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A. Drug Discovery without a Lead
1. Penicillins

In 1928 Alexander Fleming noticed a green mold growing in a culture of
Staphylococcus aureus, and where the two had converged, the bacteria were
lysed.! This led to the discovery of penicillin, which was produced by the
mold. It may be thought that this observation was made by other scientists
who just ignored it, and, therefore, Fleming was unique for following up on it.
However, this is not the case. Fleming tried many times to rediscover this
phenomenon without success; it was his colleague, Dr. Ronald Hare,2? who
was able to reproduce the observation. It only occurred the first time because
a combination of unlikely events all took place simultaneously. Hare found
that very special conditions were required to produce the phenomenon ini-
tially observed by Fleming. The culture dish inoculated by Fleming must have
become accidentally and simultaneously contaminated with the mold spore.
Instead of placing the dish in the refrigerator or incubator when he went on
vacation as is normally done, Fleming inadvertently left it on his lab bench.
When he returned the following month, he noticed the lysed bacteria. Ordi-
narily, penicillin does not lyse these bacteria; it prevents them from develop-~
ing, but it has no effect if added after the bacteria have developed. However,
while Fleming was on vacation (July to August) the weather was unseason-
ably cold, and this provided the particular temperature required for the mold
and the staphylococci to grow slowly and produce the lysis. Another extraor-
dinary circumstance was that the particular strain of the mold on Fleming’s
culture was a relatively good penicillin producer, although most strains of that
mold (Penicillium) produce no penicillin at all. The mold presumably came
from the laboratory just below Fleming’s where research on molds was going
on at the time.

Although Fleming suggested that penicillin could be useful as a topical
antiseptic, he was not successful in producing penicillin in a form suitable to
treat infections. Nothing more was done until Sir Howard Florey at Oxford
University reinvestigated the possibility of producing penicillin in a useful
form. In 1940 he succeeded in producing penicillin that could be administered
topically and systemically,® but the full extent of the value of penicillin was
not revealed until the late 1940s.> Two reasons for the delay in the universal
utilization of penicillin were the emergence of the sulfonamide antibacterials
{sulfa drugs, 2.1; see Chapter 5, Section IV,B,1) in 1935 and the outbreak of
World War II. The pharmacology, production, and chnical application of
penicillin were not revealed until after the war so that this wonder drug would
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2. Nonrandom Screening

Nonrandom screening is a slightly more narrow approach than is random
screening. In this case compounds having a vague resemblance to weakly
active compounds uncovered in a random screed or compounds containing
different functional groups than leads may be tested selectively. By the late
1970s the National Cancer Institute’s random screen was modified to a non-
random screen because of budgetary and manpower restrictions. Also, the
single fumor screen was changed to a variety of tumor screens, as it was
realized that cancer is not just a single disease.

3. Drug Metabolism Studies

During metabolism studies drug metabolites (drug degradation products gen-
erated in vivo) that are isolated are screened in order to determine if the
activity observed is derived from the drug candidate or from a metabolite. For
example, the anti-inflammatory dmg sulindac (2.8) is not the active agent; the
metabolic reduction mmduct 2.9, is responsible for the activity.® A classic
example of this approach is the discovery of the antibactenial agent sulfanil-
amide (2.1, R = H), which was found to be a meta‘b@hte of prontosil (2.10)
(see Chapter 5, Section 1V ,B,1 for details).
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4. Chlinical Observations

Often a drug candidate during animal testing or climical trials will exhibit more
than one pharmacological activity; that is, it may produce a side effect. This
compound, then, can be used as a lead for the secondary activity. In 1947 an
antihistamine, dimenhydrinate (2.11; Dramamine®) was tested at the allergy
clinic at Johns Hopkins University and was found also to be effective in
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relieving a patient who suffered from car sickness; a further study proved its
effectiveness in the treatment of seasickness® and airsickness.™ It is now the
most widely used drug for the treatment of all forms of motion sickness.

An antibacterial agent, carbutamide (2.12, R = NH;), was found to have an
antidiabetic side effect. However, it could not be used as an antidiabetic drug
because of its antibacterial activity. Carbutamide, then, was a lead for the
discovery of tolbutamide (2.12, R = CHj), an antidiabetic drug without anti-
bacterial activity.
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5. Rational Approaches to Lead Discovery

None of the above approaches to lead discovery involves a major rational
component. The lead is just found by screening techniques, as a by-product of
drug metabolism studies, or from whole animal investigations. Is it possible to
design a compound having a particular activity? Rational approaches to drug
design have now become the major routes to lead discovery. The first step is
to identify the cause for the disease state. Most diseases, or at least the
symptoms of diseases, arise from an imbalance of particular chemicals in the
body, from the invasion of a foreign organism, or from aberrant cell growth.
As discussed in later chapters, the effects of the imbalance can be corrected
by antagonism or agonism of a receptor (see Chapter 3) or by inhibition of a
pafticular enzyme (see Chapter 5). Foreign organism enzyme inhibition and
interference with DNA biosynthesis or function (see Chapter 6) are also im-
portant approaches to treat diseases arising from microorganisms and aber-
rant cell growth.

Once the relevant biochemical system is identified, lead compounds then
become the natural receptor agonists or enzyme substrates. For example, lead
compounds for the contraceptives (+)-norgestrel (2.13) and 17a-ethynylestra-
diol (2.14) were the steroidal hormones progesterone (2.15) and 173-estradiol
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(2.16). Whereas the steroid hormones 2.15 and 2.16 show weak and short-
lasting effects, the oral contraceptives 2.13 and 2.14 exert strong progesta-
tional activity of long duration.

2.8 2.6

At Merck it was believed that serotonin (2.17) was a possible mediator of
inflammation. Consequently, serotonin was used as a lead for anti-inflamma-
tory agents, and from this lead the anti-inflammatory drug indomethacin (2.18)
was developed.'!

OH
CHLO 0
NH, NCHy
HO ?f
N
H ¢l
2.17 2.18

The rational approaches are directed at lead discovery. It is not possible,
with much accuracy, to foretell toxicity and side effects, anticipate transport
characteristics, or predict the metabolic fate of a drug. Once a lead is identi-
fied, its structure can be modified until an effective drug is prepared.

il. Drug Development: Lead Maodification

Once your lead compound is in hand, how do you know what to modify in
order to improve the desired pharmacological properties?

A, Identification of the Active Part: The Pharmacophore
Interactions of drugs with receptors are very specific (see Chapter 3). There-

fore, only a small part of the lead compound may be involved in the appropri-
ate interactions. The relevant groups on a molecule that interact with a recep-
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C. Structure-Activity Relationships

In 1868 Crum-Brown and Fraser," suspecting that the quaternary ammonium
character of curare may be responsible for its muscular paralytic properties,
examined the neuromuscular blocking effects of a variety of simple quater-
nary ammonium salts and guaternized alkaloids in animals. From these stud-
ies they concluded that the physiological action of a molecule was a function
of its chemical constitution. Shortly thereafter, Richardson'® noted that the
hypnotic activity of aliphatic alcohols was a function of their molecular
weight. These observations are the basis for future structure—activity relation-
ships (SAR).

Drugs can be classified as being structurally specific or structurally nonspe-
cific. Structurally specific drugs, which most drugs are, act at specific sites,
such as a receptor or an enzyme. Their activity and potency are very suscepti-
ble to small changes in chemical structure; molecules with similar biological
activities tend to have common structural features. Structurally nonspecific
drugs have no specific site of action and usually have lower potency. Similar
biological activities may occur with a variety of structures. Examples of these
drugs are gaseous anesthetics, sedatives and hypnotics, and many antiseptics
and disinfectants.

Even though only a part of the molecule may be associated with the activ-
ity, there are a multitude of molecular modifications that could be made. Eardy
SAR studies (prior to the 1960s) simply involved the syntheses of as many
analogs as possible of the lead and their testing to determine the effect of
structure on activity (or potency). Once enough analogs were prepared and
sufficient data accumulated, conclusions could be made regarding structure—
activity relationships.

An excellent example of this approach came from the development of the
sulfonamide antibacterial agents (sulfa drugs). After a number of analogs of
the lead compound sulfanilamide (2,1, R = H) were prepared, it was found
that compounds of this general structure exhibited diuretic and antidiabetic
activities as well as antimicrobial activity. Compounds with each type of
activity eventually were shown to possess certain structural features in com-
mon. On the basis of the biological results of greater than 10,000 compounds,
several SAR generalizations have been made.” Antimicrobial agents have
structure 2.29 (R = SO,NHR’ or SO.H) where (1) the amino and sulfonyl
groups on the benzene ring should be para; (2) the anilino amino group may be
unsubstituted (as shown) or may have a substituent that is removed in vive; (3)
replacement of the benzene ring by other ring systems, or the introduction of

2.29
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Table 2.1 Effect of Chain Length on Potency: Antibacterial Activity of
4-n-Alkylresorcinols®™ and Spasmolytic Activity of Mandelate Estors®®
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ethyl o 0.7

apropyl 3 2.4

a-butyl 22 9.8

n-pentyl 33 28

n-hexyl 51 3s
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= Refative to 3.3, 5-trimethyleyelohexanol, set at 100%.

investigating the hypnotic activity of alcohols. The maximum effect occurred
for 1-hexanol to 1-octanol; then the potency declined upon chain lengthening ’
until no activity was observed for hexadecanol,

A study by Dohme er al.® on 4-alkyl-substituted resorcinol derivatives
showed that the peak antibactenial activity occurred with 4-n-hexylresorcinol
(see Table 2.1), a compound now used as a topical anesthetic in a variety of
throat lozenges. Funcke et al * found that the peak spasmolytic activity of a
series of mandelate esters occurred with the n-nonyl ester (see Table 2.1).
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penetrate cell walls and cross other membranes, the molecule can be substi-
tuted with additional hpophilic groups at sites distant from that involved with
binding. Modifications of this sort may change the overall molecular shape
and result in another activity.

Up to this point we have been discussing more or less random molecular
modifications to make qualitative differences in a lead. In 1868 Crum-Brown
and Fraser'” predicted that some day a mathematical relationship between
structure and activity would be expressed. It was not until almost 100 years
later that this prediction began to be realized and a new era in drug design was
born. In 1962 Corwin Hansch attempted to quantify the effects of particular
substituent modifications, and from this quantitative structure—activity rela-
tionship (QSAR) studies developed.?

E. Quantitative Structure-Activity Relationships
1. Historical

pmpertms of a comp‘.}und are a function of its physzcachemwa! pamters,
that 1s, physical properties, such as solubility, lipophilicity, electronic effects,
ionization, and stereochemistry, that have a profound influence on the chem-
istry of the compounds. The first attempt to relate a physicochemical parame-
ter to a pharmacological effect was fép@ftéé in 1893 by Richet.*® He observed
that the narcotic action of a group of organic compounds was inversely related
to their water solubility (Richet’s ruld). Overton® and Mever’ related tadpole
narcosis induced by a series of nonionized compounds added to the water in
which the tadpoles were swimming to the ability of the compounds to parti-
tion between oil and water. These early observations regarding the depressant
action of structurally nonspecific drugs were rationalized by Ferguson.” He
reasoned that, for a state of equilibrium, simple thermodynamic principles
could be apphad to drug activities, and that the important parameter for

mm&?ré’fmmn of narcotic activities was the relative saturation (termed thermo-

dyramic activity by Ferguson) ()f the drug in the external phase or extracellu-
lar fluids. This is Known as Fergusan s prmczple, which is useful for the
classification of the general mode of action of a drug and for predicting the
degree of its biological effect. The numerical range of the thermodynamic
activity for structurally nonspecific drugs is 0.01 to 1.0, indicating that they
are active only at relatively high concentrations. Structurally specific drugs
have thermodynamic activities considerably less than 0.01 and normally be-
fow 0.001.

In 1951 Hansch er @ 3 noted a correlation between the plant growth activ-
ity of phenoxyacetic acid derivatives and the electron density at the ortho
position (lower electron density gave increased activity). They made an at-

iy
i
&

B















8 2.-Drug Discovery, Design, and Development

group in cholesterol, the ammonium groups in the phospholipids, and the
sugar residue in the glycolipids are the polar, hydrophilic ends, and the steroid
and hydrocarbon meieties are the lipophilic ends. The hydrocarbon part (R’
and R") actually can be a mixture of chains from 14 to 24 carbon atoms long;
approximately 50% of the chains contain a double bond. The polar groups of
the lipid bilayer are in contact with the agueocus phase; the hydrocarbon
chains project toward each other in the interior with a space between the
layers. The stability of the membrane arises from the stabilization of the 1onic
charges by ion-dipole interactions with the wme;igfe Chapter 3) and from
association of the nonpolar groups. The hvdrocarbon chains are relatively
free to move; therefore, the core is similar to a ligud hydrocarbon.

It occurred to Hansch that the fluidity of the hydrocarbon region of the
membrane may explain the correlation noted by Richet,* Overton,? and
Meyer*? between lipid solubility and biological activity. The Hansch group®*
suggested that a reasonable model for the first step in drug action (transport to
the site of action) would be the ability of a compound te partition between
l-octanol, which would simulate a lipid membrane, and water (the aqueous
phase). 1-Octanol has a long saturated alkyl chain and a hydroxyl group for
hydrogen bonding, and it dissolves water to the extent of 1.7 M (saturation).
This combination of lipophilic chains, hydrophilic groups, and water mole-
cules gives I-octanol properties very close to those of natural membranes and
macromolecules.

Hansch believed that, just as in the case of the Eammett equation, there
should be a linear free energy relationshup between lipophilicity and biological
activity. As a suitable measure of lipophilicity, the partition coefficient, P,
between 1-cctanol and water was proposed,”* and P was determined by Eq.
(2.5), where & is the degree of dissociation of the compound in water calcu-
lated from iomization constants,

[compoundio
{wmwumdﬂmfl .

(2:5)

The partition coefficient is derived experimentally by placing a compound
in a shaking device (such as a separatory funnel) with varving volumes of
I-octanol and water, determining the concentration of the compound in each
layer after mixing, and utilizing Eq. (2.5) to calculate P. The value of P varies
slightly with temperature and concentration of the solute, but with neutral
molecules in dilute solutions (<0.01 M) and small temperature changes
(+5°C), vanations in P are minor.

Collander® had shown previously that the rate of movement of a variety of
organic compounds through cellular matenal was approximately proportional
to the logarithm of their partition coefficients between an organic solvent and
water, Therefore, as a model for a drug traversing through the body 1o its site
of action, the relative potency of the drug, expressed as log 1/C, where C is
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Table 25 Constancy of w for —CH+=CH»CH==CH--4148
Log R Difference *CH=CHCH=CH
fog P —wgp N = 214—075= 139
H H
ogp [T — logP @ = 203065 = 1.33
2 N/ { g
) e - B
log P BN"" B = 140203 = 1.37
log P O O — Tog P = 412267 = 1.45 /
¥ g
log P - leg P (/ ) = 312181 = 131
o P a : — log ¥ = 345213 = 132
213 log P iﬁj = BEIY = 142 g
OH o5
g P e 0 P @{ = 284 146 = 1,38
ave. 138+ 0046

note in Egs. {2.9) and (2.10) that, because wy = 0 by definition, log Preene =

et
Temon = 108 Pencryon — 108 Pppey, = —1.33 (2.9)
mremon = 108 Peyenon — 108 Peay = —1.03 -
o, = 108 Pouno, — 108 Pey = —0.28 (2.10)
o, = log Pﬁw -~ log PMHIQH = 0.1

Resonance effects also are important to the lipophilicity much the same
way as are inductive effects.®® Delocalization of nonbonded electrens into
aromatic systems decreases their availability for hydrogen bonding with the
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Table 28 Etfect of Folding of Alkyl Chaing on #%

X wy (Aromatic)” wy (aliphatic)® Aoy
OH =1.80 w116 0.64
F =373 =17 (.56
Ci ~3.13 8.39 {552
Br a.04 .60 8.55
i 822 100 (.78
COOH 1.2 b7 0.59
COCH; =091 .27 0.64
COCH; =1.26 =371 0.55
NH, ~1.85 =119 .66
N =147 ~(1.84 .63
OCH; —~.98 w47 051
CONH; =228 e .57

Average 0,602 0.05

a L@S Pw;;cm,bx e I@g PF&{CH:;;H~
b Log Peugcuanx ~ 108 Peryicnsim:

aqueous phase and, therefore, increases the ». This is supported by the gen-
eral trend that aromatic wy values are greater than aliphatic my values, again
emphasizing the constitutive nature of » and log P. ‘

Steric effects are variable.® If a group sterically shields nonbonded elec-
trons, then aqueous interactions will decrease, and the 7 value will increase.
However, crowding of functional groups involved in hydrophobic interactions
(see Chapter 3) will have the opposite effect. Conformational effects also can
affect the = value.® The =y values for Ph(CH,:X are consistently lower
(more water soluble) than mryx values for CHy(CH, 1 X (Table 2.6). This phe-
nomenon is believed to be the result of folding of the side chain onto the
phenyl ring (2.39), which means a smaller apolar surface for organic solvation.
The folding may be caused by the interaction of the CHp-X dipole with the
phenyl 7 electrons and by intramolecular hydrophobic interactions.

X, CH
oo RA
CH, ‘\CHZ

2.39

Two examples follow to show the additivity of » constants in predicting
log P values. A calculation of the log P for the anticancer drug diethylstilbes-
trol (2.49) is as follows:

Cale. I@gf’ = 271‘(:};; + 21?(_‘_1.{2 + Wty T2 l@g I’p@@ﬁ -~ .40

= 2{0.50) + 2(0.50) + 0.69 + 2(1.46) ~ 0.40 (2.11)
=52t
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2.42

The interaction model® is a mathematical model similar to that of the Free—
Wilson additive model with an additional term (exey) to account for possible
interactions between substituents X and Y.

¢. Enhancement Factor. One of the earliest QSAR observations resulted
from a retrospective analysis of a large number of synthetic corticosteroids.®
Examination of the biological properties of steroids prepared by the introduc-
tion of halogen, hydroxyl, alkyl, or double bond modifications revealed that
each substituent affects the activity of the molecule in a guantitative sense,
and almost independently of other groups. The effect (whether positive or
negative) of each substituent was assigned a numerical value termed the en
hancement factor. Multiplication of the enhancement factor for each substit-
uent by the biological activity of the unsubstituted compound gave the po-
tency of the modified steroid,

d. Manual Stepwise Methods: Topliss Operational Schemes and Others.
Since organic chemists are, by nature, more likely to be intuitive and less so
mathematical, it was not long before Topliss® developed a nonmathematical,
nonstatistical, and noncomputerized (hence, manual) guide to the use of the
Hansch principles. This method is most useful when the synthesis of large
numbers of compounds is difficult and when biological testing of compounds
is readily available. It is an approach for the efficient optimization of the
potency of a lead compound with minimization of the number of compounds
needed to be synthesized. The only prerequisite for the technique is that the
lead compound must contain an unfused benzene ring. However, according to
literature surveys at the time that this method was published, 40% of all
reported compounds® contain an unfused benzene ring and 50% of drug-
oriented patents® are concerned with substituted benzenes. This approach
relies heavily on v and o values and to a much lesser degree E, values. The
methodelogy is outlined here; a more detailed discussion can be found in the
Topliss paper.5?

Consider that the lead compound is benzenesulfonamide (2.43, R = H)and
its potency has been measured in whatever bicassay is being used. Since
many systems are + dependent, that is, the potency increases with increas-
ing 7 values, then a good choice for the first analog would be one with a
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