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Organization of life 

Biological organization, or the hierarchy of life, is the hierarchy of complex biological structures and systems that 

define life using a reductionistic approach. The traditional hierarchy extends from atoms (or lower) to biospheres. 

Levels 

The simple standard biological organization scheme, from the lowest level to the highest level, is as follows: 

 

Features of Living Organisms 

A high degree of chemical complexity and microscopic organization: 

Thousands of different molecules make up a cell’s intricate internal structures. Each has its characteristic sequence 

of subunits, its unique three-dimensional structure, and its highly specific selection of binding partners in the cell. 

Systems for extracting, transforming, and using energy from the environment 

Enabling organisms to build and maintain their intricate structures and to do mechanical, chemical, osmotic, and 

electrical work. Inanimate matter tends, rather, to decay toward a more disordered state, to come to equilibrium with 

its surroundings. 

A capacity for precise self-replication and self-assembly: 

A single bacterial cell placed in a sterile nutrient medium can give rise to a billion identical “daughter” cells in 24 

hours. Each cell contains thousands of different molecules, some extremely complex; yet each bacterium is a faithful 

copy of the original, its construction directed entirely from information contained within the genetic material of the 

original cell. 
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Mechanisms for sensing and responding to alterations in their surroundings, constantly adjusting to these 

changes by adapting their internal chemistry. 

Defined functions for each of their components and regulated interactions among them. 

This is true not only of macroscopic structures, such as leaves and stems or hearts and lungs, but also of microscopic 

intracellular structures and individual chemical compounds. The interplay among the chemical components of a 

living organism is dynamic; changes in one component cause coordinating or compensating changes in another, with 

the whole ensemble displaying a character beyond that of its individual parts. The collection of molecules carries out 

a program, the end result of which is reproduction of the program and self-perpetuation of that collection of 

molecules — in short, life. 

A history of evolutionary change: 

Organisms change their inherited life strategies to survive in new circumstances. The result of eons of evolution is 

an enormous diversity of life forms, superficially very different but fundamentally related through their shared 

ancestry.  

Classification of Organisms According to their Source of Energy 

Organisms can be classified according to how they obtain the energy and carbon they need for synthesizing cellular 

material. There are two broad categories based on energy sources: phototrophs trap and use sunlight, and 

chemotrophs derive their energy from oxidation of a fuel. All chemotrophs require a source of organic nutrients; 

they cannot fix CO2 into organic compounds. The phototrophs can be further divided into those that can obtain all 

needed carbon from CO2 (autotrophs) and those that require organic nutrients (heterotrophs). No chemotroph can 

get its carbon atoms exclusively from CO2 (that is, no chemotrophs are autotrophs), but the chemotrophs may be 

further classified according to a different criterion: whether the fuels they oxidize are inorganic (lithotrophs) or 

organic (organotrophs). Most known organisms fall within one of these four broad categories—autotrophs or 

heterotrophs among the photosynthesizers, lithotrophs or organotrophs among the chemical oxidizers. The 

prokaryotes have several general modes of obtaining carbon and energy. Escherichia coli, for example, is a 

chemoorganoheterotroph; it requires organic compounds from its environment as fuel and as a source of carbon. 

Cyanobacteria are photolithoautotrophs; they use sunlight as an energy source and convert CO2 into biomolecules. 

Humans, like E. coli, are chemo-organoheterotrophs.  
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Eukaryotic Cell Structure 
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Importance of Water 

Water is the most abundant substance in living systems, making up 70% or more of the weight of most organisms. 

Hydrogen bonds between water molecules provide the cohesive forces that make water a liquid at room temperature 

and that favor the extreme ordering of molecules that is typical of crystalline water (ice). Polar Biomolecules 

dissolve readily in water because they can replace water-water interactions with more energetically favorable water-

solute interactions. In contrast, nonpolar biomolecules interfere with water-water interactions but are unable to form 

water-solute interactions— consequently, nonpolar molecules are poorly soluble in water. In aqueous solutions, 

nonpolar molecules tend to cluster together. 

Hydrogen bonds and ionic, hydrophobic and van der Waals interactions are individually weak, but collectively they 

have a very significant influence on the three-dimensional structures of proteins, nucleic acids, polysaccharides, and 

membrane lipids. 

Note: “flickering clusters” represents short-lived groups of water molecules interlinked by hydrogen bonds in liquid 

water. 

Solubilities of Some Gases in Water 

 

N2 > O2 > CO2 > NH3 H2S 

 

 

Key notes 

 The very different electronegativities of H and O make water a highly polar molecule, capable of forming hydrogen 

bonds with itself and with solutes. Hydrogen bonds are fleeting, primarily electrostatic, and weaker than covalent 

bonds. Water is a good solvent for polar (hydrophilic) solutes, with which it forms hydrogen bonds, and for charged 

solutes, with which it interacts electrostatically. 

 Nonpolar (hydrophobic) compounds dissolve poorly in water; they cannot hydrogen-bond with the solvent, and their 

presence forces an energetically unfavorable ordering of water molecules at their hydrophobic surfaces. To 

minimize the surface exposed to water, nonpolar compounds such as lipids form aggregates (micelles) in which the 

hydrophobic moieties are sequestered in the interior, associating through hydrophobic interactions, and only the 

more polar moieties interact with water. 

 Numerous weak, noncovalent interactions decisively influence the folding of macromolecules such as proteins and 

nucleic acids. The most stable macromolecular conformations are those in which hydrogen bonding is maximized 

within the molecule and between the molecule and the solvent, and in which hydrophobic moieties cluster in the 

interior of the molecule away from the aqueous solvent. 

 The physical properties of aqueous solutions are strongly influenced by the concentrations of solutes. When two 

aqueous compartments are separated by a semipermeable membrane (such as the plasma membrane separating a cell 

from its surroundings), water moves across that membrane to equalize the osmolarity in the two compartments. This 

tendency for water to move across a semipermeable membrane is the osmotic pressure. 

Decreasing order of solubility 
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Ionization of Water, Weak Acids, and Weak Bases: 

 

 

Buffering against pH Changes in Biological Systems 

Almost every biological process is pH dependent; a small change in pH produces a large change in the rate of the 

process. This is true not only for the many reactions in which the H+ ion is a direct participant, but also for those in 

which there is no apparent role for H+ ions. The enzymes that catalyze cellular reactions, and many of the molecules 
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on which they act, contain ionizable groups with characteristic pKa values. The protonated amino and carboxyl 

groups of amino acids and the phosphate groups of nucleotides, for example, function as weak acids; their ionic state 

depends on the pH of the surrounding medium. Constancy of pH is achieved primarily by biological buffers: 

mixtures of weak acids and their conjugate bases. 

 

Biological buffering is illustrated by the phosphate and carbonate buffering systems of humans. 

Henderson- Hasselbalch Equation 

 

 

Numerical Problems 
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Key Notes 

 

GATE2007 

Q.1 The maximum number of hydrogen bonds that a molecule of water can form is 

 (A)1  (B) 2  (C) 3  (D) 4 

GATE 2009 

Q.2 Equal volumes of two buffers of pH 4 and pH 6 of identical ionic strength are mixed. The resultant pH is  

 (A) Close to 4.  (B) Close to 5.  (C) Close to 6.  (D) Exactly 5. 

 

Answers:  

1-D  2-A 
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Biochemical Separation Techniques & 
Characterization 

Protein Purification and Chromatographic Techniques 

To study a protein in detail, the researcher must be able to separate it from other proteins and must have the 

techniques to determine its properties. 

A pure preparation is essential before a protein’s properties and activities can be determined. Given that cells 

contain thousands of different kinds of proteins, how can one protein be purified? Methods for separating proteins 

take advantage of properties that vary from one protein to the next, including size, charge, and binding properties. 

The source of a protein is generally tissue or microbial cells. The first step in any protein purification procedure is to 

break open these cells, releasing their proteins into a solution called a crude extract. If necessary, differential 

centrifugation can be used to prepare subcellular fractions or to isolate specific organelles. Once the extract or 

organelle preparation is ready, various methods are available for purifying one or more of the proteins it contains. 

Commonly, the extract is subjected to treatments that separate the proteins into different fractions based on a 

property such as size or charge, a process referred to as fractionation. Early fractionation steps in a purification 

utilize differences in protein solubility, which is a complex function of pH, temperature, salt concentration, and 

other factors. The solubility of proteins is generally lowered at high salt concentrations, an effect called “salting 

out.” The addition of a salt in the right amount can selectively precipitate some proteins, while others remain in 

solution. Ammonium sulfate ((NH4)2SO4) is often used for this purpose because of its high solubility in water. A 

solution containing the protein of interest often must be further altered before subsequent purification steps are 

possible. For example, dialysis is a procedure that separates proteins from solvents by taking advantage of the 

proteins’ larger size. The partially purified extract is placed in a bag or tube made of a semipermeable membrane. 

When this is suspended in a much larger volume of buffered solution of appropriate ionic strength, the membrane 

allows the exchange of salt and buffer but not proteins. Thus dialysis retains large proteins within the membranous 

bag or tube while allowing the concentration of other solutes in the protein preparation to change until they come 

into equilibrium with the solution outside the membrane. Dialysis might be used, for example, to remove ammonium 

sulfate from the protein preparation. 

 The most powerful methods for fractionating proteins make use of column chromatography, which takes 

advantage of differences in protein charge, size, binding affinity, and other properties. A porous solid material with 

appropriate chemical properties (the stationary phase) is held in a column, and a buffered solution (the mobile 

phase) percolates through it. The protein-containing solution, layered on the top of the column, percolates through 

the solid matrix as an ever-expanding band within the larger mobile phase. Individual proteins migrate faster or 

more slowly through the column depending on their properties.  
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Introduction 

Biomolecules are purified using chromatography techniques that separate them according to differences in their 

specific properties, as shown in Figure 1. Ion exchange chromatography (IEX) separates biomolecules according to 

differences in their net surface charge. 
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Column Chromatography 

The standard elements of a chromatographic column include a solid, porous material supported inside a column, 

generally made of plastic or glass. The solid material (matrix) makes up the stationary phase through which flows a 

solution, the mobile phase. The solution that passes out of the column at the bottom (the effluent) is constantly 

replaced by solution supplied from a reservoir at the top. The protein solution to be separated is layered on top of the 

column and allowed to percolate into the solid matrix. Additional solution is added on top. The protein solution 

forms a band within the mobile phase that is initially the depth of the protein solution applied to the column. As 

proteins migrate through the column, they are retarded to different degrees by their different interactions with the 

matrix material. The overall protein band thus widens as it moves through the column. Individual types of proteins 

(such as A, B, and C) gradually separate from each other, forming bands within the broader protein band. Separation 

improves (resolution increases) as the length of the column increases.  However, each individual protein band also 

broadens with time due to diffusional spreading, a process that decreases resolution. In this example, protein A is 

well separated from B and C, but diffusional spreading prevents complete separation of B and C under these 

conditions.  

Ion Exchange Chromatography (IEX) 

IEX is based on the reversible interaction between a charged protein and an oppositely charged chromatography 

medium. Biomolecules with even small differences in net surface charge can be separated, and very high resolution 

is obtained by choosing the optimal ion exchanger and separation conditions. 

The net surface charge of a protein varies according to the surrounding pH. Typically, when the pH is above its 

isoelectric point (pI), a protein will bind to a positively charged anion exchanger. Below its pI, a protein will bind to 

a negatively charged cation exchanger. 

Anion and cation exchangers are classified as strong or weak, depending on how much the ionization state of the 

functional groups vary with pH.  A strong ion exchanger has the same charge density on its surface over a broad pH 

range, whereas the charge density of a weak ion exchanger changes with pH. The selectivity and the capacity of a 

weak ion exchanger are different at different pH values. We recommend to start with a strong ion exchanger (e.g., 

Q, S, or SP), and then to try a weak ion exchanger (e.g., DEAE or CM) if the selectivity is unsatisfactory. 

In IEX, proteins bind as they are loaded onto the column at low ionic strength. The conditions are then altered so 

that bound substances are eluted differentially. Elution is usually performed by increasing salt concentration or 

changing pH in a gradient, or stepwise. The most common salt is NaCl, but other salts can also be used. 

Cation-Exchange Chromatography 

The solid matrix has negatively charged groups. In the mobile phase, proteins with a net positive charge migrate 

through the matrix more slowly than those with a net negative charge, because the migration of the former is 

retarded more by interaction with the stationary phase. The two types of protein can separate into two distinct bands. 

The expansion of the protein band in the mobile phase (the protein solution) is caused both by separation of proteins 

with different properties and by diffusional spreading. As the length of the column increases, the resolution of two 

types of protein with different net charges generally improves. However, the rate at which the protein solution can 
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flow through the column usually decreases with column length. And as the length of time spent on the column 

increases, the resolution can decline as a result of diffusional spreading within each protein band.  

 

 

Ion-Exchange Chromatography  

Exploits differences in the sign and magnitude of the net electric charges of proteins at a given pH. The column 

matrix is a synthetic polymer containing bound charged groups; those with bound anionic groups are called cation 

exchangers, and those with bound cationic groups are called anion exchangers. Ion-exchange chromatography on a 

cation exchanger is shown here. The affinity of each protein for the charged groups on the column is affected by the 

pH (which determines the ionization state of the molecule) and the concentration of competing free salt ions in the 

surrounding solution. Separation can be optimized by gradually changing the pH and/or salt concentration of the 

mobile phase so as to create a pH or salt gradient. 
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Size-Exclusion Chromatography (SEC)  

Also known as Gel Filtration (GF) is the simplest and mildest of all chromatography techniques and separates 

molecules based on differences in size. 

Size exclusion chromatography separates proteins according to size. In this method, large proteins emerge from the 

column sooner than small ones—a somewhat counterintuitive result. The solid phase consists of beads with 

engineered pores or cavities of a particular size. Large proteins cannot enter the cavities, and so take a short (and 

rapid) path through the column, around the beads. Small proteins enter the cavities, and migrate through the column 

more slowly as a result. 

 
 

Size-Exclusion Chromatography 

Also called gel filtration, separates proteins according to size. The column matrix is a cross-linked polymer with 

pores of selected size. Larger proteins migrate faster than smaller ones, because they are too large to enter the pores 
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in the beads and hence take a more direct route through the column. The smaller proteins enter the pores and are 

slowed by their more labyrinthine path through the column. 

Affinity Chromatography 

This is based on the binding affinity of a protein. The beads in the column have a covalently attached chemical 

group. A protein with affinity for this particular chemical group will bind to the beads in the column, and its 

migration will be retarded as a result. 
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Affinity Chromatography  

This separates proteins by their binding specificities. The proteins retained on the column are those that bind 

specifically to a ligand cross-linked to the beads. (In biochemistry, the term “ligand” is used to refer to a group or 

molecule that binds to a macromolecule such as a protein.) After proteins that do not bind to the ligand are washed 

through the column, the bound protein of particular interest is eluted (washed out of the column) by a solution 

containing free ligand. 

A modern refinement in chromatographic methods is HPLC, or high-performance liquid chromatography. HPLC 

makes use of high-pressure pumps that speed the movement of the protein molecules down the column, as well as 

higher-quality chromatographic materials that can withstand the crushing force of the pressurized flow. By reducing 

the transit time on the column, HPLC can limit diffusional spreading of protein bands and thus greatly improve 

resolution. The approach to purification of a protein that has not previously been isolated is guided both by 

established precedents and by common sense. In most cases, several different methods must be used sequentially to 

purify a protein completely. The choice of method is somewhat empirical, and many protocols may be tried before 

the most effective one is found. Trial and error can often be minimized by basing the procedure on purification 

techniques developed for similar proteins.  

Proteins Can Be Separated and Characterized by Electrophoresis 

Another important technique for the separation of proteins is based on the migration of charged proteins in an 

electric field, a process called electrophoresis. These procedures are not generally used to purify proteins in large 

amounts, because simpler alternatives are usually available and electrophoretic methods often adversely affect the 

structure and thus the function of proteins. Electrophoresis is, however, especially useful as an analytical method. Its 

advantage is that proteins can be visualized as well as separated, permitting a researcher to estimate quickly the 

number of different proteins in a mixture or the degree of purity of a particular protein preparation. Also, 

electrophoresis allows determination of crucial properties of a protein such as its isoelectric point and approximate 

molecular weight.  

Electrophoresis of proteins is generally carried out in gels made up of the cross-linked polymer polyacrylamide. The 

polyacrylamide gel acts as a molecular sieve, slowing the migration of proteins approximately in proportion to their 

charge-to-mass ratio. Migration may also be affected by protein shape. In electrophoresis, the force moving the 

macromolecule is the electrical potential, E. The electrophoretic mobility of the molecule, , is the ratio of the 

velocity of the particle molecule, V, to the electrical potential. Electrophoretic mobility is also equal to the net 

charge of the molecule, Z, divided by the frictional coefficient, f, which reflects in part a protein’s shape. Thus: 

 

The migration of a protein in a gel during electrophoresis is therefore a function of its size and its shape. An 

electrophoretic method commonly employed for estimation of purity and molecular weight makes use of the 

detergent sodium dodecyl sulfate (SDS). 
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SDS binds to most proteins in amounts roughly proportional to the molecular weight of the protein, about one 

molecule of SDS for every two amino acid residues. The bound SDS contributes a large net negative charge, 

rendering the intrinsic charge of the protein insignificant and conferring on each protein a similar charge-to-mass 

ratio. In addition, the native conformation of a protein is altered when SDS is bound, and most proteins assume a 

similar shape. Electrophoresis in the presence of SDS therefore separates proteins almost exclusively on the basis of 

mass (molecular weight), with smaller polypeptides migrating more rapidly.  

After electrophoresis, the proteins are visualized by adding a dye such as Coomassie blue, which binds to proteins 

but not to the gel itself. Thus, a researcher can monitor the progress of a protein purification procedure as the 

number of protein bands visible on the gel decreases after each new fractionation step. When compared with the 

positions to which proteins of known molecular weight migrate in the gel, the position of an unidentified protein can 

provide an excellent measure of its molecular weight. If the protein has two or more different subunits, the subunits 

will generally be separated by the SDS treatment and a separate band will appear for each. 

Isoelectric focusing is a procedure used to determine the isoelectric point (pI) of a protein. A pH gradient is 

established by allowing a mixture of low molecular weight organic acids and bases to distribute themselves in an 

electric field generated across the gel. When a protein mixture is applied, each protein migrates until it reaches the 

pH that matches its pI. Proteins with different isoelectric points are thus distributed differently throughout the gel. 
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FIGURE: Isoelectric focusing. 

This technique separates proteins according to their isoelectric points. A stable pH gradient is established in the gel 

by the addition of appropriate ampholytes. A protein mixture is placed in a well on the gel. With an applied electric 

field, proteins enter the gel and migrate until each reaches a pH equivalent to its pI. Remember that when pH = pI, 

the net charge of a protein is zero. 

Combining isoelectric focusing and SDS electrophoresis sequentially in a process called two-dimensional 

electrophoresis permits the resolution of complex mixtures of proteins. This is a more sensitive analytical method 

than either electrophoretic method alone. Two-dimensional electrophoresis separates proteins of identical molecular 

weight that differ in pI, or proteins with similar pI values but different molecular weights. 

Unseparated Proteins Can Be Quantified 

To purify a protein, it is essential to have a way of detecting and quantifying that protein in the presence of many 

other proteins at each stage of the procedure. Often, purification must proceed in the absence of any information 

about the size and physical properties of the protein or about the fraction of the total protein mass it represents in the 

extract. For proteins that are enzymes, the amount in a given solution or tissue extract can be measured, or assayed, 

in terms of the catalytic effect the enzyme produces—that is, the increase in the rate at which its substrate is 

converted to reaction products when the enzyme is present. For this purpose one must know  

 The overall equation of the reaction catalyzed, 

 An analytical procedure for determining the disappearance of the substrate or the appearance of a reaction product, 
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 Whether the enzyme requires cofactors such as metal ions or coenzymes,  

 The dependence of the enzyme activity on substrate concentration, 

 The optimum pH, and  

 A temperature zone in which the enzyme is stable and has high activity. 

Enzymes are usually assayed at their optimum pH and at some convenient temperature within the range 25 to 38 oC. 

Also, very high substrate concentrations are generally used so that the initial reaction rate, measured experimentally, 

is proportional to enzyme concentration. 

By international agreement, 1.0 unit of enzyme activity is defined as the amount of enzyme causing transformation 

of 1.0 µ mol of substrate per minute at 25 oC under optimal conditions of measurement. The term activity refers to 

the total units of enzyme in a solution. The specific activity is the number of enzyme units per milligram of total 

protein. The specific activity is a measure of enzyme purity: it increases during purification of an enzyme and 

becomes maximal and constant when the enzyme is pure. 

After each purification step, the activity of the preparation (in units of enzyme activity) is assayed, the total amount 

of protein is determined independently, and the ratio of the two gives the specific activity. Activity and total protein 

generally decrease with each step. Activity decreases because some loss always occurs due to inactivation or 

nonideal interactions with chromatographic materials or other molecules in the solution. Total protein decreases 

because the objective is to remove as much unwanted or nonspecific protein as possible. In a successful step, the 

loss of nonspecific protein is much greater than the loss of activity; therefore, specific activity increases even as total 

activity falls.. A protein is generally considered pure when further purification steps fail to increase specific activity 

and when only a single protein species can be detected (for example, by electrophoresis). For proteins that are not 

enzymes, other quantification methods are required. Transport proteins can be assayed by their binding to the 

molecule they transport, and hormones and toxins by the biological effect they produce; for example, growth 

hormones will stimulate the growth of certain cultured cells. Some structural proteins represent such a large fraction 

of a tissue mass that they can be readily extracted and purified without a functional assay. The approaches are as 

varied as the proteins themselves. 

 

GATE2007 

Q.3  A mixture containing protein-1 ,-2,-3,-4, and-5 with molecular weights 5000, 10000,  25000, 65000 and 

100000, respectively, were separated on a sephadex G-50 column. The order of elution of proteins from the 

column will be 

(A) Protein-1, Protein-2, Protein-3, Protein-4, and Protein-5 

(B) Protein-5, Protein-4, Protein-3, Protein-2, and Protein-1 

(C) Protein-1,-2 and-3, elute first, followed by protein-5 and-4  

(D) Protein-4, and-5 elute first, followed by protein-3,-2, and-1 
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GATE 2010 

Q.4 A mixture of proteins (W, X, Y, Z) elute from sephadex G-200 column in the order W, X, Y, Z. The 

protein with maximum electrophoresis mobility on SDS – PAGE will be  

(A) W  (B) X  (C) Y  (D) Z 

 

Q.5 Match the items in in Group I with the most appropriate separation techniques in  

 Group II 

 Group I     Group II 

 P. Mixture of glycine and albumin   1. Gas chromatography 

 Q. Mixture of 20 and 60 kDa proteins 2. Dialysis 

 R. Histones from nuclear extract   3. Affinity chromatography 

 S. Lectins     4. Size exclusion chromatography 

       5. Thin layer chromatography 

       6. Cation exchange chromatography  

 (A) P – 1, Q – 4, R – 3, S – 5,   (B) P – 5, Q – 3, R – 6, S – 1 

 (C) P – 2, Q – 4, R – 6, S – 3,   (D) P – 6, Q – 5, R – 2, S – 4   

GATE 2009 

 

Q.6 A mixture of amino acids consisting of glycine, lysine, arginine, histidine, aspartic acid and glutamic acid 

was placed in the centre of a paper strip, moistened with buffer of pH 6  and electric current applied. The 

migration of amino acids was as follows: 

(A) Glycine, lysine and histidine moved towards the anode. Aspartic acid and glutamic acid  moved 

towards the cathode while arginine remained near the origin. 

(B) Aspartic acid and glutamic acid remained near the origin and lysine, histidine and  glycine moved 

towards the anode while arginine moved towards the cathode.  

(C) Glycine remained near the origin. Lysine arginine and histidine moved towards  the cathode while 

aspartic acid and glutamic acid moved towards the anode. 

 (D) All amino acids remained near the origin. 

 

GATE 2008 

Q.7 A mixture of proteins namely P,Q,R and S having molecular mass 50,80,120 and 150 KDa is applied on the 

sephadex – G 200 column. The order of their elution will be. 

 (A) P, Q, R, S  (B) S, R, Q, P  (C) Q, P, R, S  (D) P, Q, S, R 

 

 

 

Answers:  

3-D  4-D 5-C 6-C 7-B 

 

 

 


