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PRINCIPLES OF MEDICINAL CHEMISTRY 

 

In this book we consider the following fundamental areas of Medicinal Chemistry 

• Basic concepts, in which the fundamentals of medicinal chemistry are exposed 

• Development or genesis of drugs, in which the methods for obtaining and designing new drugs are 

given 

• Theoretical aspects of drug action, where mainly the following items are studied: relationship 

between chemical structure and biological activity, theories of drug action, and mechanism of 

drug action 

• Major methods used in the analysis of pharmaceuticals 

 

INTRODUCTION 

Definition 

Medicinal chemistry, also called therapeutic chemistry, pharmaceutical chemistry, 

pharmacochemistry, and chemical pharmacy is that field of pharmaceutical sciences which applies the 

principles of chemistry and biology to the creation of knowledge leading to the introduction of new 

therapeutic agents. So, the primary objective of medicinal chemistry is the design and discovery of new 

compounds that are suitable for use as drugs. The discovery of a new drug requires not only design and 

synthesis but also the development of testing methods and procedures, which are needed to establish how 

a substance operates in the body and its suitability for use as a drug. Drug discovery may also require 

fundamental research into the biological and chemical nature of the diseased state. Thus the medicinal 

chemist must not only be a competent organic chemist but must have a basic background in biological 

sciences, particularly biochemistry and pharmacology. Medicinal chemistry also studies the physical and 

chemical properties of drug, the methods of drug quality control. 

The relationship of medicinal chemistry to other disciplines is indicated in the following diagram: 

 

  Chemistry and Biochemistry   Pharmaceutics and Biopharmaceutics 

 

Medicinal Chemistry       Pharmacology              Internal Medicine 

 

  Biology and Microbiology            Toxicology and Pathology 
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Historical evolution 

Since ancient times the people of the world have used a wide range of natural products for 

medicinal purposes. These products, obtained from animal, vegetable and mineral sources, were 

sometimes very effective. The Chinese, Hindus, and people from Mediterranean were familiar with the 

therapeutic use of certain plants and some minerals. In his writings on medicinal herbs, the Chinese 

emperor Shen Nung (about 3000 B.C.) recommended the use of the plant Ch’ang shang for the treatment 

of malaria; it is known that this plant contains alkaloids, such as febrifugine, which are endowed with 

antimalarial activity. The Brazilian Indians used to treat dysentery and diarrhea with Ipecacuanha root; in 

fact, it contains emetine, which is effective against these ills. Hippocrates, in the late fifth century B.C., 

recommended the application of metallic salts; his teachings, despite many errors, were to influence 

occidental medical treatment for nearly 2000 years. However, many of the products were very toxic. In 

the Middle Ages, Paraselsus (1493-1541), adopted antimony and its derivatives as a panacea, thereby 

becoming the father of iatrochemistry (iatro's means “physician”). He also called attention to the fact that 

remedies could be useful as well as harmful. 

Information about these ancient remedies was not readily available to users until the invention of 

the printing press in the 15th century. This invention led to the widespread publication and circulation of 

herbals and pharmacopoeias. The first pharmacopeias were published in the sixteenth century. In the 

following century, the therapeutic arsenal was enriched with new drugs of vegetal and mineral origin. 

With the progress in chemistry, isolated products of higher purity came to be preferred to crude extracts. 

Digitalis, ether, opium, and other drugs were introduced in the nineteenth century. 

Medicinal chemistry received a large impulse from the discovery made forward the end of the 

nineteenth century by Paul Ehrlich (1854-1915), father of modern chemotherapy. He produced the 

antiprotozoal arsphemamine (Salvarsan) in 1910 by combining synthesis with reliable biological 

screening and evaluation procedures. Ehrlich had recognized that beneficial and toxic properties of a drug 

were important to its evaluation. He realized that the more effective drugs showed a greater selectivity for 

the target microorganism than its host. Consequently, to compare the effectiveness of different 

compounds, he expressed a drug’s selectivity, and hence its effectiveness, in term of its chemotherapeutic 

index, which he defined as  

 

Chemotherapeutic index     =   minimum curative dose     

  maximum tolerated dose 

 

Today, Ehrlich’s chemotherapeutic index has been updated to take into account the variability of 

individuals and is now defined as its reciprocal, the therapeutic index or ratio: 
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Therapeutic index    =     Lethal dose required to kill 50% of the test animals (LD50) 

                                        The dose producing an effective therapeutic response in 50% of the test 

sample (ED50) 

 

In theory, the larger a drug’s therapeutic index, the greater is its margin of safety. However, in 

practice index values can only be used as a limited guide to the relative usefulness of different 

compounds.  

The term structure-activity relationship (SAR) is now used to describe Ehrlich’s approach to drug 

discovery, which consisted of synthesizing and testing a series of structurally related compounds.  

Attempts to quantitatively relate chemical structure to biological action were first indicated in the 19th 

century, but it was not until the 1960s that Hansch and Fujita devised a method that successfully 

incorporated quantitative measurements into SAR determination. This technique is referred to as QSAR 

(quantitative structure-activity relationships). One of its most successful uses has been in the development 

in the 1970s of the antiulcer agents cimetidine and ranitidine. Both SARs and QSARs are important parts 

of the foundations of medicinal chemistry.  

On the other hand, during the beginning of 20th century, Emil Fischer’s lock-and-key theory 

provided a rational explanation for the mechanism of action of drugs. In 1905 John Langley proposed that 

so called receptive substances in the body could accept either a stimulating compound, which would 

cause a biological response, or a non-stimulating compound, which would prevent a biological response. 

It is now universally accepted that the binding of a chemical agent, referred to as a ligand, to a so called 

receptor sets in motion a series of biochemical events that result in a biological or pharmacological effect. 

Furthermore, a drug is most effective when its structure or a significant part of its structure, both as 

regards molecular shape and electron distribution (stereoelectronic structure), is complementary with the 

stereoelectronic structure of the receptor responsible for the desired biological action.  

The mid- to late 20th century has seen an explosion of our understanding of the chemistry of 

disease states, biological structures and processes. This increase in knowledge has given medicinal 

chemists a clearer picture of how dugs are distributed through the body and transported across membranes 

and their mode of operation and metabolism. It has enabled medicinal chemists to place groups that 

influence absorption, stability in a bio-system, distribution, metabolism and excretion in the molecular 

structure of a drug.  

Both SAR and QSAR studies rely on the development team picking the correct starting point. 

Serendipity inevitably plays a significant part in selecting that point. However, modern techniques such as 

computer modeling and combinatorial chemistry introduced in the 1970s and 1990s respectively are 

likely to reduce the number of intuitive discoveries.  

Computer modeling has reduced the need to synthesize every analogue of a lead compound. 
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Combinatorial chemistry, which originated in the field of peptide chemistry, has now been 

expanded to cover other areas. The term covers a group of related technique for the simultaneous 

production of large numbers of compounds for biological testing. Consequently, it is used for structure 

action studies and to discover new lead compounds. The procedures may be automated. 

 

FUNDAMENTAL ASPECTS OF DRUGS 

 

The World Health Organization defines drug as “any substance used in a pharmaceutical product 

that is intended to modify or explore physiological systems or pathological states for the benefit of the 

recipient” and pharmaceutical product as “a dosage form containing one or more drugs along with other 

substances included during the manufacturing process”. Shortly we can say that drugs are chemical 

substances that are used to prevent or cure diseases in humans, animals and plants. 

Drugs are used for one or more of the following purposes: a) provision of elements lacking in the 

organism: for example, vitamins, mineral salts, and hormones; b) prevention of a disease or and infection: 

for example, vaccines; c) fight against an infection: for example, chemotherapeutics, including 

antibiotics; d) temporary blocking of a normal function: for example, general and local anesthetics and 

oral contraceptives; e) correction of a deranged function: 1) dysfunction: for example, cardiotonics for 

treatment of congestive heart failure 2) hypofunction: for example, hydrocortisone for treatment of 

suprarenal insufficiency; 3) hyperfunction: for example, methyldopa in arterial hypertension; f) 

detoxification of the body: for example, antidotes; and g) diagnostic auxiliary agents: for example, 

rediopaque compounds.  

The effects that drugs may cause result in a complex pattern of processes in which various factors 

intervene. As a whole, three phases may be observed in drug action: the pharmaceutical phase, a 

pharmacokinetic phase, and a pharmacodynamic phase. (Fig. 1). 

During the pharmaceutical phase, which is also called the phase of exposition, there occurs the 

disintegration of the form in which the drug is administered. The fraction of the dose that is available for 

absorption constitutes a measure for the pharmaceutical availability. 

During the pharmacokinetic phase the absorption, distribution, metabolism, and excretion of the 

drug occur. That fraction of the dose that reaches the general circulation is a measure of the biological 

availability. Drugs and other strange chemical compounds that penetrate the living organism are either 

stored in the body or eliminated from it after a period of time. While in the interior of the organism, they 

may continue intact or undergo chemical transformations, giving the following types of compounds: a) 

less active, b) more active, and c) with similar or different activity. This process of chemical alteration of 

drugs inside a living organism is called drug metabolism or drug biotransformation. 
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The pharmacodynamic phase comprises the process of interaction of the drug with its receptor. 

This interaction results in a stimulus which after a series of chemical and biochemical phenomena, 

produces the expected biological effect.  

 

 Pharmaceutical phase   Pharmacokinetic phase Pharmacodynamic phase 

 

  

Dose             Effect 

 

 

Figure 1. Important phases in the action of drugs, according to E.J. Ariens. 

 

All drugs, some more than others, can cause adverse effects, some of which of extreme severity, to 

the point of causing death. It has been known for a long time that every drug is a potential poison. 

Paracelsus affirmed: “All substances are poison; there is none which is not a poison. The correct dose 

differentiates a poison from a remedy”. In fact, Greek word pharmacon itself means not only remedy but 

also a poison. That is why a superdosage, administration by an inadequate route, or an application for 

non-indicated purposes can transform a useful drug into a dangerous poison.  

In the nineteenth century, new pharmacopeias in many important countries specified the standards for the 

purity of drugs. It was verified, however, that even drugs of pharmacopeial purity could cause toxic 

effects. Date on such effects started to be collected.  

In fact, before prescribing a drug, physician must bear in mind the benefit/risk ratio, thus defined by 

WHO: “the ratio of benefits to risk in the use of drug; a means of expressing a judgment concerning the 

role of the drug in the practice of medicine, based on efficacy and safety data along with consideration of 

misuse potential, severity and prognosis of the disease, etc. The concept may be applied to a single drug 

or in comparisons between two or more drugs used for the same condition”. 

 

Classification of Drugs 

Drugs can be classified according to various criteria. Usually, they are classified according to a) 

chemical structure, b) pharmacological action, c) therapeutic use, d) anatomic therapeutic chemical 

structure (ATC), and e) mechanism of action at the molecular level. 

The first classification was used extensively some years ago and is still preferred by some authors. 

Following this classification, drugs fall in one or more of these categories: amides, acids, alcohols, amino 

ketones, amino acids, enols, esters, lactones, sulfones, phenols, etc. Unfortunately, classifying drugs 

according to their chemical structural type has the disadvantage that members of the same structural 
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group often exhibit very different types of pharmacological activity. Steroids, for example, may act as 

hormones (testosterone), diuretics (spironolactone).  

Pharmacological classification takes into consideration the mode of action of drugs. According to 

this criterion, WHO divided the known drugs into the following classes: central nervous system 

depressants, central nervous system stimulants, peripheral nervous system drugs, smooth muscle active 

drugs, drugs acting at synaptic and neuroeffector junction sites, histamine and anihistamines, 

cardiovascular drugs, gastrointestinal tract drugs and others. Each class is subdivided. For example, 

central nervous system depressants include the following groups: a) general anesthetics, b) hypnotics-

sedatives, c) central voluntary muscle tone modifying drugs, d) analgesics, and  e) antivertigo drugs. 

Classification following the third criterion, therapeutic use, is very similar to the pharmacological 

classification and in many cases, identical with it. Thus, drugs are divided into the following classes: 

central nervous system depressants, central nervous system stimulants, psychotropic drugs, peripheral 

nervous system drugs, muscle relaxants, spasmolytics, vitamins, anti-infectives, and other therapeutic 

uses. Each class is subdivided. Thus anti-infectives comprise a) antiprotozoal drugs, b) fungicides, c) 

sulfonamides, d) antituberculosis drugs, e) urinary tract chemotherapeutics, f) systemic antibiotics, etc. 

Anatomic therapeutic chemical (ATC) classification is adopted in the Nordic countries (Denmark, 

Finland, Iceland, Sweden). This very useful system for clinicians, divides the drugs into 14 main 

“anatomic groups (first level), distinguished by letters: A, alimentary tract and metabolism; B, blood and 

blood-forming organs; C, cardiovascular system; D, dermatologicals; G, genitourinary system and sex 

hormones; H, systemic hormonal preparations, excluding sex hormones; J, general anti-infectives, 

systemic; L, antineoplastic and immunosuppressive drugs; M, musculoskeletal system; N, central nervous 

system; P, antiparasitic products; R, respiratory system; S, sensory organs; and V, various. Each main 

group is further divided into four subgroups: the second level “therapeutic main group”, distinguished by 

two digits; the third level, “therapeutic subgroup”, distinguished by a letter; the fourth level, 

“chemical/therapeutic subgroups”, distinguished by a letter; the fifth level, “chemical subgroup”, 

distinguished by a two-digit number specific for each substance. For example, the complete classification 

of diazepam preparations is ATC = NO5BAO1: 

N central nervous system 

05 psycholeptics 

B tranquilizers 

A benzodiazepine derivates 

01 diazepam 

Attempts to classify drugs according to their mechanism of action at the molecular level cannot 

include all drugs, because for many of them such a mechanism is yet unknown. For the present it is 

possible to divide a great number of drugs into the following classes: drugs acting on enzymes, drugs 
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acting as suppressors of gene function, drugs acting by metabolic antagonism, drugs acting on biological 

membranes, and drugs acting by their psychochemical properties. Drugs acting on enzymes can be 

subdivided into the following groups: a) enzyme activators: for example, of adenylate cyclase; b) enzyme 

inhibitors: for example, of acetylcholinesterase, amine oxidase, c) enzyme reactivators: for example, of 

acetypcholinesterase inactivated by organophosphates. 

In this book, the WHO pharmacological classification is used. Each class is distributed according 

to either its chemical structure or other appropriate criterion.  

 

Nomenclature of Drugs 

Drugs have three or more names. These names are the following: a) code number or code 

designation; b) chemical name; c) proprietary, trivial, brand or trade name; d) nonproprietary, generic, 

official, or common name; and e) synonym and other names. 

The code number is usually formed with the initials of the laboratory or the chemist or the 

research team that prepared or tested the drug the first time, following by a number. It does not identify 

the chemical nature or structure of the drug. Its use is discontinued as soon as an adequate name is 

chosen.  

The chemical name is the only one that describes unambiguously the chemical structure of a drug, 

identifying it fully and exactly. It is given according to rules of nomenclature of chemical compounds. 

Since the chemical name is sometimes very elaborate, it is not suitable for routine usage.  

The proprietary name is the individual name selected and used by manufacturers. If a drug is 

manufactured by more than one company, as frequently happens, each firm assigns its own proprietary 

name. Sometimes the proprietary name denotes a drug combination not a single drug. A proprietary name 

is written with the first letter of each word of the name capitalized.  

The nonproprietary name refers to the common, established name by which a drug is known as an 

isolated substance, irrespective of its manufacturer. It is chosen by official agencies, such as the U.S. 

Adopted Names (USAN) Council, the American Pharmaceutical Association, and other. On a worldwide 

scale, however, the World Health Organization is the official agency that selects, approves, and 

disseminates the generic names of drugs (Table 1). 

 

Table 1. The example of chemical, generic and trade name of the drugs 

Chemical name Generic name Trade name 

N-(4-hydroxyphenyl) 

acetamide 

Acetaminophen Tylenol 

7-chloro-1,3-dihydro-1-

methyl-5-phenyl-2H-1,4-

Diazepam Valium 
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benzodiazepin-2-one 

4-[4-(p-chlorophenyl)-4-

hydroxypiperidino]-4'-

fluorobutyrophenone 

Haloperidol Haldol 

5-thia-1-azabicyclo 

[4.2.0]-oct-2-ene-2 carboxylic 

acid, 7-

[(aminophenylacetyl)amino]-3-

methyl-8-oxo-, monohydrate 

Cephalexin Keflex, 

Keforal, Keftabs 

N''-cyano-N-methyl-N'-[2-

[[(5-methyl-1H-imidazol-4-yl) 

methyl]thio]ethyl]guanidine 

Cimetidine Tagamet 

  

Synonyms are names given by different manufacturers to the same drug or old nonproprietary 

names. Some drugs may have several names. 

It is usually assumed that a drug bearing a generic name is equivalent to the same drug with a 

brand name. However, this is not always true. Although chemically equivalent, drugs having the same 

nonproprietary name but different proprietary names, because they are manufactured by different 

laboratories, can differ markedly in their pharmacological action. Several factors - mainly of formulation 

and manufacture - account for this difference. 

 

Rules of Drug Nomenclature 

The World Health Organization has advised its member states to adopt the following general 

principles in devising international nonproprietary names (INN) for pharmaceutical substances: 

1. INN should be distinctive in sound and spelling. They should not be inconveniently long and 

should be liable to confusion with names in common use. 

2. The INN for substances belonging to a group of pharmacologically related substances should, 

where appropriate, show this relationship. Names that are likely to convey to a patient an 

anatomical, physiological, pathological or therapeutic suggestion should be avoided. 

3. In devising the INN of the first substance in a new pharmacological group, consideration should 

be given to the possibility of devising suitable INN for related substances, belonging to the new 

group. 

4. In devising INN for acids, one-word names are preferred; their salts should be named without 

modifying the acid names, e.g. “oxacillin” and “oxacillin sodium”, “ibufenac” and “ibufenac 

sodium”. 
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5. INN for substances which are used as salts should in general apply to the active base or the active 

acid. Names for different salts or esters of the same active substances should differ only in respect 

of the name of the inactive acid or the inactive base. 

6. The use of an isolated letter or number should be avoided; hyphenated construction is also 

undesirable. 

7. To facilitate the translation and pronunciation of INN, “f” should be used instead of “ph”, “t” 

instead of “th”, “e” instead of “ae” or “oe”, and “i” instead of “y”; the use of the letters “h” and 

“k” should be avoided. 

8. Provided that the names suggested are in accordance with these principles, names proposed by the 

person discovering or first developing and marketing a pharmaceutical preparation. Or names 

already officially in use in any country, should receive preferential consideration. 

9. Group relationship in INN should if possible be shown by using a common stem. The following 

list contains examples of stems for groups of substances, particularly for new groups. Where a 

stem is shown without any hyphens it may be used anywhere in the name (Table 2). 

 

Table 2. Common Stems Found in International Nonproprietary Names of Drugs 

Stem                               Group of Drugs 

-ac                                  anti-inflammatory agents of the ibufenac group 

-actide                            synthetic polypeptides with a corticotrophin-like action 

-adol or -adol-                analgetics 

-adom                             analgetics of the tifluadom group 

-aj-                                 ajmaline derivatives, antiarrythmic 

-al                                   aldehydes 

-aldrate                           antacid aluminum salts 

-alol                                β-blockers of the labetalol type 

andr                                steroids, androgens 

-anserin                          serotonin antagonists (various indications) 

-antel                              anthelmintics that are not members of a defined group 

-apine                             psychoactive tricyclic compounds 

-arabine                          arabinofuranosyl derivatives 

-arit                                antiarthritic substances like lobenzarit 

-arol                               anticoagulants of the dicoumarol group 

-ast                                 antiasthmatic, antiallergic substances not acting primarily as antihistaminics 

-astine                            antihistaminics 

-azam                             anxiolytic agents, not true benzodiazepines 
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-azepam                         substances of the diazepam group 

-azepil                            benzodiazepine antagonists 

-azocine                         narcotic antagonists/agonists related to 2,6-methane-3-benzazocine 

-azolam                          anxiolytic agents, not true benzodiazepines 

-azoline                          antihistamines or local vasoconstrictors of the antazoline group 

-azone                            anti-inflammatory analgetics of the phenazone group 

-azosin                           antihypertensive  substances  of the prazosin  group 

-bactam β-lactamase  inhibitors 

-bamate                          antianxiety agents  of   the propanediol  and  pentanediol  series 

 barb                               barbituric  acid  derivatives  with  hypnotic  activity   

-bendazol                       anthelmintics of  the thiabendazol  group 

 bol                                 steroids,   anabolic 

-butazone                       anti- inflammatory   analgetics  of  the   phenylbutazone group 

-buzone                          anti- inflammatory   analgetics  of  the   suxibuzone  group 

-cain  antifibrillant   substances  with  local   anesthetic  activity   

-caine local   anesthetics   

 caf-   antibiotics, derivatives  of cefalosporanic  acid 

cei- or cell-                    various    cellulose  derivatives   

 cell –ate  ester    derivatives  of  cellucolse 

-cellose ether    derivatives  of  cellucolse 

-cic hepatoprotective  substances  with a  carboxylic  acid  group 

-cidin                             natural  antibiotics,  not  belonging  to a general  class 

-cillin                             antibiotics, derivatives  of 6-aminopenicillanic  acid 

-conazole systemic  antifungals  of  the  miconazole group 

 cort corticosteroids,  except  those  of  the  prednisolone  group 

-crinat                            diuretics  of  the  etacrynic  acid group 

-crine acridine  derivatives 

-cromil         cromoglicic  acid – type  substances 

-curium                          curare-like  drugs 

-curonium                      curare-like  drugs 

-cycline antibiotics  of  the  tetracycline   group 

-dapsone                        derivatives  of  dapsone 

-dil vasodilators 

-dilol                              vasodilators 

-dipine calcium  antagonists  of  the  nifedipine  group 
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-dralazine hypotensive   hydrazinephthalazines 

-drine sympathomimetics 

 erg         ergot  alkaloid  derivatives 

 eridine                           analgetics  of  the  meperidine  group 

 estr estrogenic  substances 

-etanide                          diuretics  of the  piretanide  group 

-ethidine                        analgetics  of  the  pethidine  group 

-fenamate                       “- fenamacic   acid ”  derivatives  

-fenamic  acid                anti-inflammatory  anthranilic  acid     derivatives  

-fibrate                           substances  of  the  clofibrate  group 

-flurane                          general  inhalation   anesthetics 

-formin                          hypoglycemics  of  the  phenformin  group 

-fos phosphorus  derivatives, insecticides,  anthelmintics,  pesticides,  etc.  

-fos or fos- various  pharmacological  categories  other  than  the  ones  belonging to – fos     

                                                 (see above) 

-frine                             sympathomimetic  phenethyl   derivatives  

-fungin                          antifungal  antibiotics 

-fylline                          theophylline  derivatives  

 gab                               gabamimetic  substances   

 gest                              steroids, progestogens   

-gillin                            antibiotics  produced by  Aspergillus  strains 

 gli                                 sulfonamide  hypoglycemics 

 grel                               platelet antiaggregates 

guan -   antihypertensive  guanidine   derivatives 

-icam                             anti-inflammatory  agents  of  the  isoxicam-type 

-ifene   antiestrogens of  the  clomifene and  tamoxifen  group  

 imex     immunostimulants 

-ine                                alkalods  and  organic bases 

 io-                                 iodine-containing  contrast  media 

 io- or  iod-                    iodine-containing   compounds  other than contrast media  

-ium                               guaternary  ammonium compounds 

-izine  or (-yzine)          diphenylmethylpiperazine     derivatives 

-kacin                    antibiotics  related  to  kanamycin  and  bekanamycin 

-mentadine  or  adamantane  derivatives 

      -mantine 
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-mer-                              mercury-containing   drugs, antimicrobial  or  diuretic 

-mer polymers 

-metacin                         anti-inflammatory    substances  of  the  indometacin  group  

-micin                            antibiotics    isolated  from  various  Micromonospora 

 mito- nucleotoxic,  antineoplastic  agents 

-monam                         monobactam    antibiotics   

-motine                          antiviral  substances with  a quinoline  nucleus 

-moxin                           monoamine   oxidase   inhibitors   (hydrazine    derivatives) 

-mustine                         antineoplastic,  alkylating  agents,  (β chloroethyl)  amine  derivatives 

-mycin              antibiotics,  produced  by  Streptomyces  strains 

 nab           cannabinol  derivatives 

 nal-                narcotic  antagonists/agonists  related   to normorphine  

 ni-                                 NO2    derivatives  and  nicotinic   acid derivatives  

-nicate                            hypocholesterolemic  and/or  vasodilating  nicotinic  acid  esters 

-nidazole       antiprotozoal  substances   of  the  metronidazole  group 

 nifur-                  5- nitrofuran  derivatives 

-nixin                        anti-inflammatory anilinonicotinic  acid  derivatives 

-ol                                   for  alcohols  and  phenols 

-olol                                β-adrenergic  blocking  agents  of  the  propranolol  group 

-olone                              steroids other than  prednisolone derivatives 

-one                                 ketones 

-onide                              steroids   for  topical  use,  containing  an  acetal      group 

-onium                            guaternary    ammonium  compounds 

-orex                               anorexigenic  agents,  phenethylamine  derivatives 

Orphan                            narcotic  antagonists/agonists  related  to  morphinan 

-oxacin                            antibacterial   agents  of  the  nalidixic  acid  group 

-oxcanide                        antiparasitic  salicylanilides  and  analogs   

-oxsef                              antibiotics, derivatives  of  oxacefalosporanic  acid 

-pamide                           diuretics  which are  sulfamoylbenzoic  acid  derivatives 

-pamil                              coronary  vasodilators of  the  verapamil  group 

-parcin                             glycopeptides  antibiotics 

-parin                               heparin   derivatives 

-penem                             analogs  of  penicillanic acid antibiotics modified in the five-membered  ring                             

-perone  or  (peridol)       4- fluoro – 4 - piperidinobutrophenone derivatives, neuroleptics 

-pin(e)                              tricyclic  compounds 
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-platin                               platinum    derivatives, antineoplastic  agents 

-pramine                           substances   of  the  imipramine  group 

 pred                                 prednisone  and  prednisolone derivatives 

-prenaline                         bronchodilators,  phenethylamine derivatives 

-pressin                            vasoconstrictors, vasopressin  derivatives 

-pride                               sulpiride     derivatives 

-pril                                  antihypertensive  agents  of  the  captopril  group 

prilat                                 antihypertensive  agents  of  the  enalaprilat  group 

-prim                                antibacterial      substances  of  the  trimethoprim  group    

profen                              anti-inflammatory       agents  of the  ibuprofen  group 

prost                                 prostaglandins 

-quine                               quinoline  derivatives  

-racetam                           nootropic  substances  of  the  piratecam  group 

-relin                                hypophyseal  hormone  release-stimulating  peptides 

-renone                             aldosterone  antagonists  of  the  spironolactone  group 

retin                      retinol  derivatives  

-ribine                              ribofuranil   derivatives  of the  “pyrazofurin ”  type 

-rifa                                  antibiotics (rifamycin  derivatives ) 

-rinone                             cardiotonics  of  the  amrinone  group 

-rubicin                            antineoplastic  antibiotics  of  the  daunorubicin  group 

sal             salicylic  acid  derivatives  

-semide                            diuretics  of the  furosemide   group  

-serpine                            derivatives   of     Rauwolfia   alkaloids 

-sporin                             ciclosporin 

-stan-                        steroids,  androgens 

stat                                   enzyme  inhibitors 

-stein                                mucolytics   of the   mecysteine   group 

-ster-                                androgens/anabolic  steroids 

-strigmine                        anticholinesterases 

sulfa- sulfonamides,  anti-infective 

-suifan                             antineoplastic,   alkylating  agents,  methanesulfonates 

-tepa                                antitumor  drugs  of  the  thiotepa  group 

-terol                               bronchodilators,  phenethylamine derivatives 

-tide                                 peptides   and  glycopeptides 

-tidine                              H2- receptor   antagonists    of  the  cimetidine  group 
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-tizide                              diuretics    of  the   chlorothiazide    group 

- tocin                    oxytocin   derivatives 

-toin                                 antiepileptics    wich   are   hydantion   derivatives 

-trexate                            folic   acid  antagonists 

-tricin                               antibiotics  (polyene   derivatives) 

-triptyline                         antidepressants,  dibenzol  [a, d]cycloheptane or cycloheptane derivatives 

trop                                  atropine derivatives 

-uracil                              uracil derivatives used as thyroid antagonists   and  in   cancer  therapy 

-uridine                            uridine derivatives used as antiviral agents  and  in  cancer  therapy 

-verine                             spasmolytics   with a papaverine-like  action 

-vin- and- vin                   vinca alkaloids 

  vir                                  antiviral substances 

-xanox                             antiallergic  respiratory tract drugs of  the xanoxic acid group 

-zepine                            antidepressant/neuroleptic tricyclic compounds 

-zone                               anti-inflammatory analgetics of the clofezone  group                      

 

 

Sources of Drugs 

The discovery of a new drug is part luck and part structured investigation. It originally started with 

drugs and lead compounds derived from natural sources, such as animals, plants, trees and 

microorganisms. Today, natural sources are still important, but the majority of lead compounds are 

synthesized in the laboratory. The nature of these synthetic compounds is initially decided from a 

consideration of the biochemistry of the pathogenic condition.  

Today, many discoveries start with biological testing (bioassays or screening program) by 

pharmacologists of the potential sources in order to determine the nature of their pharmacological activity 

as well as their potencies. These screening programs may be random or focused. In random screening 

programs all the substances and compounds available are tested regardless of their structures. Random 

screening is still employed, but the use of more focused screening procedures where specific structural 

types are tested is now more common. 

Once a screening program has identified substances of pharmacological activity of interest, the 

compound responsible for this activity is isolated and used as a lead compound for the production of 

related analogues. These compounds are subjected to further screening tests. This sequence of selective 

screening and synthesis of analogues may be repeated many times before a potentially useful drug is 

found.  
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Natural sources 

Natural sources are still important sources of lead compounds and new drugs. However, the large 

diversity of potential natural sources in the world makes the technique of random screening a rather hit or 

miss process. The screening of local folk remedies (ethnopharmacology) offers the basis of a more 

systematic approach. In the past this has led to the discovery of many important therapeutic agents, for 

example, the antimalarial quinine from cinchona bark, the cardiac stimulant digitalis from fox gloves and 

the antihypertensive reserpine isolated from Rauwolfia serpentina. 

Once screening identifies a material containing an active compound, the problem becomes one of 

extraction, purification and assessment of the pharmacological activity. However, the isolation of useful 

quantities of a drug from its land or sea sources can cause ecological problems. The promising anticancer 

agent Taxol, for example, was originally isolated from the bark of the Pacific yew tree. However, the 

production of large quantities of Taxol from this source would result in the wholesale destruction of the 

tree, a state of affairs that is ecologically unacceptable. It is vitally important that plant, shrub, tree and 

marine sources of the world are protected from further erosion, as there is no doubt that they will yield 

further useful therapeutic agents in the future. 

 

Modern Sources 

The accidental discovery that some molds and other microorganisms produced substances – the 

so-called antibiotics – which were able to inhibit vital processes in higher organisms even in minute 

concentrations, led investigations, particularly after 1940, to an intensive search for new antibiotics. 

Today, antibiotics are searched for not only among microorganisms but also in plants and the higher 

animals. This investigation has resulted in the discovery, isolation, and identification of over 6000 

antibiotics, of which, however, only about 100 are applied therapeutically.  

On the other hand, thanks to the enormous progress of organic chemistry since the end of the 

nineteenth century, drugs of synthetic origin presently prevail in the therapeutic arsenal. Chemical 

synthesis has come to contribute more and more new drugs, chiefly after the growing application of 

knowledge of the mechanisms of chemical and biochemical reactions and the availability of efficient and 

rapid analytical methods, principally through chromatography, spectrophotometry, spectroscopy, and x-

ray diffraction. 

Side by side with products of microbial origin (principally, antibiotics and vitamins), new 

alkaloids, and those obtained totally by chemical synthesis, the therapeutic arsenal was also enriched by 

many semisynthetic drugs, introduced through chemical modification of vegetable, animal, or microbial 

products, such as alkaloids, hormones, and antibiotics, respectively.  
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Genesis of Drugs 

Drugs find their way into therapeutics mainly by one of the following routes: serendipity, random 

screening, extraction of active principles from natural sources, molecular modification of known drugs, 

selection or synthesis of soft drugs, and rational design.  

Seredipity 

Some drugs or novel uses known drugs were discovered by accident in the laboratory or clinic by 

pharmacists, chemists, physicians, and other investigators. It was alert observations that led, for example, 

to the introduction in medical practice of acetanilid and phenylbutazone as antipyretics, penicillin as an 

antibacterial, disulfiram for the treatment of chronic alcoholism, piperazine as an anthelmintic, 

imipramine and monoamine oxidase inhibitors such as iproniazid as antidepressants, chlorothiazide as a 

diuretic, mecamylamine as the first hypotensive drug of a novel group. 

Antipyretic properties of acetanilid, now obsolete because of its high toxicity, were discovered by 

two Strasbourg physicians, Cahn and Hepp, in 1886 when an error was made in a pharmacy that filled 

their prescription: instead of the prescribed naphthalene, the patient treated for intestinal parasites 

received acetanilid and this drug caused a decrease in his elevated temperature. The antibacterial action of 

penicillin was first noted by Fleming in 1929 in a culture of bacteria that was contaminated by a fungus. 

The anthelmintic action of piperazine was first discovered by Boismare, who used it before 1949 for the 

treatment of gout.  

Random Screening 

In this approach to discover new drugs, all available chemical substances are submitted to a 

variety of biological tests in the hope that some may show useful activity. As an essentially empirical 

method, this way of finding new drugs is not very rewarding.  It is estimated that for a new anticonvulsant 

to emerge through this process, it might be necessary to screen 500000 chemical compounds. A variation 

of this approach is rationally directed random screening. It was used during World War II to discover 

new antimalarials; from over 14000 compounds and chemical products prepared and tested by several 

institutions in 11 countries, just a few were selected for clinical trials.   

Another example of rationally directed random screening is the isolation and identification of 

products of drug metabolism. It is seen that several drugs are themselves inactive, but they owe their 

action to their metabolites. Such is the case, for example, with acetanilid and acetophenetidin: these two 

long-known drugs are metabolized to acetaminophen, which exerts the main analgetic action. For this 

reason, acetaminophen itself was introduced into therapeutics (Fig.2):  
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Figure 2. Metabolite of acetanilide and acetophenetidin 

 

Extraction from Natural Sources 

For centuries, humankind has used extracts from plant sources or animal organs for the treatment 

of various diseases. Several drugs used today, especially antibiotics, vitamins, and hormones, resulted 

from purification of such extracts and isolation and identification of their active principles. Roughly one-

fourth of all prescription drugs in developed countries contain active ingredients extracted from plants 

(morphine, atropine, scopolamine, pilocarpine, etc).   

Molecular Modification 

This method of obtaining new drugs, also called molecular manipulation, method of variation, 

mechanistic method, selective process or approach, is the most used and, as of the present, it is the most 

productive of new drugs. Molecular modification is a natural development of organic chemistry. 

Basically, it consists of taking a well-established chemical substance of known biological activity as a 

lead or prototype and then synthesizing and testing its structural congeners, homologes, or analogs. 

 

BASIC PRINCIPLES OF DRUG DESIGN 

Why do we need new drugs? 

In addition to their beneficial effects, most drugs have non-beneficial biological effects. Aspirin, 

which is commonly used to alleviate headaches, may also cause gastric irritation and bleeding. The non-

beneficial effects of some drugs, such as cocaine and heroin, are so undesirable that the use of these drugs 

has to be strictly controlled by legislation. These unwanted effects are commonly referred to as side 

effects. 

The over-usage of the same drugs, such as antibiotics, can result in the development of resistance 

to that drug by both the patients, microorganisms and virus the drug is intended to control. Resistance 

occurs when a drug is no longer effective in controlling a medical condition. Drug resistance or tolerance, 

often referred to as tachyphylaxis, arises in people for a variety of reasons. For example, the effectiveness 

of barbiturates often decreases with repeated use because repeated dosing causes the body to increase its 

production in the liver of mixed function oxidases that metabolize the drug, thereby reducing the drug’s 

effectiveness. An increase in the rate of production of an enzyme that metabolizes the drug is a relatively 

common reason for drug resistance. Another general reason for drug resistance is the down-regulation of 
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receptors. Down-regulation occurs when repeated stimulation of a receptor results in the receptor being 

broken down. This results in the drug being less effective because there are fewer receptors available for 

it to act on. Drug resistance may also be due to the appearance of a significantly high proportion of drug 

resistant strains of microorganisms. These strains arise naturally and can rapidly multiply and become the 

currently predominant strain of that microorganism. For example, antimalarial drugs are proving less 

effective because of an increase in the proportion of drug resistant strains of the malaria parasite.  

New drugs are constantly required to combat drug resistance, even though it can be minimized by 

the correct use of medicines by patients. They are also required for the improvement in the treatment of 

existing diseases, the treatment of newly identified diseases and the production of safer drugs by the 

reduction or removal of adverse side effects. The creation of hundreds, possibly thousands, of analogues, 

is aimed at, for example, improving the effectiveness, diminishing the toxicity or increasing the 

organism’s absorption of the drug.  

This phase requires close collaboration between the biologists and chemists, who form a feedback 

loop. The biologists test the biological properties of compounds on biological systems while the chemists 

perfect the chemical structure of these compounds in the light of information obtained by the biologists. 

    

Modern drug design 
Modern drug design uses a variety of computational methods to identify novel compounds, design 

compounds for selectivity, efficacy and safety, and develop compounds into clinical trial candidates. 

These methods fall into several natural categories – structure-based drug design, ligand-based drug 

design, de novo design and homology modeling – depending on how much information is available about 

drug targets and potential drug compounds.  

 

Structure-Based Drug Design (SBDD). 

 Structure-based drug design is one of several methods in the rational drug design toolbox. Drug 

compounds are designed to inhibit, restore or otherwise modify the structure and behavior of disease-

related proteins and enzymes. SBDD uses the known 3D geometrical shape or structure of proteins to 

assist in the development of new drug compounds. The 3D structure of protein targets is most often 

derived from X-ray crystallography or nuclear magnetic resonance (NMR) techniques. X-ray and NMR 

methods can resolve the structure of proteins to a resolution of a few Å. At this level of resolution, 

researchers can precisely examine the interactions between atoms in protein targets and atoms in potential 

drug compounds that bind to the proteins. This ability to work at high resolution with both proteins and 

drug compounds makes SBDD one of the most powerful methods in drug design. The beauty of the 

SBDD method is the extremely high level of detail that it reveals about how drug compounds and their 

protein targets interact. 

Docking ligands. One of the key benefits of SBDD methods is the exceptional capability it provides for 

docking putative drug compounds (ligands) in the active site of target proteins. Most proteins contain 

pockets, cavities, surface depressions and other geometrical regions where small-molecule compounds 

can easily bind. With high-resolution X-ray and NMR structures for proteins and ligands, researchers can 

show precisely how ligands orient themselves in protein active sites. Furthermore, it is well known that 

proteins are often flexible molecules that adjust their shape to accommodate bound ligands. In a process 

called molecular dynamics, SBDD allows researchers to dock ligands into protein active sites and then 

visualize how much movement occurs in amino acid side chains during the docking process. In some 

cases, there is almost no movement at all (rigid-body docking); in other cases, such as with the HIV-1 

protease, there is substantial movement. Flexible docking can have profound implications for designing 

small-molecule ligands so this is an important feature in SBDD methods. 

Drug design based on leads 

The discovery of a new drug presents an enormous scientific challenge, and consists essentially in 

the identification of new molecules or compounds. Ideally, the latter will become drugs that act in new 

javascript:lexopen('professions-min.html#Molecular');
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ways upon biological targets specific to the diseases requiring new therapeutic approaches. Today, the 

collective contribution of genomics, proteomics and bioinformatics allows for the much more rapid and 

precise discovery of those genes and/or proteins involved in the etiology of certain diseases. Over the last 

fifty years, most of the drugs commercialized were developed for around five hundred (500) known 

biological targets. Now, the many projects involved in the study of the “genome and proteome” of 

humans and other organisms are beginning to contribute to the discovery of new biologically interesting 

targets. Scientists have estimated at three thousand (3,000) of new therapeutic targets that will be 

discovered over the next few years. These results will have a significant impact on the process of drug 

discovery, particularly because several of these targets will allow for the development of drugs that are 

therapeutically more precise and effective.  

The identification of therapeutic targets requires knowledge of a disease’s etiology and the 

biological systems associated with it. Once the therapeutic target has been identified, scientists must then 

find one or more leads e.g. chemical compounds or molecules that interact with the therapeutic target 

with high affinity, efficacy, and selectivity. 

The lead is a compound, which is 

• demonstrating a property likely to be therapeutically useful 

• used as the starting point for drug design and development 

• found by design (molecular modeling or NMR) or by screening compounds (natural or synthetic) 

• isolated from a natural extract and is responsible for the extract’s pharmacological activity 

Affinity refers to the ability of a new compound to bind tightly to its target. Efficacy refers to the ability of 

a ligand to elicit an effect on its target that can be measured in terms of a biochemical or physiologic 

response. Selectivity refers to the ability of a compound to recognize its target without interacting with 

other related drug targets. The degree of selectivity required for a new ligand is an iterative process. 

  

Lead Optimization 
After a number of lead compounds have been found, SBDD techniques are especially effective in 

refining their 3D structures to improve binding to protein active sites, a process known as lead 

optimization. In lead optimization researchers systematically modify and refine the structure of the lead 

compound, docking each specific configuration of a drug compound in a protein’s active site, and then 

testing how well each configuration binds to the site.   

A molecule that is targeted as a potential drug has many required attributes. In addition to affinity, 

efficacy, and selectivity a compound must be bioavailable and chemically and metabolically stabile.  

Bioavailability of a compound is dependent on a number of factors that include solubility, the ability to 

cross biologic barriers including the gastrointestinal tract and the blood-brain barrier by either passive or 

active diffusion processes, plasma protein binding etc. New chemical entities (NCEs) that are highly 

potent and selective in vitro lack significant in vivo activity because they are unable to reach their sites of 

action. This may be due to a lack of absorption, first pass metabolism in the liver, or permeability 

limitations such as the blood brain barrier. The less ionized a compound, the better it is absorbed and the 

more readily it can pass biological membrane barriers. Many of the physicochemical factors affecting 

bioavailability are poorly understood.  

 For further lead optimization we need to assess absorption, distribution, metabolism, and 

excretion (ADME), which are obtained during the step of preclinical trials of the NCE. In assessing NCE 

activity in vivo there is usually a correlation between drug efficacy and the plasma concentration of either 

the parent compound and/or its active metabolites. Analysis of the time, course of plasma drug 

concentration changes can contribute important insights into the ADME process that is essential to the 

new drug application package. ADME studies can be used to both design and monitor clinical trials thus 

reducing much in the way of trial and error in using biologic efficacy as the only readout.  

Before testing candidate molecules on humans in clinical trials, scientists must show that the 

candidates do not present an unacceptable level of risk, given the expected therapeutic benefit. Once a 

compound has evolved to lead status, its safety has to be evaluated in suitable in vitro and in vivo models. 

A compound is initially evaluated for mutagenicity in vitro. A NCE in clinical trials will also be evaluated 

over two year period for reproductive effects, teratogenicity and immunologic and behavioral toxicity 
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both in adult mammals and their offspring. In this way we evaluate toxicological safety of a lead 

compound.  The general steps of a new drug design are presented in Fig.3. 

  
Figure3. The general steps in the design of a new drug 
 

The SAR and QSAR approaches to drug design 
 

Structure-Activity Relationship (SAR) 
The classic way of lead optimization is a study of the structure-activity relationships (SAR) of the 

lead molecule. In order to design better drug the medicinal chemist need to understand not only the 

mechanism by which a drug exerts its effect, but also the physicochemical properties of the lead molecule 

and the relative contributions that each functional group makes to the overall physicochemical properties 

of the molecule. The term “physicochemical properties” refers to the influence of the organic functional 

groups present within a molecule on its acid/base properties, water solubility, partition coefficient, crystal 

structure, stereochemistry etc, which influence the absorption, distribution, metabolism and excretion of 

the molecule. Based on these studies medicinal chemist can modify the lead molecule in a systematic 

fashion and determine how these changes affect biological activity. Such studies are referred to as studies 

of structure-activity relationships, i.e. what structural features of the molecule contribute to, or take away 

from, the desired biological activity of the molecule of interest. 

A study of the SARs of a lead compound and its analogues may be used to determine the parts of 

the structure of the lead compound that are responsible for both its beneficial biological activity, that is, 

its pharmacophore, and also its unwanted side effects.  

  
Figure 4. Basic structure of opioid pharmacophore: Morphine R=H, R’=H; Codeine R=CH3, R’=H; 

Heroine R=COCH3, R’=COCH3 
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Fig. 4 shows the structure of opioid pharmacophore, identified by stepwise modification of the 

structure of opioids.  

SARs information may be used to develop a new drug that has increased activity, a different 

activity from an existing drug and fewer unwanted side effects. SARs are usually determined by making 

minor changes to the structure of a lead to produce analogues and assessing the effect these structural 

changes have on biological activity. The investigation of numerous lead compounds and their analogues 

has made it possible to make some broad generalizations about the biological effects of specific types of 

structural change. These changes may be conveniently classified as changing: 

• the size and shape of the carbon skeleton  

• the stereochemistry of the lead  and 

• the nature and degree of substitution 

 

Changing size and shape 

The shapes and sizes of molecules can be modified by changing the number of methylene groups 

in chains (Fig. 5) and rings, increasing or decreasing the degree of unsaturation and introducing or 

removing a ring system (Table 3). These types of structural change usually result in analogues that exhibit 

either a different potency or a different type of activity to the lead. 

 

 

 

 

Figure 5. Examples of the variation of response curves with increasing numbers of inserted methylene groups. A 

study by Dohme et al. on the variation of antibacterial activity of 4-alkyl substituted resorcinols 
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Table 3. Examples of the ways in which the size and shape of the carbon skeletons of lead compounds may be 

changed to produce analogue 

 
 

The stereochemistry of the lead 

The physicochemical properties of a drug molecule are not only upon what functional groups are 

present in the molecule, but also the spatial arrangement of these groups. In this point of view, it is 

important to consider the relationship of stereochemical features of lead compound and its biological 

activity. Since proteins and other biological macromolecules are asymmetric in nature, how a particular 

drug molecule interacts with these macromolecules is determined by the three-dimensional orientation of 

the organic functional groups present. If crucial functional groups are not occupying the proper spatial 

region surrounding the molecule, then the productive bonding interactions with the biological 

macromolecule will not be possible, thereby potentially negating the desired pharmacologic effect. 

5 
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However, if these functional groups are in the proper three-dimensional orientation, the drug can produce 

a very strong interaction with its receptor. It is very important for the medicinal chemist responsible for 

developing a new molecular entity for therapeutic use to understand not only what functional groups are 

responsible for the drug’s activity, but also what three dimensional orientation of these groups is also 

needed.  

In stereochemistry definitions as enantiomers, diastereomers, etc are widely used.   Enantiomers 

are isomers whose three dimensional arrangement of atoms results in non-superimposable mirror images  

(Fig. 6). 

 

                 

H3CO

CH3

H

COONa

(S)-(+)-naproxen sodium

H3CO

H

H3C

COONa

(R)-(-)-naproxen sodium                          
Figure 6. Examples of enantiomers 

                   

These compounds have identical physical chemical properties except for their ability to rotate the 

plane of polarized light in opposite directions with equal magnitude. Enantiomers are also referred to as 

chiral compounds, antipodes or enantiomorphs. When introduced into an asymmetric, or chiral 

environment, such as the human body, enantiomers will display significant differences in their 

pharmacokinetic and pharmacodynamic behaviour. The isomers may exhibit significant differences in 

absorption (specially active transport), serum protein binding and metabolism, also can have different side 

effect or toxicity. As an example, one isomer may be converted into a toxic substance or may influence 

the metabolism of another drug (Table 4). 
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Table 4. Variations in the biological activities of stereoisomers 

 
 

Diastereomers are compounds that are non-superimposable, non-mirror image isomers. Such 

compounds can result from the presence of more than one chiral center in the molecule. Unlike 

enantiomers, diastereoisomers exhibit different physical and chemical properties, including melting point, 

solubility and chromatographic behaviour. These differences in physical and chemical properties allow 

for the separation of diastereoisomers from mixtures utilising standard chemical separation techniques 

such as column chromatography or crystallization. Examples of enantiomers and diastereoisomers are 

provided in the Fig. 7. Compounds containing more than one chiral center are probably the most common 

type of diastereoisomers used as drugs. The classic example of compounds of this type is the 

diastereoisomers ephedrine and pseudoephedrine.  
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Figure 7. Relationship between the enantiomers and diastereomers of ephedrine and pseudoephedrine. 

 

Consequently, medicinal chemist must take into account all these stereochemical features when 

proposing structures for potential leads and analogues. However, the extent to which one can exploit these 

structural features will depend on our knowledge of the structure and biochemistry of the target biological 

system. 

 

Introduction of new substituents 

The new substituents may either occupy a previously unsubstituted position in the lead compound 

or replace an existing substituent. Each new substituent will impart its own characteristic chemical, 

pharmacokinetic and pharmacodynamic properties to the analogue (Table 5). However, it should be 

realized that the practical results of such a structural change will often be different from the theoretical 

predictions. 
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Table 5. Examples of some of the groups commonly used as new substituents in the production of 

analogues

 
 

The introduction of a group in an unsubstituted position 

The incorporation of any group will always result in analogues with a different size and shape to 

the lead compound. In addition, it may introduce a chiral centre, which will result in the formation of 

stereoisomers, which may or may not have different pharmacological activities. Alternatively, it may 

impose conformation restrictions on some of the bonds in the analogue (Fig. 8).  
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Figure 8.  Harmes et al. suggest that the lack of antihistamine activity in the ortho-methyl analogue of 

diphenyhydramine is due to the ortho-methyl group restricting rotation about the C–O bond. It is believed that this 

prevents the molecule from adopting the conformation necessary for antihistamine activity 

 

The introduction of a new group may result in an increased rate of metabolism, a reduction in the 

rate of metabolism or an alternative route for metabolism. These changes could also change the duration 

of action and the nature of any side effects. For example, mono- and diortho-methylation with respect to 

the phenolic hydroxy group of paracetamol produces analogues with reduced hepatotoxicity (Fig. 9). It is 

believed that this reduction is due to the methyl groups preventing metabolic hydroxylation of these ortho 

positions. 

 
Figure 9. Mono- and diortho-methylation of the phenolic hydroxy group of paracetamol 

    

The position of substitution is critical. In one position the new group will lead to an enhancement 

of activity, while in another position it will result in a reduction of activity. For example, the 

antihypertensive clonidine with its o,o’-dichloro substitution is more potent than its m,p-dichloro 

analogue (Fig. 10). 

 
Figure10. Clonidine and its m,p-dichloro analogue. It is believed that the bulky chloro groups impose a 

conformation restriction on clonidine, which probably accounts for its greater activity 

 

The introduction of a group by replacing an existing group  

Analogues formed by replacing an existing group by a new group may exhibit the general 

stereochemical and metabolic changes. It is often made using the concept of isosteres. Isosteres are 

groups that exhibit some similarities in their chemical and/or physical properties (Table 6). Classical 

isosteres were originally defined by Erlenmeyer as atoms, ions and molecules with identical shells of 

electrons. Bioisosteres are groups with similar structures that usually exhibit similar biological activities.  
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Table 6. Examples of isosteres. Each horizontal row represents a group of structures that are isosteric. 

 
 

As a result, they may exhibit similar pharmacokinetic and pharmacodynamic properties. In other 

words, the replacement of a substituent by its isostere is more likely to result in the formation of an 

analogue with the same type of activity as the lead than the totally random selection of an alternative 

substituent. However, luck still plays a part, and an isosteric analogue may have a totally different type of 

activity from its lead (Fig. 11). A large number of drugs have been discovered by isosteric interchanges. 

 

 
 
Figure11. Examples of drugs discovered by isosteric replacement 

 

Quantitative structure–activity relationships (QSARS) 
To remove the element of luck from drug design QSAR has been established by using a 

mathematical relationship between biological activity and measurable physicochemical parameters in the 

form of an equation. These parameters are used to represent properties such as lipophilicity, shape and 

electron distribution, which are believed to have a major influence on the drug’s activity. This makes it 

possible to either to measure or to calculate these parameters for a group of compounds and relate their 

values to the biological activity of these compounds by means of mathematical equations using statistical 

methods such as regression analysis. These equations may be used by the medicinal chemist to make a 

more informed choice as to which analogues to prepare. For example, it is often possible to calculate the 

specific parameter for an as yet unsynthesized compound. Substituting this parameter in the appropriate 

equation, it is possible to calculate the theoretical activity of this unknown compound. The main 
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properties of a drug that appear to influence its activity are its lipophilicity, the electronic effects within 

the molecule and the size and shape of the molecule (steric effects). Lipophilicity is a measure of a drug’s 

solubility in lipid membranes. This is usually an important factor in determining how easily a drug passes 

through lipid membranes. The electronic effects of the groups within the molecule will affect its electron 

distribution, which in turn has a direct bearing on how easily and permanently the molecule binds to its 

target molecule. Drug size and shape will determine whether the drug molecule is able to get close 

enough to its target site in order to bind to that site. The parameters commonly used to represent these 

properties are partition coefficients for lipohilicity, Hammett’ s constants for electronic effects and Taft 

Ms steric constants for steric effects.  QSAR derived equations take the general form: 

                               

biological activity = function {parameter(s)} 

 

QSAR studies are normally carried out on groups of related compounds. However, QSAR studies on 

structurally diverse sets of compounds are becoming more common. In both instances it is important to 

consider as wide a range of parameters as possible. 

 

Lipophilicity 

Two parameters are commonly used to represent lipophilicity, namely the partition coefficient (P) 

and the lipophilicity substituent constant (π). The former parameter refers to the whole molecule whilst 

the latter is related to substituent groups. 

Partition coefficients (P). A drug has to pass through a number of biological membranes in order to reach 

its site of action. Consequently, organic medium/aqueous system partition coefficients were the obvious 

parameters to use as a measure of the ease of movement of the drug through these membranes. The 

accuracy of the correlation of drug activity with partition coefficients will depend on the solvent system 

used as a model for the membrane. A variety of organic solvents, such as n-octanol, chloroform and olive 

oil, are used to represent the membrane (organic medium), while both pure water and buffered solutions 

are used for the aqueous medium. The n-octanol–water system is frequently chosen because it appears to 

be a good mimic of lipid polarity. The equation has the general form: 

 

log (1/C )= k1LogP + k2, 

 
where k1 and k2 are constants, C is the minimum concentration required to cause a specific biological response. 

 

This equation indicates a linear relationship between the activity of the drug and its partition 

coefficient. Over larger ranges of P values the graph of log 1/C against log P often has a parabolic form 

with a maximum value (log P0) (Fig.12). LogP0 represents the optimum partition coefficient for biological 

activity. This means that analogues with partition coefficients near this optimum value are likely to be the 

most active and worth further investigation. 

 
Figure 12.  A parabolic plot for log (1/C) against log P 
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Lipophilic substituent constants (π) are also known as hydrophobic substituent constants. They represent 

the contribution that a group makes to the partition coefficient and were defined by Hansch and co-

workers by the equation: 

 =LogPRH- LogPRX 

 
where PRH and PRX are the partition coefficients of the standard compound and its monosubstituted derivative respectively. 
 

The value of  for a specific substituent will vary with the structural environment of the 

substituent. The values of  will also depend on the solvent system used to determine the partition 

coefficients used in their calculation. Most values are determined using the n-octanol/water system. A 

positive  value indicates that a substituent has a higher lipophilicity than hydrogen and so will probably 

increase the concentration of the compound in the n-octanol layer. Conversely, a negative value shows 

that the substituent has a lower lipophilicity than hydrogen and so probably increases the concentration of 

the compound in the aqueous media of biological systems (Table 7). 

 
Table 7. Examples of the variations of  values with chemical structure 

 
 

Electronic effects 

The distribution of the electrons in a drug molecule has a considerable influence on the 

distribution and activity of a drug. In general, nonpolar and polar drugs in their unionized form are more 

readily transported through membranes than polar drugs and drugs in their ionized forms. Furthermore, 

once the drug reaches its target site the distribution of electrons in its structure will control the type of 

bond it forms with that target, which in turn affects its biological activity. The first attempt to quantify the 

electronic affects of groups on the physicochemical properties of compounds was made by Hammett. 

 

The Hammett constant (X). The distribution of electrons within a molecule depends on the nature of the 

electron withdrawing and donating groups found in that structure. Hammett used this concept to calculate 

what are now known as Hammett constants (X) for a variety of monosubstituted benzoic acids. They are 

now used as electronic parameters in QSAR relationships. Hammett constants (X) are defined as: 

 

X = logKBX – log KB 

 
where KB and KBX are the equilibrium constants for benzoic acid and monosubstituted benzoic acids respectively.  
 

X value varies depending on whether the substituent is an overall electron donor or acceptor. A negative 

value for X indicates that the substituent is acting as an electron donor group. Conversely, a positive 

value for X shows that the substituent is acting as an electron withdrawing group. Hammett constants 

have disadvantage that they only apply to substituents directly attached to a benzene ring.  
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Steric effects 

The first parameter used to show the relationship between the shape and size (bulk) of a drug, the 

dimensions of its target site and the drug’s activity was the Taft steric parameter (Es). Taft (1956) used 

the relative rate constants of the acid catalysed hydrolysis of  substituted methyl ethanoates to define 

his steric parameter because it had been shown that the rates of these hydrolyses were almost entirely 

dependent on steric factors. He used methyl ethanoate as his standard and defined Es as: 

 

                              
where k is the rate constant of the appropriate hydrolysis and the value of Es=0 when X=CH3.  
 

It is assumed that the values for Es (Table 8) obtained for a group using the hydrolysis data are 

applicable to other structures containing that group. The methyl based Es values can be converted to H 

based values by adding -1.24 to the corresponding methyl based values. 

 
Table8. Examples of the Taft steric parameter Es 

 
 

 

Hansch analysis 
 

Hansch analysis attempts to mathematically relate drug activity to measurable chemical properties. It is 

based on Hansch’s proposal that drug action could be divided into two stages: 

1. the transport of the drug to its site of action; 

2. the binding of the drug to the target site. 

Each of these stages is dependent on the chemical and physical properties of the drug and its target site. In 

Hansch analysis these properties are described by the parameters discussed above. Hansch postulated that 

the biological activity of a drug could be related to these parameters by simple mathematical 

relationships: 

 

log 1/C= k1(partition parameter) + k2(electronic parameter) + k3(steric parameter) + k4 

 
where C is the minimum concentration required to cause a specific biological response and k1, k2, k3 and k4 are constants of the 

parameters  

 

k1, k2, k3 selected by the investigating team into a suitable computer statistical package. k4 depends 

on parameter chosen by investigators and can be obtained either from the literature (e.g. Es) or 

determined by experiment. 

The accuracy of a Hansch equation will depend on: 

a) the number of analogues (n) used: the greater the number the higher the probability of obtaining an 

accurate Hansch equation; 

b) the accuracy of the biological data used in the derivation of the equation. 
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Hansch equations may be used to predict the activity of an as yet unsynthesized analogue. This 

enables the medicinal chemist to make an informed choice as to which analogues are worth synthesizing. 

However, these predictions should only be regarded as valid if they are made within the range of 

parameter values used to establish the Hansch equation. Furthermore, when the predicted activity is 

widely different from the observed value, it indicates that the activity is affected by factors, that were not 

included in the derivation of the Hansch equation.  

 

Computer Aided Drug Design 
 

The development of powerful desktop and larger computers has enabled chemists to predict the 

structures and the values of properties of known, unknown, stable and unstable molecular species using 

mathematical equations. These equations are obtained using so called ‘models’ of the system being 

studied. Solving these equations gives the required data. In some cases the calculated values are believed 

to be more accurate than the experimentally determined figures because of the higher degree of 

experimental error in the experimental work.  

In medicinal chemistry, it is now possible to visualize the three dimensional shapes of both the ligands 

and their target sites. In addition, sophisticated computational chemistry packages also allow the 

medicinal chemist to evaluate the interactions between a compound and its target site before synthesizing 

that compound. This means that the medicinal chemist need only synthesize and test the most promising 

of the compounds, which considerably increases the chances of discovering a potent drug. It also 

significantly reduces the cost of development. 

 

Molecular modeling methods 

The three dimensional shapes of both ligand and target site may be determined by X-ray 

crystallography or computational methods. The most common computational methods are based on either 

molecular or quantum mechanics. Both these approaches produce equations for the total energy of the 

structure. Once the energy equation is established, the computer computes the set of coordinates which 

correspond to a minimum total energy value for the system. This set of coordinates is converted into the 

required visual display by the graphics package (Fig. 13). To save time and expense, structures are often 

built up using information obtained from databases, such as the Cambridge and Brookhaven databases. 

Information from databases may also be used to check the accuracy of the modeling technique. However, 

in all cases, the accuracy of the structures obtained will depend on the accuracy of the data used in their 

determination. Furthermore, it must be appreciated that the simply provide us with a useful picture for 

design and communication purposes. It is important to realize that we still do not know what molecules 

actually look like! 

Computer graphics 

In molecular modelling the data produced are converted into visual images on a computer screen 

by graphics packages. These images may be displayed as space fill, stick, ball and stick, mesh and ribbon 

(Fig. 13 and Fig. 13(a), 13(b) and 13(c)). Ribbon representations, for example, are usually used to depict 

large molecules, such as nucleic acids and proteins. The program usually indicates the three dimensional 

nature of the molecule and the structures may be displayed in their minimum energy or other energy 

states. They may be shrunk or expanded to a desired size as well as rotated about either the x or y axis. 

These facilities enable the molecule to be viewed from different angles and also allows the structure to be 

fitted to its target site. 
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Figure 13. Examples of some of the formats used by graphics packages to display molecular models on computer 

screens 

 

In addition, it is possible using molecular dynamics to show how the shape of the structure might 

vary with time by visualizing the natural vibrations of the molecule (Fig. 14(d) as a moving image on the 

screen). However, it is emphasized that both the stationary and moving images shown on the screen are 

useful caricatures and not pictures of the real structure of the molecule. 

 

Figure14 (a) Ball and stick representation of aspirin. (b) Ribbon representation of dihydrofolate reductase.         

(c) Mesh representation of aspirin. This representation shown simultaneously both the space fill and stick 

structures of the molecule. (d) Molecular dynamics representation of aspirin at 500 K. The relative movement of 

the atoms with time within the molecule is indicated by the use of multiple lines between the atoms 
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Docking 

The three dimensional structures produced on a computer screen may be manipulated on the 

screen to show different views of the structures. With more complex molecular mechanics programs it is 

possible to superimpose one structure on top of another. In other words, it is possible to superimpose the 

three dimensional structure of a potential drug on its possible target site. This process, which is often 

automated, is known as docking (Fig. 15). It  enables the medicinal chemist to evaluate the fit of potential 

drugs (ligands) to their target site. If the structure of a ligand is complementary to that of its target site the 

ligand is more likely to be biologically active. Furthermore, the use of a colour code to indicate the nature 

of the atoms and functional groups present in the three dimensional structures also enables the medicinal 

chemist to investigate the binding of the ligand to the target site. 

 

Figure 15. The docking of DBS-120 to a fragment of DNA. (a) CPK model; (b) Dreiding model. 

(Courtsey of Professor D Thurston, University of London.) 

 

 

Docking procedures have also been adapted to design possible leads. The computer is used to fit 

suitable structural fragments into the docking area. These fragments are joined to make molecules that fit 

the docking site. This procedure is referred to as De novo design. 

 

COMBINATORIAL CHEMISTRY 
 

How it began? Peptides and other linear structures 

Combinatorial chemistry was first applied to the synthesis of peptides, since a convenient method 

for the automated synthesis of these compounds was already in widespread use. In 1963, Merrifield 

introduced the efficient synthesis of peptides on a solid support or resin. This made the rapid, automated 

synthesis of peptides possible, and earned Merrifield a Nobel Prize in 1984. A key feature of his approach 

is the attachment of a growing peptide chain to an inert polymer beads. The beads can be immersed in 

solvents, washed, heated, and when the synthesis is complete, the beads can be filtered from solution, and 

the reaction product can be cleaved from the resin, yielding pure product. A Hungarian chemist Arpad 

Furka, realized that Merrifield’s approach could be extended to allow the synthesis of all possible 

combinations of a given set of aminoacids which allow to decrease the number of steps, simultaneously, 

to save the time and money. He accomplished this by splitting and remixing portions of the peptide bound 

resin at each step in the synthesis. In 1982 he published his results in the Hungarian patent literature, 

which was apparently the first reference to a combinatorial chemistry experiment.  

Combinatorial chemistry was developed to produce the large numbers of required compounds. It 

allows the simultaneous synthesis of a large number of the possible compounds that could be formed 

from a number of building blocks. The products of such a process are known as a combinatorial library. 
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Screening the products of a library for activity enables the development team to select suitable 

compounds for a more detailed investigation by either combinatorial chemistry or other methods. 

The basic concept of combinatorial chemistry is best illustrated by an example. Consider, the 

reaction of a set of three compounds (A1–3) with a set of three building blocks (B1–3). In combinatorial 

synthesis, A1 would simultaneously undergo separate reactions with compounds B1, B2 and B3 

respectively (Fig. 16). At the same time compounds A2 and A3 would also be undergoing reactions with 

compounds B1, B2 and B3. These simultaneous reactions would produce a library of nine products. If 

this process is repeated by reacting these nine products with three new building blocks (C1–3) a 

combinatorial library of 27 new products would be obtained. The reactions used at each stage in such a 

synthesis normally involve the same functional groups, that is, the same type of reaction occurs in each 

case. In theory this approach results in the formation of all the possible products that could be formed.  

 

 
 
Figure16. The principle of combinatorial chemistry illustrated by a scheme for synthesis of a library of 27 

polyamides using three building blocks at each stage 

 

The solid support method 

As it was mentioned above the solid support method originated with Merrifield’s solid peptide 

synthesis.  It uses resin beads that have functional groups attached to the linker (Fig. 17). Each of these 

functional groups acts as the starting point for the synthesis of one molecule of a product. Since a bead 

will possess in the order of 6 x 103 functional groups of the same type the amount of the product formed 

on one bead is often sufficient for structure determination.  

 

 

 
Figure 17.  A schematic representation of the resin beads used in combinatorial synthesis 

 

The choice of linker will depend on the nature of the reactions used in the proposed synthetic 

pathway. For example, an acid labile linker, such as HMP (hydroxymethylphenoxy resin), would not be 

suitable if the reaction pathway contained reactions that were conducted under strongly acidic conditions, 
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for example in case of using trifluoroacetic acid (Fig. 18). Consideration must also be given to the ease of 

detaching the product from the linker at the end of the synthesis. The method employed must not damage 

the required product but must also lend itself to automation.  

 

 
 
Figure 18. Examples of linkers that use trifluoroacetic acid (TFA) to detach the final product 

 

Screening and deconvolution 

The success of a library depends not only on it containing the right compounds but also on the efficiency 

of the screening procedure. Furthermore, it is no use preparing a combinatorial library if there is not a 

suitable screening procedure to assess the components of the library. A key problem with very large 

combinatorial libraries of mixtures is the large amount of work required to screen these libraries. 

Deconvolution is a method, based on the process of elimination, of reducing the number of screening tests 

required to locate the most active member of a library consisting of a mixture of all the components. It is 

based on producing and biologically assaying similar secondary libraries that contain one less building 

block than the original library. If the secondary library is still as active as the original library the missing 

building block is not part of the active structure. The procedure is complicated and it’s continued when 

there is more than one active component in the library. In this case it is necessary to prepare and test all 

the possible compounds indicated by deconvolution in order to identify the most active compound in the 

library. 

 

Drug Design Based on Targets 

 
In the previous section the methods of a lead modification and optimization have been discussed 

in details. However, for successful drug design it is important to understand how the lead compound and 

the target molecule are interacting.  Drug targets are typically key molecules involved in a specific 

metabolic or cell signaling pathway that is known, or believed, to be related to a particular disease state.  

 The action of drugs and the sites at which they are believed to act are varied. Common target sites 

are the receptors, ion channels, enzymes, nucleic acids, transporters.   

 

Drug design through enzyme inhibition 
The body is composed of thousands of different enzymes, many of them acting in concept in order 

to maintain homeostasis. While disease states main arise due to malfunctioning of a particular enzyme, or 

the introduction of a foreign enzyme through infection by microorganisms, inhibiting a specific enzyme 

to alleviate a disease state is a challenging process. Most bodily functions occur through a cascade system 

of an enzymatic system and it becomes extremely difficult to design a drug molecule that can selectively 

inhibit an enzyme and result in a therapeutic benefit. However, in order to address the problem, the basic 
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mechanism of enzyme action needs understanding. Once knowledge of a particular enzymatic pathway is 

determined and the mechanism and kinetics worked out, the challenge is then to design a suitable 

inhibitor that is selectively utilized by the enzyme causing its inhibition.  
Enzymes are often targets in drug design. Selecting a lead for an enzyme target requires either a 

detailed knowledge of the biochemistry of the pathological condition or using techniques such as 

computational and combinatorial chemistry. Enzyme inhibitors (I) may have either a reversible or 

irreversible action. Reversible inhibitors tend to bind to an enzyme (E) by electrostatic bonds, hydrogen 

bonds and van der Waals’ forces, and so tend to form an equilibrium system with the enzyme. Irreversible 

inhibitors usually bind to an enzyme by strong covalent bonds. However, in both reversible and 

irreversible inhibition the inhibitor does not need to bind to the active site in order to prevent enzyme 

action. 

Reversible inhibitors 

These are inhibitors that form a dynamic equilibrium system with the enzyme. The inhibitory 

effects of reversible inhibitors are normally time dependent because the removal of unbound inhibitor 

from the vicinity of its site of action by natural processes will disturb this equilibrium to the left. 

Consequently, reversible enzyme inhibitors will only be effective for a specific period of time. 

 

E + I ↔ E-I-complex 

 

Most reversible inhibitors may be further classified as being either competitive, non-competitive and 

uncompetitive. In competitive inhibition the inhibitor usually binds by a reversible process to the same 

active site of the enzyme as the substrate. Since the substrate and inhibitor compete for the same active 

site it follows that they will probably be structurally similar (Fig. 19). This offers a rational approach to 

drug design in this area. 

 
Figure 19. The similarity of the structures of malonate and succinate explains why malonate inhibits succinate 

dehydrogenase 

 

Non-competitive inhibitors bind reversibly to an allosteric site on the enzyme. The change in 

conformation caused by a substrate binding to the active site can also result in deformation of another 

active site, known as an allosteric site, on the enzyme. This behaviour is known as allosteric activation.  

In pure non-competitive inhibition, the binding of the inhibitor to the enzyme does not influence the 

binding of the substrate to the enzyme. However, this situation is uncommon, and the binding of the 

inhibitor usually causes conformational changes in the structure of the enzyme, which in turn affects the 

binding of the substrate to the enzyme. This is known as mixed noncompetitive inhibition. The fact that 

the inhibitor does not bind to the active site of the enzyme means that the structure of the substrate cannot 

be used as the basis of designing new drugs that act in this manner to inhibit enzyme action. 

Uncompetitive inhibitors are believed to form a complex with the enzyme–substrate complex. The 

formation of this complex prevents the substrate reacting to form its normal product(s). 

 

Irreversible inhibition 

Irreversible inhibitors may be classified for convenience as active site directed inhibitors and 

suicide or irreversible mechanism based inhibitors (IMBIs). They bind to the enzyme by either strong 

non-covalent or strong covalent bonds. Inhibitors bound by strong non-covalent bonds will slowly 

dissociate, releasing the enzyme to carry out its normal function. However, whatever the type of binding, 
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the enzyme will resume its normal function once the organism has synthesized a sufficient number of 

additional enzyme molecules to overcome the effect of the inhibitor. 

Active site directed inhibitors are compounds that bind at functional groups that are found at the 

active site or close to that site. Since these groups are usually nucleophiles, the incorporation of 

electrophilic groups in the structure of a substrate can be used to develop new inhibitors (Table 9).  

 
Table 9. Examples of the electrophilic groups used to produce active site directed inhibitors 

 
This approach may also be used to enhance the action of a known inhibitor. Most of the active site 

directed irreversible inhibitors in clinical use were not developed from a substrate. They were obtained or 

developed by other routes and only later was their mode of action discovered. For example, aspirin, first 

used clinically at the end of the 19th century as an antipyretic, is now believed to irreversibly inhibit 

prostaglandin synthase (cyclooxygenase), the enzyme that catalyses the conversion of arachidonic acid to 

PGG2, which acts as a source for a number of other prostaglandins (Fig. 20). Experimental evidence 

suggests that aspirin acts by acetylating serine hydroxy groups at the enzyme’s active site, probably by a 

transesterification mechanism. 

 

 
Figure 20.  The biosynthesis of prostaglandin 

 

Suicide inhibitors, are irreversible inhibitors that are often analogues of the normal substrate of the 

enzyme. The inhibitor binds to the active site, where it is modified by the enzyme to produce a reactive 

group, which reacts irreversibly to form a stable inhibitor–enzyme complex. This subsequent reaction 

may or may not involve functional groups at the active site. This means that suicide inhibitors are likely 

to be specific in their action, since they can only be activated by a particular enzyme. This specificity 
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means that drugs designed as suicide inhibitors could exhibit a lower degree of toxicity. A wide variety of 

structures have been found to act as sources of the electrophilic groups of suicide inhibitors (Fig. 21). 

  
 

Figure 21. Examples of the reactions to enhance or form the electrophilic centres* of suicide inhibitors and their 

subsequent reaction with a nucleophile at the active site of the enzyme. The general structures used for the enzyme–

inhibitor complexes are to illustrate the reactions; the enzyme ester groups may or may not be present in the final 

complex 

 

Transition state inhibitors  

The substrate in an enzyme catalysed reaction is converted to the product through a series of 

transition state structures. It is believed that during these transition states the activation energy required 

for the catalysed reaction is reduced (Fig. 22).  

 
Although these transition state structures are transient, they bind to the active site of the enzyme 

and therefore must have structures that are compatible with the structure of the active site of an enzyme 

and act as inhibitors for that enzyme. Compounds that fulfill this requirement are known as transition 

state inhibitors. They may act in either a reversible or irreversible manner. The structures of transition 

states may be deduced using classical chemistry and mechanistic theory. These structures may also be 

visualized using computers.  
 

Figure 22. The effect of an enzyme on the minimum energy pathway of a simple enzyme catalysed reaction 

involving a single substrate. (TS = transition state). The heights of the energy barriers TS1. TS2 and TS3 will 

vary depending on which step in the enzyme controlled route is the rate controlling step. 
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The resultant transition state structure and/or pictures may be used as the starting point for the 

design of a transition state inhibitor. For example, in the early 1950s it was observed that some rat liver 

tumors appeared to utilize more uracil in DNA formation than healthy liver. The first step in the 

biosynthesis of pyrimidines is the condensation of aspartic acid with carbamoyl phosphate to form N-

carbamoyl aspartic acid, the reaction being catalysed by aspartate transcarbamoylase (Fig. 23(a)). It has 

been proposed that the transition state for this conversion involves the simultaneous loss of phosphate 

with the attack of the nucleophilic amino group of the aspartic acid on the carbonyl group of the 

carbamoyl phosphate (Fig. 23(b)). Consequently, the structure of the experimental anticancer drug, 

sodium N-phosphonoacetyl- L-aspartate (PALA, Fig. 23(c)), was based on the structure of this transition 

state but without the amino group necessary for the next stage in the synthesis, which is the conversion of 

N-carbamoyl aspartatic acid to dihydroorotic acid. It was found that PALA bound 103 times more tightly 

to the enzyme than the normal substrate, and was effective against some cancers in rats. 

 
Figure 23 (a) The first step in the biosynthesis of pyrimidines. (b) The proposed transition state for the carbamoyl 

phosphate/aspartic acid stage in pyrimidine synthesis. (c) The structure of sodium N-phosphonoacetyl-L-aspartate 

(PALA) 
 

Enzyme inhibitors may inhibit the enzymes directly responsible for the formation of nucleic acids. 

For example, the topoisomerases, a group of enzymes that are responsible for the supercoiling, cleavage 

and rejoining of DNA, are inhibited by a number of compounds (Fig. 24). This inhibition is believed to 

prevent DNA transcription, which ultimately leads to cell death, which explains the use of these drugs to 

treat cancer. 

 

 
 

 
Figure 24.  Examples of topoisomerase inhibitors. Ellipticene acts by both intercalation and inhibition of 

topoisomerase II enzymes. It is active against nasopharyngeal carcinomas. Amsacrine is used to treat ovarian 

carcinomas, lymphomas and myelogenous leukaemias. Camptothecin is an antitumor agent 
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A wide range of compounds also inhibit a number of the enzyme systems that are involved in the 

biosynthesis of purines and pyrimidines in bacteria. For example, sulphonamide bacteriostatics inhibit 

dihydropteroate synthetase, which prevents the formation of folic acid in both humans and bacteria. 

However, although both mammals and bacteria synthesize their folic acid from para-amino-benzoic acid 

(PABA) (Fig. 25), mammals can also obtain it from their diet. Trimethoprim binds to bacterial 

dehydrofolate reductase (DHFR) but not human DHFR because of differences in the structures of these 

enzymes due to difference in species.This enzyme is responsible for catalyzing the conversin of 

dihydrofolic acid to tetrahydrofolic acid, which occuers in the biosynthesis of purins and pirimidines. 

These observations led to the development of co-trimoxazole, a mixture of one part trimethoprim and five 

parts sulphamethoxazole, to treat bacterial infections 

 

 
Figure 25.  Sequential blocking using sulphamethoxazole and trimethoprim 

 

Inhibitors based on structure for signal transduction proteins. 

Signal transduction: cellular process in which a 'signal' is sent from the outside of the cell to the nucleus. 

The signal is initiated after a molecule binds to a receptor in the cell surface, which is followed by a 

cascade of protein-protein interactions. A protein can be activated by several proteins, and that active 

protein can then activate several other proteins.  

A stimulus such as a growth factor binds to the receptor RasGTP. Active Ras activates Raf kinase, 

which then activates (through phosphorylation) MAP kinase kinase 1 and 2 (MKK), which then activates 

(through phosphorylation) ERK (Extracellular signal-regulated kinase-1 and 2). When ERK is 

phosphorylated, it forms a dimmer with another ERK protein, which might or might not be 

phosphorylated. ERK then phosphorylates a variety of substrates such as ribosomal S6 kinase proteins 

(RSK), transcription factors, etc. ERK is active in cell proliferation in many types of cancers. 

 

HIV as a model of rational drug design 
HIV infection and AIDS represent one of the first diseases for which the discovery of drugs was 

performed entirely via a rational drug design approach. In 1984: the human immunodeficiency virus, or 

HIV was isolated by Luc Montagnier (Pasteur Institute, Paris) and Robert Gallo (National Cancer 

Institute). HIV was quickly recognized as a retrovirus a type of virus that carries its genetic material not 

as DNA, as do most other organisms on the planet, but as RNA that the virus then "reverse transcribes". 

When HIV was identified as a retrovirus, the viral proteins became initial drug targets. 

 In 1989 scientists determined the X-ray crystallographic structure of HIV protease, a viral 

enzyme critical in HIV's life cycle. Pharmaceutical scientists hoped that by blocking this enzyme, they 

could prevent the virus from spreading in the body. With the structure of HIV protease at their fingertips, 

researchers were no longer working blindly. They could finally see their target enzyme in detail. By 

feeding the structural information into a computer modeling program, they could spin a model of the 

enzyme around, zoom in on specific atoms, analyze its chemical properties, and even strip away or alter 

parts of it. Most importantly, they could use the computerized structure as a reference to determine the 

types of molecules that might block the enzyme. These molecules can be retrieved from chemical 

libraries or can be designed on a computer screen and then synthesized in a laboratory. Such structure-

based drug design strategies have the potential to shave off years and millions of dollars from the 

traditional trial-and-error drug development process.  

The structure of HIV protease revealed a crucial fact: like a butterfly, the enzyme is made up of 

two equal halves. For most such symmetrical molecules, both halves have a "business area," or active 

http://publications.nigms.nih.gov/structlife/glossary/hiv.html
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site, that carries out the enzyme's job. But HIV protease has only one such active site-in the center of the 

molecule where the two halves meet (Fig. 26a).  Knowing that HIV protease has two symmetrical halves, 

pharmaceutical researchers initially attempted to block the enzyme with symmetrical small molecules. 

They made these by chopping in half molecules of the natural substrate, then making a new molecule by 

fusing together two identical halves of the natural substrate (Fig. 26b). To the researchers' delight, the 

first such molecule they synthesized fit perfectly into the active site of the enzyme. It was also an 

excellent inhibitor, it prevented HIV protease from functioning normally. But it wasn't water-soluble, 

meaning it couldn't be absorbed by the body and would never be effective as a drug. Scientists continued 

to tweak the structure of the molecule to improve its properties.  

 

                                  
Figure 26. HIV-protease a) active center of HIV-protease b) Natural substrate molecule of HIV-protease 

 

Between December 1995 and March 1996, the Food and Drug Administration approved the first 

three HIV protease inhibitors - Hoffman-La Roche's InviraseTM (saquinavir) (Fig. 27), Abbott's NorvirTM 

(ritonavir), and Merck and Co., Inc.'s Crixivan® (indinavir).  
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Figure 27. Saquinavir (Roche R031-8959) 

 

Protease inhibitors are noteworthy because they are a classic example of how structural biology 

can enhance traditional drug development. Some researchers now are working on new generations of HIV 

protease inhibitors that are designed to combat specific drug-resistant viral strains. The death rate from 

AIDS went down dramatically after these drugs became available. Now protease inhibitors are often 

prescribed with other anti-HIV drugs to create a "combination cocktail" that is more effective at 

squelching the virus than are any of the drugs individually.  

 

 

 

Active 

center 

http://publications.nigms.nih.gov/structlife/glossary/active.html
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How HIV resistance arises and the new strategies to fight HIV   

The emergence of drug-resistant variants underscores the urgent need to develop alternative 

strategies to fight HIV infection. HIV produces many different versions of itself in a patient's body. Drugs 

kill all of these virus particles except those that are resistant to the drugs. The resistant virus particles 

continue to reproduce. Soon the drug is no longer effective for the patient. Scientists have identified 

dozens of mutations that allow HIV protease to escape the effects of drugs. The protease molecules in 

some drug-resistant HIV strains have two or three such mutations. To outwit the enzyme's mastery of 

mutation, researchers are designing drugs that interact specifically with amino acids in the enzyme that 

are critical for the enzyme's function. Some research groups are trying to beat the enzyme at its own game 

by designing drugs that bind specifically to these mutant amino acids. Others are designing molecules that 

latch onto the enzyme's Achilles' heels - the aspartic acids in the active site and other amino acids that, if 

altered, would render the enzyme useless. One of the most attractive ways to inhibit HIV-1 replication is 

to prevent the virus entering its target cells. Along these lines, HIV entry inhibitors have been designed 

and studied extensively. Enfuvirtide is the first 36 amino acid peptide inhibitor which inhibits the HIV 

infusion step through binding to the gp41 subunit of viral envelope protein which was approved by Food 

and Drug Administration (USA) for treatment of HIV patients. However, this peptide is not bioavailable, 

and most importantly, Enfuvirtide resistant viruses are rapidly developed in patients during treatment.  

CXCR4 and CCR5 are the major coreceptors for HIV virus, and thus, are important targets for 

pharmaceutical intervention.  Several anti-HIV agents, blocking entry through CXCR4 or CCR5  are 

developed. However, it has been shown that in case of blocking one of the major entry coreseptors, HIV 

starts to use an alternative coreceptor. It is therefore important to design a new generation of 

CCR5/CXCR4 dual antagonists that specifically bind to both HIV-1 co-receptors. The first dual 

antagonist reported recently was a cyclam analog, AMD3451, with antiviral activity against a wide 

variety of R5, R5/X4 (dual-tropic), and X4 strains HIV-1 and HIV-2. The chemical structure of AMD 

3451 is presented in the Fig 28. 

 

Figure 28 . Chemical structure of  AMD3451 

The discovery of new promising leads in this area will allow scientists to finally win the struggle 

with HIV-infection.  

Reseptors as targets for drug design 
 

Pharmacodynamics is the study of drug action principally in terms of the structure of the drug, its 

site of action and the biological consequences of the drug-receptor interaction. The drug receptor is a 

component of the cell whose interaction with the drug initiates a chain of events leading to an observable 

biologic response. Some authors restrict the use of the noun receptors to those entities that interact with 

endogenous substances, such as acetylcholine, dopamine, epinephrine, histamine, norepinephrine, 

serotonin, as well as antagonists of these substances. To the macromolecules that interact with exogenous 

substances, such as certain drugs and venoms that do not interact with the pharmacological receptors, they 

give the name acceptors. According to these authors, acceptor differ from receptor in terms of specificity; 

that is, the acceptor usually has lower selectivity because it was not genetically designed to interact with 
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endogenous substances. Following this concept, local anesthetics interact with acceptors, not with 

receptors (Fig.29). 

 

 
Figure 29. Schematic representation of receptor site and acceptor site 

 

Notwithstanding the great efforts made, accurate and complete topography of receptors is not yet 

known. The hypothetical maps of receptors serve very useful purposes, especially the rational explanation 

of how drugs act and the design of new potential drugs. Localization of some drug receptors and 

acceptors has been determined. Most of them are either the active sites or allosteric sites of enzyme or 

parts of DNA or RNA or constituents of lipoprotein complexes.  

Some drugs produce their desired effects without interaction with a specific receptor. For instance, 

osmotic diuretics produce their pharmacologic effects simply by creating an osmotic gradient in the renal 

tubules, and thereby foster the elimination of water in the urine. This is purely the result of a physical 

characteristic of the drug. Similarly, antacids produce their beneficial effects by chemically neutralizing 

the hydrochloric acid found in the gastrointestinal tract.  

When a drug interacts with a receptor there is believed to be a number of chemical attractive 

forces responsible for the initial interaction. Compounds that are attracted to a receptor macromolecule 

are said to have affinity for the receptor, and may be classified as agonists or antagonists. Additionally, 

compounds with affinity are also referred to as ligands. Agonists are those compounds that have affinity 

for the receptor and are also capable of producing a biological response as a result of its interaction with 

the receptor. The ability to produce a response is referred to as efficacy or intrinsic activity. Drugs that are 

capable of interacting with the receptor but not activation it to produce a response are termed antagonists. 

This class of drug is said to have affinity, but lacks intrinsic activity.  

Agonists often have structures that are similar to that of the endogenous ligand (Fig. 30). 

Consequently, the normal starting point for the design of new agonists is usually the structure of the 

endogenous ligand or its pharmacophore. This information is normally obtained from a study of the 

binding of the endogenous ligand to the receptor using X-ray crystallography, nuclear magnetic resonance 

(NMR) and computerized molecular modelling techniques. However, it is emphasized that many agonists 

have structures that are not directly similar to those of their endogenous ligands. 
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Figure 30. Adrenaline as an endogenous ligand, ephedrine as an agonist, and labetolol as an antagonist. 

Antagonists usually have more molecular mass then agonists.  
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Several authors hypothesized that a receptor can exist in two conformations: active (A) or inactive 

(I), independently of drug being bound to it. Drugs act either as agonists or antagonists, according to their 

relative affinity for one or another conformation. The mechanism can be represented as  
  KDA   

  D + A ↔ DA 

              ↕E  
  KDI 

   D + I ↔ DI 
where KDA  and KDI  are the microscopic dissociation constants relative to the binding of D (drug) to A and I, respectively, and 

E=Io/Ao is the equilibrium constant of the states in the absence of the binding drug.  
 

Agonists display greater affinity for the conformation A; antagonists, for the conformation I. A 

drug will be an antagonist of another when it has a greater affinity for I than for A. Antagonistic activity 

can be of two types: (a) competitive, if the drug binds to the same site to which agonist binds, and (b) 

allosteric, if it attaches to another site.  

 

Affinity – the role of chemical bonding 
The binding of the drug to the receptor will initially depend upon the types of chemical bonds that can be 

established between the drug and its receptor. The overall strengths of these bonds will vary (Fig. 31), and 

will determine the degree of affinity between the drug and receptor.  
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Figure 31. Various drug-receptor bonds. A, covalent; B, ionic; C, hydrogen; D, hydrophobic 

 

Covalent bond 

The strongest of bonds involved in drug-receptor interactions is the covalent bond where two 

atoms, one from the ligand and one from the receptor, share a pair of electrons. Because of the significant 

strength of the covalent bond, 50-150 kcal/mol, covalent bonding often results in a situation where the 

ligand is irreversibly bound by the receptor, and thus leads to the receptor’s eventual destruction via 

endocytosis and chemical destruction. Full recovery of cellular function therefore requires the synthesis 

of new receptors.  

An example of an irreversible covalent bond formation between drug and receptor involves the 

longlasting blockade of α-receptors by phenoxybenzamine. Once phenoxybenzamine is converted to a 

highly reactive carbonium ion intermediate, this haloalkylmine can covalently link, via alkylation with 

amino, sulfhydryl or carboxyl groups at the α-receptor. The receptor is thus rendered irreversibly 

nonfunctional and eventually destroyed. The synthesis of new receptor requires a number of days.  

Ionic bond 
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When two ions of opposite charge are attracted to each other through electrostatic forces, an ion 

bond is formed. The strength of this type of bond varies between 5-10 kcal/mol, and decreases 

proportionally to the square of the distance between the two atoms. The ability of a drug to bind to a 

receptor via ionic interactions therefore increases significantly as the drug molecule diffuses closer to the 

receptor. Additionally, the strength associated with the ionic bond is strong enough to support an initial 

transient interaction between the receptor and the drug, but unlike the covalent bond not so strong as to 

prevent dissociation of the complex.  

The tendency of an atom to participate in ionic bonding is determined by its degree of 

electronegativity. Hydrogen as a standard, has an electronegativity value of 2.1 (Linus Pauling Units). 

Fluorine and chlorine atoms, and hydroxyl, sulfhydryl, and carboxyl groups form strong ionic bonds 

because of a stronger attraction for electrons than does hydrogen. On the other hand, alkyl groups do not 

participate in ionic bonds because of a weaker tendency to attract electrons than does hydrogen.  

Hydrogen bond 

Hydrogen that is linked via a covalent bond to a strongly electronegative atom, such as oxygen, 

nitrogen or sulfur, develops a relative positive charge and will be attracted to another atom possessing a 

relative negative charge via what is termed hydrogen bonding. A water molecule which behaves as an 

electronic dipole (the hydrogens are relatively positive due to the attraction of electrons by oxygen) can 

easily bond to other water molecule through hydrogen bonding. At 2-5 kcal/mol, a single hydrogen bond 

is relatively weak and would not be expected to support a drug-receptor interaction alone, but when 

multiple hydrogen bonds are formed between drugs and receptors, as is typically the case, a significant 

amount of stability is conferred upon the drug-receptor interaction. Thus, hydrogen bonding is most likely 

as essential requirement for many drug-receptor interactions. 

Hydrophobic interactions 

Hydrophobic interactions between nonpolar organic molecules also can contribute to the binding 

forces that attract a ligand to its receptor. Theorists have suggested that in order for these forces to 

operate, a momentary dipolar structure needs to exist in order to allow for such association. This induced 

dipolar structure may occur as a result of a temporary imbalance of charge distribution within molecules. 

These forces are very weak (0.5-1 kcal/mol) and decrease proportionally to the seventh power of the 

interatomic distance. These bonds, also referred to as van der Waals’ forces, require that the two nonpolar 

molecules come in close proximity to one another.  

 

Affinity – the role of conformation 
Most therapeutically useful drugs bind only transiently to their intended receptor. The 

combination of a variety of bonds including ionic, hydrogen and van der Waals’ attractive forces can 

contribute to the binding of a drug to the receptor. The critical portion of the structure of the drug which is 

believed to bind to the receptor is termed the pharmacophore. Once the drug has bound, a biologic 

response may result (e.g., especially if an agonist). Following or in the process of binding to the receptor 

there may be a conformational change in the receptor that initiates the activation of the biologic response, 

and also changes the attractive environment between the drug and the receptor. This simple explanation 

of the interaction of a drug with a receptor producing a biologic response is commonly referred to as the 

occupancy theory, and predicts that the response is directly related to the number of receptors bound by 

an agonist.  

Another theory of drug-receptor interactions termed the rate theory suggests that the activation of 

receptors is proportional not to the number or occupied receptors but to the total number of encounters of 

the drug with its receptor per unit time. In accordance with the theory, pharmacological activity is a 

function only of the rate of association and dissociation between molecules of drug and receptor and not 

of formation of a stable drug-receptor complex. In the case of agonists, the rates both of association and 

dissociation are fast and produce several impulses in unity of time. When we consider antagonists, 

however, the rate of association is fast but that of dissociation is slow, which explains their 

pharmacological action. This has some experimental basis, because it has been shown that before causing 

blockade, antagonists produce a short stimulating effect. In short, agonists are characterized by high 

dissociation rates, partial agonists by intermediate dissociation rates, and antagonists by low dissociation 
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rates as a consequence of stronger adherence to the receptor and of greater difficulty in being withdrawn 

from it because they are larger in size when compared with agonists and partial agonists.  

The induced-fit theory suggests that as the drug approaches the receptor a conformational change 

occurs in the receptor for effective binding (Fig.32). According to this theory the receptor does not 

normally exist in the proper conformation for drug binding. Following dissociation of the drug the 

receptor can then revert to its original configuration. In this theory an antagonist can induce a 

conformational change in the receptor, however the change is not proper change required for a biologic 

response to be elicited.  

 
Figure32. Diagramatic representation of drug-induced fit theory, in which an agonist (drug) or antagonist (drug*) 

interacts with two different conformations of the receptor. 

Combining the induced-fit and rate theories yields the macromolecular perturbation theory which 

suggests that two types of conformation changes exist, and that the rate of their existence determines the 

observed biologic response. Agonists produce the specific perturbation required for a biologic response, 

while antagonists produce a non-specific perturbation which fails to yield a biologic response. This theory 

can partially account for the activity of partial agonists. Finally, the activation-aggregation theory 

indicates that receptors are always in a dynamic equilibrium between active and inactive states. Agonists 

function by shifting the equilibrium toward the activated states, while antagonists prevent the activated 

state. This theory can account for the activity of inverse agonists which produce neither a typical agonist 

response nor an antagonist response (i.e., blocking the receptor), but rather produce responses opposite to 

those of the agonist.  

 

Affinity – the role of stereochemistry 
Very specific three dimensional requirements must be satisfied for a compound to effectively act as an 

agonist. To elegantly demonstrate the specificity of a drug for its receptor, the unique three-dimentional 

characteristics of chiral compounds can be used as an example. For instance, although the individual 

enantiomers (non-superimposable mirror images) of norephedrine (Fig. 33) have identical molecular 

weights, melting points, lipid solubility and empirical formulae, these compounds have significantly 

different alpha adrenoceptor agonistic activities.  
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Figure 33. Projection formulae of norephedrine stereoisomers. 
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The 1R, 2S enantiomer (levo) is about 100 times more potent than the 1S, 2R enantiomer (dextro) 

in vivo and in vitro. Thus, the greater efficacy of the 1R, 2S enantiomer is most likely dependent upon its 

ability to bind and activate the receptor as a result of its preferential fit into the receptor.  

Since labetalol, an adrenoceptor blocking agent structurally related to epinephrine, has two asymmetric 

centers, four diastereomers exist, Fig. 34. The R,R isomer accounts for much of the β-adrenoceptor 

blocking activity, while the S,R isomer has the greatest effect on α-adrenoceptors. The S, S isomer has 

some α-adrenoceptor blocking activity, but has no activity at β-adrenoceptors. The R, S isomer is 

essentially devoid of activity at both α- and β-adrenoceptors.  
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Figure 34. Diastereomers of labetolol. 

 

Many synthetically prepared therapeutic agents are a mixture of two enantiomers (racemates), with one 

enantiomer termed the eutomer being largely responsible for the desired pharmacologic effect. The other 

enantiomer termed the distomer may be inactive, or even contribute more significantly to the toxicity of 

the therapeutic agent.  

 

Dose-response relationships 
According to the concept of A.J. Clark the greater the number of agonist molecule present at the 

site of the receptors, the greater will be the response, i.e. a direct relationship. The following equation 

illustrates the interaction of a drug [D] with a receptor [R], which results in a drug-receptor complex [DR] 

and a biologic response. The interaction between most therapeutically useful drugs and its receptor is 

generally reversible. 

 

[D] + [R] ↔ [D~R] → Biologic response 

 

Dose-response curves typically plotted to determine both quantitative and qualitative parameters 

of potency and efficacy. Potency is inversely related to the dose required to produce a given response 

(typically half-maximum), while efficacy is the ability of a drug to produce a full response (100% 

maximum). In Fig. 34, Drug X is equally efficacious to Drug Y, but Drug X is more potent than Drug Y. 

That is to say, both Drug X and Drug Y can produce 100% response with Drug X reaching that response 

at a lower dose. Visual inspection of such dose-response curves allows for easy qualitative interpretations, 

e.g., in a series of curves, those positioned to the left are more potent than those positioned to the right. 

Additionally illustrated, in Fig.34, Drug Z is more potent than Drug Y, and Drug Z is equipotent to Drug 

X. However, comparisons of efficacy are visually apparent as the greater the maximum response (i.e., 

efficacy), the higher the maximum point on the dose-response curve. Thus, in Fig. 35 Drug X and Y are 

of equal efficacy, and of greater efficacy than Drug Z.  
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Figure 35. Dose-response relationship  

 

Receptor and Biologic Response 
Signal transduction 

Signal transduction is the process by which receptor activation results in the modification of 

cellular structure and functions. The process of signal transduction serves several critical roles. First, it 

enables extracellullar molecules to affect cellular function without entering the intracellular environment. 

This “long distance” communication is accomplished by the binding of an agonist to the receptor protein 

and stabilizing the receptor structure in an active conformation. The active receptor conformation can 

then facilitate the flow of ions through a membrane channel by the removal of steric or electronic 

hindrances (opening of channel gates). Second, several different signals may affect one another by 

facilitating or inhibiting the activation of regulatory enzymetic proteins via common or opposing 

metabolic pathways. Thus, signal transduction mechanisms can interact in such a way as to yield an 

integrated response to multiple stimuli. Third, via the activation of enzymes and the production of second 

messengers (e.g., cAMP, DAG, IP3), in initially weak signal can be amplified, and its duration prolonged, 

to produce a robust cellular response. Thus, a brief activation of a small number of receptors may result in 

a magnified response by the cell. Amplification can also occur via a multitude of intracellular reactions 

which lead to an enhanced cellular response. Outcomes of signal transduction may include one or more of 

the following: 1) a change in cell membrane polarity in electrically excitable tissues such as nerves and 

muscles which then results in the facilitation or inhibition of an action potential, thus affecting the 

excitability of the tissue; 2) the activation of cytosolic metabolic cascades resulting in alterations in 

cellular morphology or function; and 3) gene activation leading to the synthesis of new proteins which 

may then modify cellular structures and physiology. 

 

Receptor Classification 
Because of the importance of receptor classification to the science and practice of pharmacology the 

International Union of Pharmacology (IUPHAR) has established a set of committees designed to report 

on receptor classification schemes and protocols and the total classification is dependent upon 

consideration of structural, recognition and transduction components. From these considerations four 

principal classes of pharmacologic receptors may be recognized (Table 10). 

 
Table 10. Classification of Pharmacological Receptors 

Class Receptor type Characteristics 

1. 1-Transmembrane proteins Enzyme associated 

2. Transcriptional regulators Non-membrane, cytosolic protein with DNA-binding 

domains 

3. Ion channels Integral membrane; subunit composition; each 

subunit or domain has two or more membrane inserts 

as a pore region and four or more form the central 

pore of the channel. 

4. 7-Transmembrane proteins G-protein coupled receptors 
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1-Transmembrane proteins 

The first major class of pharmacologic receptors contains those that are intrinsically enzyme-associated, 

including those with guanylate cyclase activity or tyrosine kinase activity or which associate directly with 

a diffusible tyrosine kinase. These receptors include those for a number of growth factors (Table 11), 

neurotrophins and cytokines. Activation of these receptors occurs through a process of dimerization. 

Several growth factors, including platelet-derived growth factor, can induce cross-linking of their 

corresponding receptors because they contain two binding sites. Other growth factors recruit accessory 

molecules to induce receptor oligomerization. This dimerization process has been shown to be an integral 

component of the activation of many cell surface receptors associated with kinase activities. In contrast, 

the activity phosphatases is also controlled by dimerization, but dimerization decreases the enzyme 

activity. 

 
Table 11. Receptors for Growth Factors and Related Ligands  

Receptor type Ligand 

Tyrosine kinase 

 

 

 

 

Cytokines 

 

 

 

Tumor necrosis  

 

Serine/threonine kinase 

Platelet derived growth factor (PDGF) 

Epidermal growth factor (EGF) 

Insulin-like growth factor (IGF) 

Fibroblast growth factor (FGF) 

Neurotrophins 

Growth hormone 

Erythropoetine 

Interleukin 2, 3, 6 

Interferon 

Tumor necrosis factor 

Low affinity growth factor receptor 

Transforming growth factor beta (TGFB) 

Activin 

 

Transcriptional regulators 

The intracellular hormone receptors constitute the second major class and include the receptors for 

steroid hormones, including estrogens and androgens, the glucocorticoids such as corticosterone, vitamin 

D, thyroxine and retinoic acid. There are in excess of 150 members of this receptor family which serve as 

transcription factors. Type I receptors for steroid hormones are localized in the cytoplasm and nucleus 

and form large macromolecular complexes with heat shock and other proteins: ligand binding induces 

dissociation of the complex to form monomeric receptors which then homodimerize and bind hormone 

response elements in the nuclear DNA. Type II receptors for vitamin D, thyroid hormone and retinoic aid, 

are exclusively localized in the nucleus and form heterodimers that can bind to DNA in the absence of 

ligand. These nuclear receptors may be associated with co-repressor proteins that inhibit basal 

transcription of the target genes. Several processes including the tissue-specific expression of receptors 

and the sequence and organization of the DNA target sequences presumably ensure selectivity of target 

gene activation.  

Ion channel 

The ion channel category of pharmacologic receptors includes voltage-gated channels and ligand-

gated ion channels (LGICs): the latter include receptors for acetylcholine (nicotine), glycin and GABA, 

glutamate, serotonin, ATP, cyclic nucleotides and inositol tris-phosphate (IP3). The most rapid responses 

to receptor activation are mediated via LGICs. The main component of this signal transduction pathway is 

a plasma membrane spanning protein composed of multiple peptide subunits, each of which contains four 

membrane spanning domains. The nicotinic acetylcholine receptor is perhaps the best characterized 

LGIC. The nicotinic receptor is composed of 5 distinct subunits, two α, and, depending on the receptor 

subtype, various combinations of additional α, β, γ, and δ subunits. The binding of an acetylcholine 

molecule to the binding site on each of two α subunits induces a conformational change in the receptor, 
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opening a sodium selective ion channel through the center of the protein. The result is depolarization of 

the surrounding plasma membrane.  

7-Transmembrane protein 

The G-protein coupled receptors represent the largest single class of pharmacologic receptors; it 

has been estimated that approximately 60% of existing therapeutically active drugs act on this class of 

receptor. These considerations permit the broad classification of receptors into several major classes 

(Muscarinic receptors, alpha, beta and other receptors). G-protein coupled receptor transduce their signal 

via the activation of an intracellular guanine nucleotide binding protein. This family of proteins has seven 

hydrophobic domains which span the plasma membrane and therefore is sometimes referred to as having 

serpentine structure (Fig. 36). The extracellular region of the protein is composed of the amino terminus 

and several loops which comprise the ligand binding site. Smaller ligands tend to bind deep within the 

extracellular loops, close to the plasma membrane, while larger molecules have binding sites which are 

more superficial. The carboxy end of the receptor is located in the area of protein which protrudes into the 

cytoplasm. The intracellular side of the receptor also includes the binding site for the G-protein which 

usually binds to the third loop between the sixth and seventh transmembrane regions of the protein. Close 

to the carboxy terminus serine and threonine residues which are targets for ATP-dependent 

phosphorilation. Following prolonged activation, phosphorylation of these residues is hypothesized to 

occur via a negative feedback regulatory metabolic pathway which facilitates the binding of modulating 

molecules, that subsequently impair the coupling of G-proteins to the receptor.  

 
Figure 36. G-protein-coupled receptor. α, β, γ, correspond to G-protein subunits. 

 

G-proteins are heterotrimeric in structure with the subunits (in decreasing size), designated as α,β, and γ. 

At least 13 types of G-proteins have been identified, which are divided among four families, Gs, Gi, Gq, 

and G12. Individual G-proteins transduce the receptor activation signal via one of a number of second 

messenger systems which are summarized in Table 12.  
 

Table 12. G-protein Transducers and Second messenger 

G-protein transducer 

family 

Second messenger system 

Gs 

Gi 

Gq 

G12 

Enhance adenylyl cyclase activity 

Inibit adenylyl cyclase activity 

Stimulate phospholipase C activity 

Modulate sodium/hydrogen ion exchanger 

 

It is the characteristics of the α-subunit which determine the designation of the G-protein. Receptor 

activation leads to a conformational change in the associated G-protein; triggering the release of bound 

GDP from the α-subunit, which is then replaced by a molecule of GTP. With the binding of GTP, the α-

subunit GTP complex dissociates from the αβ-subunits and binds to a particular target enzyme, resulting 

in its activation or inhibition. Within a short period of time the α-subunit catalyzes the dephosphorylation 

of the associated GTP molecule to GDP, resulting in the reassociation of the α-subunit with the αβ-

subunits and thus the return of the G-protein to the inactivated state (Fig.35).  
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Second Messenger Pathways.  

As discussed above, in response to receptor activation, G-proteins activate plasma membrane 

bound enzymes which then trigger a metabolic cascade resulting in a cellular response. The products of 

these enzymatic actions are termed second messengers since they mobilize other enzymatic and structural 

proteins which then produce the cellular response. The enzymes which catalyze the synthesis of second 

messengers generally fall into two categories, those that convert the purine triphosphates ATP and GTP 

into their respective cyclic monophosphates, and enzymes which synthesize second messengers from 

plasma membrane phospholipids. The most thoroughly studied second messenger system is controlled by 

a family of 10 plasma membrane bound isoenzymes of adenylyl cyclase which catalyze the conversion of 

ATP to cyclic adenosine monophosphate (c-AMP) (Fig.37).  
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Figure 37. Conversion of ATP to cAMP catalyzed by adenylyl cyclase. 

 

Adenylyl cyclase is activated by the Gs family of G-proteins and inhibited by Gi proteins. 

Following synthesis, cAMP activates c-AMP-dependent protein kinases (PKAs) by triggering the 

dissociation of regulatory subunits from catalytic subunits. The catalytic subunits then activate other 

target proteins via phosphorylation, which then trigger the cellular response.  The magnitude of the 

cellular response is proportional to the concentration of c-AMP. Degradation of c-AMP occurs 

phosphodiesterases or by reducing c-AMP concentration via active transport out of the cell. The result is 

termination of the signal.  

A similar, although less ubiquitous second messenger pathway is assoiciated with guanylyl 

cyclase. Guanylyl cyclase is activated in response to catalytic receptors selective for ligands including 

atrial natriuretic factor and nitric oxide. When stimulated guanylyl cyclase then catalyzes the synthesis of 

c-GMP from GTP. Cyclic-GMP subsequently activates c-GMP-dependent protein kinases which then 

activate other proteins. The actions of c-GMP are terminated by enzymatic degradation of substrates. One 

effect of this second messenger pathway is the relaxation of smooth muscle via the dephosphorylation of 

myosin light chain. 

The generation of second messengers from plasma membrane phospholipids is mediated primarily 

by G-protein activation of phospholipase C. There are three families of phospholipase C (PLC), 

designated PLC-β, PLC-γ, and PLC-δ. PLC-β can be activated by the α–subunit of the Gq family of G-

proteins or the βγ subunits of other G-proteins. PLC-γ is activated via tyrosine kinase receptors, however, 

the mechanism for PLC-δ is not yet understood. Upon activation, PLC hydrolyzes phosphatidyl inositol-

4,5-bisphosphate to diacylglycerol (DAG) and inosital-1,4,5-triphosphate (IP3). IP3 is water soluble and 

diffuses into the cytoplasm where it triggers the release of calcium from intracellular stores. Intracellular 

calcium then bind to the protein calmodulin and also to protein kinase C (PKC), both of which then 

stimulate, via phosphorylation a broad range of enzymes and other proteins including specific kinases. 

The other product of PLC, DAG is lipid soluble and remains in the plasma membrane where it facilitates 

the activation of PKC by calcium. The signal is terminated via inactivation of IP3 by dephosphorylation, 

while DAG is inactivated by phosphorylation to phosphatidic acid or deacetylation to fatty acids.   
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DRUG METABOLISM 
 

Drug metabolism or biotransformations are the chemical reactions that are responsible for the 

conversion of drugs into other products (metabolites) within the body before and after they have reached 

their sites of action. The study of xenobiotic metabolism has developed rapidly during the past few 

decades. These studies have been fundamental in the assessment of drug efficacy, safety and design of 

dosage regiment. The metabolism of drugs and other xenobiotics is fundamental to many toxic processes 

such as carcinogenesis, teratogenesis, and tissue necrosis. Often, the same enzyme involved in drug 

metabolism also carry out the regulation and metabolism of endogenous substances. The inhibition and 

induction of these enzymes by drugs and xenobiotics may consequently have a profound effect on the 

normal processes of intermediary metabolism, such as tissue growth and development, hemopoesis, 

calcification, and lipid metabolism.  

Metabolism usually occurs by more than one route (Fig. 38, R-(+)-warfarin). These routes 

normally consist of a series of enzyme controlled reactions. Their end products are normally 

pharmacologically inert compounds, which are more easily excreted than the original drug. The reactions 

involved in these routes are classified for convenience as Phase I and Phase II reactions. Phase I reactions 

either introduce or unmask functional groups, which are believed to act as a centre for Phase II reactions. 

The products of Phase I reactions are often more water soluble and so more readily excreted than the 

parent drug. Phase II reactions produce compounds that are often very water soluble and usually form the 

bulk of the inactive excreted products of drug metabolism. The rate of drug metabolism controls the 

duration and intensity of the action of many drugs by controlling the amount of the drug reaching its 

target site. In addition, the metabolites produced may be pharmacologically active. Consequently, it is 

important in the development of a new drug to document the behaviour of the metabolic products of a 

drug as well as that of their parent drug in the body. Furthermore, in the case of prodrugs, metabolism is 

also responsible for liberating the active form of the drug. 

 
Figure 38. The different metabolic routes of S-(-)-warfarin and R-(+) warfarin in humans 

 

The stereochemistry of drug metabolism 

Stereochemical factors play an important role in the biotransformation of drugs. Drugs are 

metabolized by both nonspecific enzymes and the more specific enzymes that are found in the body. The 

latter enzymes usually catalyse the metabolism of drugs that have structures related to those of the normal 

substrates of the enzyme and so are to a certain extent stereospecific. The stereospecific nature of some 

enzymes means that enantiomers may be metabolized by different routes, in which case they could 

produce different metabolites (Fig. 39. 

In some cases an inert enantiomer is metabolized into its active enantiomer. For example, R-ibuprofen is 

inactive but is believed to be metabolized to the active analgesic S-ibuprofen. 
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Figure 39. Metabolism of R-(-)Ibuprofen tp S-(+)-Ibuprofen 

 

Biological factors affecting metabolism 

The metabolic differences found within a species are believed to be due to variations in age, sex, 

genetics and diseases. In particular, diseases that affect the liver will have a large effect on drug 

metabolism. Diseases of organs, such as the kidneys and lungs, that are less important centers for 

metabolism will also affect the excretion of metabolic products. Consequently, when testing new drugs, it 

is essential to design trials to cover all these aspects of metabolism. 

Age. The ability to metabolize drugs is lower in the very young (under 5) and the elderly (over 60). 

However, it is emphasized that the quoted ages are approximate and the actual changes will vary 

according to the individual and their lifestyle. In the foetus and the very young (neonates), many 

metabolic routes are not fully developed. This is because the enzymes required by metabolic processes 

are not produced in sufficient quantities until several months after birth. Children (above 5) and teenagers 

usually have the same metabolic routes as adults. However, their smaller body volume means that smaller 

doses are required to achieve the desired therapeutic effect. 

Sex. The metabolic pathway followed by a drug is normally the same for both males and females. 

However, some sex related differences in the metabolism of anxiolytics, hypnotics and a number of other 

drugs have been observed. Pregnant women will also exhibit changes in the rate of metabolism of some 

drugs. For example, the metabolism of both the analgesic pethidine and the antipsychotic chlorpromazine 

are reduced during pregnancy. 

Genetic variations. Variations in the genetic codes of individuals can result in the absence of enzymes, 

low concentrations of enzymes or the formation of enzymes with reduced activity. These differences in 

enzyme concentration and activity result in individuals exhibiting different metabolic rates and in some 

cases different pharmacological responses for the same drug. An individual’s inability to metabolize a 

drug could result in that drug accumulating in the body. This could give rise to unwanted effects. 

Environmental factors. The metabolism of a drug is also affected by lifestyle. Poor diet, drinking, 

smoking and drug abuse may all have an influence on the rate of metabolism. The use of over-the-counter 

self-medicaments may also affect the rate of metabolism of an endogenous ligand or a prescribed drug. 

Since the use of over-the-counter medicaments is widespread, it can be difficult to assess the results of 

some large scale clinical trials. 

 

Secondary pharmacological implications of metabolism 

Metabolites may be either pharmacologically inactive or active. Active metabolites may exhibit a 

similar activity to the drug or a different activity or be toxic (Table 13). In addition, they may exhibit 

different side effects. 

Drug metabolism can occur in all tissues and most biological fluids. However, the widest range of 

metabolic reactions occurs in the liver (hepatic metabolism). A more substrate selective range of 

metabolic processes takes place in the kidney, lungs, brain, placenta and other tissues (extrahepatic 

metabolism). The ability of the liver and extrahepatic tissues to metabolise substances to either 

pharmacologically inactive or bioactive metabolites before reaching systemic blood levels is called first 

pass metabolism or the presystematic first pass effect.  

Orally administered drugs may be metabolized as soon as they are ingested. However, the first 

region where a significant degree of drug metabolism occurs is usually in the GI tract and within the 

intestinal wall. Once absorbed from the GI tract, many potential and existing drugs are extensively 

metabolized by first pass metabolism. For example, the first pass metabolism of some drugs such as 
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lignocaine is so complete that they cannot be administered orally. The bioavailability of other drugs, such 

as nitroglycerine (vasodilator), propranolol (antihypertensive) and pethidine (narcotic analgesic), is 

significantly reduced by their first pass metabolism. 
 

Table 13. Some of the types of secondary pharmaceutical activity of metabolites. Note that not all the possible 

metabolic routes for a drug are given in the examples 

 
 

Phase I metabolic reactions 

 
The main Phase I reactions are biological oxidations, reductions, hydrolyses, hydrations, 

deacetylations and isomerizations, although a wide range of other reactions are included in this category. 

Knowledge of these biological reactions and the structure of a molecule make it possible to predict its 

most likely metabolic products. As a result, the identification of the metabolites of a drug and their 

significance is normally determined by experiment during its preclinical and Phase I trials. 
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Oxidation 

Oxidation is the most important Phase I metabolic reaction. This reaction is catalysed by a group of 

membrane-bound monooxygenases, which are found mainly in the smooth endoplasmic reticulum of the 

liver but also occur, to a lesser extent, in other tissues. These enzymes tend to be nonspecific, catalysing 

the metabolism of a wide variety of compounds (Table 14). 
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Two common mixed function oxidase systems are the cytochrome P-450 (CYP-450) (Fig.40) and 

the flavin monoxygenase (FMO) systems.  

 
Figure 40. Proposed mechanism for heteroatom compound oxidation, dealkylation,  and dehalogenation 

 

The overall oxidations of these systems take place in a series of oxidative and reductive steps, 

each step being catalysed by a specific enzyme. Many of these steps require the presence of molecular 

oxygen and either NADH or NADPH as co-enzymes. The most important function of CYP-450 is its 

ability to “activate” molecular oxygen (Fig. 41), permitting the incorporation of one atom of oxygen into 

an organic substrate molecule concomitant with the reduction of the atom of oxygen to water. The 

introduction of a hydroxyl group into the hydrophobic substrate molecule provides a site for subsequent 

conjuction with hydrophilic compounds (Phase II), thereby increasing the aqueous solubility of the 

product for its transport and excretion from the organism (Table 15). This enzyme system not only 

catalyses xenobiotic transformation in ways that usually lead to detoxication, but in some cases, in ways 

that lead to products having greater cytotoxic, mutagenic, or carcinogenic properties.  

Table14 
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O2 + e- O=O

O2 + 2e- + 2H+ H2O2

O2 + 2e- + 2H+ 2HO- + H2O

O2 + 2e- + 2H+ O + H2O

Superoxide radical anion

Peroxide

Hydroxyl radical

Oxygen atom

Reactive oxygen
species (ROS)

 
Figure 41. Oxygen activation 

 

A number of other enzymes, such as monoamine oxidase, alcohol dehydrogenase and xanthine oxidase, 

are also involved in drug metabolism.  
 

Table 15. Hydroxylation Mechanisms Catalysed by CYP450 
Aromatic hydroxylation

CH3CONHC6H5 CH3CONHC6H4OH
OH

Aliphatic  hydroxylation

R-CH3 R-CH2-OH
OH

Deamination

R-CH(NH2)-CH3 (R-C(OH)(NH2)-CH3)
OH

R-CO-CH3 + CH2O

O-Dealkylation

R-O-CH3 (R-O-CH2-OH)
OH

R-OH + CH2O

N-Dealkylation

R-N(CH3)2 (R-N(CH2OH)(CH3))
OH

R-NH-CH3 + CH2O

R-NH-CH3
(R-NH-CH2OH)

OH
R-NH2 + CH2O

N-oxidation

(CH3)-N ((CH3)3-NOH)
OH

(CH3)3
-NO + H+

Sulfoxidation

R-S-R' (R-S-R')
OH

R-S-R' + H+

OH O  
 

 

Induction and inhibition of CYP450 
Induction 

Many drugs, environmental chemicals, and other xenobiotics enhance the metabolism of 

themselves or of other co-ingested/inhaled compounds, thereby altering their pharmacologic and 

toxicologic effects. Prolonged administration of a drug can lead to enhanced metabolism of a wide variety 

of other compounds. Enzyme induction is a dose-dependent phenomenon.  
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Drugs and xenobiotics exert this effect by inducing transcription of CYP450 mRNA and synthesis 

of xenobiotic-metabolizing enzymes in the smooth endoplasmic reticulum of the liver and other 

extrahepatic tissues. Enzyme induction is important in interpreting the results of chronic toxicities, 

mutagenecities, or carcinogenesis and explaining certain unexpected drug interactions in patients.  

Enzyme induction can alter the pharmacokinetics and pharmacodynamics of a drug. As a result of 

induction, a drug may be either metabolized more rapidly to metabolites that are more potent, more toxic, 

or less active than the parent drug. Induction can also enhance the activation of procarcinogens or 

promutagens.  

Many compounds, when chronically administered, stimulate their own metabolism, thereby 

decreasing their therapeutic activity and producing a state of apparent tolerance. This self-induction may 

explain some of the change in drug toxicity observed in prolonged treatment. The sedative action of 

Phenobarbital, for example, becomes shorter with repeated doses and can be explained in part on the basis 

of increased metabolism. 

Phenobarbital and Rifampin, cigarette smoking, dietary substances (such as cabbage, Brussels 

sprouts, etc), alcohol are considered to be specific inducers of CYP450.  

 

 

Inhibition. 

Another method of altering the in vivo effects of xenobiotics metabolized by CYP450 is through 

the use of inhibitors. The CYP450 inhibitors can be divided into three categories according to their 

mechanism of action: reversible inhibition, metabolite intermediate complexation of CYP450, or 

mechanism-based inactivation of CYP450. 

Reversible inhibition. Reversible inhibition of CYP450 is the result of reversible interaction at the heme-

iron active center of CYP450, the lipophilic sites on the apoprotein, or both. The most effective reversible 

inhibitors are those that interact strongly with both the apoprotein and the heme-iron. Drugs interacting 

reversible with CYP450 include the fluoroquinolone antimicrobials, cimetidine, the azole antifungals, 

quinidine, diltiazem.  

CYP450 complexation inhibition. Noninhibitory alkylamine drugs have the ability to undergo CYP450-

mediated oxidation to nitrosoalkane metabolites (Fig.42), which have a high affinity for forming a stable 

complex with the reduced (ferrous) heme intermediate for the CYP2B, CYP2C and CYP3A subfamilies. 

This process is called metabolite intermediate complexation. Thus, CYP450 is unavailable for further 

oxidation and synthesis of the new enzyme is required to restore CYP450 activity. The macrolide 

antibiotics, erythromycin, clarithromycin and their analogs are selective inhibitors of CYP3A4 that are 

capable of inducing the expression of hepatic and extrahepatic CYP3A4 mRNA and induction of their 

own biotransformation into nitrosoalkane metabolites. The clinical significance of this inhibition with 

CYP3A4 is the long-lived impairment of the metabolism of a large number of co-administered substrates 

for this isoform and the potential drug-drug interations and time-dependent non-linearities in their 

pharmacokinetics upon long-term administration.  
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Figure 42. Sequence of oxidation of dialkylamine to nitroso metabolite intermediate 

 

Mechanism-based inhibition. Certain drugs that are noninhibitory of CYP450 contain functional groups 

that, when oxidized by CYP450, generate metabolites that bind irreversibly to the enzyme. This process is 

called mechanism-based inhibition and requires at least one catalytic CYP450 cycle during or subsequent 

to the oxygen transfer step when the drug is activated to the inhibitory species. Drugs that are mechanism-

based inhibitors of CYP450 include 17 α–acetylenic estrogen, 17 α–acetylenic progestin, 

chloramphenicol, etc.  
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Reduction 

Reduction is an important reaction for the metabolism of compounds that contain reducible groups, such 

as aldehydes, ketones, alkenes, nitro groups, azo groups and sulphoxides. The enzymes used to catalyse 

metabolic reductions are usually specific in their action. Many of them require NADPH as a coenzyme. 

Reduction of some functional groups results in the formation of stereoisomers. Although this means that 

two metabolic routes may be necessary to deal with the products of the reduction, only one product 

usually predominates. For example, R(+)-warfarin is reduced to a mixture of the corresponding RS(+) and 

RR(+) diastereoisomers, the RS(+) isomer being the major product (Fig.43). 

 

 
Figure 43. Metabolism of R(+)-Warfarin 

 

Hydrolysis 

Hydrolysis is an important metabolic reaction for drugs whose structures contain ester and amide groups. 

All types of ester and amide can be metabolized by this route. Ester hydrolysis is often catalysed by 

specific esterases in the liver, kidney and other tissues as well as non-specific esterases such as 

acetylcholinesterases 

and pseudocholinesterases in the plasma. Amide hydrolysis is also catalysed by non-specific esterases in 

the plasma as well as amidases in the liver. More specific enzyme systems are able to hydrolyse sulphate 

and glucuronate conjugates as well as hydrate epoxides, glycosides and other moieties. The hydrolysis of 

esters is usually rapid whilst that of amides if often much slower. This makes esters suitable as prodrugs  

and amides a potential source for slow release drugs. 

Hydration 

Hydration, in the context of metabolism, is the addition of water to a structure. Epoxides are readily 

hydrated to diols (see carbamazepine, Table 13), the reaction being catalysed by the enzyme epoxide 

hydrolase. 

Other Phase I reactions 

The reactions involved in Phase I metabolism are not limited to those discussed in the previous sections. 

In theory, any suitable organic reaction could be utilized in a metabolic route. For example, the initial 

stage in the metabolism of L-dopa is decarboxylation. 

 

Phase II metabolic routes 
Phase II reactions, which are also known as conjugation reactions, may occur at any point in the 

metabolism of a drug or xenobiotic. However, they often represent the final step in the metabolic pathway 

before excretion. The products of Phase II reactions, which are referred to as conjugates, are usually 

pharmacologically inactive, although there are some notable exceptions. They are usually excreted in the 

urine and/or bile. The reactions commonly involved in Phase II conjugation are acylation, sulphate 

formation and conjugation with amino acids, glucuronic acid, glutathione and mercapturic acid (Table 

16). Methylation is also regarded as a Phase II reaction although it is normally a minor metabolic route. 

However, it can be a major route for phenolic hydroxy groups. In all cases, the reaction is usually 

catalysed by a specific transferase. 
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Table 16. Phase II reactions. These normally produce pharmacologically inert metabolites but a few metabolites, 

such as N-Acetylisoniazid and the sulphate conjugates of phenacetin, are toxic. 
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Table 16. (continued) 

 
 

Pharmacokinetics of metabolites 
When investigating the pharmacokinetics of a drug it is also necessary to obtain pharmacokinetic 

data concerning the action and elimination of its metabolites. This information is usually obtained in 

humans by administering the drug and measuring the change in concentration of the appropriate 

metabolite with time in the plasma. However, as metabolites are produced in the appropriate body 

compartment, a metabolite may be partly or fully metabolized before it reaches the plasma. In these cases 

the amount of metabolite found by analysis of plasma samples is only a fraction of the amount of the 

metabolite produced by the body. For simplicity, the discussions in this text assume that all the metabolite 

produced reaches the plasma.  

The total administered dose (A) of a drug is excreted partly unchanged and partly metabolized 

(Fig. 44). Most metabolic pathways consist of a series of steps. The importance of this series is not the 

number of steps but whether the pathway has a rate determining step. In other words, is there a metabolite 

bottleneck where the rate of elimination of a metabolite is far slower than its rate of formation from the 

drug? At such a point the concentration of the metabolite would increase to significant amounts, which 

could lead to potential clinical problems if the metabolite were pharmaceutically active. Consequently, to 

avoid problems of this nature a metabolite should be eliminated faster than the drug.  

 
Figure 9.2 A schematic representation of the possible elimination routes for a drug in the body 

Drug metabolism and drug design 
A knowledge of the metabolic pathway of a drug may be used to design analogues that have a 

different metabolism to that of the lead. This change of metabolism is achieved by modifying the 

structure of the drug. These structural modifications may either make the analogue more stable or 
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increase its ease of metabolism relative to the lead (Table 17). The structural modifications should be 

selected so that they do not change the nature of the pharmacological activity of the drug. However, it is 

not possible to accurately predict whether this will be the case and so normally the activity of the 

analogue may only be found by experiment. 
 

Table 17 Examples of the effect of structural modifications on the metabolism of a lead compound 

 
 

Changing the metabolism of a lead may result in an analogue which exhibits a different type of 

activity to that of the lead. For example, the replacement of the ester group in the local anaesthetic 

procaine by an amide group produced procainamide, which acts as an antiarrhythmic (Fig. 45(a)). It may 

also be used to develop analogues that do not have undesireable side effects. For example, the local 

anaesthetic lignocaine is also used as an antiarrhythmic. In this respect, its undesirable convulsant and 

emetic side effects are caused by its metabolism in the liver by dealkylation to the mono-N-ethyl 

derivative (Fig. 45(b)). The removal of the N-ethyl substituents and their replacement by an a-methyl 

group gives the antiarrhythmic tocainide. Tocainide cannot be metabolized by the same pathway as 

lignocaine and does not exhibit convulsant and emetic side 

effects.

 
Figure 45. Examples of structural modifications causing changes in activity 

(see prodrugs) 
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PRODRUGS 

 
Prodrugs are compounds that are biologically inactive but are metabolized to an active metabolite, 

which is responsible for the drug’s action. They are classified as either bioprecursor or carrier prodrugs. 

Prodrugs may be designed to improve absorption, improve patient acceptance, reduce toxicity and also 

for the slow release of drugs in the body. A number of prodrugs have also been designed to be site 

specific. 

Bioprecursor prodrugs 

Bioprecursor prodrugs are compounds that already contain the embryo of the active species within their 

structure. This active species is liberated by metabolism of the prodrug (Fig. 46). 

 
Figure 46. Examples of bioprecursor prodrugs 

 

Carrier prodrugs 

Carrier prodrugs are formed by combining an active drug with a carrier species to form a 

compound with the desired chemical and biological characteristics, for example, a lipophilic moiety to 

improve transport through membranes. The link between carrier and active species must be a group, such 

as an ester or amide, that can be easily metabolized once absorption has occurred or the drug has been 

delivered to the required body compartment. The overall process may be summarized by: 

 
Carrier prodrugs that consist of the drug linked by a functional group to the carrier are known as 

bipartate prodrugs (Fig.47). Tripartate prodrugs are those in which the carrier is linked to the drug by a 

link consisting of a separate structure. In these systems, the carrier is removed by an enzyme controlled 

metabolic process and the linking structure by either an enzyme system or a chemical reaction. 

The choice of functional group used as a metabolic link depends both on the functional groups occurring 

in the drug molecule (Table 18) and the need for the prodrug to be metabolized in the appropriate body 

compartment.  
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Table 18. Examples of the functional groups to link carriers with drugs 

 
 

The design of prodrug systems for specific purposes 

The introduction of a carrier into the structure of a drug to form a prodrug may be used to change 

a drug’s bioavailability. In some cases has been used to direct the drug to specific areas. 

 
Figure 47. Examples of (a) bupartate and (b) tripartite prodrug systems 

 

Improving absorption and transport through membranes 

The transport of a drug through a membrane depends largely on its relative solubilities in water 

and lipids. Good absorption requires that a drug’s hydrophilic–lipophilic nature is in balance. The 

lipophilic nature of a drug may be improved by combining a lipophilic carrier with a polar group(s) on the 

drug (Table 19). However, it is difficult to select a lipophilic carrier that will provide the degree of 

lipophilic character required. If the carrier is too lipophilic, the prodrug will tend to remain in the 

membrane. Similarly, improving the water solubility of a drug may be carried out by introducing a carrier 

with a water solubilizing group or groups. 
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Table 19. Examples of the reactions used to improve the lipophilic nature of drugs 

 
Improving patient acceptance 

Odour and taste are important aspects of drug administration. A drug with a poor odour or too 

bitter a taste will be rejected by patients, especially children. Furthermore, a drug that causes pain when 

administered by injection can have a detrimental effect on a patient. The formation of a carrier prodrug 

can sometimes alleviate some of these problems. For example, palmitic acid and other long chain fatty 

acids are often used as carriers, since they usually form prodrugs with a bland taste. 

Slow release 

Prodrugs may be used to prolong the duration of action by providing a slow release mechanism for 

the drug. Slow release and subsequent extension of action is often provided by the slow hydrolysis of 

amide and ester linked fatty acid carriers. Hydrolysis of these groups can release the drug over a period of 

time that can vary from several hours to weeks. For example, the use of glycine as a carrier for the anti-

inflammatory tolmetin sodium results in the duration of its peak concentration being increased from about 

one to nine hours. 

 
Site specificity 

In theory, it should be possible to design a carrier prodrug that would only release the drug in the 

vicinity of its site of action. Furthermore, once released, the drug should remain mainly in the target area 

and only slowly migrate to other areas. In addition the carrier should be metabolized to nontoxic 

metabolites. Unfortunately, these requirements have only been achieved in a few cases. One area where 

the site specific carrier prodrug approach has been used with some degree of success is to design drugs 

capable of crossing the blood–brain barrier. This barrier will only allow the passage of very lipophilic 

molecules unless there is an active transport mechanism available for the compound. A method developed 

by Bodor and other workers involved the combination of a hydrophilic drug with a suitable lipophilic 

carrier, which after crossing the blood–brain barrier would be rapidly metabolized to the drug and carrier. 

Once released, the hydrophilic drug is unable to recross the blood–brain barrier. The selected carrier must 

also be metabolized to yield nontoxic metabolites. Carriers based on the dihydropyridine ring system 

have been found to be particularly useful in this respect. This ring system has been found to have the 

required lipophilic character for crossing not only the blood–brain barrier but also other membrane 

barriers. The dihydropyridine system is particularly useful, since it is possible to vary the functional 

groups attached to the dihydropyridine ring, so that the carrier can be designed to link to a specific drug. 

Once the dihydropyridine prodrug has crossed the blood–brain barrier it is easily oxidized by the oxidases 

found in the brain to the hydrophilic quaternary ammonium salt, which cannot return across the barrier, 

and relatively nontoxic pyridine derivatives in the vicinity of its site of action (Fig. 48).  



 67 

 
Figure 48. Example of prodrug with site specificity 

 

A method of approach followed by some workers is to design prodrugs that are activated by 

enzymes that are found mainly at the target site. This strategy has been used to design antitumor drugs, 

since tumors contain higher proportions of phosphatases and peptidases than normal tissues. For example, 

diethylstilbestrol diphosphate (Fosfestrol) has been used to deliver the oestrogen agonist diethylstilbestrol 

to prostatic carcinomas (Fig. 49).  

 
Figure 49. Metablism of diethylstilbestrol diphosphate through phosphatases.  

 

Unfortunately this approach has not been very successful for producing site specific antitumor 

drugs. However, site specific prodrugs have been developed to deliver drugs to a number of sites. 

Minimizing side effects 

Prodrug formation may be used to minimize toxic side effects. For example, salicylic acid is one of the 

oldest analgesics known. However, its use can cause gastric irritation and bleeding. The conversion of 

salicylic acid to its prodrug aspirin by acetylation of the phenolic hydroxy group of salicylic acid 

improves absorption and also reduces the degree of stomach irritation, since aspirin is mainly converted 

to salicylic acid by esterases after absorption from the GI tract. This reduces the amount of salicylic acid 

in contact with the gut wall lining. 
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