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1. MOLECULES AND THEIR INTERACTION RELEVANT TO BIOLOGY 

F. PRINCIPLES OF CATALYSIS 

There are two fundamental conditions for life. First, the living entity must be able to self-

replicate; second, the organism must be able to catalyze chemical reactions efficiently and 

selectively. The central importance of catalysis may surprise some beginning students of 

biochemistry, but it is easy to demonstrate. Living systems make use of energy from the 

environment. Many of us, for example, consume substantial amounts of sucrose—common table 

sugar—as a kind of fuel, whether in the form of sweetened foods and drinks or as sugar itself. 

The conversion of sucrose to CO2 and H2O in the presence of oxygen is a highly exergonic 

process, releasing free energy that we can use to think, move, taste, and see. However, a bag of 

sugar can remain on the shelf for years without any obvious conversion to CO2 and H2O. 

Although this chemical process is thermodynamically favorable, it is very slow! Yet when 

sucrose is consumed by a human (or almost any other organism), it releases its chemical energy 

in seconds. The difference is catalysis. Without catalysis, chemical reactions such as sucrose 

oxidation could not occur on a useful time scale, and thus could not sustain life. 

Enzymes are central to every biochemical process. Acting in organized sequences, they 

catalyze the hundreds of stepwise reactions that degrade nutrient molecules, conserve and 

transform chemical energy, and make biological macromolecules from simple precursors. 

Through the action of regulatory enzymes, metabolic pathways are highly coordinated to yield a 

harmonious interplay among the many activities necessary to sustain life. 

Introduction to Enzymes 

Much of the history of biochemistry is the history of enzyme research. Biological 

catalysis was first recognized and described in the late 1700s, in studies on the digestion of meat 

by secretions of the stomach, and research continued in the 1800s with examinations of the 

conversion of starch to sugar by saliva and various plant extracts. In the 1850s, Louis Pasteur 

concluded that fermentation of sugar into alcohol by yeast is catalyzed by “ferments.” He 

postulated that these ferments were inseparable from the structure of living yeast cells; this view, 

called vitalism, prevailed for decades. Then in 1897 Eduard Buchner discovered that yeast 

extracts could ferment sugar to alcohol, proving that fermentation was promoted by molecules 

that continued to function when removed from cells. Frederick W. Kühne called these molecules 

enzymes. As vitalistic notions of life were disproved, the isolation of new enzymes and the 

investigation of their properties advanced the science of biochemistry. 
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Most Enzymes Are Proteins: With the exception of a small group of catalytic RNA 

molecules, all enzymes are proteins. Their catalytic activity depends on the integrity of their 

native protein conformation. If an enzyme is denatured or dissociated into its subunits, catalytic 

activity is usually lost. If an enzyme is broken down into its component amino acids, its catalytic 

activity is always destroyed. Thus the primary, secondary, tertiary, and quaternary structures of 

protein enzymes are essential to their catalytic activity. Enzymes, like other proteins, have 

molecular weights ranging from about 12,000 to more than 1 million. Some enzymes require no 

chemical groups for activity other than their amino acid residues. Others require an additional 

chemical component called a cofactor—either one or more inorganic ions, such as Fe
2+

, Mg
2+

, 

Mn
2+

, or Zn
2+

, or a complex organic or metalloorganic molecule called a coenzyme. Some 

enzymes require both a coenzyme and one or more metal ions for activity. A coenzyme or metal 

ion that is very tightly or even covalently bound to the enzyme protein is called a prosthetic 

group. A complete, catalytically active enzyme together with its bound coenzyme and/or metal 

ions is called a holoenzyme. The protein part of such an enzyme is called the apoenzyme or 

apoprotein. Coenzymes act as transient carriers of specific functional groups. Most are derived 

from vitamins, organic nutrients required in small amounts in the diet.  

Enzymes are Classified by the Reactions they Catalyze: Many enzymes have been 

named by adding the suffix “-ase” to the name of their substrate or to a word or phrase 

describing their activity. Thus urease catalyzes hydrolysis of urea, and DNA polymerase 

catalyzes the polymerization of nucleotides to form DNA. Other enzymes were named by their 

discovers for a broad function, before the specific reaction catalyzed was known. For example, 

an enzyme known to act in the digestion of foods was named pepsin, from the Greek pepsis, 

“digestion,” and lysozyme was named for its ability to lyse bacterial cell walls. Still others were 

named for their source: trypsin, named in part from the Greek tryein, “to wear down,” was 

obtained by rubbing pancreatic tissue with glycerin. Sometimes the same enzyme has two or 

more names, or two different enzymes have the same name. Because of such ambiguities, and 

the ever-increasing number of newly discovered enzymes, biochemists, by international 

agreement, have adopted a system for naming and classifying enzymes. 

Table.1: International Classification of Enzymes
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This system divides enzymes into six classes, each with subclasses, based on the type of 

reaction catalyzed (Table 1). Each enzyme is assigned a four-part classification number and a 

systematic name, which identifies the reaction it catalyzes. As an example, the formal systematic 

name of the enzyme catalyzing the reaction: 

 

ATP + D-glucose → ADP + D-glucose 6-phosphate 

 

is ATP:glucose phosphotransferase, which indicates that it catalyzes the transfer of a 

phosphoryl group from ATP to glucose. Its Enzyme Commission number (E.C. number) is 

2.7.1.1. The first number (2) denotes the class name (transferase); the second number (7), the 

subclass (phosphotransferase); the third number (1), a phosphotransferase with a hydroxyl group 

as acceptor; and the fourth number (1), D-glucose as the phosphoryl group acceptor. For many 

enzymes, a trivial name is more commonly used—in this case hexokinase. A complete list and 

description of the thousands of known enzymes is maintained by the Nomenclature Committee 

of the International Union of Biochemistry and Molecular Biology. 

How Enzymes Work: Mechanism of Enzyme Catalysis 

The enzymatic catalysis of reactions is essential to living systems. Under biologically 

relevant conditions, uncatalyzed reactions tend to be slow—most biological molecules are quite 

stable in the neutral-pH, mild temperature, aqueous environment inside cells. Furthermore, many 

common reactions in biochemistry entail chemical events that are unfavorable or unlikely in the 

cellular environment, such as the transient formation of unstable charged intermediates or the 

collision of two or more molecules in the precise orientation required for reaction. Reactions 

required to digest food, send nerve signals, or contract a muscle simply do not occur at a useful 

rate without catalysis. 

An enzyme circumvents these problems by providing a specific environment within 

which a given reaction can occur more rapidly. The distinguishing feature of an enzyme-

catalyzed reaction is that it takes place within the confines of a pocket on the enzyme called the 

active site. The molecule that is bound in the active site and acted upon by the enzyme is called 

the substrate. The surface of the active site is lined with amino acid residues with substituent 

groups that bind the substrate and catalyze its chemical transformation. Often, the active site 

encloses a substrate, sequestering it completely from solution. The enzyme-substrate complex, 

whose existence was first proposed by Charles-Adolphe Wurtz in 1880, is central to the action of 

enzymes. It is also the starting point for mathematical treatments that define the kinetic behavior 

of enzyme-catalyzed reactions and for theoretical descriptions of enzyme mechanisms. 
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Enzymes Affect Reaction Rates, Not Equilibria: A simple enzymatic reaction might be 

written:  

 E + S         ES         EP         E + P  …1 

where E, S, and P represent the enzyme, substrate, and product; ES and EP are transient 

complexes of the enzyme with the substrate and with the product. To understand catalysis, we 

must first appreciate the important distinction between reaction equilibria and reaction rates. The 

function of a catalyst is to increase the rate of a reaction. Catalysts do not affect reaction 

equilibria. Any reaction, such as S↔ P, can be described by a reaction coordinate diagram 

(Fig.1a), a picture of the energy changes during the reaction. Energy in biological systems is 

described in terms of free energy, G. In the coordinate diagram, the free energy of the system is 

plotted against the progress of the reaction (the reaction coordinate). 

The starting point for either the forward or the reverse reaction is called the ground state, 

the contribution to the free energy of the system by an average molecule (S or P) under a given 

set of conditions. To describe the free-energy changes for reactions, chemists define a standard 

set of conditions (temperature 298 K; partial pressure of each gas 1 atm, or 101.3 kPa; 

concentration of each solute 1 M) and express the free-energy change for this reacting system as 

ΔG
o
, the standard free-energy change. Because biochemical systems commonly involve H

+
 

concentrations far below 1 M, biochemists define a biochemical standard free-energy change, 

ΔG’
o
, the standard free-energy change at pH 7.0. 

Figure.1 a) Reaction coordinate diagram for a 
                  chemical reaction

b) Reaction coordinate diagram comparing 
     enzymecatalyzed and uncatalyzed reactions

 

The equilibrium between S and P reflects the difference in the free energies of their 

ground states. In the example shown in Figure 1a, the free energy of the ground state of P is 

lower than that of S, so ΔG’
o
 for the reaction is negative and the equilibrium favors P. The 

position and direction of equilibrium are not affected by any catalyst.  
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