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Marvin Charton and Ioan Motoc

1 Introduction

Modern approaches to the design of bioactive molecules such as drugs, insecticides,
herbicides, and fungicides is based on the quantification of bioactivity as a function
of molecular structure. The seeds of this concept lie in the work of Meyer " and
of Overton? who successfully demonstrated a dependence of bioactivity on a
physicochemical parameter, the partition coefficient, which is a function of molecular
structure. Vital to the development of the field was the concept of the receptor site,
heralded by the work of Longley ¥, stated and developed in depth by Ehrlich .
Biological activity according to this model depends on the recognition of a bio-
active substrate (bas) by a receptor site, followed by binding of the bas to the
receptor site. Realization of the dependence of bioactivity on configurations * led to
the recognition that steric effects of one kind or another were a major factor in the
potency of a bas. The work of Meyer and Overton was developed further particularly
by Ferguson ©, whose work is fully described by Albert 7.

In a parallel development, structural effects on the chemical reactivity and physical
properties of organic compounds were modelled quantitatively by the Hammett
equation ®. The topic is well reviewed by Shorter *. Hansen '® attempted to apply
the Hammett equation to biological activities, while Zahradnik 'V suggested an ana-
logous equation applicable to biological activities. The major step forward is due to
the work of Hansch and Fujita ', who showed that a correlation equation which
accounted for both electrical and hydrophobic effects could successfully model
bioactivities. In later work, steric parameters were included .

Our objective in this work is to present surveys of the methods now available
for the quantitative treatment of steric effects in the design of bioactive molecules.
Commonly, this consists in the modification of a lead compound by structural
changes which result in a set of bioactive substances. The bioactivity is determined
and then related to structure. This is generally carried out by means of multiple
linear regression analysis using a correlation equation of the type

Qba,X .- T1T-'x + thg( + LD-IX + l)O'Dx -+ SCX + Bo (l)

T is a transport parameter,

o; and oy, are the localized (field and/or inductive) and delocalized (resonance) elec-
trical effect parameters, and

{ is a steric parameter.

The correlation of bioactivity data with Eq. 1 or some relationship derived from
it results, if successful, in a correlation equation called a quantitative structure
activity relationship (QSAR).

When more than one substituent is present, the substituent effects may be assumed
to be additive, or alternatively, each substituent may be parameterized separately.

Generally, the transport parameter used is the logarithm of the partition coefficient
of the bas (bioactive substance) or some quantity derived from it. The partition
coefficient is almost always determined between water and 1-octanol. Parameters
obtained by chromatographic methods are being used with increasing frequency
however. The term in t° is introduced to account for the frequently observed parabolic
dependence of a data set of bas on the transport parameter. Models other than
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parabolic have also been used, in particular, the bilinear model of Kubinyi '“. In
general, this behavior is accounted for by the fact that when a bas crosses a bio-
membrane it must first transfer from the aqueous phase to the biomembrane,
and must then transfer from the other side of the biomembrane back into an
aqueous phase.

Frequently, the electrical effect parameters are combined into a composite sub-
stituent constant. The well-known Hammett o, and o, constants ) are examples
of such composite electrical effect parameters. It is the steric parameter with which
we are particularly concerned here.

In order to understand the nature of steric effects in molecular bioactivity it is
necessary to have a model of the path by which a bas exerts its effect. Such a model
has been proposed by MacFarland . It involves the following steps:

1. The bas enters the organism and moves to a receptor site. In the course of its
trip the bas will cross one or more membranes. This may be termed the transport
step.

2. The bas is recognized by the receptor (rep) and a bas-rep complex is formed.
Generally, this complex is held together by intermolecular forces and its formation
is reversible. This may be called the complex formation step.

3. The bas-rep complex may undergo chemical reaction resulting in the formation
and/or cleavage of covalent bonds. This step may be termed the chemical reaction
step.

The structure of a bas may be written in the form XGY where X is the variable
substituent (or substituents), Y is the active site at which bond formation or cleavage
takes place, and G is the skeletal group to which they are attached. If no reaction
occurs, then the bas has the form XG.

In the transport step the bas must be transferred from an aqueous phase to the
membrane which may be represented as a lipid phase. The transport step can be
considered to be a function of the difference in intermolecular forces between water
and bas and those between lipid and bas. For a neutral bas these intermolecular
forces include some combination of the following:

hydrogen bonding (hb)
dipole—dipole (dd)
induced dipole—induced dipole (i)

dipole—induced dipole (di)
charge transfer (ct)

For an ionic bas we may add to the list above:

ion—dipole (Id)
ion—induced dipole (Ti)

Of this list, hb interactions can be sensitive to steric effects. This has been established
for amino acid transport parameters such as the hydrophobicities and partition

coefficients. There is some evidence that charge transfer interactions are also subject
to steric effects.
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Of the remaining interactions, those which involve the dipole moment of the bas
may be subject to an indirect steric effect as the preferred conformation of the bas
may depend on steric effects and the dipole moment will depend on the confor-
mation.

The Id and Ii interactions may be subject to steric effects resulting from steric
hindrance to the solvation of the group which ionizes with the nature of the substituent.

Only the ii interaction is independent of steric effects.

In the second step the bas is recognized by the receptor site and the bas-rep
complex forms. As was noted above, the complex is generally bonded by inter-
molecular forces. The bas is transferred from an aqueous phase to the receptor
site. The receptor site is very much more hydrophobic than is the aqueous phase.
It follows, then, that complex formation depends on the difference in intermolecular
forces between the bas-aqueous phase and the bas-receptor site. The importance
of a good fit between bas and receptor site has been known for many years. The confi-
guration and conformation of the bas can be of enormous importance. Also impor-
tant is the nature of the receptor. If the receptor is a cleft, as is the case in some
enzymes, steric effects may be maximal as it may not be possible for a substituent
to relieve steric strain by rotating into a more favorable conformation. In such
a system, more than one steric parameter will very likely be required in order to
account for steric effects in different directions. Alternatively, the receptor may
resemble a bowl, or a shallow, fairly flat-bottomed dish. Conceivably it may also be
a mound. In a bowl or dish, steric effects are likely to be very different from those
in a cleft. Possible examples are shown in Fig. 1, 2, and 3.

In the third step, when it occurs, chemical bonds are made and/or broken. Steric
effects in this case should resemble those generally observed for chemical reactivity

Fig. 1. “Cleft” receptor site (stylized). Steric effect of the substituent X is normal
to the group axis, XG, and is shown by the arrows

Fig. 2. “Bowl” receptor site



Introduction

Fig. 3. “Dish™ receptor site

if the substituent is in close proximity to the active site. Substituents distant from
the active site may still exert a steric effect on the fit with the receptor site.

There are several distinct methods available for the parameterization of steric
effects. The first group of parameters is defined from chemical reactivities (Taft Eg
parameters and their modifications '), from Van der Waals radii and molecular
geometries (Verloop !7), and from a combination of these sources (Charton '®).
An alternative to these parameters is the use of the topological methods such as
DARC-PELCO (Dubois and coworkers !?)), the branching equation (Charton 2?),
molecular connectivity (Kier and Hall *?) and minimal steric difference (Simon and
Szabaday 2?). Steric parameters may also be obtained from force field calculations.

A second major area of interest in the design of bioactive molecules is that of the
process of molecular recognition which is vital to the formation of the bas-rep
complex. The functional groups required for recognition and activity, in their appro-
priate arrangement in space, or conformation, constitute the pharmacophore of a
bas. The study of the possible conformations of a bas may be carried out by molecular
mechanics or quantum chemical calculations. Another important factor is the nature
and geometry of the receptor site.

Finally, it is necessary to consider the significance of “bulk™ parameters such
as molar volume, parachor and related quantities which have frequently been
suggested as a measure of steric effects.

In the reviews which follow this introduction, we shall present a variety of
methods for the treatment of steric effects.
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1 Introduction

The search for new drugs is one of the main objectives of medicinal chemistry. The
biological properties of these drugs must be significantly superior to those of known
drugs so as to improve therapeutical treatment of diseases. The desirable improve-
ments are specified by the medicinal objective and comprise pharmacodynamic, e.g.
type of effect, potency, selectivity, as well as pharmacokinetic properties, such as
absorption, distribution and metabolic behaviour. These properties constitute the
activity profile of a drug. Since there are no generally valid rules which relate
chemical structure to certain activity profiles, new drugs can only be searched for in
an empirical manner. Considering the complexity of the matter it is not surprising,
therefore, that nowadys on an average between 6000 and 10000 compounds have to
be synthesized and tested before one of them can be introduced into the market
as a new drug. The demands on the biological properties of new drugs are increasing
as are those on the corresponding experimental and clinical investigations. This
does not only reduce the rate of success in improving medicamental therapy but also
raises the costs of new developments considerably. Since the funds for drug research
are limited one has to find means of reducing the rise in these costs. The medicinal
chemist, like any other scientist involved in drug research, can contribute to this aim
by using experimental capacity as economically as possible.

2 Drug Design in Practice

2.1 Economization of Empirical Drug Design

How can one proceed economically in fields of research which can only be explored
empirically? This is possible by designing experiments so that a maximum of new
information is obtained, i.e. by optimizing the information-expense ratio. For the
medicinal chemist, the term “‘experiment” signifies in this context test compounds
and the information refers to structure-activity information. At this point two main
problems arise, i.e.

— how can structure-activity information be quantified?

— how can the amount of structure-activity information which a certain compound

will give be determined prior to synthesis and biological testing?

Strictly speaking, there is no objective way of quantifying structure-activity infor-
mation. At best one can subjectively estimate the amount of structure-activity
information a group of compounds will give relative to another one. What criteria
can such an estimate be based on? It is a generally accepted rule that similar com-
pounds will show similar biological properties and hence also give similar structure-
activity information. Assuming that in an idealized case every one out of a group
of potential test compounds requires the same experimental expense for synthesis and
testing and that two of these compounds are to be selected, we can envisage two ex-
treme cases, i.e. one in which the two compounds are structurally very similar and
alternatively, one in which two compounds do not very much resemble each other.

8
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In the first case both compounds would give roughly the same structure-activity
information, whereas in the second case largely independent information will be
obtained. Therefore, the first case exemplifies a comparatively unfortunate choice
since the information-expense ratio is only half as good as that of the second case.
This very simplified example shows one of the main ways in which the medicinal
chemist can influence the costs of drug research, i.e. through proper design and
selection of test compounds. It is an essential even though not sufficient requirement
of economical drug research that test compounds are chose so as to be mutually
dissimilar.

2.2 Selection of Test Compounds

2.2.1 Similarity of Chemical Compounds

When are chemical compounds similar and how can similarity be objectively
determined?

The similarity measure intuitively used by organic chemists is the number of struc-
tural features and their mutual arrangement which two compounds have in common.
From this point of view adrenalin (/) and isoproterenol (2) would look rather similar
and in fact both have similar biological properties as they are both agonists of
B-adrenergic receptors. Both compounds are comparatively dissimilar to propranolol
(3) even though a certain resemblance is still maintained. This situation is again
reflected in the biological properties. Thus, propranolol can still interact with
B-receptors but can no longer stimulate them, i.e. contrary to the former two com-
pounds propranolol is an antagonist.

On the other hand toluene (4) and 5-methoxy-indole (5) would not be considered
very similar from a conventional point of view, yet their hemolytic activity is the
same (log 1/C = 1.93, where C is the minimal molar concentration which causes
100%, hemolysis in rabbit erythrocytes V). Obviously, topological similarity or
dissimilarily is not always a factor which is relevant for biological activity. In the
present example the relevant feature is a physicochemical property of the com-
pounds, i.e. lipophilicity as expressed by the octanol/water partition coefficient

CH

HO HO
OIH H (IJH H /H 3
HO CH—CHZ—N-CH3 HO CH—CH2—N C\
CH3

1 2

0 CH
¢ H /3
O 0—CH2—CH—CH2-N-C\H

CHy
3
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CH3

(log Py, = 2.11 and 2.10 for 4 and 5 respectively) ?. The idea that the biological
properties of chemical compounds could be a function of their physico-chemical
properties was proposed in the last century by Crum-Brown and Frazer ***., Decisive
progress in the understanding of the relationships between chemical structures of
compounds and their biological activity came from the work of Hansch. In 1963,
Hansch * showed that biological properties can be quantitatively related to physico-
chemical properties of compounds with the aid of an extrathermodynamic model
of drug action. Since then thousands of quantitative structure-activity-relationships
have been found. Lists of several hundred examples have been published ®~®.
Considering this large background of evidence, there can be little doubt nowadays
that the biological properties of chemical compounds are determined exclusively by
their physico-chemical properties. For quantitative description one uses parameters
which represent the corresponding property either explicitly or implicitly.

Thus, the commonly applied parameters n, o and E, are explicit representations
of lipophilic, electronic and steric properties respectively. Indicator variables, on
the contrary, frequently refer to fixed combinations of physico-chemical properties.
For example, an indicator variable which denotes the presence of a 4-methoxy-group
in general structure 6 refers simultaneously to all physico-chemical properties of this
substituent, i.e. to its contribution to the lipophilic (r), electronic (5), and steric
properties (E,) of the system.

6

G is some basic pharmacophoric system

The Free-Wilson method of deriving quantitative structure-activity-relationships %
uses implicit representations of physico-chemical properties and there are also
numerous examples where indicator variables have been successfully included in the
Hansch approach.

The possibility of describing chemical structures numerically with the aid of
physico-chemical parameters and indicator variables puts us in the position to
determine similarity or dissimilarity of chemical compounds more objectively.
Chemical compounds can be represented as points in an n-dimensional space
whose coordinates are formed by the parameters which are used to characterize
the compounds. This space is therefore called parameter space. The distance of two

10
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points in parameter space can be taken as a measure of the similarity of the corre-
sponding compounds '"). The longer the distance the less similar the two compounds
are.

As has been mentioned previously, mutual dissimilarily of the test compounds is a
necessary but not sufficient criterion for a properly designed test series. In addition,
the parameters which have been chosen to characterize the compounds must vary
independently of oneanother. In order to fulfil both criteria an appropriate test
series has to be designed so that the corresponding points are evenly distributed over
the respective parameter space.

2.2.2 Determination of the Structural Area to be Investigated

Normally it is hardly feasible nor necessary to explore a certain parameter space
to the full theoretically possible extent. Rather certain areas of parameter space
are examined. These areas can be determined by intuition, synthetic accessibility
or by structure-activity-relationships and structure-activity-hypotheses. Consider
for example structure 6 to be a lead compound which needs to be optimized with
respect to an activity profile consisting of two components, i.e. potency and oral
effectivity (gastro-intestinal absorption). Let us for simplicity assume that we want
to confine ourselves to variations of the substituent in 4-position (7) and that we

O

7

know size, lipophilicity and electronic properties to be the decisive factors for the
biological properties under consideration. If we know for instance that a substituent
whose MR-value (taken as a measure for size) exceeds 20 renders the respective
compounds more or less inactive and that gastro-intestinal absorption is only
significant if the lipophilicity contribution of R is larger than — 0.5 (in m-terms),
we can impose appropriate limitations on the area in parameter space which we want
to investigate. With respect to electronic properties and to the maximum lipo-
philicity no limitations would exist a priori. The medicinal chemist will now by
intuition and under accessibility considerations conceive a basic set of structures
(in this simple case, substituents) which fall within the permissible area of parameter
space, e.g. the ones shown in Table 1. In this Table lipophilicity, size and electronic
effects are represented by m, MR and o, respectively. As can be seen from the values
in Table 1, intuition and synthetic accessibility have brought about additional
limitations to the investigated area in parameter space, i.e. — 0.84 and 0.78 in
o,-direction, and 1.98 as the upper limit in n-direction. In MR-direction the lowest
possible value (0.92 for fluorine) is reached.

2.2.3 The Number of Test Compounds

Having defined a relevant parameter space or an area within it respectively and a
basic set of possible structures we can now return to our original problem, i.e.

11
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Table 1. Set of substituents which fall within a permissible area in a three
dimensional parameter space formed by lipophilic (m), steric (MR) and
electronic (0,) coordinates. The limitations are: MR < 20, m > —0.50
(values from Ref. ?)

No. R T MR o,
1 H 0.00 1.03 0.00
2 Br 0.86 8.88 0.23
3 Cl 0.71 6.03 0.23
4 F 0.14 0.92 0.06
5 NO, —0.28 7.36 0.78
6 CF; 0.88 5.02 0.54
7 CH;, 0.56 5.65 —0.17
8 OCH; —0.02 7.87 —0.27
9 SCH; 0.61 13.82 0.00
10 NHCH; —0.47 10.33 —0.84
11 COOCH; —0.01 12.87 0.45
12 C,Hs 1.02 10.30 —0.15
13 OC,H; 0.38 12.47 —0.24
14 SC,Hs 1.07 18.42 0.03
15 NHC,H; 0.08 14.98 —0.61
16 N(CHa), 0.18 15.55 —0.83
17 COOC;Hs 0.51 17.47 0.45
18 OC;H, 1.05 17.06 —0.25
19 CH,(NCHj), —0.15 18.74 0.01
20 t-C,Hy 1.98 19.62 —0.20

to select test compounds which are evenly distributed over a certain area in para-
meter space. The first decision which needs to be made refers to the number of test
compounds. This number is mainly dependent on the dimensionality of the in-
vestigated parameter space and on the stage of the particular drug development
project. In order to keep the variables which form the parameter space independent
the number of test compounds must exceed the number of variables (dimensions of
the parameter space) by at least one. This number will suffice in very early stages
of lead optimization when a large number of potentially relevant parameters has to
be considered. In more advanced stages when one is more confident about the
relevant parameter space and when one tries to obtain a more detailed picture of the
distribution of strongly and weakly active compounds in parameter space, two to
four test compounds per parameter are a minimum requirement. Such numbers
allow the location of the more interesting compounds in parameter space to be
estimated. In very advanced stages when one tries to operate with quantitative
structure-activity-relationships (QSAR) a minimum of six to ten compounds per
dimension of parameter space are required in order to obtain meaningful results.

2.2.4 Methods for Selection of Test Compounds

After the number of test compounds which are to be selected from the basic set has
been decided upon one can apply one of the series design techniques reported in the
literature. Some of these methods apply to a restricted number of parameters (e.g.
two in the Craig graphical method '?*'¥) and structural variations (e.g. a limited
number of aromatic and aliphatic substitution patterns as in the Topliss manual
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