all 

types of muscle, contraction is based on an interplay between the proteins actin and myosin.  

 

9.2 I : A. Organization of skeletal muscle 

Striated muscle consists of parallel bundles of muscle fibers (refer figure 1A). Each fiber is a 

single large multinucleate cell. The cytoplasm in these cells contains myofibrils 2–3 μm thick 

that can extend over the full length of the muscle fiber. The striation of the muscle fibers is 

characteristic of skeletal muscle. It results from the regular arrangement of molecules of 

differing density. The repeating contractile units, the sarcomeres, are bounded by Z lines 
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from which thin filaments of F-actin extend on each side. In the A bands, there are also thick 

parallel filaments of myosin. The H bands in the middle of the A bands only contain myosin, 

while only actin is found on each size of the Z lines. 

 

Myosin is quantitatively the most important protein in the myofibrils, representing 65% of 

the total. It is shaped like a golf club. The molecule is a hexamer consisting of two identical 

heavy chains (2 × 223 kDa) and four light chains (each about 20 kDa). Each of the two heavy 

chains has a globular “head” at its amino end, which extends into a “tail” about 150 nm long 

in which the two chains are intertwined to form a superhelix. The small subunits are attached 

in the head area.Myosin is present as a bundle of several hundred stacked molecules in the 

form of a “thick myosin filament.” The head portion of the molecule acts as an ATPase, the 

activity of which is modulated by the small subunits. 

 

Actin (42 kDa) is the most important component of the “thin filaments.” It represents 20–

25% of the muscle proteins. F-actin is also an important component of the cytoskeleton. This 

filamentous polymer is held in equilibriumwith its monomer, G-actin. The other protein 

components of muscle include tropomyosin and troponin. Tropomyosin (64 kDa) attaches to 

F-actin as a rod-like dimer and connects approximately seven actin units with each other. The 

heterotrimer troponin (78 kDa) is bound to one end of tropomyosin. In addition to the above 

proteins, a number of other proteins are also typical of muscle-including titin (the largest 

known protein), α- and β-actinin, desmin and vimentin. 

 

B. Mechanism of muscle contraction 

The sliding filament model (refer figure 1B) describes the mechanism involved in muscle 

contraction. In this model, sarcomeres become shorter when the thin and thick filaments slide 

alongside each other and telescope together, with ATP being consumed. During contraction, 

the following reaction cycle is repeated several times: 
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Figure 1: A). Organization of striated muscle. B). Mechanism of Muscle contraction. 

 

9.2 II. Control of muscle contraction 

 

[1] In the initial state, themyosin heads are attached to actin. When ATP is bound, the heads 

detach themselves from the actin (the “plasticizing” effect of ATP). 
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[2] Themyosin head hydrolyzes the bound ATP to ADP and Pi, but initially withholds the 

two reaction products. ATP cleavage leads to allosteric tension in the myosin head. 

[3] The myosin head now forms a new bond with a neighboring actin molecule. 

[4] The actin causes the release of the Pi, and shortly afterwards release of the ADP as well. 

This converts the allosteric tension in the myosin head into a conformational change that acts 

like a rowing stroke. 

 

The cycle can be repeated for as long as ATP is available, so that the thick filaments are 

constantly moving along the thin filaments in the direction of the Z disk. Each rowing stroke 

of the 500 or somyosin heads in a thick filament produces a contraction of about 10 nm. 

During strong contraction, the process is repeated about five times per second. This leads to 

the whole complex of thin filaments moving together; the H band becomes shorter and the Z 

lines slide closer together. 
[ 

 

A. Neuromuscular junction  
 

Muscle contraction is triggered by motor neurons that release the neurotransmitter 

acetylcholine (refer figure 2A). The transmitter diffuses through the narrow synaptic cleft and 

binds to nicotinic acetylcholine receptors on the plasma membrane of the muscle cell (the 

sarcolemma), thereby opening the ion channels integrated into the receptors. This leads to an 

inflow of Na+, which triggers an action potential in the sarcolemma. The action potential 

propagates from the end plate in all directions and constantly stimulates the muscle fiber. 

With a delay of a few milliseconds, the contractile mechanism responds to this by contracting 

the muscle fiber. 

 

B. Sarcoplasmic reticulum (SR) 
 

The action potential (refer figure 2B) produced at the neuromuscular junction is transferred in 

the muscle cell into a transient increase in the Ca2+ concentration in the cytoplasm of the 

muscle fiber (the sarcoplasm). In the resting state, the Ca2+ level in the sarcoplasm is very 

low (less than 10–7 M). By contrast, the sarcoplasmic reticulum (SR), which corresponds to 

the ER, contains Ca2+ ions at a concentration of about 10-3 M.  
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Figure 2: A). Neuromuscular junction. B). Sarcoplasmic reticulum.  

C). Regulation by calcium ions. 
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The SR is a branched organelle that surrounds the myofibrils like a net stocking inside the 

muscle fibers (illustrated at the top using the example of a heart muscle cell). The high Ca2+ 

level in the SR is maintained by Ca2+- transporting ATPases. In addition, the SR also contains 

calsequestrin, a protein (55 kDa) that is able to bind numerous Ca2+- ions via acidic amino 

acid residues. The transfer of the action potential to the SR is made possible by transverse 

tubules (T tubules), which are open to the extracellular space and establish a close connection 

with the SR. There is a structure involved in the contact between the T tubule and the SR that 

was formerly known as the “SR foot” (it involves parts of the ryanodine receptor. At the 

point of contact with the SR, the action potential triggers the opening of the Ca2+ channels on 

the surface of the sarcolemma. Calcium ions then leave the SR and enter the sarcoplasm, 

where they lead to a rapid increase in Ca2+ concentrations. This in turn causes the myofibrils 

to contract. 

 

C. Regulation by calcium ions  

In relaxed skeletal muscle, the complex consisting of troponin and tropomyosin blocks the 

access of the myosin heads to actin (refer figure 2C). Troponin consists of three different 

subunits (T, C, and I). The rapid increase in cytoplasmic Ca2+ concentrations caused by 

opening of the calcium channels in the SR leads to binding of Ca2+ to the C subunit of 

troponin,which closely resembles calmodulin. This produces a conformational change in 

troponin that causes the whole troponin-tropomyosin complex to slip slightly and expose a 

binding site for myosin. This initiates the contraction cycle. After contraction, the 

sarcoplasmic Ca2+ concentration is quickly reduced again by active transport back into the 

SR. This results in troponin losing the bound Ca2+ ions and returning to the initial state, in 

which the binding site for myosin on actin is blocked. It is not yet clear whether the 

mechanism described above is the only one that triggers binding of myosin to actin.  

 

When triggering of contraction in striated muscle occurs, the following sequence of processes 

thus takes place: 

1. The sarcolemma is depolarized. 

2. The action potential is signaled to Ca2+ channels in the SR. 

3. The Ca2+ channels open and the Ca2+ level in the sarcoplasm increases. 

4. Ca2+ binds to troponin C and triggers a conformational change. 

5. Troponin causes tropomyosin to slip and the myosin heads bind to actin. 

6. The actin–myosin cycle takes place and the muscle fibers contract. 
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Conversely, at the end of contraction, the following processes take place: 

1. The Ca2+ level in the sarcoplasm declines due to transport of Ca2+ back into the SR. 

2. Troponin C loses Ca2+ and tropomyosin returns to its original position on the actin 

molecule. 

3. The actin–myosin cycle stops and the muscle relaxes. 

 

Ca2+ ions - A Central Role in Muscle Contraction 

The contraction of muscles from all sources occurs by the general mechanism described 

above. Muscles from different organisms and from different cells and tissues within the same 

organism may have different molecular mechanisms responsible for the regulation of their 

contraction and relaxation. In all systems, Ca2+plays a key regulatory role. There are two 

general mechanisms of regulation of muscle contraction: actin-based and myosin-based. The 

former operates in skeletal and cardiac muscle, the latter in smooth muscle. 

 

Actin-Based Regulation Occurs in Striated Muscle 

Actin-based regulation of muscle occurs in vertebrate skeletal and cardiac muscles, both 

striated. In the general mechanism described above, the only potentially limiting factor in the 

cycle of muscle contraction might be ATP. The skeletal muscle system is inhibited at rest; 

this inhibition is relieved to activate contraction. The inhibitor of striated muscle is the 

troponin system, which is bound to tropomyosin and F-actin in the thin filament. In striated 

muscle, there is no control of contraction unless the tropomyosin-troponin systems are 

present along with the actin and myosin filaments. As described above, tropomyosin lies 

along the groove of F-actin, and the three components of troponin - TpT, TpI and TpC-are 

bound to the F-actin–tropomyosin complex. TpI prevents binding of the myosin head to its F-

actin attachment site either by altering the conformation of F-actin via the tropomyosin 

molecules or by simply rolling tropomyosin into a position that directly blocks the sites on F-

actin to which the myosin heads attach. Either way prevents activation of the myosin ATPase 

that is mediated by binding of the myosin head to F-actin. Hence, the TpI system blocks the 

contraction cycle at step 2. This accounts for the inhibited state of relaxed striated muscle. 

 

The Sarcoplasmic Reticulum Regulates Intracellular Levels of Ca2+ in Skeletal Muscle 

In the sarcoplasm of resting muscle, the concentration of Ca2+ is 10−8 to 10−7 mol/L. The 

resting state is achieved because Ca2+ is pumped into the sarcoplasmic reticulum through the 

action of an active transport system, called the Ca2+ ATPase (Figure 3), initiating relaxation. 
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The sarcoplasmic reticulum is a network of fine membranous sacs. Inside the sarcoplasmic 

reticulum, Ca2+ is bound to a specific Ca2+-binding protein designated calsequestrin. The 

sarcomere is surrounded by an excitable membrane (the T tubule system) composed of 

transverse (T) channels closely associated with the sarcoplasmic reticulum. When the 

sarcolemma is excited by a nerve impulse, the signal is transmitted into the T tubule system 

and a Ca2+ release channel in the nearby sarcoplasmic reticulum opens, releasing Ca2+ from 

the sarcoplasmic reticulum into the sarcoplasm. The concentration of Ca2+ in the sarcoplasm 

rises rapidly to 10−5 mol/L. The Ca2+- binding sites on TpC in the thin filament are quickly 

occupied by Ca2+. The TpC-4Ca2+ interacts with TpI and TpT to alter their interaction with 

tropomyosin. Accordingly, tropomyosin moves out of the way or alters the conformation of 

F-actin so that the myosin head-ADP-Pi can interact with F-actin to start the contraction 

cycle. The Ca2+ release channel is also known as the ryanodine receptor (RYR). There are 

two isoforms of this receptor, RYR1 and RYR2, the former being present in skeletal muscle 

and the latter in heart muscle and brain. 
 

 
 

Figure 3: Diagram of the relationships among the sarcolemma (plasma membrane), a T 
tubule and two cisternae of the sarcoplasmic reticulum of skeletal muscle (not to scale). 
The T tubule extends inward from the sarcolemma. A wave of depolarization, initiated 
by a nerve impulse, is transmitted from the sarcolemma down the T tubule. It is then 
conveyed to the Ca2+ release channel (ryanodine receptor), perhaps by interaction 
between it and the dihydropyridine receptor (slow Ca2+ voltage channel), which are 
shown in close proximity. Release of Ca2+ from the Ca2+ release channel into the cytosol 
initiates contraction. Subsequently, Ca2+ is pumped back into the cisternae of the 
sarcoplasmic reticulum by the Ca2+ ATPase (Ca2+ - pump) and stored there, in part 
bound to calsequestrin. 
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Ryanodine is a plant alkaloid that binds to RYR1 and RYR2 specifically and modulates their 

activities. The Ca2+ release channel is a homotetramer made up of four subunits of kDa 565. 

It has transmembrane sequences at its carboxyl terminal, and these probably form the Ca2+ 

channel. The remainder of the protein protrudes into the cytosol, bridging the gap between 

the sarcoplasmic reticulum and the transverse tubular membrane. The channel is ligand-

gated, Ca2+ and ATP working synergistically in vitro, although how it operates in vivo is not 

clear. A possible sequence of events leading to opening of the channel. The channel lies very 

close to the dihydropyridine receptor (DHPR; a voltage-gated slow K type). Experiments in 

vitro employing an affinity column chromatography approach have indicated that a 37-

amino-acid stretch in RYR1 interacts with one specific loop of DHPR. 

 

Relaxation occurs when sarcoplasmic Ca2+ falls below 10−7 mol/L owing to its 

resequestration into the sarcoplasmic reticulum by Ca2+ ATPase. TpC. Ca2+ thus loses its 

Ca2+. Consequently, troponin, via interaction with tropomyosin, inhibits further myosin head 

and F-actin interaction, and in the presence of ATP the myosin head detaches from the F-

actin. Thus, Ca2+ controls skeletal muscle contraction and relaxation by an allosteric 

mechanism mediated by TpC, TpI, TpT, tropomyosin, and F-actin. A decrease in the 

concentration of ATP in the sarcoplasm (eg, by excessive usage during the cycle of 

contraction- relaxation or by diminished formation, such as might occur in ischemia) has two 

major effects: (1) The Ca2+  ATPase (Ca2+ pump) in the sarcoplasmic reticulum ceases to 

maintain the low concentration of Ca2+  in the sarcoplasm. Thus, the interaction of the myosin 

heads with F-actin is promoted. (2) The ATP-dependent detachment of myosin heads from F-

actin cannot occur, and rigidity (contracture) sets in. The condition of rigor mortis, following 

death, is an extension of these events. Muscle contraction is a delicate dynamic balance of the 

attachment and detachment of myosin heads to F-actin, subject to fine regulation via the 

nervous system. 

 

Mutations in the Gene Encoding the Ca2+ Release Channel Are One Cause of Human 

Malignant Hyperthermia 

 

Some genetically predisposed patients experience a severe reaction, designated malignant 

hyperthermia, on exposure to certain anesthetics (eg, halothane) and depolarizing skeletal 

muscle relaxants (eg, succinylcholine). The reaction consists primarily of rigidity of skeletal 

muscles, hypermetabolism, and high fever. A high cytosolic concentration of Ca2+ in skeletal 
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muscle is a major factor in its causation. Unless malignant hyperthermia is recognized and 

treated immediately, patients may die acutely of ventricular fibrillation or survive to succumb 

subsequently from other serious complications. Appropriate treatment is to stop the anesthetic 

and administer the drug dantrolene intravenously. Dantrolene is a skeletal muscle relaxant 

that acts to inhibit release of Ca2+ from the sarcoplasmic reticulum into the cytosol, thus 

preventing the increase of cytosolic Ca2+ found in malignant hyperthermia. 

 
9.2 III. Muscle ATP metabolism and its regulation 

 

Muscle contraction is associated with a high level of ATP consumption. Without constant 

resynthesis, the amount of ATP available in the resting state would be used up in less than 1 s 

of contraction (refer figure 4).  

 

A. Energy metabolism in the white and red muscle fibers 

Muscles contain two types of fibers, the proportions of which vary from one type of muscle 

to another (refer figure 4A). Red fibers (type I fibers) are suitable for prolonged effort. Their 

metabolism is mainly aerobic and therefore depends on an adequate supply of O2. White 

fibers (type II fibers) are better suited for fast, strong contractions. These fibers are able to 

form sufficient ATP even when there is little O2 available. With appropriate training, athletes 

and sports participants are able to change the proportions of the two fiber types in the 

musculature and thereby prepare themselves for the physiological demands of their 

disciplines in a targeted fashion. The expression of functional muscle proteins can also 

change during the course of training. Red fibers provide for their ATP requirements mainly 

(but not exclusively) from fatty acids, which are broken down via β-oxidation, the 

tricarboxylic acid cycle, and the respiratory chain. The red color in these fibers is due to the 

monomeric heme protein myoglobin, which they use as an O2 reserve. Myoglobin has a much 

higher affnity for O2 than hemoglobin and therefore only releases its O2 when there is a 

severe drop in O2 partial pressure At a high level of muscular effort - eg., during weightlifting 

or in very fast contractions such as those carried out by the eye muscles - the O2 supply from 

the blood quickly becomes inadequate to maintain the aerobic metabolism. White fibers 

therefore mainly obtain ATP from anaerobic glycolysis. They have supplies of glycogen from 

which they can quickly release glucose-1-phosphate when needed. By isomerization, this 

gives rise to glucose-6-phosphate, the substrate for glycolysis. The NADH+H+ formed during 

glycolysis have to be reoxidized into NAD+ in order to maintain glucose degradation and thus 
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ATP formation. If there is a lack of O2, this is achieved by the formation of lactate, which is 

released into the blood and is resynthesized into glucose in the liver (Cori cycle). Muscle-

specific auxiliary reactions for ATP synthesis exist in order to provide additional ATP in case 

of emergency. Creatine phosphate acts as a buffer for the ATP level. Another ATP-supplying 

reaction is catalyzed by adenylate kinase. This disproportionates two molecules of ADP into 

ATP and AMP. The AMP is deaminated into IMP in a subsequent reaction in order to shift 

the balance of the reversible reaction in the direction of ATP formation.  

 
Figure 4: A). Energy metabolism in the white and red muscle fibers. 

 B). Creatine metabolism 

 



Unit-9: Muscle contraction: Actin-Myosin complex. Function of calcium ions and ATP 
 

Block-3: Unit-9 Page 158 
 

B. Creatine metabolism  

Creatine (N-methylguanidoacetic acid) and its phosphorylated form creatine phosphate (a 

guanidophosphate) serve as an ATP buffer in muscle metabolism (refer figure 4B). In 

creatine phosphate, the phosphate residue is at a similarly high chemical potential as in ATP 

and is therefore easily transferred to ADP. Conversely, when there is an excess of ATP, 

creatine phosphate can arise from ATP and creatine. Both processesare catalyzed by creatine 

kinase. In resting muscle, creatine phosphate forms due to the high level of ATP. If there is a 

risk of a severe drop in the ATP level during contraction, the level can be maintained for a 

short time by synthesis of ATP from creatine phosphate and ADP. In a nonenzymatic 

reaction, small amounts of creatine and creatine phosphate cyclize constantly to form 

creatinine, which can no longer be phosphorylated and is therefore excreted with the urine. 

Creatine does not derive from the muscles themselves, but is synthesized in two steps in the 

kidneys and liver. Initially, the guanidino group of arginine is transferred to glycine in the 

kidneys, yielding guanidino acetate. In the liver, N-methylation of guanidino acetate leads to 

the formation of creatine from this. The coenzyme in this reaction is S-adenosylmethionine. 

 
9.2 IV Biomedical Importance 
 
Proteins play an important role in movement at both the organ (eg, skeletal muscle, heart, and 

gut) and cellular levels. In this chapter, the roles of specific proteins and certain other key 

molecules (eg, Ca2+) in muscular contraction are described. Knowledge of the molecular 

bases of a number of conditions that affect muscle has advanced greatly in recent years. 

Understanding of the molecular basis of Duchenne-type muscular dystrophy was greatly 

enhanced when it was found that it was due to mutations in the gene encoding dystrophin. 

Significant progress has also been made in understanding the molecular basis of malignant 

hyperthermia, a serious complication for some patients undergoing certain types of 

anesthesia. Heart failure is a very common medical condition, with a variety of causes; its 

rational therapy requires understanding of the biochemistry of heart muscle. One group of 

conditions that cause heart failure is the cardiomyopathies, some of which are genetically 

determined. Nitric oxide (NO) has been found to be a major regulator of smooth muscle tone. 

Many widely used vasodilators-such as nitroglycerin, used in the treatment of angina 

pectoris-act by increasing the formation of NO. Muscle, partly because of its mass, plays 

major roles in the overall metabolism of the body. 
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9.3 Summary:  

The myofibrils of skeletal muscle contain thick and thin filaments. The thick filaments 

contain myosin. The thin filaments contain actin, tropomyosin and the troponin complex 

(troponins T, I, and C). 

• The sliding filament cross-bridge model is the foundation of current thinking about muscle 

contraction. The basis of this model is that the interdigitating filaments slide past one another 

during contraction and cross-bridges between myosin and actin generate and sustain the 

tension. 

• The hydrolysis of ATP is used to drive movement of the filaments. ATP binds to myosin 

heads and is hydrolyzed to ADP and Pi by the ATPase activity of the actomyosin complex. 

• Ca2+ plays a key role in the initiation of muscle contraction by binding to troponin C. In 

skeletal muscle muscle, the sarcoplasmic reticulum regulates distribution of Ca2+ to the 

sarcomeres, whereas inflow of Ca2+ via Ca2+ channels in the sarcolemma is of major 

importance in cardiac and smooth muscle. 

• Many cases of malignant hyperthermia in humans are due to mutations in the gene encoding 

the Ca2+ release channel. 

• A number of differences exist between skeletal and cardiac muscle; in particular, the latter 

contains a variety of receptors on its surface. 

• Some cases of familial hypertrophic cardiomyopathy are due to missense mutations in the 

gene coding for β-myosin heavy chain. 

• Smooth muscle, unlike skeletal and cardiac muscle, does not contain the troponin system; 

instead, phosphorylation of myosin light chains initiates contraction. 

• Nitric oxide is a regulator of vascular smooth muscle; blockage of its formation from 

arginine causes an acute elevation of blood pressure, indicating that regulation of blood 

pressure is one of its many functions. 

• Duchenne-type muscular dystrophy is due to mutations in the gene, located on the X 

chromosome, encoding the protein dystrophin. 

• Two major types of muscle fibers are found in humans: white (anaerobic) and red (aerobic). 

The former are particularly used in sprints and the latter in prolonged aerobic exercise. 

During a sprint, muscle uses creatine phosphate and glycolysis as energy sources; in the 

marathon, oxidation of fatty acids is of major importance during the later phases. 
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Figure 5:  The structure of voluntary muscle. The sarcomere is the region between the Z lines. 

 

 

Figure 6: Arrangement of filaments in striated muscle. (A): Extended. The positions of 
the I, A, and H bands in the extended state are shown. The thin filaments partly overlap 
the ends of the thick filaments, and the thin filaments are shown anchored in the Z lines 
(often called Z disks). (B): Contracted. The actin filaments are seen to have slipped 
along the sides of the myosin fibers toward each other. The lengths of the thick 
filaments (indicated by the A bands) and the thin filaments (distance between Z lines 
and the adjacent edges of the H bands). These morphologic observations provided part 
of the basis for the sliding filament model of muscle contraction. 
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Figure 7: Schematic representation of the thin filament, showing the spatial 
configuration of its three major protein components: actin, myosin and tropomyosin 

 

 

 

Figure 8: The hydrolysis of ATP drives the cyclic association and dissociation of actin 
and myosin 

9.5  Key words: 
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Angina pectoris: Pain in the chest region. A typical symptom in cardio patients. Mainly 

diagnosed using thread mill test (TMT). 

Spasm: Contraction of the muscle at a particular region leading to pain or ache.  

 

9.5 Questions for self study: 

1. List the two sources of energy that power coordinated molecular movement and Give 
a general description of P-loop NTPases and list several examples. 

2. Sketch the general structure of the polypeptide backbone of a myosin molecule. 
Describe the subunit composition of myosin, and note its a-helical coiled-coil 
structure and its dual globular head. 

 
3. Compare kinesin to dynein and myosin. 

 
4. Describe muscle contraction in terms of the sliding-filament model, and relate 

contraction to changes in the sizes of the A band, I band, and H zone. 
 

5. Provide an overview of a model for the mechanism of the power stroke during muscle 
contraction. Explain the roles of actin and the ATPase activity of myosin in the 
model. 

 
6. Distinguish between G-actin and F-actin. Define critical concentration as it relates to 

the polymerization of actin. Contrast the roles of the ATPase activities of actin and 
myosin. 

 
7. Recount the experiment that displayed the unidirectional movement of myosin 

molecules along an actin cable. Describe the experiment indicating that the force of 
muscle contraction is generated by the S1 head of myosin. 

 
8. Describe the large conformational difference between myosin-ADP and myosin-ATP 

(same as myosin-ADP-vanadate). Locate switch I, switch II, and the relay helix in 
relation to the P-loop, and explain how they cause the protein to flex. 
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BC 1.4: - Cell Biology (Block - III) 

Unit 10: Microtubules-structure, assembly and dynamics and microtubule 

associated proteins; cilia, flagella and intermediate filaments 
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10.0. Objectives: 

Ø The unit describes basics of cytoskeleton and their components. 

Ø The unit aims in explaining the structure, assembly and dynamics of microtubules. 

Ø The unit elaborates the various microtubule associated protein in prokaryotic and 

eukaryotic systems. 

Ø Microtubule Organization and Dynamics Kinesin and Dynein Powered Movements. 

Ø A brief abstract on microfilaments and Intermediate filament is also discussed. 

 

10.1. Introduction: Nonmuscle cells perform mechanical work, including self-propulsion, 

morphogenesis, cleavage, endocytosis, exocytosis, intracellular transport, and changing cell 

shape. These cellular functions are carried out by an extensive intracellular network of 

filamentous structures constituting the cytoskeleton. The cell cytoplasm is not a sac of fluid, 

as once thought. The cytoplasm of eukaryotic cells is traversed by three–dimensional 

scaffolding structures consisting of filaments (long protein fibers), which together form the 

cytoskeleton. These filaments are divided into three groups, based on their diameters: 

microfilaments (6–8 nm), intermediate filaments (ca. 10 nm), and microtubules (ca. 25 nm). 

All of these filaments are polymers assembled from protein components. Each type of 

filament can be distinguished biochemically and by the electron microscope. 

 

10.2. Nonmuscle Cells Contain Actin That Forms Microfilaments 

G-actin is present in most if not all cells of the body. With appropriate concentrations of 

magnesium and potassium chloride, it spontaneously polymerizes to form double helical F-

actin filaments like those seen in muscle. There are at least two types of actin in nonmuscle 

cells: α-actin and β-actin. Both types can coexist in the same cell and probably even 

copolymerize in the same filament. In the cytoplasm, F-actin forms microfilaments of 7 - 9.5 

nm that frequently exist as bundles of a tangled-appearing meshwork. These bundles are 

prominent just underlying the plasma membrane of many cells and are there referred to as 

stress fibers. The stress fibers disappear as cell motility increases or upon malignant 

transformation of cells by chemicals or oncogenic viruses. Although not organized as in 

muscle, actin filaments in nonmuscle cells interact with myosin to cause cellular movements. 

 

A. Actin  
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Actin, the most abundant protein in eukaryotic cells, is the protein component of the 

microfilaments (actin filaments) - (refer figure 2.1 A). Actin occurs in two forms-a 

monomolecular form (Gactin, globular actin) and a polymer (F actin, filamentous actin). G 

actin is an asymmetrical molecule with a mass of 42 kDa, consisting of two domains. As the 

ionic strength increases, G actin aggregates reversibly to form F actin, a helical 

homopolymer. G actin carries a firmly bound ATP molecule that is slowly hydrolyzed in F 

actin to form ADP. Actin therefore also has enzyme properties (ATPase activity). As 

individual G actin molecules are always oriented in the same direction relative to one 

another, F actin consequently has polarity. It has two different ends, at which polymerization 

takes place at different rates. If the ends are not stabilized by special proteins (as in muscle 

cells), then at a critical concentration of G actin the (+) end of F actin will constantly grow, 

while the (–) end simultaneously decays. These partial processes can be blocked by fungal 

toxins experimentally. Phalloidin, a toxin contained in the Amanita phalloides mushroom, 

inhibits decay by binding to the (–) end. By contrast, cytochalasins, mold toxins with 

cytostatic effects, block polymerization by binding to the (+) end. Actin–associated proteins. 

The cytoplasm contains more than 50 different proteins that bind specifically to G actin and F 

actin. Their actin uptake has various different functions. This type of bonding can serve to 

regulate the G actin pool (example: profilin), influence the polymerization rate of G actin 

(villin), stabilize the chain ends of F actin (fragin, α–actinin), attach filaments to one another 

or to other cell components (villin, α –actinin, spectrin), or disrupt the helical structure of F 

actin (gelsolin). The activity of these proteins is regulated by protein kinases via Ca2+ and 

other second messengers. 

 

B. Intermediate filaments  

The components of the intermediate filaments belong to five related protein families (refer 

figure 2.1 B). They are specific for particular cell types. Typical representatives include the 

cytokeratins, desmin, vimentin, glial fibrillary acidic protein (GFAP), and neurofilament. 

These proteins all have a rod–shaped basic structure in the center, which is known as a 

superhelix (“coiled coil”; like keratin). The dimers are arranged in an antiparallel fashion to 

form tetramers. A staggered head-to–head arrangement produces protofilaments. Eight 

protofilaments ultimately form an intermediary filament. Free protein monomers of 

intermediate filaments rarely occur in the cytoplasm, in contrast to microfilaments and 

microtubules. Their polymerization leads to stable polymers that have no polarity. 
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Figure 2.1: Basic structure and components A). Actin. B). Intermediate filament and      

C). Tubulins. 

 

C. Tubulins  

The basic components of the tube-shaped microtubules are α– and β–tubulin (53 and 55 kDa) 

- (refer figure 2.1 C). These form α, β-heterodimers, which in turn polymerize to form linear 

protofilaments. Thirteen protofilaments form a ringshaped complex, which then grows into a 

long tube as a result of further polymerization. Like microfilaments, microtubules are 

dynamic structures with (+) and (–) ends. The (–) end is usually stabilized by bonding to the 
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centrosome. The (+) end shows dynamic instability. It can either grow slowly or shorten 

rapidly. GTP, which is bound by the microtubules and gradually hydrolyzed into GDP, plays 

a role in this. Various proteins can also be associated with microtubules. 

 

10.3. Structure and functions of cytoskeleton 

The cytoskeleton carries out three major tasks: 

• It represents the cell’s mechanical scaffolding, which gives it its typical shape and connects 

membranes and organelles to each other. This scaffolding has dynamic properties; it is 

constantly being synthesized and broken down to meet the cell’s requirements and changing 

conditions. 

• It acts as the motor for movement of animal cells. Not only muscle cells, but also cells of 

noncontractile tissues contain many different motor proteins, which they use to achieve 

coordinated and directed movement. Cell movement, shape changes during growth, 

cytoplasmic streaming, and cell division are all made possible by components of the 

cytoskeleton. 

• It serves as a transport track within the cell. Organelles and other large protein complexes 

can move along the filaments with the help of the motor proteins. 

 

A. Microfilaments and intermediate filaments  

The illustration schematically shows a detail of the microvilli of an intestinal epithelial cell as 

an example of the structure and function of the components of the cytoskeleton (refer figure 

2.2 A). Microfilaments of F actin traverse the microvilli in ordered bundles. The 

microfilaments are attached to each other by actin–associated proteins, particularly fimbrin 

and villin. Calmodulin and amyosin–like ATPase connect the microfilaments laterally to the 

plasma membrane. Fodrin, another microfilament– associated protein, anchors the actin 

fibers to each other at the base, as well as attaching them to the cytoplasmic membrane and to 

a network of intermediate filaments. In this example, the microfilaments have a mainly static 

function. In other cases, actin is also involved in dynamic processes. These include muscle 

contraction, cell movement, phagocytosis by immune cells, the formation of microspikes and 

lamellipodia (cellular extensions), and the acrosomal process during the fusion of sperm with 

the egg cell. 

 

B. Microtubules  
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Only the cell’s microtubules are shown here (refer figure 2.2 B). They radiate out in all 

directions from a center near the nucleus, the centrosome. The tube shaped microtubules are 

constantly being synthesized and broken down at their (+) ends. In the centriole, the (–) end 

is blocked by associated proteins. The (+) end can also be stabilized by associated proteins-e. 

g., when the microtubules have reached the cytoplasmic membrane. The microtubules are 

involved in defining the shape of the cell and also serve as guiding tracks for the transport of 

organelles. Together with associated proteins (dynein, kinesin), microtubules are able to carry 

out mechanical work - e. g., during the transport of mitochondria, the movement of cilia 

(hairlike cell protrusions in the lungs, intestinal epithelium, and oviduct) and the beating of 

the flagella of sperm. Microtubules also play a special role in the mitotic period of cell 

division. 

 

C. Architecture  

The complex structure and net-like density of the cytoskeleton is illustrated here using three 

examples in which the cytoskeletal components are visualized with the help of antibodies 

(refer figure 2.2 C). 

1. The border of an intestinal epithelial cell is seen. There are microfilaments (a) passing 

from the interior of the cell out into the microvilli. The filaments are firmly held together by 

spectrin (b), an associated protein and (c) they are anchored to intermediate filaments. 

 2. Only microtubules are seen in this fibroblast cell. They originate from themicrotubule 

organizing center (centrosome) and radiate out as far as the plasma membrane. 

3. Keratin filaments are visible here in an epithelial cell. Keratin fibers belong to the group of 

intermediate filaments. 
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Figure 2.2: A). Microfilament and Intermediate filament. B). Microtubules and C). their 

architecture. 
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Microtubules Contain α- & β-Tubulins 

Microtubules, an integral component of the cellular cytoskeleton, consist of cytoplasmic 

tubes 25 nm in diameter and often of extreme length. Microtubules are necessary for the 

formation and function of the mitotic spindle and thus are present in all eukaryotic cells. They 

are also involved in the intracellular movement of endocytic and exocytic vesicles and form 

the major structural components of cilia and flagella. Microtubules are a major component of 

axons and dendrites, in which they maintain structure and participate in the axoplasmic flow 

of material along these neuronal processes. Microtubules are cylinders of 13 longitudinally 

arranged protofilaments, each consisting of dimers of α-tubulin and β-tubulin, closely related 

proteins of approximately 50 kDa molecular mass. The tubulin dimers assemble into 

protofilaments and subsequently into sheets and then cylinders. A microtubule-organizing 

center, located around a pair of centrioles, nucleates the growth of new microtubules. A third 

species of tubulin, γ-tubulin, appears to play an important role in this assembly. GTP is 

required for assembly. A variety of proteins is associated with microtubules (microtubule- 

associated proteins [MAPs], one of which is tau) and play important roles in microtubule 

assembly and stabilization. Microtubules are in a state of dynamic instability, constantly 

assembling and disassembling. They exhibit polarity (plus and minus ends); this is important 

in their growth from centrioles and in their ability to direct intracellular movement. For 

instance, in axonal transport, the protein kinesin, with a myosin-like ATPase activity, uses 

hydrolysis of ATP to move vesicles down the axon toward the positive end of the 

microtubular formation. Flow of materials in the opposite direction, toward the negative end, 

is powered by cytosolic dynein, another protein with ATPase activity. Similarly, axonemal 

dyneins power ciliary and flagellar movement. Another protein, dynamin, uses GTP and is 

involved in endocytosis. Kinesins, dyneins, dynamin, and myosins are referred to as 

molecular motors. An absence of dynein in cilia and flagella results in immotile cilia and 

flagella, leading to male sterility and chronic respiratory infection, a condition known as 

Kartagener syndrome. Certain drugs bind to microtubules and thus interfere with their 

assembly or disassembly. These include colchicine (used for treatment of acute gouty 

arthritis), vinblastine (a vinca alkaloid used for treating certain types of cancer), paclitaxel 

(Taxol) (effective against ovarian cancer) and griseofulvin (an antifungal agent). 

 

Intermediate Filaments Differ From Microfilaments & Microtubules 

An intracellular fibrous system exists of filaments with an axial periodicity of 21 nm and a 

diameter of 8–10 nm that is intermediate between that of microfilaments (6 nm) and 
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microtubules (23 nm). Four classes of intermediate filaments are found, as indicated in Table 

2.1.  

 
Table 2.1: Classes of intermediate filaments of eukaryotic cells and their distributions. 

 
They are all elongated, fibrous molecules, with a central rod domain, an amino terminal head, 

and a carboxyl terminal tail. They form a structure like a rope, and the mature filaments are 

composed of tetramers packed together in a helical manner. They are important structural 

components of cells, and most are relatively stable components of the cytoskeleton, not 

undergoing rapid assembly and disassembly and not disappearing during mitosis, as do actin 

and many microtubular filaments. An important exception to this is provided by the lamins, 

which, subsequent to phosphorylation, disassemble at mitosis and reappear when it 

terminates. 
 

Keratins form a large family, with about 30 members being distinguished. As indicated in 

Table 2.1, two major types of keratins are found; all individual keratins are heterodimers 

made up of one member of each class. 

Vimentins are widely distributed in mesodermal cells and desmin, glial fibrillary acidic 

protein, and peripherin are related to them. All members of the vimentin- like family can 

copolymerize with each other. Intermediate filaments are very prominent in nerve cells; 

neurofilaments are classified as low, medium and high on the basis of their molecular masses.  
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Lamins form a meshwork in opposition to the inner nuclear membrane. The distribution of 

intermediate filaments in normal and abnormal (eg, cancer) cells can be studied by the use of 

immunofluorescent techniques, using antibodies of appropriate specificities. These antibodies 

to specific intermediate filaments can also be of use to pathologists in helping to decide the 

origin of certain dedifferentiated malignant tumors. These tumors may still retain the type of 

intermediate filaments found in their cell of origin. 

 

A number of skin diseases, mainly characterized by blistering, have been found to be due to 

mutations in genes encoding various keratins. Three of these disorders are epidermolysis 

bullosa simplex, epidermolytic hyperkeratosis and epidermolytic palmoplantar keratoderma. 

The blistering probably reflects a diminished capacity of various layers of the skin to resist 

mechanical stresses due to abnormalities in microfilament structure. 

 

10.4. Protein Interactions Modulated by Chemical Energy: Actin, Myosin and Molecular 

Motors 

Organisms move. Cells move. Organelles and macromolecules within cells move. Most of 

these movements arise from the activity of a fascinating class of protein based molecular 

motors. Fueled by chemical energy, usually derived from ATP, large aggregates of motor 

proteins undergo cyclic conformational changes that accumulate into a unified, directional 

force-the tiny force that pulls apart chromosomes in a dividing cell and the immense force 

that levers a pouncing, quarter-ton jungle cat into the air. The interactions among motor 

proteins, as you might predict, feature complementary arrangements of ionic, hydrogen-

bonding, hydrophobic, and van der Waals interactions at protein binding sites. In motor 

proteins, however, these interactions achieve exceptionally high levels of spatial and 

temporal organization. Motor proteins underlie the contraction of muscles, the migration of 

organelles along microtubules, the rotation of bacterial flagella, and the movement of some 

proteins along DNA. Proteins called kinesins and dyneins move along microtubules in cells, 

pulling along organelles or reorganizing chromosomes during cell division. An interaction of 

dynein with microtubules brings about the motion of eukaryotic flagella and cilia. Flagellar 

motion in bacteria involves a complex rotational motor at the base of the flagellum. 

Helicases, polymerases and other proteins move along DNA as they carry out their functions 

in DNA metabolism. The next concept we would focus on the well-studied example of the 

flagella and cilia in bacterium as a paradigm for how proteins translate chemical energy into 

motion. 
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By now we have understood that, a microtubule is a polymer of globular tubulin subunits 

(figure 3), which are arranged in a cylindrical tube measuring 25 nm in diameter-more than 

twice the width of an intermediate filament and three times the width of a microfilament. 

Varying in length from a fraction of a micrometer to hundreds of micrometers, microtubules 

are much stiffer than either microfilaments or intermediate filaments because of their tube 

like construction. A consequence of this tubular design is the ability of microtubules to 

generate pushing forces without buckling, a property that is critical to the movement of 

chromosomes and the mitotic spindle in mitosis.  

 

 

 
Figure 3: Structure of tubulin monomers and their organization in microtubules. 

 

Cells contain two populations of microtubules: stable, long-lived microtubules and unstable, 

short-lived microtubules. Stable microtubules are generally found in nonreplicating cells. 

They include a central bundle of microtubules in cilia and flagella, extensions of the plasma 

membrane that beat rhythmically to propel materials across epithelial surfaces, to enable 
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sperm to swim, or to push an egg through the oviduct. A marginal band of stable 

microtubules present in some erythrocytes and platelets enables these cells to pass through 

small blood vessels. Another example exists in nerve cells (neurons), which must maintain 

long processes called axons. An internal core of stable microtubules in axons not only 

supports their structure but also provides tracks along which vesicles move through the 

axonal cytoplasm. The disassembly of such stable structures would have catastrophic 

consequences-sperm would be unable to swim, a red blood cell would lose its spring like 

pliability, and axons would retract. 

 

In contrast with these permanent, stable structures, unstable microtubules are found in cells 

that need to assemble and disassemble microtubule-based structures quickly. For example, in 

mitosis, the cytosolic microtubule network characteristic of interphase cells disassembles and 

the tubulin from it is used to form the spindle-shaped apparatus that partitions chromosomes 

equally to the daughter cells. When mitosis is complete, the spindle disassembles and the 

interphase microtubule network re-forms. 

 

10.5. Eukaryotic Cilia and Flagella Contain a Core of Doublet Microtubules Studded 

with Axonemal Dyneins 

Cilia and flagella are flexible membrane extensions that project from certain cells. They 

range in length from a few micrometers to more than 2 mm for some insect sperm flagella. 

Virtually all eukaryotic cilia and flagella possess a central bundle of microtubules, called the 

axoneme, which consists of nine doublet microtubules surrounding a central pair of singlet 

microtubules (Figure 4). This characteristic “9 +2” arrangement of microtubules is seen in 

cross section with the electron microscope. Each doublet microtubule consists of A and B 

tubules. The (+) end of axonemal microtubules is at the distal end of the axoneme. At its 

point of attachment to the cell, the axoneme connects with the basal body. Containing nine 

tripletmicrotubules, the basal body plays an important role in initiating the growth of the 

axoneme. The axoneme is held together by three sets of protein cross-links. The central pair 

of singlet microtubules is connected by periodic bridges, like rungs on a ladder, and is 

surrounded by a fibrous structure termed the inner sheath. A second set of linkers, composed 

of the protein nexin, joins adjacent outer doublet microtubules. Radial spokes, which radiate 

from the central singlets to each A tubule of the outer doublets, are proposed to regulate 

dynein. Permanently attached periodically along the length of the A tubule of each doublet 

microtubule are inner-arm and outer-arm dyneins. These axonemal dyneins are complex 
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multimers of heavy chains, intermediate chains, and light chains. When isolated axonemal 

dyneins are slightly denatured and spread out on an electron microscope grid, they are seen as 

a bouquet of two or three “blossoms” connected to a common base. Each blossom consists of 

a large globular head domain attached to a small globular domain through a short stalk; a 

stem connects one or more blossoms to a common base. The base is thought to attach a 

dynein to the A tubule, whereas the globular domains project outward toward the B tubule of 

the neighboring doublet. A single dynein heavy chain, which forms each stalk, head, and 

stem is enormous, approximately 4500 amino acids in length with a molecular weight 

exceeding 540,000. At least eight or nine different heavy chains have been identified, each 

capable of hydrolyzing ATP. On the basis of sequence comparisons with the ATP-binding 

sites in other proteins, the ATP-binding site of axonemal dynein is predicted to lie in the 

globular head domain of the heavy chain, with the microtubule-binding site being at the tip of 

the stalk. Inner-arm dyneins are either one- or two-headed structures, containing one or two 

heavy chains. Outer-arm dyneins contain two heavy chains (e.g., in a sea urchin sperm 

flagellum) or three heavy chains (e.g., in Tetrahymena cilia and Chlamydomonas flagella). 

 
 

Figure 4: Structure of an axoneme: Cross-sectional diagram of a typical flagellum 
showing its major structures. The dynein arms and radial spokes with attached heads 
surround a central pair of singlet microtubules. 
The intermediate and light chains in axonemal dynein are thought to form the base region. 

These chains help mediate the attachment of the dynein arm to the A tubule and may also 

participate in regulating dynein activity. The base proteins of axonemal dyneins are thus 

analogous to those composing the dynactin complexes associated with cytosolic dynein. 
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10.6. Ciliary and Flagellar Beating Are Produced by Controlled Sliding of Outer 

Doublet Microtubules 

 
Ciliary and flagellar beating is characterized by a series of bends, originating at the base of 

the structure and propagated toward the tip. The bends push against the surrounding fluid, 

propelling the cell forward or moving the fluid across a fixed epithelium. A bend results from 

the sliding of adjacent doublet microtubules past one another. Because active sliding occurs 

all along the axoneme, bends can be propagated without damping. Findings from microscopic 

studies with isolated axonemes from which the crosslinkage proteins (e.g., nexin) are 

removed have shown that doublet microtubules slide past one another in the presence of ATP 

but no bending occurs. Thus the ATP-dependent movement of doublet microtubules must be 

restricted by cross-linking proteins in order for sliding to be converted into the bending of an 

axoneme. On the basis of the polarity and direction of sliding of the doublet microtubules and 

the properties of axonemal dyneins, the small head domains of the dynein arms on the A 

tubule of one doublet are thought to “walk” along the adjacent doublet’s B tubule toward its 

base, the (+) end. The force producing active sliding requires ATP and probably entails a 

conformational change in the head and stem that translocates the stalk. Successive binding 

and hydrolysis of ATP causes the dynein stalks to successively release from and attach to the 

adjacent doublet. Although this general model is most likely correct, many important details 

such as the mechanism of force transduction by dynein are still unknown. 

 

10.7. Summary:  

v Nonmuscle cells perform various types of mechanical work carried out by the structures 

constituting the cytoskeleton. These structures include actin filaments (microfilaments), 

microtubules (composed primarily of α- tubulin and β-tubulin) and intermediate 

filaments. The latter include keratins, vimentin-like proteins, neurofilaments and lamins. 

v Tubulins belong to an ancient family of GTPases that polymerize to form microtubules, 

hollow cylindrical structures 25 nm in diameter. Microtubules, like actin microfilaments, 

exhibit both structural and functional polarity. Dimeric tubulin subunits interact end-to-

end to form protofilaments, which associate laterally into microtubules 

v Microtubules exhibit structural polarity. Subunits are added and lost preferentially at one 

end, the end of assembly and disassembly of microtubules depends on the critical 

concentration of tubulin subunits.  



Unit-10: Microtubules, associated proteins; cilia, flagella and intermediate filaments 

Block-3: Unit-10 Page 177 
 

v Microtubules exhibit two dynamic phenomena that are pronounced at tubulin 

concentrations: (1) tread milling, the addition of subunits at one end and their loss at the 

other end, and (2) dynamic instability, the oscillation between lengthening and 

shortening. The balance between growth and shrinkage of unstable microtubules depends 

on whether the exchangeable GTP bound to tubulin is present on the end or whether it has 

been hydrolyzed to GDP. 

v Microtubule-associated proteins (MAPs) organize microtubules and affect their stability. 

Some MAPs prevent or promote cytosolic microtubule depolymerization; other MAPs 

organize microtubules into bundles or cross-link them to membranes and intermediate 

filaments or both. 

v Various drugs, including colchicine and taxol, disrupt microtubule dynamics and have an 

antimitotic effect. Some of these drugs are useful in the treatment of certain cancers. Cell 

polarity including the organization of cell organelles, direction of membrane trafficking, 

and orientation of microtubules is determined by microtubuleorganizing centers 

(MTOCs). Most interphase animal cells contain a single, perinuclear MTOC from which 

cytosolic microtubules radiate. 
 

10.8. Questions for self study: 

1. Sketch the general structure of a microtubule, noting its diameter and showing its 

alternating subunits of a-tubulin and b-tubulin. 

2. Describe the structure of the axoneme and sketch the 9 + 2 array of the microtubule 

doublets and singlets that form its basic ring motif. 

3. Note the role of dynamic instability in growing microtubules. Describe the effects of taxol 

on the polymerization and depolymerization of microtubules. 

4. Describe the kinesin-dependent movement of vesicles and organelles along microtubules. 

5. Distinguish between the plus and minus ends of a microtubule. 

6. Explain how small structural differences can cause ncd protein to have reversed polarity 

compared with normal kinesins. 

7. Outline the structure and function of bacterial flagella. Distinguish between the mechanism 

by which eukaryotic and prokaryotic flagella generate motile force. 

8. Explain the role of proton-motive force in flagellar rotation. Present a model that explains 

the production of rotary motion from the effects of a proton gradient on the transmembrane 

flagellar motor. 
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9. Define chemotaxis and outline the sequence of events constituting it. 

10. Describe the flagella and the motors of the chemotactic apparatus of E. coli. Relate their 

actions to the smooth swimming and tumbling motions of a bacterium in response to a 

temporal gradient (change over time) of attractant or repellent substances. 
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BC 1.4 : Cell Biology (Block - III) 

Unit 11: Cell cycle - Strategies in cell cycle, discrete cell cycle events, 

early embryonic cell cycle, yeast cell cycle. 
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11.0 Objectives: 

Ø The unit describes the necessity of cell cycle, various events taking place during a cell 

cycle. 

Ø The unit explains the molecular strategies for the regulation of the cell cycle and role 

of check points specially cyclin dependent kinases. 

Ø The unit elaborates the discrete cell cycle events with reference to embryonic cell 

cycle and yeast cell cycle. 

Ø The unit also focuses on the importance and diseases caused due to the irregularities 

in the cell cycle mechanism. 

 

11.1. Introduction: 

Ever since the cell was designated the fundamental unit of living organisms, efforts have 

been increasingly devoted to solving the mystery of its propagation. Physical observation in 

diverse systems, from simple unicellular bacteria to complex multicellular animals, revealed 

that this process involves duplicating cellular contents followed by division into two identical 

cells. Cell cycle theory is a generalized conceptual framework for describing how a 

eukaryotic cell copies itself by coordinating an increase in mass, chromosome 

replication/segregation, and division. Over the past 3 decades, the machinery controlling 

these processes has been identified and organized into a description of cell cycle progression. 

Now that the field has its Nobel Prize, one might assume that the picture is largely complete 

and only details remain. A broader perspective, however, reminds us that those who ignore 

the history of scientific advancement are often doomed not to repeat it. That the cell cycle 

field will be no exception is evidenced by surprising new observations hinting that it might be 

time to start a new canvas. This section will first undertake an examination of how cell cycle 

theory developed, which reveals the rationale for G1 phase and its role in cell division. We 

next lay out in broad strokes the current understanding of molecular events controlling G1 

progression in mammalian cells. Principles and generalizations underlying this model will be 

explicitly identified and discussed, with particular emphasis on how they are now being 

called into question by recent experimental data analyzing cell cycle regulators in mice. 

Ultimately, we hope to illustrate how accumulating evidence provides hints of a richer and 

more complex picture of G1 phase waiting to be discovered. 

 

11.2 Arrival of the Cycle 
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Discovery of cell division marked the birth of cell cycle research. Subsequent investigations 

identified two major events during this process, mitosis and DNA replication, and 

demonstrated they occur at different times and in a particular order. The existence of gap 

phases and why they separate these key events has long been appreciated, but molecular 

mechanisms defining transitions between them could not be investigated until cell cycle 

machinery was identified. 

 

Discrete Events during Division 

Physical observation of animal cell duplication identified discrete events during this process, 

the most dramatic being condensation of thread-like structures shortly before cell division. 

We now know this period as mitosis, when the chromosomes segregate and are equally 

distributed to the mother and daughter cell. Subsequent work revealed chromosomes contain 

the hereditary material, are composed of DNA, and are duplicated at a defined period 

occurring before cell division. These initial observations suggested that cell duplication is 

divided into discrete periods or phases, an organizing principle distinguishing bacteria from 

eukaryotic cells. Molecular mechanisms are therefore required to coordinate these processes 

in time and space. 

 

Physical and temporal separation of DNA synthesis (S-phase) and mitosis (M phase) implies 

existence of gap phases separating these events (refer figure. 3.1 A). Gap phase 1 (G1) is 

defined as the period from end of mitosis to initiation of DNA synthesis. Gap phase 2 (G2) 

separates end of DNA synthesis from initiation of mitosis. Time spent in G1 varies between 

cell types and in different situations, but in mammalian cells it usually accounts for a 

significant amount of total cycling time. A typical mammalian cell might require 24 h to 

make a copy of itself and spend half this time in G1. However, in some specialized situations 

such as early development, G1 is absent and cells go directly from M phase to synthesizing 

DNA. These extremes provide important clues about why separating the end of mitosis from 

initiation of DNA synthesis is sometimes necessary and desirable. In such cases it becomes 

important to understand how this period is traversed, but before discussing this issue, the 

relationship between distinct cell cycle phases must be further defined. 

 

Maintaining Order 

Continuity through multiple cell divisions requires that each new daughter receive a complete 

and accurate copy of the genome. Chromosomes must be duplicated once and only once 



Unit-11: Strategies in cell cycle, cell cycle events, early embryonic cell cycle, yeast cell cycle 
 

Block-3: Unit-11 Page 182 
 

before mitosis; conversely, mitosis must be completed before DNA replication is re-initiated 

(figure 3.1B) Cells also continually monitor for and repair the inevitable DNA damage 

occurring throughout the division cycle. In all these situations order is maintained by 

checkpoints, wherein initiation of later events is dependent on successful completion of 

earlier ones. Temporally and spatially separate events are linked via signaling components, 

which transmit information to elicit desired responses. By monitoring and linking events 

required for cell division and repair, checkpoints help maintain genomic integrity essential 

for survival and continuation of the cell lineage. Checkpoints represent an elegant solution to 

the problem of ordering DNA synthesis and cell division, while at the same time raising 

additional questions. What drives progression through the cell cycle, and how is this process 

regulated? These controls are distinct from machinery replicating DNA and dividing the cell, 

which must receive instructions to initiate and complete these tasks properly. Addressing 

such thorny issues required a paradigm shift from observation of cell duplication to analysis 

of molecular events. Breakthroughs came from disparate but ultimately complementary 

approaches: biochemical analysis of S to M phase cycling reproduced in a cell free system 

derived from frog oocytes, generation and analysis of yeast mutants defective in cell division 

control, and analysis of protein expression patterns in sea urchin extracts. These seminal 

investigations (along with other important contributions) led inexorably to identification of 

critical cell cycle machinery. 

 

11.3 Cell Cycle Machinery 

Recognition that specific protein catalysts are responsible for diverse cellular processes such 

as fermentation (late 1800s) suggested that cell growth and proliferation would be similarly 

controlled. Division of the cell cycle into temporally ordered, discrete steps implied different 

proteins regulate specific cell cycle transitions. If so, then factors advancing cell cycle 

progression might be rate limiting. These concepts gave birth to the idea of a cell cycle 

engine that both drives and controls progression through the division cycle. Biochemical and 

genetic approaches in different systems converged to identify what we now know as the cell 

cycle machinery. A key discovery was that nuclear division in frog oocytes is controlled by a 

“maturation promoting factor”, or MPF. Around the same time, genetic screens identified 

yeast mutants defective in cell division or prematurely entering mitosis. Rate limiting 

components of S to M phase cycling were eventually isolated from frog egg extracts, and the 

Deus ex machina turned out to be a kinase in association with a regulatory subunit called 

cyclin. These cyclin-dependent kinases (Cdks) transfergamma-phosphate from ATP to a 
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specific protein substrate. However, the kinase subunit alone is inactive because the bound 

ATP is not properly oriented, and access of the protein substrate is blocked by a section of 

Cdk called the T-loop. These impediments are removed by association with cyclin and T-loop 

phosphorylation by the multicomponent Cdk-activating kinase (CAK). 

 

The key to ordering and controlling cell cycle progression is thought to lie in periodic 

expression of different cyclins, which associate with Cdks at defined intervals and determine 

their specificity. These unique cyclin–Cdk complexes must phosphorylate specific substrates 

at the proper time to drive controlled progression through the cell cycle. After completing 

their task, complexes are disassembled and cyclin degraded as a prerequisite for subsequent 

steps. Temporal order is achieved and maintained by linking cyclin expression to completion 

of previous events, then regulating activity of the resulting cyclin–Cdk complex. Controlling 

complexes can be accomplished by removing activating modifications, inhibitory 

phosphorylation of the Cdk subunit, or tight binding of Cdk inhibitory proteins (CKIs). Cdk 

activity can also be modulated by altering its location and/or accessibility to substrates, 

although these regulatory mechanisms are less well characterized. Together, this molecular 

circuitry provides a mechanistic explanation of cell cycle progression during G1. Basic 

underlying principles derived from these investigations are: 1) cell cycle machinery is 

evolutionarily conserved, 2) transitions between cell cycle phases are catalyzed by Cdks, 3) 

cell cycle machinery is highly regulated, and 4) cell cycle components are an obvious target 

in proliferative diseases like cancer. 

 

A. Cell cycle  

Proliferating cells undergo a cycle of division (the cell cycle), which lasts approximately 24 

hours in mammalian cells in cell culture. The cycle is divided into four different phases (G1, 

S, G2, and M—in that sequence – refer figure 3.1A). Fully differentiated animal cells only 

divide rarely. These cells are in the so-called G0 phase, in which they can remain 

permanently. Some G0 cells return to the G1 phase again under the influence of mitogenic 

signals (growth factors, cytokines, tumor viruses, etc.), and after crossing a control point (G1 

to S), enter a new cycle. DNA is replicated during the S phase, and new chromatin is formed. 

Particularly remarkable in morphological terms is the actual mitosis (M phase), in which the 

chromosomes separate and two daughter cells are formed. The M and S phases are separated 

by two segments known as the G1 and G2 phases (the G stands for “gap”). In the G1 phase, 

the duration of which can vary, the cell grows by de novo synthesis of cell components. 
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Together, the G1, G0, S and G2 phases are referred to as the interphase, which alternates in 

the cell cycle with the short M phase. 

 

 
   Figure 3.1: (A) Different phases of cell cycle. (B) Control of the cell cycle (regulation). 

B. Control of the cell cycle  

The progression of the cell cycle is regulated by interconversion processes (refer figure 

3.1B). In each phase, special Ser/Thr-specific protein kinases are formed, which are known as 

cyclin-dependent kinases (CDKs). This term is used because they have to bind an activator 

protein (cyclin) in order to become active. At each control point in the cycle, specific CDKs 

associate with equally phase-specific cyclins. If there are no problems (e. g., DNA damage), 
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the CDK–cyclin complex is activated by phosphorylation and/or dephosphorylation. The 

activated complex in turn phosphorylates transcription factors, which finally lead to the 

formation of the proteins that are required in the cell cycle phase concerned (enzymes, 

cytoskeleton components, other CDKs and cyclins). The activity of the CDK–cyclin complex 

is then terminated again by proteolytic cyclin degradation. 

 

The above outline of cell cycle progression can be examined here inmore detail using the 

G2–Mtransition as an example. Entry of animal cells into mitosis is based on the “mitosis-

promoting factor” (MPF). MPF consists of CDK1 (cdc2) and cyclin B. The intracellular 

concentration of cyclin B increases constantly until mitosis starts, and then declines again 

rapidly (top left). MPF is initially inactive, because CDK1 is phosphorylated and cyclin B is 

dephosphorylated (top center). The M phase is triggered when a protein phosphatase [1] 

dephosphorylates the CDK while cyclin B is phosphorylated by a kinase [2]. In its active 

form, MPF phosphorylates various proteins that have functions in mitosis - e. g., histone H1, 

components of the cytoskeleton such as the laminins in the nuclear membrane, transcription 

factors, mitotic spindle proteins, and various enzymes. When mitosis has been completed, 

cyclin B is marked with ubiquitin and broken down proteolytically by proteasomes. Protein 

phosphatases then regain control and dephosphorylate the proteins involved in mitosis.  

 

This returns the cell to the interphase. The G1–S transition is particularly important for 

initiating the cell cycle. It is triggered by the CDK4–cyclin D complex, which by 

phosphorylating the protein pRb releases the transcription factor E2F previously bound to 

pRb. This activates the transcription of genes needed for DNA replication. If the DNA is 

damaged by mutagens or ionizing radiation, the protein p53 initially delays entry into the S 

phase. If the DNA repair system does not succeed in removing the DNA damage, p53 forces 

the cell into apoptosis. The genes coding for pRb and p53 belong to the tumor-suppressor 

genes. In many tumors, these genes are in fact damaged by mutation. 

 

11.4 Cyclin-dependent kinases 

These cyclin-dependent kinases (Cdks) transfer gamma-phosphate from ATP to a specific 

protein substrate. However, the kinase subunit alone is inactive because the bound ATP is not 

properly oriented, and access of the protein substrate is blocked by a section of Cdk called the 

T-loop. These impediments are removed by association with cyclin and T-loop 

phosphorylation by the multicomponent Cdk-activating kinase (CAK). The key to ordering 
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and controlling cell cycle progression is thought to lie in periodic expression of different 

cyclins, which associate with Cdks at defined intervals and determine their specificity. These 

unique cyclin–Cdk complexes must phosphorylate specific substrates at the proper time to 

drive controlled progression through the cell cycle. After completing their task, complexes 

are disassembled and cyclin degraded as a prerequisite for subsequent steps. Temporal order 

is achieved and maintained by linking cyclin expression to completion of previous events, 

then regulating activity of the resulting cyclin–Cdk complex. Controlling complexes can be 

accomplished by removing activating modifications, inhibitory phosphorylation of the Cdk 

subunit, or tight binding of Cdk inhibitory proteins (CKIs) (Morgan 1995). Cdk activity can 

also be modulated by altering its location and/or accessibility to substrates, although these 

regulatory mechanisms are less well characterized. Together, this molecular circuitry 

provides a mechanistic explanation of cell cycle progression during G1. Basic underlying 

principles derived from these investigations are: 1) cell cycle machinery is evolutionarily 

conserved, 2) transitions between cell cycle phases are catalyzed by Cdks, 3) cell cycle 

machinery is highly regulated, and 4) cell cycle components are an obvious target in 

proliferative diseases like cancer. Alternatively, the extent or mechanics of coordination may 

vary depending on cell type or situation. Regardless, identifying cells in which a sizing 

mechanism is operational means that experiments can now be designed to identify its 

molecular components. 

 

Information Integration 

G1 phase of the cell cycle is organized around the concept of a restriction point (R point; 

called START in yeast). Before this G1 checkpoint, the cell receives and interprets 

information from a variety of internal and external sources. A decision is then made whether 

or not to continue with the cycle and initiate another round of cell division. If conditions are 

not appropriate for proliferation, or the cell receives orders to adopt an alternative fate, it 

withdraws from the cycle into a G0 resting state. It can remain in this position until 

proliferative conditions are re-established, or initiate an alternative program resulting in 

differentiation, senescence, or apoptosis. The idea of a restriction point arose from analyzing 

how newly generated mammalian fibroblasts respond to nutrient and growth factor starvation. 

If serum is removed up to an experimentally determined point, cells halt cell cycle 

progression in G1 phase. Upon serum re-addition, completion of the cell division cycle is 

significantly extended compared with continually fed cells. Thus, starvation not only blocks 

cell cycle progression, but causes cells to exit the cycle and enter G0. However, if serum is 
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removed after this point, cells continue through the cycle unhindered. Subsequent analysis 

identified other criteria that differ before and after this period in G1. Up until the R point, 

cells stop cycling in response to low concentrations of cyclohexamide (a pro-tein synthesis 

inhibitor), while after the R point they are resistant. These observations suggested a 

molecular switch (such as an unstable protein) might define R point control. 

 

The Cyclin-Cdk Engine 

G1 progression is promoted and controlled by cyclin/Cdk complexes, so they are often 

described as engines driving this process. Yeasts have only one Cdk (originally Cdc28; now 

called Cdk1), while 11 distinct versions have been identified in mammalian cells. Cdks 

accomplish their overall mission by promoting positive events, overcoming negative 

impediments, and policing themselves. In mammalian cells passage through G1 is controlled 

by ordered expression of the D and E type cyclins, which associate with Cdk4/6 and Cdk2/3, 

respectively. There are three members of the cyclin D family and two of cyclin E, each of 

which is expressed in a tissue-specific manner. Current understanding of their regulation and 

function has emerged largely from the study of how cultured mammalian cells respond to 

serum starvation/refeeding. When an asynchronous population of proliferating mammalian 

cells is deprived of serum, those located in G1 phase before the R point initiate a concerted 

shutdown of Cdk activity. Cyclin expression is inhibited and its destruction promoted. Any 

remaining cyclin/Cdk complexes are inhibited by phosphorylating Cdk and/or association of 

tight binding inhibitors. Cells located after the R point when serum is removed complete the 

cycle and then exit G1 by similar mechanisms. In order to re-enter the cell cycle Cdk 

inhibition must be reversed. Refeeding G0 cells provides nutrients, growth factors, and 

mitogens, resulting in rapid activation of cell surface receptors and downstream signaling 

pathways like Ras/Map (also called Erk) kinase. Activated Map kinase translocates to the 

nucleus, where it phosphorylates specific targets to promote transcription of genes required 

for growth, cell cycle progression, and upcoming S-phase. Early mRNAs are induced within 

30 min of refeeding cells and are insensitive to protein synthesis inhibitors, indicating 

components required for their production are already present. In contrast, late mRNAs are 

sensitive to these inhibitors because they depend on unstable products of early response 

genes. Identifying molecular events controlling this transcriptional program was essential for 

further defining R point control. In fibroblasts and many other cell types a key consequence 

of activating Ras/Map kinase is rapid upregulation of cyclin D1 transcription; cyclin D1 

protein then associates with Cdk4/6 and initiates G1 progression. The Map kinase pathway 
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also influences cyclin D1 localization, its association with Cdk4/6, and activation of the 

complex by the Cdk-activating kinase (CAK). These multiple levels of regulatory control 

help ensure cyclin D-Cdk4/6 is not inappropriately activated. Mitogen dependence is 

maintained in part because cyclin D1 is a very unstable protein degraded by the 

ubiquitin/proteasome system. Removing serum before the R point inhibits cyclin D 

transcription, resulting in rapid disappearance of cyclin D protein and subsequent exit from 

the cell cycle. 
 

11.5 Yeast Cell cycle: The Kingdom Fungi, or Myceteae, is large and filled with forms of 

great variety and complexity. For practical purposes, the approximately 100,000 species of 

fungi can be divided into two groups: the macroscopic fungi (mushrooms, puffballs, gill 

fungi) and the microscopic fungi (molds, yeasts). Although the majority of fungi are either 

unicellular or colonial, a few complex forms such as mushrooms and puffballs do have a 

limited form of cellular specialization. Cells of the microscopic fungi exist in two basic 

morphological types: yeasts and hyphae. A yeast cell is distinguished by its round to oval 

shape and by its mode of asexual reproduction. It grows swellings on its surface called buds. 

Some species form a pseudohypha, a chain of yeasts formed when buds remain attached in a 

row. Hyphae* are long, threadlike cells found in the bodies of filamentous fungi, or molds. 

Some fungal cells exist only in a yeast form; others occur primarily as hyphae; and a few, 

called dimorphic, can take either form, depending upon growth conditions, especially 

changing temperature. This variability in growth form is particularly characteristic of some 

pathogenic molds All fungi are heterotrophic. They acquire nutrients from a wide variety of 

organic materials called substrates. Most fungi are saprobes, meaning that they obtain these 

substrates from the remnants of dead plants and animals in soil or aquatic habitats. Fungi can 

also be parasites on the bodies of living animals or plants, although very few fungi absolutely 

require a living host. In general, the fungus penetrates the substrate and secretes enzymes that 

reduce it to small molecules that can be absorbed by the cells. Fungi have enzymes for 

digesting an incredible array of substances, including feathers, hair, cellulose, petroleum 

products, wood, rubber. It has been said that every naturally occurring organic material on the 

earth can be attacked by some type of fungus. Fungi are often found in nutritionally poor or 

adverse environments. In our laboratory, we occasionally discover fungi in mineral and weak 

acid solutions (“bottle imps”) and on specimens preserved in formaldehyde. Various fungi 

thrive in substrates with high salt or sugar content, at relatively high temperatures, and even 

in snow and glaciers. Their medical and agricultural impact is extensive.  
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A number of species cause mycoses (fungal infections) in animals, and thousands of species 

are important plant pathogens. Fungal toxins may cause disease in humans, and airborne 

fungi are a frequent cause of allergies and other medical conditions that they have a soft, 

uniform texture and appearance. The colonies of filamentous fungi are noted for the striking 

cottony, hairy, or velvety textures that arise from their microscopic organization and 

morphology. The woven, intertwining mass of hyphae that makes up the body or colony of a 

mold is called a mycelium Although hyphae contain the usual eucaryotic organelles, they also 

have some unique organizational features (figure 3.2). In most fungi, the hyphae are divided 

into segments by cross walls, or septa, a condition called septate. The nature of the septa 

varies from solid partitions with no communication between the compartments to partial 

walls with small pores that allow the flow of organelles and nutrients between adjacent 

compartments. Nonseptate hyphae consist of one long, continuous cell not divided into 

individual compartments by cross walls. With this construction, the cytoplasm and organelles 

move freely from one region to another, and each hyphal element can have several nuclei. 

Hyphae can also be classified according to their particular function. Vegetative hyphae 

(mycelia) are responsible for the visible mass of growth that appears on the surface of a 

substrate and penetrates it to digest and absorb nutrients. During the development of a fungal 

colony, the vegetative hyphae give rise to structures called reproductive, or fertile hyphae, 

which branch off vegetative mycelium. These hyphae are responsible for the production of 

fungal reproductive bodies called spores.  
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Figure 3.2: Formation and release of yeast buds and formation of pseudohypha 

 

11.6 Reproductive strategies and spore formation 

Fungi have many complex and successful reproductive strategies. Most can propagate by the 

simple outward growth of existing hyphae or by fragmentation, in which a separated piece of 

mycelium can generate a whole new colony. But the primary reproductive mode of fungi 

involves the production of various types of spores. Do not confuse fungal spores with the 

more resistant, nonreproductive bacterial spores. Fungal spores are responsible not only for 

multiplication but also for survival, producing genetic variation, and dissemination. Because 

of their compactness and relatively light weight, spores are dispersed widely through the 

environment by air, water, and living things. Upon encountering a favorable substrate, a 

spore will germinate and produce a new fungus colony in a very short time. The fungi exhibit 

such a marked diversity in spores that they are largely classified and identified by their spores 

and spore forming structures. Although there are some elaborate systems for naming and 

classifying spores, we will present a basic overview of the principal types. The most general 

subdivision is based on the way the spores arise. Asexual spores are the products of mitotic 

division of a single parent cell and sexual spores are formed through a process involving the 

fusing of two parental nuclei followed by meiosis. 
 

 

 



Unit-11: Strategies in cell cycle, cell cycle events, early embryonic cell cycle, yeast cell cycle 
 

Block-3: Unit-11 Page 191 
 

11.7 Summary: The goals of this chapter were to describe the current understanding of G1 

control, and illustrate how surprising results from knockout mice suggest a richer and more 

complex picture of this period in the cell cycle. Cyclin/Cdk complexes have long been 

described as the component evolutionarily selected to drive and control G1 progression. The 

internal logic and predictive capabilities of this model implied universality, but that 

assumption now appears unwarranted because G1 cyclin/Cdks are not required during mouse 

development. Nevertheless, the rationale for having G1 remains unchanged: integrating 

information, increasing cell mass, and deciding cell fate. Evolution may simply have found it 

necessary to develop additional mechanisms of G1 control optimized for situations unique to 

multicellular organisms. This hypothesis warns of over-reliance on a reductionist approach, 

and argues that controls have to be considered in context. Now is not the time to rest on our 

(or others) laurels, but instead to move the field forward by recognizing and critically 

examining the limitations of current ideas. As Daniel J. Boorstin recognized, “The greatest 

obstacle to discovery is not ignorance–it is the illusion of knowledge.” 
 

11.1Questions for self study: 

1. Define Cell cycle. Explain the various stages of a cell cycle. 

2. Explain the role of cyclins and comment of check points in cell cycle regulation. 

3. Describe the strategies involved in cell cycle regulation. 

4. Differentiate between the yeast and hypha types of fungal cell. What is a mold and 
what does it mean if a fungus is dimorphic. 

5. Describe the two main types of asexual fungal spores and how they are formed. 

 
11.9 Further references: 
 
v Molecular Biology of the Cell. 5th Edition – Bruce Alberts, Alexander Johnson et al. 

v Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

v Cell and Molecular Biology. 6th Edition. Gerald Karp. 

v The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E 

Hausman. 

v Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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BC 1.4: Cell Biology (Block - III) 

Unit 12: Regulation of cell cycle, cyclins, cyclin dependent kinases, 

inhibitors, cell division control in multicellualar organism; apoptosis. 
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12.0. Objectives: 

Ø The unit describes the regulation of cell cycle and the various small proteins involved 

in cell cycle control.  

Ø The unit explains the role of enzymes and check points with special emphasis on 

cyclin dependent kinases. 

Ø The unit elaborates the effect of inhibitory molecules on the cell cycle regulation. 

Ø Cell division and its control in multicellular organisms are also demonstrated. 

Ø Cell proliferation and cell death (apoptosis – programme cell death) is also illustrated. 

 

12.1. Introduction:  we will review the biological regulators of the cell cycle. Control of the 

cell cycle is necessary for a couple of reasons. First, if the cell cycle were not regulated, cells 

could constantly undergo cell division. While this may be beneficial to certain cells, on the 

whole constant reproduction without cause would be biologically wasteful. Second, internal 

regulation of the cell cycle is necessary to signal passage from one phase to the next at 

appropriate times. This regulation is not achieved through strict time constraints, but rather 

with feedback from the cell. 

We already discussed some regulatory issues when we talked about cellular 

conditions necessary for passage from G1 and G2 in our previous units. Here, we will discuss 

more specifically the proteins that interact to regulate the cell cycle. The "checkpoints" that 

we described earlier are established by proteins that use cues from the cell's environment to 

trigger the entry to and exit from the distinct phases of the cell cycle. We will discuss one 

main family of proteins involved in this process, cyclin-dependent protein kinases (Cdks) and 

their roles in detail. 

 

12.2 Apoptosis: A. Cell proliferation and apoptosis  

The number of cells in any tissue is mainly regulated by two processes cell proliferation and 

physiological cell death, apoptosis. Both of these processes are regulated by stimulatory and 

inhibitory factors that act in solute form (growth factors and cytokines) or are presented in 

bound formon the surface of neighboring cells. Apoptosis is genetically programmed cell 

death, which leads to “tidy” breakdown and disposal of cells. Morphologically, apoptosis is 

characterized by changes in the cell membrane (with the formation of small blebs known as 

“apoptotic bodies”), shrinking of the nucleus, chromatin condensation and fragmentation of 
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DNA. Macrophages and other phagocytic cells recognize apoptotic cells and remove them by 

phagocytosis without inflammatory phenomena developing. 

 

Cell necrosis should be distinguished from apoptosis. In cell necrosis, cell death is usually 

due to physical or chemical damage. Necrosis leads to swelling and bursting of the damaged 

cells and often triggers an inflammatory response. The growth of tissue (or, more precisely, 

the number of cells) is actually regulated by apoptosis. In addition, apoptosis allows the 

elimination of unwanted or superfluous cells e. g., during embryonic development or in the 

immune system. The contraction of the uterus after birth is also based on apoptosis. Diseased 

cells are also eliminated by apoptosis e. g., tumor cells, virus-infected cells, and cells with 

irreparably damaged DNA. An everyday example of this is the peeling of the skin after 

sunburn. 

 

B. Regulation of apoptosis  

Apoptosis can be triggered by a number of different signals that use various transmission 

pathways (refer figure 4.1). Other signaling pathways prevent apoptosis. At the center of the 

apoptotic process lies a group of specialized cysteine-containing aspartate proteinases, known 

as caspases. These mutually activate one another, creating an enzyme cascade resembling the 

cascade involved in blood coagulation Other enzymes in this group, known as effector 

caspases, cleave cell components after being activated - e. g., laminin in the nuclear 

membrane and snRP proteins or activate special DNases which then fragment the nuclear 

DNA. An important trigger for apoptosis is known as the Fas system. This is used by 

cytotoxic T cells, for example,which eliminate infected cells in this way. Most of the body’s 

cells have Fas receptors (CD 95) on their plasma membrane. If a T cell is activated by contact 

with an MHC presenting a viral peptide, binding of its Fas ligands occurs on the target cell’s 

Fas receptors. Via the mediator protein FADD (“Fas associated death domain”), this activates 

caspase- 8 inside the cell, setting in motion the apoptotic process.Another trigger is provided 

by tumor necrosis factor-α (TNF-α), which acts via a similar protein (TRADD) and supports 

the endogenous defense system against tumors by inducing apoptosis. Caspase-8 activates the 

effector caspases either directly, or indirectly by promoting the cytochrome c from 

mitochondria.  

 

Once in the cytoplasm, cytochrome c binds to and activates the protein Apaf-1and thus 

triggers the cascade. Apoptotic signals can also come from the cell nucleus. If irreparable 
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DNA damage is present, the p53 protein the product of a tumor suppressor gene - promotes 

apoptosis and thus helps eliminate the defective cell. There are also inhibitory factors that 

oppose the signals that activate apoptosis. These include bcl-2 and related proteins. The 

genomes of several viruses include genes for this type of protein. The genes are expressed by 

the host cell and (to the benefit of the virus) prevent the host cell from being prematurely 

eliminated by apoptosis. 
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Figure 4.1: A). Cell proliferation and apoptosis. B). Regulation of apoptosis. 
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12.3 Oncogenes 

Oncogenes are cellular genes that can trigger uncontrolled cell proliferation if their sequence 

is altered or their expression is incorrectly regulated (refer figure 4.2 A). They were first 

discovered as viral (v-) oncogenes in retroviruses that cause tumors (tumor viruses). Viruses 

of this type sometimes incorporate genes from the host cell into their own genome. If these 

genes are reincorporated into the host DNA again during later infection, tumors can then be 

caused in rare cases. Although virus related tumors are rare, research into them has made a 

decisive contribution to our understanding of oncogenes and their functioning. 

 

A. Proto-oncogenes: biological role  

The cellular form of oncogenes (known as concogenes or proto-oncogenes) code for proteins 

involved in controlling growth and differentiation processes. They only become oncogenes if 

their sequence has been altered by mutations, deletions, and other processes, or when 

excessive amounts of the gene products have been produced as a result of overexpression. 

Overexpression can occur when amplification leads to numerous functional copies of the 

respective gene, or when the gene falls under the influence of a highly active promoter. If the 

control of oncogene expression by tumor suppressor genes is also disturbed, transformation 

and unregulated proliferation of the cells can occur. A single activated oncogene does not 

usually lead to a loss of growth control. It only occurs when over the course of time 

mutations and regulation defects accumulate in one and the same cell. If the immune system 

does not succeed in eliminating the transformed cell, it can over the course of months or 

years grow into a macroscopically visible tumor. 

 

B. Oncogene products: biochemical functions  

A feature common to all oncogenes is the fact that they code for proteins involved in signal 

transduction processes (refer figure 4.2 B). The genes are designated using three-letter 

abbreviations that usually indicate the origin of the viral gene and are printed in italics (e.g., 

myc for myelocytomatosis, 

a viral disease in birds). Oncogene products can be classified into the following groups 

according to their functions. 

1. Ligands such as growth factors and cytokines,which promote cell proliferation. 

2. Membrane receptors of the 1-helix type with tyrosine kinase activity, which can bind 

growth factors and hormones  
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Figure 4.2: A). Biological role of proto-oncogenes. B). Product of oncogene. 
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3. GTP-binding proteins. This group includes the G proteins in the strict sense and related 

proteins such as Ras, the product of the oncogene c-ras. 

4. Receptors for lipophilic hormones mediate the effects of steroid hormones and related 

signaling substances. They regulate the transcription of specific genes. The products of 

several oncogenes (e. g., erbA) belong to this superfamily of ligand-controlled transcription 

factors. 

5. Nuclear tumor suppressors inhibit return to the cell cycle in fully differentiated cells. The 

genes that code for these proteins are referred to as anti-oncogenes due to this function. On 

the role of p53 and pRb. 

6. DNA-binding proteins. A whole series of oncogenes code for transcription factors. 

Particularly important for cell proliferation are myc, as well as fos and jun. The protein 

products of the latter two genes form the transcription factor AP-1 as a heterodimer. 

7. Protein kinases play a central role in intracellular signal transduction. By phosphorylating 

proteins, they bring about alterations in biological activity that can only be reversed again by 

the effects of protein phosphatases. The interplay between protein phosphorylation by protein 

kinases and dephosphorylation by protein phosphatases (interconversion) serves to regulate 

the cell cycle and other important processes. The protein kinase Raf is also involved in the 

signal transduction of insulin. 
 

12.4 Tumors 

A. Division behavior of cells  

The body’s cells are normally subject to strict “social” control. They only divide until they 

come into contact with neighboring cells; cell division then ceases due to contact inhibition. 

Exceptions to this rule include embryonic cells, cells of the intestinal epithelium (where the 

cells are constantly being replaced), cells in the bone marrow (where formation of blood cells 

takes place), and tumor cells. Uncontrolled cell proliferation is an important indicator of the 

presence of a tumor. While normal cells in cell culture only divide 20–60 times, tumor cells 

are potentially immortal and are not subject to contact inhibition. In medicine, a distinction is 

made between benign and malignant tumors. Benign tumors consist of slowly growing, 

largely differentiated cells. By contrast, malignant tumors show rapid, invasive growth and 

tend to form metastases (dissemination of daughter lesions). The approximately 100 different 

types of tumor that exist are responsible for more than 20% of deaths in Europe and North 

America. 
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B. Transformation  

The transition of a normal cell into a tumor cell is referred to as transformation. Normal cells 

have all the characteristics of fully differentiated cells specialized for a particular function. 

Their division is inhibited and they are usually in the G0 phase of the cell cycle. Their 

external shape is variable and is determined by a strongly structured cytoskeleton. In contrast, 

tumor cells divide without inhibition and are often de-differentiated - i. e., they have acquired 

some of the properties of embryonic cells. The surface of these cells is altered, and this is 

particularly evident in a disturbance of contact inhibition by neighboring cells. The 

cytoskeleton of tumor cells is also restructured and often reduced, giving them a rounded 

shape. The nuclei of tumor cells can be atypical in terms of shape, number and size. 

Tumor markers are clinically important for detecting certain tumors. These are proteins that 

are formed with increasing frequency by tumor cells (group 1) or are induced by them in 

other cells (group 2). Group 1 tumor markers include tumor-associated antigens, secreted 

hormones and enzymes. The transition from a normal to a transformed state is a process 

involving several steps. 

1. Tumor initiation. Almost every tumor begins with damage to the DNA of an individual 

cell. The geneticdefect is almost always caused by environmental factors. These can include 

tumor-inducing chemicals (carcinogens - e. g., components of tar from tobacco), physical 

processes (e.g., UV light, X-ray radiation), or in rare cases tumor viruses. Most of the 

approximately 1014 cells in the human body probably suffer this type of DNA damage during 

the average lifespan, but it is usually repaired again. It is mainly defects in proto-oncogenes 

that are relevant to tumor initiation; these are the decisive cause of transformation. Loss of an 

anti-oncogene (a tumor-suppressor gene) can also contribute to tumor initiation. 

2. Tumor promotion is preferential proliferation of a cell damaged by transformation. It is a 

very slow process that can take many years. Certain substances are able to strongly accelerate 

it e. g., phorbol esters. These occur in plants (e. g., Euphorbia species) and act as activators of 

protein kinase C. 

3. Tumor progression finally leads to a macroscopically visible tumor as a result of growth. 

When solid tumors of this type exceed a certain size, they form their own vascular network 

that supplies them with blood (angiogenesis). Collagenases (matrix metalloproteinases, 

MMPs) play a special role in the metastatic process, by loosening surrounding connective 

tissue and thereby allowing tumor cells to disseminate and enter the bloodstream. New 

approaches to combating tumors have been aimed at influencing tumor angiogenesis and 

metastatic processes. 
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Figure: A). Division pattern of cells. B). Transformation 
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12.5 Cytostatic drugs 

Tumors arise from degenerated (transformed) cells that grow in an uncontrolled way as a 

result of genetic defects (refer figure 4.3). Most transformed cells are recognized by the 

immune system and eliminated. If endogenous defense is not sufficiently effective, rapid 

tumor growth can occur. Attempts are thenmade to inhibit growth by physical or chemical 

treatment. A frequently used procedure is targeted irradiation with γ-rays, which block cell 

reproduction due their mutagenic effect. Another approach is to inhibit cell growth by 

chemotherapy. The growth-inhibiting substances used are known as cytostatic drugs. 

Unfortunately, neither radiotherapy nor chemotherapy act selectively - i. e., they damage 

normal cells as well, and are therefore often associated with severe side effects. Most 

cytostatic agents directly or indirectly inhibit DNA replication in the S phase of the cell cycle. 

The first group (A) lead to chemical changes in cellular DNA that impede transcription and 

replication. A second group of cytostatic agents (B) inhibit the synthesis of DNA precursors. 

 

A. Alkylating agents, anthracyclines  

Alkylating agents are compounds capable of reacting covalently with DNA bases. If a 

compound of this type contains two reactive groups, intramolecular or intermolecular 

crosslinking of the DNA double helix and “bending” of the double strand occurs. Examples 

of this type shown here are cyclophosphamide and the inorganic complex cisplatin. 

Anthracyclines such as doxorubicin (adriamycin) insert themselves non-covalently between 

the bases and thus lead to local alterations in the DNA structure. 

 

B. Antimetabolites  

Antimetabolites are enzyme inhibitors that selectively block metabolic pathways. The 

majority of clinically important cytostatic drugs act on nucleotide biosynthesis. Many of 

these aremodified nucleobases or nucleotides that competitively inhibit their target enzymes. 

Many are also incorporated into the DNA, thereby preventing replication. The cytostatic 

drugs administered (indicated by a syringe in the illustration) are often not active themselves 

but are only converted into the actual active agent in the metabolism. This also applies to the 

adenine analogue 6-mercaptopurine, which is initially converted to the mononucleotide tIMP 

(thioinosine monophosphate). Via several intermediate steps, tIMP gives rise to tdGTP, 

which is incorporated into the DNA and leads to crosslinks and other anomalies in it. The 

second effective metabolite of 6-mercaptopurine is S-methylated tIMP, an inhibitor of 

amidophosphoribosyl transferase.  
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Figure4.3: Various apoptotic inhibitors. 
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Hydroxyurea selectively inhibits ribonucleotide reductase. As a radical scavenger, it removes 

the tyrosine radicals that are indispensable for the functioning of the reductase. Two other 

important cytostatic agents target the synthesis of DNA-typical thymine, which takes place at 

the level of the deoxymononucleotide. The deoxymononucleotide formed by 5-fluorouracil or 

the corresponding nucleoside inhibits thymidylate synthase. This inhibition is based on the 

fact that the fluorine atom in the pyrimidine ring cannot be substituted by a methyl group. In 

addition, the fluorine analogue is also incorporated into the DNA. Dihydrofolate reductase 

acts as an auxiliary enzyme for thymidylate synthase. It is involved in the regeneration of the 

coenzyme N5, N10-methylene-THF, initially reducing DHF to THF with NADPH as the 

reductant. The folic acid analogue methotrexate, a frequently used cytostatic agent, is an 

extremely effective competitive inhibitor of dihydrofolate reductase. It leads to the depletion 

of N5,N10-methylene-THF in the cells and thus to cessation of DNA synthesis. 

 

To reduce the side effects of cytostatic agents, new approaches are currently being developed 

on the basis of gene therapy. Attempts are being made, for example, to administer drugs in 

the form of precursors (known as prodrugs), which only become active in the tumor itself 

(“tumor targeting”). 

 

12.6 Cyclin-dependent Kinases and their Inhibitors 

As predicted from the early studies of the cell cycle, deregulation of cell cycle components 

(cyclins, Cdks and CKIs) is observed in human cancer. Indeed, direct genetic alterations and 

overexpression of numerous cyclins are common events in human neoplasia, and correlate 

with a poor prognosis of survival. Cyclin D1 overexpression occurs in mantle (centrocytic) 

cell lymphomas and parathyroid adenomas following chromosomal translocation of the 

CCND1 (also known as the BCL1 or PRAD1) locus at Chr11q13 into the immunoglobulin 

heavy chain locus on Chr14 and chromosomal inversion, respectively. CCND1 amplification 

also occurs frequently in cancer of the breast, esophagus, bladder and pancreas. Cyclin D2 

overexpression occurs in ovarian and testicular tumors and cyclin D3 overexpression 

resulting from CCND3 rearrangements occurs in lymphoid malignancies. Cyclin E 

overexpression or amplification of the CCNE locus on Chr19 is commonly observed in 

uterine, ovarian and breast cancer, as well as an array of other tumor types. Cyclin A 

overexpression resulting from random integration of HBV in the CCNA locus has been 

reported in a liver tumor. Finally, CDK4 at Chr12q13 is amplified in a number of different 

tumor types, and mutation of CDK4 rendering insensitive to p16INK4 inhibition has been 
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reported in melanomas. Inhibitors of Cdks or CKIs (cyclin-dependent kinase inhibitors) 

would be predicted to act as tumor suppressors that slow cell cycle progression.  

 

There are two families of CKIs, the INK4 family (p16INK4A, p15INK4B, p18INK4C and 

p19INK4D) and the CIP/KIP family (p21CIP1, p27KIP1 and p57KIP2). INK4A and INK4B 

at Chr9p21 are frequently mutated in human cancer, while INK4C and INK4D show no such 

pattern. CIP1 (also known as WAF1/SDI1) and KIP1 are infrequently mutated in human 

cancer; however, decreased expression of p27 through increased ubiquitin-mediated 

degradation, commonly occurs in human tumors and also correlates with a poor prognosis. 

KIP2 is one of the imprinted genes at Chr 11p15 frequently deleted in Beckwith–Wiedemann 

syndrome (BWS), characterized overgrowth, midline-defects and increased predisposition to 

pediatric cancer, and a small subset of BWS patients have KIP2 mutations. Overexpression of 

other cell cycle components, such as the Cdc25A and Cdc25B phosphatases that are 

important for Cdk activation in G1, is also observed in human tumors. It is of note that 

overexpression of Cdk1, Cdk2 or Cdc25C is not commonly seen in human cancer, perhaps 

because of the requirement to decrease mitotic Cdk1 activity for mitotic exit. Nevertheless, 

these reports strongly suggest that deregulation of the cell cycle facilitates tumorigenesis in 

humans. 

 

12.7 Summary: Finally, there may be other ways to regulate cell cycle progression than by 

activating Cdk activity. One of the key targets of G1 and G1/S Cdk activity is the pRB, and 

non-phosphorylatable mutants of pRB suppress cell cycle progression better than wild-type 

pRB. However, RB is also regulated at the level of transcription, increasing during cellular 

differentiation and low penetrance RB mutations have been mapped into the RB promoter, 

demonstrating that decreasing the absolute levels of pRB predisposes patients to 

retinoblastomas. Furthermore, pRB is regulated by degradation and acetylation, both of 

which could lead to changes in cell cycle progression during development. Thus, it is possible 

that regulating the absolute levels of pRB may be an alternative to activating cyclin/Cdk 

activity to control cell cycle progression. Undoubtedly, results from mutant mouse models 

will continue to challenge our views on how changes in the cell cycle impact cancer for many 

years to come. 
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12.8 Questions for self study: 

1. Explain the necessity of cell cycle regulation. 

2. Justify, CDKs are necessary evil for the regulation of cell growth. 

3. Define apoptosis.  

4. Explain the detail mechanism of activation of cell death. 

5. Comment on the inhibitors of apoptosis. 

6. Describe the cell cycle regulation in multicellular organisms. 
 

12.9 Further references: 

v Molecular Biology of the Cell. 5th Edition. Bruce Alberts, Alexander Johnson et al. 

v Molecular Cell Biology. 5th Edition. Harvey Lodish, Arnold Berk et al.,  

v Cell and Molecular Biology. 6th Edition. Gerald Karp. 

v The Cell: A Molecular Approach. 4th Edition. Geoffrey M Cooper & Robert E 

Hausman. 

v Cell Biology: A Laboratory Handbook. 3rd Edition, 4th Volume, Julio E Celis. 
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13.0  Objectives : 

• To describe the structure of mitochondria in detail. 

• To explain the membrane structures of mitochondria and their inner components 

enclosed by the membranes elaborately. 

• To understand the structure of electron transport chain (ETC) emphasizing on the 

various complexes involved in ETC. 

• Finally the unit elaborates the mechanisms behind the production of ATP in 

mitochondria by oxidative phosphorylation.  

 

13.1 Introduction: Mitochondria have captured the interest of biochemists for more than 50 

years. They have been studied intensively in the past decades, not least because they are 

abundant and can be isolated easily from different tissues. Mitochondria have lately moved 

into the spotlight of other exciting areas, namely the study of apoptosis, evolutionary biology 

and molecular medicine. Originally, it was the realization that mitochondria play a central 

role in cellular energy metabolism that attracted the attention of cell physiologists and 

physiological chemists, and led to Nobel Prize winning work such as Peter Mitchell’s 

chemiosmotic theory. Since the days of classical physiological chemistry, bioenergetics 

research has gone a long way. Contributions from structural biology, biophysics and 

mathematical biology increase our still incomplete understanding of mitochondrial 

metabolism and its regulation in ever more detail. In this unit we will study in detail the 

structure and functions of mitochondria with special preference to the electron transport cycle 

and the generation of the energy currency the ATP. 

 

13.2 Mitochondrion : In cell biology, a mitochondrion (plural mitochondria) is a 

membrane-enclosed organelle found in most eukaryotic cells. Richard Altmann, in 1894, 

established them as cell organelles and called them "bioblasts". These organelles range from 

0.5 to1.0 micrometer (μm) in diameter. Mitochondria are sometimes described as "cellular 

power plants" because they generate most of the cell's supply of adenosine triphosphate 

(ATP), used as a source of chemical energy. In addition to supplying cellular energy, 

mitochondria are involved in other tasks such as cell signaling, cellular differentiation, cell 

death, as well as the control of the cell cycle, cell growth and may play a role in the aging 

process. The term "mitochondria" was coined by Carl Benda in 1898. The word 
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mitochondrion is derived from the Greek word mitos, i.e. "thread", and chondrion, i.e. 

"granule". The popular term "powerhouse of the cell" was coined by Philip Siekevitz in 1957. 

 

Number and location: The numbers of mitochondria vary in number and location according 

to cell type. A single mitochondrion is often found in unicellular organisms. Conversely, 

numerous mitochondria are found in human liver cells, with about 1000–2000 mitochondria 

per cell, making up 1/5th of the cell volume. In contrast red blood cells do not contain 

mitochondria. 

Mitochondria are remarkably mobile organelles. Time lapse photography shows that they are 

constantly moving and changing shape. In some cells they are anchored by attachment to the 

cell’s cytoskeleton so that they remain fixed at one cellular location to target a site of high 

ATP utilization. In heart muscle for example the mitochondria are anchored close to the 

contractile muscle, in sperm they are wrapped tightly around the motile flagellum. 

 

Structure : A mitochondrion 

consists of a double-membraned 

organization with five distinct parts. 

They are: 

1. The outer mitochondrial 

membrane, 

2. The intermembrane space (the 

space between the outer and inner 

membranes), 

3. The inner mitochondrial membrane, 

4. The cristae space (formed by infoldings of the inner membrane), and 

5. The matrix (space within the inner membrane). 

 

Outer membrane : The outer mitochondrial membrane encloses the entire organelle and has 

a protein-to-phospholipid ratio similar to that of the eukaryotic plasma membrane (about 1:1 

by weight). It contains large numbers of integral or transmembrane protein called porins. 

These porins form channels that allow molecules >10,000 Daltons in molecular weight to 

freely diffuse from one side of the membrane to the other. Larger proteins can enter the 

mitochondrion if a signaling sequence at their N-terminus binds to a large multisubunit 

protein called translocase of the outer membrane, which then actively moves them across the 
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membrane. The mitochondrial outer membrane can associate with the endoplasmic reticulum 

(ER) membrane, in a structure called MAM (mitochondria-associated ER-membrane). This is 

important in the ER-mitochondria calcium signaling and involved in the transfer of lipids 

between the ER and mitochondria. 

 

Intermembrane space : The intermembrane space is the space between the outer membrane 

and the inner membrane. It is also known as Perimitochondrial space. Because the outer 

membrane is freely permeable to small molecules, the concentrations of small molecules such 

as ions and sugars in the intermembrane space is the same as the cytosol. However, large 

proteins must have a specific signaling sequence to be transported across the outer 

membrane, so the protein composition of this space is different from the protein composition 

of the cytosol. One protein that is localized to the intermembrane space in this way is 

cytochrome c. 

 

Inner membrane : The inner mitochondrial membrane contains protenis with five types of 

functions: 

1. Those that perform the redox reactions of oxidative phosphorylation 

2. ATP synthase, which generates ATP in the matrix 

3. Specific transport proteins that regulate metabolite passage into and out of the matrix 

4. Protein import machinery. 

5. Mitochondria fusion and fission proteins. 

It contains more than 151 different polypeptides, and has a very high protein-to-phospholipid 

ratio (more than 3:1 by weight). The inner membrane is home to around 1/5 of the total 

protein in a mitochondrion. In addition, the inner membrane is rich in an unusual 

phospholipid, cardiolipin. This phospholipid was originally discovered in cow hearts in 1942, 

and is usually characteristic of mitochondrial and bacterial plasma membranes. Cardiolipin 

contains four fatty acids rather than two, and may help to make the innermembrane 

impermeable. Unlike the outer membrane, the inner membrane doesn't contain porins, and is 

highly impermeable to all molecules. Almost all ions and molecules require special 

membrane transporters to enter or exit the matrix. Proteins are ferried into the matrix via the 

translocase of the inner membrane (TIM) complex or via oxidase assembly protein 1 (Oxa1). 

In addition, there is a membrane potential across the inner membrane, formed by the action of 

the enzymes of the electron transport chain. 
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Cristae : The inner mitochondrial membrane is compartmentalized into numerous cristae, 

which expand the surface area of the inner mitochondrial membrane, enhancing its ability to 

produce ATP. In a typical liver mitochondria, the area of the inner membrane is about five 

times as great as the outer membrane. This ratio is variable depending on demand for ATP, 

eg: muscle cells  contain more cristae. These folds are studded with small round bodies 

known as F1 particles or oxysomes. These are not simple random folds but rather 

invaginations of the inner membrane, which can affect overall chemiosmotic function. 

 

Matrix : The matrix is the space enclosed by the inner membrane. It contains about 2/3 of the 

total protein in a mitochondrion. The matrix is important in the production of ATP with the 

aid of the ATP synthase contained in the inner membrane. The matrix contains a highly 

concentrated mixture of hundreds of enzymes, special mitochondrial ribosomes, tRNA, and 

several copies of the mitochondrial DNA genome. The enzymes include those involved in 

oxidation of pyruvate and fatty acids, and the citric acid cycle. Mitochondria have their own 

genetic material, and the machinery to manufacture their own RNAs and proteins. A 

published human mitochondrial DNA sequence revealed 16,569 base pairs encoding 37 total 

genes: 22 tRNA, 2 rRNA, and 13 peptide genes. The 13 mitochondrial peptides in humans 

are integrated into the inner mitochondrial membrane, along with proteins encoded by genes 

that reside in the host cell's nucleus.  

 

13.3 Electron transport chain (ETC) :  The electron transport chain consists of a spatially 

separated series of redox reactions which couples electron transfer between an electron donor 

(such as NADH) and an electron acceptor (such as O2) with the transfer of H+ ions (protons) 

across a membrane . The underlying force driving these reactions is the Gibbs free energy of 

the reactants and products. The Gibbs free energy is the energy available ("free") to do work. 

Any reaction that decreases the overall Gibbs free energy of a system is thermodynamically 

spontaneous. 

The function of the electron transport chain is to produce a transmembrane proton 

electrochemical gradient as a result of the redox reactions. If protons flow back through the 

membrane, they enable mechanical work. ATP synthase, an enzyme highly conserved among 

all domains of life, converts this mechanical work into chemical energy by producing ATP, 

which powers most cellular reactions. 
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Electron transport chains in mitochondria : Most eukaryotic cells have mitochondria, 

which produce ATP from products of the citric acid cycle, fatty acid oxidation, and amino 

acid oxidation. At the mitochondrial inner membrane, electrons from NADH and succinate 

pass through the electron transport chain to oxygen, which is reduced to water. The electron 

transport chain comprises an enzymatic series of electron donors and acceptors. Each electron 

donor passes electrons to a more electronegative acceptor, which in turn donates these 

electrons to another acceptor, a process that continues down the series until electrons are 

passed to oxygen, the most electronegative and terminal electron acceptor in the chain. The 

standard reduction potentials of the electron carriers are between the NADH/NAD+ couple (-

0.315 V) and the oxygen/H2O couple (0.816 V). Passage of electrons between donor and 

acceptor releases energy, which is used to generate a proton gradient across the mitochondrial 

membrane by actively “pumping” protons into the intermembrane space, producing a 

thermodynamic state that has the potential to do work. The entire process is called oxidative 

phosphorylation, since ADP is phosphorylated to ATP using the energy of hydrogen 

oxidation in many steps. 

A small percentage of electrons do not complete the whole series and instead directly leak to 

oxygen, resulting in the formation of the free-radical superoxide, a highly reactive molecule 

that contributes to oxidative stress and has been implicated in a number of diseases and aging. 

 

The components of the electron transport chain are organized into 4 complexes. Each 

complex contains several different electron carriers. 

1. Complex I also known as the NADH-coenzyme Q reductase or NADH                            

dehydrogenase. 

2. Complex II also known as succinate-coenzyme Q reductase or succinate dehydrogenase. 

3. Complex III also known as coenzyme Q reductase. 

4. Complex IV also known as cytochrome c reductase. 

  Each is an extremely complex transmembrane structure that is embedded in the inner 

membrane. Three of them are proton pumps. The structures are electrically connected by 

lipid-soluble electron carriers and water-soluble electron carriers. The overall electron 

transport chain: 

NADH → Complex I → Q → Complex III → cytochrome c → Complex IV → O2 
                                             ↑ 
                                  Complex II 
                                             ↑ 
                                         FADH 
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13.4 Complex I: In Complex I (NADH 

dehydrogenase, also called NADH:ubiquinone 

oxidoreductase) two electrons are removed from 

NADH(oxidised to NAD+) and transferred to 

Flavin mononucleotide(FMN) reducing it to 

FMNH2. It in turn transfers electrons one at a 

time to Fe-S cluster and then to a lipid-soluble carrier, ubiquinone (Q). Transfer of the first 

electron results in the free-radical (semiquinone) form of Q, and transfer of the second 

electron reduces the semiquinone form to the ubiquinol form, QH2.The reduced product, 

ubiquinol (QH2) freely diffuses within the membrane, and Complex I translocates four 

protons (H+) across the membrane, thus producing a proton gradient. Complex I is one of the 

main sites at which premature electron leakage to oxygen occurs, thus being one of the main 

sites of production of harmful superoxide.  

 

13.5 Complex II: In Complex II (succinate 

dehydrogenase) additional electrons are 

delivered into the quinone pool (Q). Complex 

includes Succinate dehydrogenase, the only 

enzyme of the citric acid cycle that is an integral 

membrane protein. This complex is composed 

of four subunits. two of which are iron-sulfur proteins and the other two subunits together 

bind FAD through a covalent link to a histidine residue. These two subunits are called 

flavoprotein 2 or FP2. Complex II contains 3 Fe-S centers, 1 4Fe-4S cluster, 1 3Fe-4S cluster 

and 1 2Fe-2S cluster. 

In the first step of this complex, succinate is bound and a hydride is transferred to FAD to 

generate FADH2 and fumarate. FADH2 then transfers its electrons one at a time to the Fe-S 

centers. Thus once again FAD functions as 2 electron acceptor and a 1 electron donor. The 

final step of this complex is the transfer of 2 electrons one at a time to coenzyme Q to 

produce CoQH2. 

The overall reaction for this complex is:  

Succinate + CoQ à Fumarate + CoQH2            ΔEo’ = 0.060 V – (+0.031V) = 0.029 V 

                                                                                   ΔGo’ = −nFΔEo’ = −5.6 kJ/mol 

Compare this with complex I 



Unit-13: Structure of mitochondria. Organization of ETC. Production of ATP. 
 

Block-4: Unit-13 Page 214 
 

NADH + H+ + CoQ à NAD+ + CoQH2            ΔEo’ = 0.060 V – (−0.315V) = 0.375 V 

                                                                                    ΔGo’ = −nFΔEo’ = −72.4 kJ/mol 

For complex II the standard free energy change of the overall reaction is too small to drive 

the transport of protons across the inner mitochondrial membrane. This accounts for the 1.5 

ATP’s generated per FADH2 compared with the 2.5 ATP’s generated per NADH. 

 

13.6 Complex III: Complex III (cytochrome bc1 complex), this complex is also known as 

coenzyme Q-cytochrome c reductase because it passes the electrons form CoQH2 to cyt c 

through a very unique electron transport pathway called the Q-cycle. 

 

Q-Cycle: The Q-cycle is initiated when CoQH2 diffuses through the bilipid layer to the 

CoQH2 binding site which is near the intermembrane face. This CoQH2 binding site is called 

the QP site. The electron transfer occurs in two steps. First one electron from CoQH2 is 

transferred to the Rieske protein (a Fe-S protein) which transfers the electron to cytochrome 

c1. This process releases 2 protons to the intermembrane space. Coenzyme Q is now in a 

semiquinone anionic state, CoQH‾•  still bound to the QP site. The second electron is 

transferred to the bL heme which converts CoQH‾• to CoQ. This reoxidized CoQ can now 

diffuse away from the QP binding site. The bL heme is near the P-face. The bL heme transfers 

its electron to the bH heme which is near the N-face. This electron is then transferred to 

second molecule of CoQ bound at a 

second CoQ binding site which is near 

the N-face and is called the QN 

binding site. This electron transfer 

generates a CoQ‾• radical which 

remains firmly bound to the QN 

binding site. This completes the first 

half of the Q cycle. 

 

The second half of the Q-cycle is 

similar to the first half. A second 

molecule of CoQH2 binds to the QP 

site. In the next step, one electron from CoQH2 (bound at QP) is transferred to the Rieske 

protein which transfers it to cytochrome c1. This process releases another 2 protons to the 

intermembrane space. The second electron is transferred to the bL heme to generate a second 
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molecule of reoxidized CoQ. The bL heme transfers its electron to the bH heme. This electron 

is then transferred to the CoQ‾• radical still firmly bound to the QN binding site. The take up 

of two protons from the N-face produces CoQH2 which diffuses from the QN binding site. 

This completes Q cycle. The net result of the Q-cycle is 2e- transported to cytochrome c1. 

Two protons were picked up from the N-face in the second half of the Q-cycle and 4 protons 

total were released into the intermembrane space. The two electron carrier CoQH2 gives up 

its electrons one at a time to the Rieske protein and the bL heme both of which are 1 electron 

carriers. The electrons that end up on cytochrome c1 are transferred to cytochrome c. 

Cytochrome c is the only water soluble cytochrome. Cytochrome c is coordinated to ligands 

that protect the iron contained in the heme from oxygen and other oxidizing agents. 

Cytochrome c is a mobile electron carrier that diffuses through the intermembrane space 

shuttling electrons from the c1 heme of complex III to CuA site of complex IV. 

 

13.7 Complex IV: In Complex IV (cytochrome c oxidase), sometimes called cytochrome A3, 

four electrons are removed from four molecules of cytochrome c and transferred to molecular 

oxygen (O2), producing two molecules of water. At the same time, 4 protons are removed 

from the mitochondrial matrix (although only 2 are translocated across the membrane), 

contributing to the proton gradient.  

The activity of cytochrome c oxidase is inhibited by cyanide  

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

Cytochrome c oxidase contains 2 heme centers, cytochrome a and cytochrome a3 and two 

copper proteins. Each of the protein bound coppers are associated with one of the 

cytochromes, The copper sites are called CuA and CuB. CuA is associated with cytochrome a. 

CuB is associated with cytochrome a3 . The copper sites function as 1 electron carriers cycling 

between the cuprous state Cu+ and the 

cupric state Cu2+. Just like iron 

containing proteins they transfer 

electrons one at a time. Cytochrome c is 

bound on the P-face of the membrane and 

transfers its electron to CuA. The oxidized 

cytochrome c dissociates. CuA then 

transfers the electron to cytochrome a. 

The protein bound CuA and the iron bound in cytochrome a are 15 Å apart. In contrast the 

CuB and the iron bound in cytochrome a3 are very close to each other forming a binuclear 
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metal center shown below. Cytochrome a transfers the electron to CuB. A second cytochrome 

c binds and transfer its electron to CuA which is subsequently transferred to cytochrome a 

which in turn is transferred to cytochrome a3. The binuclear metal center now has two 

electrons bound allowing the binding of O2 to binuclear center. The next step involves the 

uptake of two protons and the transfer of yet another electron through the same pathway 

which leads to cleavage of the O=O bond and the generation of a Fe4+ metal center. The 

fourth electron is transferred to form a hydroxide at the heme center which becomes 

protonated and dissociates as H2O. The reduction of oxygen by complex IV involves the 

transfer of four electrons. Four protons are abstracted from the matrix and two protons are 

released into the intermembrane space. 

13.8 Complex V: Complex V also called ATP synthase have two functional domains: an 

intramembrane, hydrophobic region called F0 and an N side, hydrophilic region called F1. 

Protons flow down their concentration gradient from the P side to the N side of the 

mitochondrial inner membrane through the proton channel located in the F0 portion of the 

ATP synthase complex, which generates energy that the F1 domain uses to catalyze the 

formation of ATP. 

The Escherichia coli ATP synthase has a quaternary structure composed of eight subunits. 

The F1 domain has five subunits, α, β, γ, δ, and ε, in the proportion α3β3γδε. The F0 portion of 

ATP synthase consists of three subunits, a, b, and c, and has one a component, two b 

components, and between 10 and 14 c components. The circular “head”(F0 ) portion of the 

ATP synthase complex, which encompasses the three sites for ATP catalysis, is a hexamer 

that consists of an alternating pattern of three α and three β subunits. The α and β subunits 

have an N-terminal β-barrel, a nucleotide binding site, and a C-terminal α-helix. Connected to 

the center of this “head” complex is the central stalk, which is comprised of one γ and one ε 

subunit. The γ subunit consists of two α-helices arranged in a coiled-coil configuration. 

Attached to the side of the “head” for stabilization is the peripheral stalk, which is one δ 

subunit on top of two b subunits. The membrane-embedded portion of the F0 domain contains 

one a subunit right next to a circular ring of c subunits that surrounds and interacts with the 

central stalk. The proton channel in the F0 domain is in between the a and c subunits. 

13.9 ATP Synthase structure : 
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Coupling with oxidative phosphorylation : According to the chemiosmotic coupling 

hypothesis, proposed by Nobel Prize in Chemistry winner Peter D. Mitchell, the electron 

transport chain and oxidative phosphorylation are coupled by a proton gradient across the 

inner mitochondrial membrane. The efflux of protons from the mitochondrial matrix creates 

an electrochemical gradient (proton gradient). This gradient is used by the FOF1 ATP 

synthase complex to make ATP via oxidative phosphorylation. The F0 component of ATP 

synthase acts as an ion channel that provides for a proton flux back into the mitochondrial 

matrix. The ring of c subunits and the F1 central stalk begin to turn in 120° increments when 

protons flow down their concentration gradient through the proton channel in F0. 

The “head” portion of F1 does not rotate and is kept stagnant 

by the peripheral stalk. There are three catalytic, nucleotide-

binding sites, one on each β subunit at the point where it meets 

the preceding α subunit. Each β subunit spontaneously and 

sequentially transforms into one of three conformations that 

have different ADP and ATP binding affinities: MgADP (βDP 

conformation, which binds ADP and Pi), MgATP (βTP 

conformation, which has a high binding affinity for ATP), and 

empty (βE conformation, which has a low binding affinity for 

ATP). With each 120° turn of the central stalk, the γ subunit touches a β subunit in the βTP 

conformation and causes it to release its molecule of ATP and assume the βE conformation. 

Each β subunit will assume all three conformations in a given rotational cycle, and at any 

given time each of the three catalytic sites 

is in a different conformation. Thus, for 

each complete 360° turn of the central 

stalk, three molecules of ATP are 

synthesized, and it can rotate 700 times per 

second.  

Oxidative phosphorylation and the 

mammalian F1Fo-ATPsynthase. During the 

process, protons are translocated against a 

gradient in the intermembrane space by complexes I, III, and IV; the generation of a proton 

electrochemical potential also called proton motive force (pmf), is achieved, driving the ATP 

synthesis, which is catalyzed as the final step by the F1Fo-ATP synthase (Complex V). The 
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supramolecular organization of the respiratory chain, with the F1Fo-ATPsynthase localized to 

mitochondrial cristae, where a higher surface density of protons is realized, allows a better 

enzymatic performance of complex V. Diagram of the structure of mammalian F1Fo-

ATPsynthase. We can divide the enzymatic complex into 4 principal subdomains: a catalytic 

headpiece (� 3 � 3 ), hosting the three catalytic sites for ATP synthesis (one in each � 

subunit), a proton channel (� � 8 ) and two stalks, the central rotor (� � � ) and the peripheral 

stator (� � (F6) OSCP) that link the first two subdomains together. While protons flow 

through the Fo channel from the intermembrane space into the matrix, a rotation of the stator 

inside the catalytic headpiece is induced, allowing a cyclic change in � -subunits 

conformation and the synthesis of ATP. 

 

13.10 Summary: Mitochondria play a central role in energy metabolism of cells. They 

usually provide most of the ATP by oxidative phosphorylation. A major consequence of the 

architecture of mitochondria is the impermeability of the inner membrane that facilitates the 

generation of a proton gradient, called the proton motive force. The oxidative processes cells 

use to degrade fuel molecules yield NADH and FADH2 which are used as electron donors for 

the electron transport chain. The components of the chain are located in the inner 

mitochondrial membrane and include four complexes and some electron carriers. While 

electrons are transported along the chain, three of the four complexes act as proton pumps, 

expel protons from the matrix and build up the proton motive force. Another enzyme, the 

ATPase, utilizes the proton gradient to form ATP from ADP and Pi, thus allowing the 

protons to return to the matrix. The coupling of electron transport (i.e.oxidative processes) 

and ATP synthesis via the proton gradient is the main postulate of the chemiosmotic theory. 

Due to the impermeability of the inner mitochondrial membrane to most solutes, a range of 

transporters exists which allow exchange of ions and metabolites (mostly in anionic form) 

between matrix and cytosol. These transporters also help to integrate mitochondrial and 

cytosolic metabolic pathways. The citric acid cycle can be seen as the center of a range of 

metabolic processes. It is amphibolic, i.e. it serves both catabolic and anabolic purposes 

depending on the particular requirements of a cell as defined by function and physiological 

state. 

13.11  Key words: 

Cytosol: The soluble portion of the cytoplasm that includes dissolved solutes but that 

excludes the particulate matter. 
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Conformation: A spatial arrangement of the atoms in a molecule that results from the 

rotation of the atoms about single bonds without a change in the covalent structure of the 

molecule. Conformation thus refers to a family of structures and not to a single, isolatable 

stereochemical form. The change from one conformation to another does not require the 

breaking and forming of covalent bonds. 

Channel: An opening in a biological membrane through which transport of solutes may 

occur. A channel is generally presumed to be a water-filled passage, lined by hydrophilic 

groups of integral membrane proteins. 

Synthase: An enzyme that catalyses synthetic aspects of the a reaction. 

Hydrophilic: Descriptive of the tendency of a group of atoms or of a surface to become 

either wetted or solvated by water. 

Hydrophobic: Descriptive of the tendency of a group of atoms or surface to resist becoming 

either wetted isolated by water.  

13.12  Questions for self study : 

1. What is the function of the mitochondira in a cell?  

2. With the help of a diagram describe the membranes of mitochondria and their 

functions? 

3. What is the role of compelx I in oxidative phosphotylation?  

4. Explain the role of complex II 

5. Do all cells have mitochondria? 

6. Explain Q-cycle. 

7. With the help of a diagram explain complex III. 

8. Differentiate between the reactions that take place between complex I and II. 

9. Compare and contrast first and second half of Q-cycle. 

10. Explain in detail the electron transport chain. 

 

13.13 Further references : 

→ Molecular biology of the Cell –Alberts et al. 

→ Molecular Cell Biology. 5th Edn. Lodish, H, et al., W H Freeman. 

→ Cell and Molecular Biology. Karp, J.John Wiey and Sons Inc. 

→ The Cell-Molecular approach. 4th Ed. Geoffrey M Cooper and Robert E Hausman. 

→ Cell Biology- A Laboratory Handbook. 3rd Ed, 4th Vol, Julio E Celis. 
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15.0 Objectives: 

• The unit describes the ultra structure of chloroplast in detail. 

• The unit explains membranes of chloroplast and its components  

• The unit elaborates on structures of phytosystems and pigment systems embedded in 

the chloroplast and their role in harvesting light.  

• Finally the unit elaborates the mechanisms behind the cyclic and non-cyclic 

photophosphorylation. 

 

14.1 Introduction: Laws of energy suggest that systems 

naturally progress from order to disorder. If, so how do 

biological systems develop and maintain such high degree of 

order? The order can be produced with an expenditure of 

energy, and the order associated with life on earth is produced with the aid of energy from the 

sun. Plants use energy from the sun in tiny energy factories called chloroplasts. Using 

chlorophyll in the process of photosynthesis, they convert the sun’s energy into storable form 

in ordered sugar molecules. In this way, carbon and water in more disordered state are 

combined to form the more ordered sugar molecules. Lets study in detail the structure and 

functions of chloroplasts in this unit.  

 

14.2 Chloroplast: In land plants, chloroplasts are generally lens-shaped, 5–8 μm in diameter 

and 1–3 μm thick. Greater diversity in chloroplast shapes exists among the algae, which often 

contain a single chloroplast that can be shaped like a net (e.g., Oedogonium), a cup (e.g., 

Chlamydomonas), a ribbon-like spiral around the edges of the cell (e.g., Spirogyra), or 

slightly twisted bands at the cell edges (e.g., Sirogonium). Some algae have two chloroplasts 

in each cell; they are star-shaped in Zygnema, or may follow the shape of half the cell in 

order Desmidiales. In some algae, the chloroplast takes up most of the cell, with pockets for 

the nucleus and other organelles (for example some species of Chlorella have a cup-shaped 

chloroplast that occupies much of the cell). All chloroplasts have at least three membrane 

systems, the outer chloroplast membrane, the inner chloroplast membrane, and the thylakoid 

system. Chloroplasts that are the product of secondary endosymbiosis may have additional 

membranes surrounding these three. Inside the outer and inner chloroplast membranes is the 
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chloroplast stroma, a semi-gel-like fluid that makes up much of a chloroplast's volume, and in 

which the thylakoid system floats. 

Ultrastucture of chloroplast: 

A typical plant cell (e.g., in the palisade layer of a 

leaf) might contain as many as 50 chloroplasts. The 

chloroplast is made up of 3 types of membrane:  

 1. A smooth outer membrane which is freely 

permeable to molecules.  

2. A smooth inner membrane which contains many transporters: integral membrane proteins 

that regulate the passage in and out of the chloroplast of small molecules like sugars proteins 

synthesized in the cytoplasm of the cell but used within the chloroplast. 

3. A system of thylakoid membranes  

Outer chloroplast membrane: The outer chloroplast membrane is a semi-porous membrane 

that small molecules and ions can easily diffuse across. However, it's not permeable to larger 

proteins, so chloroplast polypeptides being synthesized in the cell cytoplasm must be 

transported across the outer chloroplast membrane by the TOC complex, or translocon on the 

outer chloroplast membrane. The chloroplast membranes sometimes protrude out into the 

cytoplasm, forming a stromule, or stroma-containing tubule. Stromules are very rare in 

chloroplasts, and are much more common in other plastids like chromoplasts and amyloplasts 

in petals and roots, respectively. They may exist to increase the chloroplast's surface area for 

cross-membrane transport, connect two or more chloroplasts allowing them to exchange 

metabolites, or both. 

Intermembrane space and peptidoglycan wall: Usually, a thin intermembrane space about 

10–20 nanometers thick exists between the outer and inner chloroplast membranes. 

Glaucophyte algal chloroplasts have a peptidoglycan layer between the chloroplast 

membranes. It corresponds to the peptidoglycan cell wall of their cyanobacterial ancestors, 

which is located between their two cell membranes. These chloroplasts are called muroplasts 

(from Latin "mura", meaning "wall"). Other chloroplasts have lost the cyanobacterial wall, 

leaving an intermembrane space between the two chloroplast envelope membranes. 

Inner chloroplast membrane: The inner chloroplast membrane borders the stroma and 

regulates passage of materials in and out of the chloroplast. After passing through the TOC 

complex in the outer chloroplast membrane, polypeptides must pass through the TIC complex 

(translocon on the inner chloroplast membrane) which is located in the inner chloroplast 
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membrane. In addition to regulating the passage of materials, the inner chloroplast membrane 

is where fatty acids, lipids, and carotenoids are synthesized. 

Stroma: The protein-rich, alkaline, aqueous fluid within the inner chloroplast membrane and 

outside of the thylakoid space is called the stroma, which corresponds to the cytosol of the 

original cyanobacterium. Nucleoids of chloroplast DNA, chloroplast ribosomes, the thylakoid 

system with plastoglobuli, starch granules, and many proteins can be found floating around in 

it. The Calvin cycle, which fixes CO2 into sugar takes place in the stroma. 

Chloroplast ribosomes: Chloroplasts have their own ribosomes, which they use to 

synthesize a small fraction of their proteins. Chloroplast ribosomes are about two-thirds the 

size of cytoplasmic ribosomes (around 17 nm vs 25 nm). They take mRNAs transcribed from 

the chloroplast DNA and translate them into protein. 

Plastoglobuli: Plastoglobuli (singular plastoglobulus, sometimes spelled plastoglobule(s)), 

are spherical globules of lipids and proteins about 10–15 nanometers across.They are 

surrounded by a lipid monolayer. Plastoglobuli are found in all chloroplasts, but become 

more common when the chloroplast is under oxidative stress, or when it ages and transitions 

into a gerontoplast. They are also common in etioplasts, but decrease in number as the 

etioplasts mature into chloroplasts. Plastoglobuli were once thought to be free-floating in the 

stroma, but it is now thought that they are permanently attached either to a thylakoid or to 

another plastoglobulus attached to a thylakoid. Plastoglubuli contain both structural proteins 

and enzymes involved in lipid synthesis and metabolism. They can form when a bubble 

appears between the layers of the lipid bilayer of the thylakoid membrane, or bud from 

existing plastoglubuli—though they never detach and float off into the stroma. 

Starch granules: Starch granules are very common in chloroplasts, typically taking up 15% 

of the organelle's volume, though in some other plastids like amyloplasts, they can be big 

enough to distort the shape of the organelle. Starch granules are simply accumulations of 

starch in the stroma, and are not bounded by a membrane. Starch granules appear and grow 

throughout the day, as the chloroplast synthesizes sugars, and are consumed at night to fuel 

respiration and continue sugar export into the phloem, though in mature chloroplasts, it's rare 

for a starch granule to be completely consumed or for a new granule to accumulate. Starch 

granules vary in composition and location across different chloroplast lineages. In red algae, 

starch granules are found in the cytoplasm rather than in the chloroplast. In C4 plants, 

mesophyll chloroplasts, which do not synthesize sugars, lack starch granules. 

Rubisco: Rubisco, the main enzyme responsible for carbon fixation in chloroplasts. The 

chloroplast stroma contains many proteins, though the most common and important is 
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Rubisco, which is probably also the most abundant protein on the planet. Rubisco is the 

enzyme that fixes CO2 into sugar molecules. In C3 plants, rubisco is abundant in all 

chloroplasts, though in C4 plants, it's confined to the bundle sheath chloroplasts, where the 

Calvin cycle is carried out in C4 plants. 

Pyrenoids: The chloroplasts of some hornworts and algae contain structures called 

pyrenoids. They are not found in higher plants. Pyrenoids are roughly spherical and highly 

refractive bodies which are a site of starch accumulation in plants that contain them. They 

consist of an matrix opaque to electrons, surrounded by two hemispherical starch plates. The 

starch is accumulated as the pyrenoids mature. In algae with carbon concentrating 

mechanisms, the enzyme rubisco is found in the pyrenoids. Starch can also accumulate 

around the pyrenoids when CO2 is scarce. Pyrenoids can divide to form new pyrenoids, or be 

produced "de novo". 

 Thylakoids:  The word thylakoid comes from the Greek word thylakos which means "sack". 

• The thylakoid membranes enclose a lumen: a system of vesicles (that may all be 

interconnected).  

• At various places within the chloroplast these are stacked in arrays called grana 

(resembling a stack of coins).  

• Four types of protein assemblies are embedded in the thylakoid membranes:  

1. Photosystem I which includes chlorophyll and carotenoid molecules  

2. Photosystem II which also contains chlorophyll and carotenoid molecules  

3. Cytochromes b and f  

4. ATP synthase 

These carry out the so-called light reactions of photosynthesis.  

The thylakoid membranes are surrounded by a fluid called stroma. The stroma contains:  

• All the enzymes, e.g., Rubisco, needed to carry out the "dark" reactions of 

photosynthesis; that is, the conversion of CO2 into organic molecules like glucose.  

• A number of identical molecules of DNA, each of which carries the complete 

chloroplast genome. The genes encode some, but not all of the molecules needed for 

chloroplast function. The others are  

§ transcribed from genes in the nucleus of the cell  

§ translated in the cytoplasm and  

§ transported into the chloroplast. 
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14.3 Pigments and chloroplast colors: Inside the photosystems embedded in chloroplast 

thylakoid membranes are various photosynthetic pigments, which absorb and transfer light 

energy. The types of pigments found are different in various groups of chloroplasts, and are 

responsible for a wide variety of chloroplast colorations. 

 Chlorophylls: Chlorophyll a is found in all chloroplasts, as well as their cyanobacterial 

ancestors. Chlorophyll a is a blue-green pigment partially responsible for giving most 

cyanobacteria and chloroplasts their color. Other forms of chlorophyll exist as the accessory 

pigments chlorophyll b, chlorophyll c, chlorophyll d, and chlorophyll f. Chlorophyll b is an 

olive green pigment found only in the chloroplasts of plants, green algae. It's the chlorophylls 

a and b together that make most plant and green algal chloroplasts green. Chlorophyll c is 

also found in some green algae and cyanobacteria. Chlorophylls d and f are pigments found 

only in some cyanobacteria. 

Carotenoids: In addition to chlorophylls, another group of yellow–orange pigments called 

carotenoids are also found in the photosystems. There are about thirty photosynthetic 

carotenoids. They help transfer and dissipate excess energy, and their bright colors sometimes 

override the chlorophyll green, like during the fall, when the leaves of some land plants 

change color. β-carotene is a bright red-orange carotenoid found in nearly all chloroplasts, 

like chlorophyll a. Xanthophylls, especially the orange-red zeaxanthin, are also common. 

Many other forms of carotenoids exist that are only found in certain groups of chloroplasts. 

Phycobilins: Phycobilins are a third group of pigments found in cyanobacteria, and 

glaucophyte, red algal, and cryptophyte chloroplasts. Phycobilins come in all colors, though 

phycoerytherin is one of the pigments that makes many red algae red. Phycobilins often 

organize into relatively large protein complex. 

Specialized chloroplasts in C4 plants: Many C4 plants have their mesophyll cells and 

bundle sheath cells arranged radially around their leaf veins. The two types of cells contain 

different types of chloroplasts specialized for a particular part of photosynthesis. To fix 

carbon dioxide into sugar molecules in the process of photosynthesis, chloroplasts use an 

enzyme called rubisco. Rubisco has a problem i.e it has trouble distinguishing between 

carbon dioxide and oxygen, so at high oxygen concentrations, rubisco starts accidentally 

adding oxygen to sugar precursors. This has the end result of ATP energy being wasted and 

CO2 being released, all with no sugar being produced. This is a big problem, since O2 is 
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produced by the initial light reactions of photosynthesis, causing issues down the line in the 

Calvin cycle which uses rubisco. 

C4 plants evolved a way to solve this by spatially separating the light reactions and the 

Calvin cycle. The light reactions, which store light energy in ATP and NADPH, are done in 

the mesophyll cells of a C4 leaf. The Calvin cycle, which uses the stored energy to make 

sugar using rubisco, is done in the bundle sheath cells, a layer of cells surrounding a vein in a 

leaf.As a result, chloroplasts in C4 mesophyll cells and bundle sheath cells are specialized for 

each stage of photosynthesis. In mesophyll cells, chloroplasts are specialized for the light 

reactions, so they lack rubisco, and have normal grana and thylakoids, which they use to 

make ATP and NADPH, as well as oxygen. They store CO2 in a four-carbon compound, 

which is why the process is called C4 photosynthesis. The four-carbon compound is then 

transported to the bundle sheath chloroplasts, where it drops off CO2 and returns to the 

mesophyll. Bundle sheath chloroplasts do not carry out the light reactions, preventing oxygen 

from building up in them and disrupting rubisco activity. Because of this, they lack 

thylakoids organized into grana stacks though bundle sheath chloroplasts still have free-

floating thylakoids in the stroma where they still carry out cyclic electron flow, a light-driven 

method of synthesizing ATP to power the Calvin cycle without generating oxygen. They lack 

photosystem II, and only have photosystem I. The only protein complex needed for cyclic 

electron flow. Because the job of bundle sheath chloroplasts is to carry out the Calvin cycle 

and make sugar, they often contain large starch grains. Both types of chloroplast contain large 

amounts of chloroplast peripheral reticulum, which they use to get more surface area to 

transport stuff in and out of them. Mesophyll chloroplasts have a little more peripheral 

reticulum than bundle sheath chloroplasts. 

Location and distribution of chloroplast in a plant: Not all cells in a multicellular plant 

contain chloroplasts. All green parts of a plant contain chloroplasts, or more specifically, the 

chlorophyll in them are what make the photosynthetic parts of a plant green. The plant cells 

which contain chloroplasts are usually parenchyma cells, though chloroplasts can also be 

found in collenchyma tissue. A plant cell which contains chloroplasts is known as a 

chlorenchyma cell. A typical chlorenchyma cell of a land plant contains about 10 to 100 

chloroplasts. In some plants such as cacti, chloroplasts are found in the stems, though in most 

plants, chloroplasts are concentrated in the leaves. One square millimeter of leaf tissue can 

contain half a million chloroplasts. Within a leaf, chloroplasts are mainly found in the 

mesophyll layers of a leaf, and the guard cells of stomata. Palisade mesophyll cells can 

contain 30-70 chloroplasts per cell, while stomatal guard cells contain only around 8-15 per 
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cell, as well as much less chlorophyll. Chloroplasts can also be found in the bundle sheath 

cells of a leaf, especially in C4 plants, which carry out the Calvin cycle in their bundle sheath 

cells. They are often absent from the epidermis of a leaf. 

 

Cellular location and Chloroplast movement: The chloroplasts of plant and algal cells can 

orient themselves to best suit the available light. In low-light conditions, they will spread out 

in a sheet, maximizing the surface area to absorb light. Under intense light, they will seek 

shelter by aligning in vertical columns along the plant cell's cell wall or turning sideways so 

that light strikes them edge-on. This reduces exposure and protects them from photooxidative 

damage. This ability to distribute chloroplasts so that they can take shelter behind each other 

or spread out may be the reason why land plants evolved to have many small chloroplasts 

instead of a few big ones. Chloroplast movement is considered one of the most closely 

regulated stimulus-response systems that can be found in plants. Mitochondria have also been 

observed to follow chloroplasts as they move. In higher plants, chloroplast movement is run 

by phototropins, blue light photoreceptors also responsible for plant phototropism. 

 

14.4 Photophosphorylation: The production of ATP using the energy of sunlight is called 

photophosphorylation. Only two sources of energy are available to living organisms: sunlight 

and reduction-oxidation (redox) reactions. Redox reactions are chemical reactions in which 

electrons are transferred from a donor molecule to an acceptor molecule. The underlying 

force driving these reactions is the Gibbs free energy of the reactants and products. The 

transfer of electrons from a high-energy molecule (the donor) to a lower-energy molecule 

(the acceptor) can be spatially separated into a series of intermediate redox reactions. This is 

an electron transport chain. Electron transport chains (most known as ETC) produce energy 

in the form of a transmembrane electrochemical potential gradient. This energy is used to do 

useful work. The gradient can be used to transport molecules across membranes. It can be 

used to do mechanical work, such as rotating bacterial flagella. It can be used to produce ATP 

and NADPH, high-energy molecules that are necessary for growth. These are moved to the 

Calvin cycle. 

14.5 Photosystems I and II: Within the thylakoid membranes of the chloroplast, are two 

photosystems. Photosystem I optimally absorbs photons of a wavelength of 700 nm. 

Photosystem II optimally absorbs photons of a wavelength of 680 nm. The numbers indicate 

the order in which the photosystems were discovered, not the order of electron transfer. 
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Under normal conditions electrons flow from PSII through cytochrome bf (a membrane 

bound protein analogous to Complex III of the mitochondrial electron transport chain) to PSI. 

 

Photosystem II uses light energy to oxidize two molecules of water into one molecule of 

molecular oxygen. The 4 electrons removed from the water molecules are transferred by an 

electron transport chain to ultimately reduce 2NADP+ to 2NADPH. During the electron 

transport process a proton gradient is generated across the thylakoid membrane. This proton 

motive force is then used to drive the synthesis of ATP. This process requires PSI, PSII, 

cytochrome bf, ferredoxin-NADP+ reductase and chloroplast ATP synthase. 

 

Photosystem II: Photosystem II transfers electrons from water to plastoquinone and in the 

process generates a pH gradient. Plastoquinone (PQ) carries the electrons from PSII to the 

cytochrome bf complex.Like CoQ, PQ is a lipophilic mobile electron carrier carrying 

electrons from PSII to cytochrome bf. PSII is an integral membrane protein. The core of this 

membrane protein is formed by two subunits D1 and D2. These two subunits span the 

membrane. PSII contains a lot more subunits and additional chlorophylls to achieve a lot 

higher efficiency. The overall reaction of PSII is shown below. 

                                         2PQ + 2H2O à O2 +2PQH2 

 There is a special pair of chlorophylls in PSII bound by D1 and D2 that are in close 

proximity of each other. This special pair is analogous to the special pair of 

bacteriochlorophylls in the bacterial photosystem. The PSII special pair consists of 2 

chlorophyll a molecules that absorb light at an optimal wavelength of 680 nm. This special 

pair of chlorophylls is called P680. 

On excitation-either by the absorption of a photon or exciton transfer-P680* rapidly transfers 

an electron to a nearby pheophytin a. Pheophytin a is a chlorophyll a molecule with the 

Magnesium replaced by two protons. The electron is then transferred to a tightly bound 

plastoquinone at the QA site. The electron is then transferred to an exchangeable 

plastoquinone located at the QB site of the D2 subunit. The arrival of a second electron to the 

QB site with the uptake of two protons from the stroma produces plastoquinol, PQH2. When 

the electron is rapidly transferred from P680* to pheophytin a, a positive charge is formed on 

the special pair, P680.+. P680+ is an incredibly strong oxidant which extracts electrons from 

water molecules bound at the manganese center. The structure of this manganese center 

includes 4 Manganese ions, a calcium ion, a chloride ion, and a tyrosine radical. Manganese 

is the core of this redox center because it has four stable oxidation states (Mn2+, Mn3+, 
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Mn4+ and Mn5+) and coordinates tightly to oxygen containing species. Each time the P680 

is excited and an electron is kicked out, the 

positively charged special pair extracts an 

electron from the manganese center. 

                      2H2Oà O2 + 4e- 

4 electrons must be transferred to 2 molecules of 

plastoquinone in order to oxidize H2O to 

molecular oxygen. This requires 4 photochemical 

steps. The Manganese center is oxidized one electron at a time, until two molecules of H2O 

are linked to form O2 which is then released from the center. A tyrosine residue participates 

in the proton electron transfers. The structures are designated S0 through S4 to indicate the 

number of electrons removed. We know the manganese center exists in five different 

oxidation states numbered as S0 to S4. One electron and a proton are removed during each 

photochemical step. When S4 is attained, an O2 molecule is released and two new molecules 

of water bind. PSII spans the thylakoid membrane. The site of plastoquinone reduction is on 

the stroma side of the membrane. The manganese complex is on the thylakoid lumen side of 

the membrane. For every four electrons harvested from H2O, 2 molecules of PQH2 are 

formed extracting four protons from the stroma. The four protons formed during the 

oxidation of water are released into the thylakoid lumen. This distribution of protons across 

the thylakoid membrane generate a pH gradient with a low pH in the lumen and a high pH in 

the stroma. 

 

Photosystem I: The final stage of the light reactions is catalyzed by PSI. This protein has 

two main components forming its core, psaA and psaB. These two subunits are quite a bit 

larger than the core components of PSII. Nonetheless, the subunits are all homologous. A 

special pair of chlorophyll a molecules lies at the center of the structure which absorbs light 

maximally at 700 nm. This special pair is denoted P700. Upon excitation-either by direct 

absorption of a photon or exciton transfer- P700* transfers an electron through a chlorophyll 

and a bound quinone (QA) to a set of 4Fe-4S clusters. From these clusters the electron is 

transferred to ferredoxin (Fd) a water soluble mobile electron carrier located in the stroma 

which contains a 2Fe-2S cluster coordinated to 4 cysteine residues. The electron transfer 

produces a positive charge on the special pair which is neutralized by the transfer of an 

electron from a reduced plastocyanin. 

The overall reaction is shown below. 
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                                        Pc(Cu+) + Fdox àPc(Cu2+) + Fdred 

 Ferredoxin contains a 2Fe-2S cluster which accepts electrons from PSI and carries them to 

ferredoxin-NADP+ reductase. 

                                       Pc(Cu2+) + eà Pc(Cu+) Eo’ = +0.37 V 

                                       Fdox + e- à Fdred Eo’ = -0.45 V 

The electron acceptor in the overall reaction shown above is the oxidized ferredoxin, the 

electron donor is the reduced plastocyanin. From the reduction potentials listed 

above, the change in reduction potential is: 

                                     Δ Eo’ = -0.45 - 0.37 = -0.82 V which corresponds to a 

                                              Δ Go’ = 79.1 kJ/mol, very endergonic. 

This uphill electron transfer is driven the by absorption of a 700-nm photon of light which 

has an energy of 171 kJ/mol. The electron transport pathway between PSII and PSI is called 

the Z-scheme because the redox diagram looks like a sideways letter Z. 

  

14.6 Cyclic photophosphorylation: Cyclic photophosphorylation occurs on the stroma 

lamellae. In cyclic electron flow, the electron begins in a 

pigment complex called photosystem I, passes from the 

primary acceptor to ferredoxin, then to cytochrome b6f  

and then to plastocyanin before returning to chlorophyll. 

This transport chain produces a proton-motive force, 

pumping H+ ions across the membrane; this produces a 

concentration gradient that can be used to power ATP 

synthase during chemiosmosis. This pathway is known as cyclic photophosphorylation, and it 

produces neither O2 nor NADPH. 

In bacterial photosynthesis, a single photosystem is used, and therefore is involved in cyclic 

photophosphorylation. It is favoured in anaerobic conditions and conditions of high 

irradiance and CO2 compensation points. Cyclic photophosphorylation is more productive in 

regards to ATP synthesis. 4 Photons absorbed by PSI result in 8 protons released into the 

lumen by the cytochrome bf complex. These protons drive the synthesis of 2 ATP molecules. 

Thus 2 photons per ATP.  

14.7 Noncyclic photophosphorylation: The other pathway, noncyclic photophosphorylation, 

is a two-stage process involving two different chlorophyll photosystems. Being a light 

reaction, noncyclic photophosphorylation occurs on thylakoid membranes inside chloroplasts. 

First, a water molecule is broken down into 2H+ + 1/2 O2 + 2e- by a process called photolysis 



Unit-14: Structure of chloroplast-Photo systems-I and II, Photo-phosphorylation 
 

Block-4: Unit-14 Page 231 
 

(or light-splitting). The two electrons from the water molecule are kept in photosystem II, 

while the 2H+ and 1/2O2 are left out for further use. Then a photon is absorbed by chlorophyll 

pigments surrounding the reaction core center of the photosystem. The light excites the 

electrons of each pigment, causing a chain reaction that eventually transfers energy to the 

core of photosystem II, exciting the two electrons that are transferred to the primary electron 

acceptor, pheophytin. The deficit of electrons is replenished by taking electrons from another 

molecule of water. The electrons transfer from pheophytin to plastoquinone, which takes the 

2e- from Pheophytin, and two H+ atoms from the stroma and forms PQH2, which is later  

broken into PQ, the 2e- is released to [Cytochrome b6f complex] and the two H+ ions are 

released into thylakoid lumen. The electrons then pass through the Cyt b6 and Cyt f. Then 

they are passed to plastocyanin, providing the energy for hydrogen ions (H+) to be pumped 

into the thylakoid space. This creates a gradient, making H+ ions flow back into the stroma of 

the chloroplast, providing the energy for the regeneration of ATP.  

The photosystem II complex replaced its lost electrons from an external source; however, the 

two other electrons are not returned to photosystem II as they would in the analogous cyclic 

pathway. Instead, the still-excited electrons are transferred to a photosystem I complex, 

which boosts their energy level to a higher level using a second solar photon. The highly 

excited electrons are transferred to the acceptor molecule, but this time are passed on to an 

enzyme called Ferredoxin-NADP+ reductase which uses them to catalyse the reaction (as 

shown): 

NADP+ + 2H+ + 2e- → NADPH + H+ 

 

This consumes the H+ ions produced by the splitting 

of water, leading to a net production of 1/2O2, ATP, 

and NADPH+H+ with the consumption of solar 

photons and water. The concentration of NADPH in the chloroplast may help regulate which 

pathway electrons take through the light reactions. When the chloroplast runs low on ATP for 

the Calvin cycle, NADPH will accumulate and the plant may shift from noncyclic to cyclic 

electron flow. 
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14.8  Summary: In this unit we have examined the physical basis of light-harvesting and  the 

transfer of electrons from water to NADP. We have seen that chlorophyll and other 

photosynthetic pigments are located in thylakoid membranes lying in the stroma of the 

chloroplast. Chlorophyll is green because it absorbs red and blue photons whilst transmitting 

and reflecting green photons. Absorption of photons causes chlorophylls to become excited 

and “exceptions” migrate down antennae (light harvesting chlorophyll protein complexes) to 

the reaction centers of photosystems I and II. Excitation of P680 and P700, in the reaction 

centers of PSII and PSI respectively, initiates electron transport. Electrons are raised to a 

higher energy level thereby creating the “holes” which accept electrons from water. From QA 

the primary electron acceptor in PSII, electrons run “downhill” through a series of electron 

carriers including plastoquinone (PQ), plastocyanin (PC) and the cytochrome b and f 

complex, to P700 in the reaction center of PSI. Here further excitation by incoming photons 

boosts electrons on their way to the primary acceptor (A) of PSI, feredoxin, NADP and 

eventually to carbon dioxide. Back at PSII, electrons released from water fill the “holes” 

created by excitation of P680 and oxygen is evolved. Four photons, acting consecutively in 

each of the two photosystems, combine to evolve one molecule of oxygen and reduce two 

molecules of NADP. The very last components of the electron transport chain are located in 

the stroma of the chloroplast, the protein gel of enzymes in which the thylakoid membranes 

are embedded. As such, NADP and ferredoxin lie at the boundary between the photochemical 

events and the Calvin Cycle. The entire process, for which these components are responsible, 

is one of energy transduction in which light energy is converted first into electrical energy 

(electron transport) and then into chemical energy (energy rich compounds such as ATP and 

NADPH2). 

14.9 Key words: 

Ferredoxin: One of a group of low molecular weight, nonheme, iron-sulfur proteins that 

have low reduction potentials and that serve as early electron acceptors in both 

photosynthesis and nitrogen fixation. 

Ferredoxin reducing substance An electron carrier, possibly a chlorophyll or a quinone, 

that is the immediate acceptor for the electrons from pigment P700 in photosystem I of 

chloroplasts; the compound transfers an electron to ferredoxin, thereby reducing it. 

Cyclic electron flow: The movement of electrons that is limited to photosystem I of 

chloroplasts and to its associated electron carriers; cyclic electron flow can lead to the 

synthesis of ATP but does not lead to an accumulation of NADPH. 
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Plastoquinone: A compound that is closely related to coenzyme Q and that functions as a 

hydrogen donor and acceptor in the photosynthetic electron transport system plastocyanin A 

copper-containing protein that serves as an electron carrier in chloroplast photosynthesis. 

 

14.10 Questions for self study:  

1. What is the function of the chloroplast in a plant cell?  

2. What process occurs in the chloroplasts of plant cells? 

3. Where does photosynthesis take place in a plant cell ? Explain in detail 

4. Explain the role of Rubisco 

5. Do all plant cells have chloroplasts ? 

6. How might a plant cell be affected if it lacked chloroplasts ? 

7. Explain cyclic photophospyration 

8. With the help of a diagram explain noncyclic photophosphorylation 

9. Differentiate between C3 and C4 plants. 

10. Compare and contrast photosystem I and photosystem II. 

11. Write a note on ATP synthase. 

 

14.11 Further references: 

→ Molecular biology of the Cell –Alberts et al. 

→ Molecular Cell Biology. 5th Edn. Lodish, H, et al., W H Freeman. 

→ Cell and Molecular Biology. Karp, J. John Wiey and Sons Inc. 

→ The Cell-Molecular approach. 4th Ed. Geoffrey M Cooper and Robert E Hausman. 

→ Cell Biology- A Laboratory Handbook. 3rd Ed, 4th Vol, Julio E Celis. 
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15.0 Objectives: 

1) To understand what are ribosomes and their structure and location in bacteria, plant     

and animal cells. 

 2) To study the functions of ribosomes in various cell types. 

 3) To learn the structure of nucleosome and its location in various cell types. 

 4) To understand the importance of nucleosomes and their functions in cell. 

 

15.1 Introduction: Nobel Prize in Chemistry for the year 2009 was awarded to Venkatraman 

Ramakrishnan, Thomas A. Steitz and Ada E. Yonath for their studies of the structure and 

function of the ribosome. 

The ribosome and the central dogma: The genetic information in living systems is stored in 

the genome sequences of their DNA (deoxyribonucleic acid). A large part of these sequences 

encode proteins which carry out most of the functional tasks in all extant organisms. The 

DNA information is made available by transcription of the genes to mRNAs (messenger 

ribonucleic acids) that subsequently are translated into the various amino acid sequences of 

all the proteins of an organism. This is the central dogma (Crick, 1970) of molecular biology 

in its simplest form.  

  

The ribosome (name derived from ribonucleic acid and the Greek soma, meaning "body") is 

a large and complex molecular machine, found within all living cells, that serves as the 

primary site of biological protein synthesis (translation). We will learn about ribosomes in the 

first part of this unit. 

Nucleosome: The genetic information of a single eukaryotic cell is stored in DNA molecules 

that are in total over 2 m long, but compact in the cell’s nucleus to nearly one millionth of 

this length. This is achieved by a hierarchical scheme of folding and compaction into protein–

DNA assemblies called chromatin. At the first level of organization, two tight superhelical 

turns of DNA (147 base pairs in length) are wrapped around a disc-shaped protein assembly 

of eight histone molecules to form the nucleosome core particle. Extension of the DNA to 

170–240 base pair length, and the addition of linker histone H1 gives rise to the nucleosome 

which forms the basic repeating unit in chromatin. Hundreds of thousands of nucleosomes are 
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further organized in multiple higher levels. Because of its packaging in nucleosomes, the 

structure and accessibility of DNA that predominates in the living cell deviates dramatically 

from that of linear, ‘naked’ DNA, as seen for the first time in the high-resolution X-ray 

structure of the nucleosome core particle. This has fundamental implications for our 

understanding of all processes that use DNA as a substrate, such as transcription, replication, 

DNA repair and recombination. Chromatin can both promote and impede these processes 

depending on structural context, and thus plays a central role in their regulation. Eukaryotic 

cells have developed elaborate mechanisms to modulate inherently dynamic chromatin 

structures in a regulated manner. We will learn about nucleosome in the second part of this 

unit. 

 

15.2 Ribosomes: Ribosomes were first observed by Palade in the electron microscope as 

dense particles or granule. Ribosomes are cytoplasmic granules composed of RNA and 

protein and is therefore a ribonucleoprotein. Each ribosome is divided into two subunits: the 

smaller subunit binds to the mRNA, while the larger subunit binds to the tRNA and the 

amino acids. When a ribosome finishes reading an mRNA molecule, these two subunits split 

apart. Ribosomes are ribozymes, because the catalytic peptidyl transferase activity that links 

amino acids together is performed by the ribosomal RNA. Cells devote considerable effort to 

the production of these essential organells. For example, an E. coli cell contains 

approximately 15,000 ribosomes, each one with a molecular weight of about three million 

Daltons. Ribosomes therefore represent twenty-five percent of the total mass of these 

bacterial cells.  

 

Ribosome locations: Ribosomes are classified as being either "free" or "membrane-bound". 

Free and membrane-bound ribosomes differ only in their spatial distribution; they are 

identical in structure. Whether the ribosome exists in a free or membrane-bound state 

depends on the presence of an ER-targeting signal sequence on the protein being synthesized, 

so an individual ribosome might be membrane-bound when it is making one protein, but free 

in the cytosol when it makes another protein. 

Free ribosomes: Free ribosomes can move about anywhere in the cytosol, but are excluded 

from the cell nucleus and other organelles. Proteins that are formed from free ribosomes are 

released into the cytosol and used within the cell. Since the cytosol contains high 

concentrations of glutathione and is, therefore, a reducing environment, proteins containing 

http://www.cs.stedwards.edu/chem/Chemistry/CHEM43/CHEM43/Ribosomes/Ribosome.HTML
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disulfide bonds, which are formed from oxidized cysteine residues, cannot be produced in 

this compartment. 

Membrane-bound ribosomes: When a ribosome begins to synthesize proteins that are 

needed in some organelles, the ribosome making this protein can become "membrane-

bound". In eukaryotic cells this happens in a region of the endoplasmic reticulum (ER) called 

the "rough ER". The newly produced polypeptide chains are inserted directly into the ER by 

the ribosome undertaking vectorial synthesis and are then transported to their destinations, 

through the secretory pathway. Bound ribosomes usually produce proteins that are used 

within the plasma membrane or are expelled from the cell via exocytosis. 

 

Structure: Prokaryotic ribosomes are around 20 nm (200 Å) in diameter and are composed 

of 65% ribosomal RNA and 35% ribosomal proteins. Eukaryotic ribosomes are between 25 

and 30 nm (250–300 Å) in diameter and the ratio of rRNA to protein is close to 1. Bacterial 

subunits consist of one or two and eukaryotic of one or three very large RNA molecules 

(known as ribosomal RNA or rRNA) and multiple smaller protein molecules. 

Crystallographic work has shown that there are no ribosomal proteins close to the reaction 

site for polypeptide synthesis. This proves that the protein components of ribosomes do not 

directly participate in peptide bond formation catalysis, but rather suggests that these proteins 

act as a scaffold that may enhance the ability of rRNA to synthesize protein. 

 

The ribosomal subunits of prokaryotes and eukaryotes are quite similar. The unit of 

measurement is the Svedberg unit (S), a measure of the rate of sedimentation in 

centrifugation rather than size, and this accounts for why fragment names do not add up (70S 

is made of 50S and 30S). Prokaryotes have 70S ribosomes, each consisting of a small (30S) 

and a large (50S) subunit. Their small subunit has a 16S rRNA subunit (consisting of 1540 

nucleotides) bound to 21 proteins. The large subunit is composed of a 5S rRNA subunit (120 

nucleotides), a 23S rRNA subunit (2900 nucleotides) and 34 proteins. Affinity label for the 

tRNA binding sites on the E. coli ribosome allowed the identification of A and P site proteins 

most likely associated with the peptidyltransferase activity. It is also shown that the S1 and 

S21 proteins, in association with the 3'-end of 16S rRNA are involved in the initiation of 

translation. 
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Eukaryotes have 80S ribosomes, each consisting of a small (40S) and large (60S) subunit. 

Their 40S subunit has an 18Sr RNA (1900 nucleotides) and 33 proteins. The large subunit is 

composed of a 5S rRNA (120 nucleotides), 28SrRNA (4700 nucleotides), a 5.8SrRNA (160 

nucleotides) subunits and 49 proteins. During1977, Czernilofsky published research that used 

affinity labeling to identify tRNA-binding sites on rat liver ribosomes. Several proteins, 

including L32/33, L36, L21, L23, L28/29 and L13 were implicated as being at or near the 

peptidyl transferase center. 

 

The various ribosomes share a 

core structure, which is quite 

similar despite the large 

differences in size. Much of the 

RNA is highly organized into 

various tertiary structural motifs, 

for example pseudoknots that 

exhibit coaxial stacking. The 

extra RNA in the larger 

ribosomes is in several long 

continuous insertions, such that 

they form loops out of the core 

structure without disrupting or changing it. All of the catalytic activity of the ribosome is 

carried out by the RNA; the proteins reside on the surface and seem to stabilize the structure. 

 

The ribosomes found in chloroplasts and mitochondria of eukaryotes also consist of large and 

small subunits bound together with proteins into one 70S particle. These organelles are 

believed to be descendants of bacteria and as such their ribosomes are similar to those of 

bacteria. 

The differences between the bacterial and eukaryotic ribosomes are exploited by 

pharmaceutical chemists to create antibiotics that can destroy a bacterial infection without 

harming the cells of the infected person. Due to the differences in their structures, the 

bacterial 70S ribosomes are vulnerable to these antibiotics while the eukaryotic 80S 

ribosomes are not. Even though mitochondria possess ribosomes similar to the bacterial ones, 

mitochondria are not affected by these antibiotics because they are surrounded by a double 

membrane that does not easily admit these antibiotics into the organelle. 
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15.3 Function: Ribosomes are the workhorses of protein biosynthesis, the process of 

translating mRNA into protein. The mRNA comprises a series of codons that dictate to the 

ribosome the sequence of the amino acids 

needed to make the protein. Using the 

mRNA as a template, the ribosome 

traverses each codon (3 nucleotides) of 

the mRNA, pairing it with the 

appropriate amino acid provided by an 

aminoacyl-tRNA. aminoacyl-tRNA 

contains a complementary anticodon on one end and the appropriate amino acid on the other. 

The small ribosomal subunit, typically bound to an aminoacyl-tRNA containing the amino 

acid methionine, binds to an AUG codon on the mRNA and recruits the large ribosomal 

subunit. The ribosome contains three RNA binding sites, designated A, P and E. The A site 

binds an aminoacyl-tRNA; the P site binds a peptidyl-tRNA (a tRNA bound to the peptide 

being synthesized); and the E site binds a free tRNA before it exits the ribosome. Protein 

synthesis begins at a start codon AUG near the 5' end of the mRNA. mRNA binds to the P 

site of the ribosome first. The ribosome is able to identify the start codon by use of the Shine-

Dalgarno sequence of the mRNA in prokaryotes and Kozak box in eukaryotes. 

 

 

15.4 Nucleosome: DNA is the fundamental storage material for the genetic "blueprints" of all 

living organisms. It consists of a double-stranded chain of nucleotides twisting to form a 

double helix. The ordering of the nucleotides in the chain provides the basic "code" for the 

organism. The genetic information of a single eukaryotic cell is stored in DNA molecules that 

are in total over 2m long, but compact in the cell’s nucleus to nearly one millionth of this 

length. This is achieved by a hierarchical scheme of folding and compaction into protein–

DNA assemblies called chromatin. Despite this enormous degree of compaction, DNA must 

be rapidly accessible to permit its interaction with protein machineries that regulate the 

functions of chromatin: replication, repair and recombination. The dynamic organization of 

chromatin structure thereby influences, potentially, all functions of the genome. The 

fundamental unit of chromatin, termed the nucleosome, is composed of DNA and histone 

proteins.  

The nucleosome is the fundamental unit of chromatin. It is composed of: 
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• a core particle and  

• a linker region (or internucleosomal region) that joins adjacent core particles.  

The nucleosome core particle is highly conserved 

between species and is composed of about 146 bp of 

DNA wrapped in 1.67 left-handed superhelical turns 

around the histone octamer, consisting of 2 copies each of 

the core histones H2A, H2B, H3, and H4. 

Adjacent nucleosomes are joined by a stretch of free 

DNA termed "linker DNA" (which varies from 10 - 80 bp 

in length depending on species and tissue type). Therefore, the total length of DNA in the 

nucleosome can vary with species from 160 to 241 base pairs.   

15.5 Histone proteins:  

1. Core histones: The core histones, H3, H4, H2A and H2B, are small, basic proteins highly 

conserved in evolution. The most conserved region of these histones is their central domain 

composed of the characteristic structural motif termed the "histone fold," which consists of 

three alpha-helices (α1-3) separated by two loops (L1-2). In solution, the histones form H2A-

H2B heterodimers and H3-H4 heterotetramers. Histones dimerise about their long α2 helices 

in an anti-parallel orientation, and, in the case of H3 and H4, two such dimers form a 4-helix 

bundle stabilised by extensive H3-H3’ interaction. The H2A/H2B dimer binds onto the 

H3/H4 tetramer due to interactions between H4 and H2B, which include the formation of a 

hydrophobic cluster. The histone octamer is formed by a central H3/H4 tetramer sandwiched 

between two H2A/H2B dimers. Due to the highly basic charge of all four core histones, the 

histone octamer is stable only in the presence of DNA or very high salt concentration. 

In contrast, the N-terminal tails of each core histone is more variable and unstructured. The 

tails are particularily rich in lysine and arginine residues making them extremely basic. This 

region is the site of numerous post-translational modifications that are proposed to modify its 

charge and thereby alter DNA accessibility and protein/protein interactions with the 

nucleosome. It is significant to note that other proteins that interact with DNA also contain 

the "histone fold domain"  

2. Linker histones: Linker histones associate with the linker region of DNA between two 

nucleosome cores. In higher eukaryotes, they are composed of three domains: a globular, 

non-polar central domain essential for interactions with DNA and two non-structured N- and 



Unit-15: Structure and functions of ribosome and nucleosome 
 

Block-4: Unit-15 Page 241 
 

C- terminal tails that are highly basic and proposed to be the site of post translational 

modifications. The linker histones have a role in spacing nucleosomes and can modulate 

higher order compaction by providing an interaction region between adjacent nucleosomes.  

Chromatin assembly: The assembly of DNA into chromatin involves a range of events, 

beginning with the formation of the basic unit, the nucleosome, and ultimately giving rise to a 

complex organization of specific domains within the nucleus. This step-wise assembly 

includes  

° The first step is the deposition onto the DNA of a tetramer of newly synthesized (H3-H4)2 

to form a sub-nucleosomal particle by chromatin assembly factors, which is followed by 

the addition of two H2A-H2B dimers. This produces a nucleosomal core particle 

consisting of 146 base pairs of DNA wound around the histone octamer. This core particle 

and the linker DNA together form the nucleosome. 

Newly synthesized histones are specifically modified 

(e.g.the acetylation of histone H4).  

° The next step is the maturation step that requires ATP 

to establish regular spacing of the nucleosome cores to 

form the nucleofilament. During this step the newly 

incorporated histones are de-acetylated.  

° Next the incorporation of linker histones is 

accompanied by folding of the nucleofilament into the 

30nm fibre, the structure of which remains to be 

elucidated. Two principal models exist: the solenoid 

model and the zig zag.  

° Finally, further successive folding events lead to a high level of organization and specific 

domains in the nucleus.  

At each of the steps described above, variation in the composition and activity of chromatin 

can be obtained by modifying its basic constituents and the activity of stimulatory factors 

implicated in the processes of its assembly and disassembly.  

Assembly begins with the incorporation of the H3/H4 tetramer (1), followed by the addition 

of two H2A-H2B dimers (2) to form a core particle. The newly synthesized histones utilized 

are specifically modified; typically, histone H4 is acetylated at Lys5 and Lys12 (H3-H4). 

Maturation requires ATP to establish a regular spacing, and histones are de-acetylated (3). 

The incorporation of linker histones is accompanied by folding of the nucleofilament. Here 
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the model presents a solenoid structure in which there are six nucleosomes per gyre (4). 

Further folding events lead ultimately to a defined domain organization within the nucleus 

Histone post-translational modifications: Since they were discovered in the mid-1960s, 

histone modifications have been predicted to affect transcription. The fact that most of the 

early post-translational modifications found were concentrated within the tail extensions that 

protrude from the nucleosome core lead to two main theories regarding the mechanism of 

histone modification. The first of the theories suggested that they may affect electrostatic 

interactions between the histone tails and DNA to “loosen” chromatin structure. Later it was 

proposed that combinations of these modifications may create binding epitopes with which to 

recruit other proteins. Recently, given that more modifications have been found in the 

structured regions of histones, it has been put forward that these modifications may affect 

histone-DNA and histone-histone interactions within the nucleosome core. Modifications 

(such as acetylation or phosphorylation) that lower the charge of the globular histone core are 

predicted to "loosen" core-DNA association; the strength of the effect depends on location of 

the modification within the core. Some modifications have been shown to be correlated with 

gene silencing; others seem to be correlated with gene activation. Common modifications 

include acetylation, methylation, or ubiquitination of lysine; methylation of arginine; and 

phosphorylation of serine. The information stored in this way is considered epigenetic, since 

it is not encoded in the DNA but is still inherited to daughter cells. The maintenance of a 

repressed or activated status of a gene is often necessary for cellular differentiation. 

 

15.6 Summary: Ribosomes are cytoplasmic granules composed of RNA and protein, at 

which protein synthesis takes place. They were first observed by Palade in the electron 

microscope as dense particles or granules. Upon isolation, they were shown to contain 

approximately equal amounts of RNA and protein. To function actively in protein synthesis, 

they must be bound into complete ribosomes. We know that ribosomes are but one of the 

required components necessary for the synthesis of protein. The others are messenger RNA, 

which carries the genetic message; soluble RNA, which carries amino acids to be 

synthesized; and guanosine triphosphate, which is the source of energy. A number of 

ribosomes may be attached to the same messenger, each manufacturing its own chain of 

polypeptides, called a polysome. Ribosomes are also found in the mitochondria and 

chloroplasts of eukaryotic cells. They are always smaller than the 80S cytoplasmic 

ribosomes, and are comparable to prokaryotic ribosomes in both size and sensitivity to 

antibiotics, although the sedimentation values vary somewhat in different phyla. Prokaryotic 
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and eukaryotic ribosomes do not differ in any fundamental way; both preform the same 

functions by the same set of chemical reactions. The genetic code is the same in all living 

organism, and it has been demonstrated that eukaryotic ribosomes are able to translate 

bacterial mRNAs correctly. Eukaryotic ribosomes are much larger that prokaryotic ones and 

most of their proteins are different. Antibiotics such as chloramphenicol inhibit bacterial but 

not eukaryotic ribosomes. Protein synthesis by eukaryotic ribosomes is inhibited by 

cycloheximide. Mitochondrial and chloroplast ribosomes resemble those in bacteria. They are 

inhibited by chloramphenicol, and hybrid ribosomes containing one bacterial and one 

chloroplast ribosome subunit, for example, are fully active in protein synthesis. Hybrid 

eukaryotic ribosomes containing subunits from both plants and mammals are also active in 

protein synthesis, but are inactive if one of the subunits is derived from bacteria. Some 

structural resemblance must exist, however, since reconstruction experiments have shown 

that two proteins from the large subunit of E. coli can replace the homologous proteins in 

mammalian ribosomes. In summary, there is little structural but considerably functional 

homology between prokaryotic and eukaryotic ribosomes. Cells devote considerable effort to 

the production of these essential organells. For example, an E. coli cell contains 

approximately 15,000 ribosomes, each one with a molecular weight of about three million 

daltons. Ribosomes therefore represent twenty-five percent of the total mass of these bacterial 

cells.  

15.7 Key words:  

Messenger RNA (mRNA): A single-stranded RNA molecule that is synthesized during 

transcription,is complementary to one of the strands of double-stranded DNA, and serves to 

transmit the genetic information contained in DNA to the ribosomes for protein synthesis. 

Transfer RNA (tRNA): A low molecular weight RNA molecule, containing about 70 to 80 

nucleotides, that binds an amino acid and transfers it to the ribosomes for incorporation into a 

polypeptide chain during translation. Transfer RNA has a sedimentation coefficient of about 

4S, is characterized by having a high content of minor bases, and binds to the codon in 

messenger RNA by way of a complementary anticodon that is present in the transfer RNA. 

The secondary structure of transfer RNA consists of a clover leaf configuration, with the 

chain folded back upon it and held together by means of hydrogen bonding. The clover leaf is 

folded once more to yield an L-shaped tertiary structure in which portions of the RNA strand 

are held together by means of tertiary hydrogen bonding. 

Ribonucleoprotein (RNP): A conjugated protein that contains RNA as the nonprotein 

portion. 
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Exocytosis: The process whereby fluids and particles are discharged from a cell; involves the 

endoplasmic reticulum, the Golgi apparatus, and secretory granules. 

Svedberg unit (S): Is a non-SI unit for sedimentation rate. The sedimentation rate for a 

particle of a given size and shape measures how fast the particle settles, or sediments. It is 

often used to reflect the rate at which a molecule travels to the bottom of a test tube under the 

centrifugal force of a centrifuge. The Svedberg unit offers a measure of particle size based on 

its rate of travel in a tube subjected to high gravitational force. 

Kozak consensus sequence/ Kozak box: Is a sequence which occurs 

on eukaryotic mRNA and has the consensus (gcc) gccRccAUGG. The Kozak consensus 

sequence plays a major role in the initiation of the translation process. The sequence was 

named after the person who brought it to prominence, Marilyn Kozak. 

Codon: The sequence of three adjacent nucleotides that occurs in mRNA and that functions 

as a coding unit for a specific amino acid in protein synthesis. The codon determines which 

amino acid will be incorporated into the protein at a particular position in the polypeptide 

chain. There are 64 codons, 61 of which code for amino acids and 3 of which serve as 

termination codons. Codons are written 5'-XYZ-3'. 

15.8 Questions for self study:  

12. Explain in detail the structure of prokaryotic ribosome?  

13. How does prokaryotic ribosome differ from eukaryotic ribosome? 

14. Name the RNA types present in prokaryotic and eukaryotic ribosomes? 

15. Explain the role of ribosomes in protein biosynthesis? 

16. Explain in detail the structure and composition of nucleosomes? 

17. With the help of a diagram describe the assembly of chromatin? 

18. Write a note on histone proteins and their role in nucleosome organization. 

19. With the help of a diagram explain noncyclic photophosphorylation 

20. Name the locations within the cell where ribosomes can be found? 

21. Compare the role of free and membrane bound ribosomes in a cell. 

15.9 Further references: 

→ Molecular biology of the Cell-Alberts et al. 

→ Molecular Cell Biology. 5th Edn. Lodish, H, et al., W H Freeman. 

→ Cell and Molecular Biology. Karp, J. John Wiey and Sons Inc. 

→ The Cell-Molecular approach. 4th Ed. Geoffrey M Cooper and Robert E Hausman. 

→ Cell Biology- A Laboratory Handbook. 3rd Ed, 4th Vol, Julio E Celis. 
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16.0 Objectives:  

a) To learn the composition of the cytoplasm 

b) To understand the role of different components of cytoplasm 

c) To learn the functions of cytoplasm towards the maintenance of the cell homeostasis. 

 

16.1 Introduction: Cells are the building blocks of life and each cell houses some organelles 

that are suspended in a gel-like substance called cytoplasm, which plays a vital role in 

cellular functions. It is a common fact that cells are the basic structural and functional units of 

life. Each type of cell has its own functions, which are carried out by its organelles. It is the 

joint effort of these structures that make a cell work efficiently. The components of a cell are 

enclosed within the cell membrane. Though this membrane is like a barrier between 

individual cells it allows selective entry of molecules and ions inside the cell. These 

molecules and ions cross the cell membrane and travel through the cytoplasm to reach the 

organelles. The internal organelles of the cell are suspended in the cytoplasm, which is 

gelatinous fluid that fills the interior of the cell. In the current unit we will reiterate the 

importance of cytoplasm which we have studied in detail in our previous blocks of this 

course. 

 

16.2 Composition of cytoplasm and its role in cell function: It is a common fact that cells 

are the basic structural and functional units of life. Each type of cell has its own functions, 

which are carried out by its organelles. The organelles of the cell are suspended in the 

cytoplasm, which is a gelatinous fluid that fills the interior of the cell. All of the contents of 

the cells of prokaryotic organisms (such as bacteria, which lack a cell nucleus) are contained 

within the cytoplasm. Whereas in the cells of eukaryotic organisms the contents of the cell 

nucleus are separated from the cytoplasm, and are then called the nucleoplasm. The 

cytoplasm is about 70% to 90% water and usually colourless. In plants, movements of the 

cytoplasm around vacuoles are known as cytoplasmic streaming. 

 Cytoplasm is classified into two types - ectoplasm and endoplasm. Ectoplasm represents the 

outer non-granular part of the cytoplasm, whereas endoplasm is the granular cytoplasm found 

in the inner regions of a cell.  

The cytoplasm has three major elements; the cytosol, organelles and inclusions.  

http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Nucleoplasm
http://en.wikipedia.org/wiki/Plant
http://en.wikipedia.org/wiki/Cytoplasmic_streaming
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Cytosol: Cytosol is the liquid part of the cytoplasm, excluding the internal organelles. 

Cytosol makes up about 70% of the cell volume and is composed of water, salts and organic 

molecules. The cytosol is a complex mixture of cytoskeletal filaments, dissolved molecules, 

and water that fills much of the volume of a cell. The cytosol also contains the protein 

filaments that make up the cytoskeleton, as well as soluble proteins and small structures such 

as ribosomes, proteasomes, and the mysterious vault complexes. 

Due to this network of fibres and high concentrations of dissolved macromolecules, such as 

proteins, an effect called macromolecular crowding occurs and the cytosol does not act as an 

ideal solution. This crowding effect alters how the components of the cytosol interact with 

each other. 

Organelles: Organelles (literally means "little organs"), are usually membrane-bound, and 

are structures inside the cell that have specific functions. Some major organelles that are 

suspended in the cytosol are the mitochondria, the endoplasmic reticulum, the Golgi 

apparatus, vacuoles, lysosomes, and in plant cells chloroplasts. 

16.3 Cytoplasmic inclusions: The inclusions are small particles of insoluble substances 

suspended in the cytosol. A huge range of inclusions exist in different cell types, and range 

from crystals of calcium oxalate or silicon dioxide in plants, to granules of energy-storage 

materials such as starch, glycogen, or polyhydroxybutyrate. A particularly widespread 

example are lipid droplets, which are spherical droplets composed of lipids and proteins that 

are used in both prokaryotes and eukaryotes as a way of storing lipids such as fatty acids and 

sterols.Lipid droplets make up much of the volume of adipocytes, which are specialized lipid-

storage cells, but they are also found in a range of other cell types. 

16.4 Functions of cytoplasm 

• Cytoplasm provides support to the internal structures of the cell. It houses a network 

of protein filaments called cytoskeleton, which helps to maintain the shape and 

consistency of the cell. These filaments hold the internal organelles in place, which 

would otherwise form a group, near the bottom of the cell. 

• Another important function of cytoplasm is its role in the movement of the internal 

organelles as well as the cell in whole. While the actin filaments in the ectoplasm 

http://en.wikipedia.org/wiki/Protein_filament
http://en.wikipedia.org/wiki/Protein_filament
http://en.wikipedia.org/wiki/Cytoskeleton
http://en.wikipedia.org/wiki/Proteins
http://en.wikipedia.org/wiki/Ribosome
http://en.wikipedia.org/wiki/Proteasome
http://en.wikipedia.org/wiki/Cytoplasm
http://en.wikipedia.org/wiki/Macromolecule
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Macromolecular_crowding
http://en.wikipedia.org/wiki/Ideal_solution
http://en.wikipedia.org/wiki/Mitochondria
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Golgi_apparatus
http://en.wikipedia.org/wiki/Golgi_apparatus
http://en.wikipedia.org/wiki/Vacuoles
http://en.wikipedia.org/wiki/Lysosomes
http://en.wikipedia.org/wiki/Chloroplast
http://en.wikipedia.org/wiki/Calcium_oxalate
http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Starch
http://en.wikipedia.org/wiki/Glycogen
http://en.wikipedia.org/wiki/Polyhydroxybutyrate
http://en.wikipedia.org/wiki/Lipid_droplet
http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Sterol
http://en.wikipedia.org/wiki/Adipocyte
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facilitate movement of the cell in whole, the inner protein filaments help the 

organelles and other structures to move inside the cell. 

• Apart from storing various nutrients, the cytoplasm is that location where numerous 

vital cellular reactions (like anaerobic glycolysis and protein synthesis) and activities 

take place. This gel-like substance helps the cell to carry, absorb and process the 

necessary nutrients. 

• The enzymes in the cytosol break down large molecules, thereby helping the 

organelles to use them. For example, the mitochondria in the cell cannot use the 

glucose molecules present in the cytoplasm. The enzymes in the cytosol break down 

these glucose molecules into pyruvate molecules, which are then used by the 

mitochondria. Exchange of chemicals between the organelles is also one among the 

different cytoplasm functions. 

In short, cytoplasm is the binding factor for the organelles inside the cell and it 

synchronizes the various cellular functions. 

16.5 Difference between cytoplasm and cytosol: Cytosol is the intra-cellular fluid that is 

present inside the cells. Once the process of eukaryotes starts, the fluid is separated by the 

cell membrane from the organelles (mitochondrial matrix) and the other contents that float 

about in the cytosol. Cytosol is the part of the cytoplasm that is not held by any of the 

organelles in the cell. On the other 

hand, cytoplasm is the part of the cell 

which is contained within the entire cell 

membrane. It is the total content within 

the cell membrane other than the 

contents of the nucleus of the cell. All 

the cell organelles in eukaryotic cells 

are contained within the cytoplasm. The 

central, granular mass in the cytoplasm 

is the endoplasm while the surrounding lucid layer is known as the cell cortex or the 

ectoplasm.  

It is in the cytosol that all the metabolic chemical reactions of prokaryotes take place. On the 

contrary large scale cellular activities including glycolysis, cell division and other metabolic 

paths take place in the cytoplasm. Cytoplasm is the gelatin-like, semi-transparent liquid that 

Membrane-enclosed organelles are distributed throughout the 
cytoplasm. (A) A variety of membrane-bounded compartments 
exist within eukaryotic cells, each specialized to perform a 
different function. (B) The rest of the cell, excluding all these 
organelles, is called the cytosol. This is the site of many vital 
cellular activities. 
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fills the cell. It contains the mitochondrion, golgi apparatus, vacuoles, plastids, cell wall and 

the endoplasmic reticulum. The major components in cytosol are concentration gradients, 

protein complexes, protein compartments and cytoskeletal sieving. Even though none of 

these components are alienated by cell membranes still they don’t mix as numerous levels of 

union confine definite molecules to distinct locales inside the cytosol. On the other hand, 

cytoplasm is made of three chief elements including the cytosol, the cell organelles and the 

inclusions. 

The vital composition of cytosol comprises of a lot of water, dissolved ions, large water 

soluble molecules, smaller minute molecules and proteins. The combination of diminutive 

molecules is an excessively complicated solution involving each and every molecule that is 

required in metabolism. Cytoplasm on the other hand is made of water up to 80%. Other 

substances present in the cytoplasm are nucleic acids, enzymes, lipids, non-organic ions, 

amino acids, carbohydrates, and lightweight molecular compounds. Other than these, 

cytoplasm also contains salts and nutrients in a dissolved state which helps to get the water 

components easily absorbed by the cell. The cytoplasm is an excellent conductor of 

electricity. Moreover, the presence of cytoplasm within the cell helps the various materials to 

navigate all around within the cell with the help of cytoplasmic streaming. 

16.6 Summary:  

1. Cytosol is the intra-cellular fluid that is present inside the cells. On the other hand, 

cytoplasm is that part of the cell which is contained within the entire cell membrane. 

2. Cytosol comprises of a lot of water, dissolved ions, large water soluble molecules, smaller 

minute molecules and proteins. Cytoplasm on the other hand is made of water up to 80% 

nucleic acids, enzymes, lipids, non-organic ions, amino acids, carbohydrates, and lightweight 

molecular compounds. 

3. It is in the cytosol that all the metabolic chemical reactions of prokaryotes take place. On 

the contrary large scale cellular activities including glycolysis, cell division and other 

metabolic paths take place in the cytoplasm. 

16.7 Key words: Cytosol, Cytoplasm, Organelles, Cytoplasmic inclusions.  

16.8 Questions for self study: 

1. What is cytoplasm? 

2. How is cytosol different from cytoplasm? 

3. List the functions of the cytoplasm and cytosol. 



Unit-16: Composition of cytoplasm and its role in cell function 
 

Block-4: Unit-16 Page 250 
 

16.9 Further references: 

→ Molecular biology of the Cell –Alberts et al. 

→ Molecular Cell Biology. 5th Edn. Lodish, H, et al., W H Freeman. 

→ Cell and Molecular Biology. Karp, J.John Wiey and Sons Inc. 

→ The Cell-Molecular approach. 4th Ed. Geoffrey M Cooper and Robert E Hausman. 

→ Cell Biology- A Laboratory Handbook. 3rd Ed, 4th Vol, Julio E Celis. 

 

 


