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QSAR and 3D QSAR in drug

design

Part 1: methodology

Hugo Kubinyi

Classical QSAR methods describe structure-activity
relationships in terms of physicochemical parameters
and steric properties {Hansch analysis, extrathermo-
dynamic approach), or certain structural features (Free
3D QSAR methods,

comparative molecular field analysis, consider the three-

Wilson analysis). especially
dimensional structures and the binding modes of protein
ligands. Quantitative similarity—activity relationships
derive correlations between the similarities of individual
compounds and their biological activities. Theory and
methodology of these approaches are described here,
together with the proper use of regression and partial
least squares analyses for deriving quantitative structure—

activity relationships. Part 2, to be published in the

December issue, will address applications and problems.

uantitative  structure—activity  relationships
(QSAR) correlate, within congeneric series of
compounds, affinities of ligands to their binding
sites, inhibition constants, rate constants, and
other biological activities, either with certain structural
features (Free Wilson analysis) or with atomic, group or

molecular properties, such as lipophilicity, polarizability,

electronic and steric properties (Hansch analysis)!-13,
Although relationships between lipophilicity and unspecific
biological properties, such as narcotic, bactericidal, fungici-
dal, hemolytic and toxic properties, have been known since
the turn of our century, the independent publications of the
Free Wilson method!* and of Hansch analysis!>, both in
1964, mark a milestone in the development of QSAR.

Since then, QSAR equations have been used to describe
thousands of biological activities within different series of
drugs and drug candidates. Especially enzyme inhibition
data have been successfully correlated with physicochemi-
cal properties of the ligands!-316. In cerfain cases, where
X-ray structures of the proteins became available, the results
of QSAR regression models could be interpreted with the
additional information from the three-dimensional (3D)
structures!-3.

After a very slow development of grid-based 3D QSAR
approaches, in 1988 the method of comparative molecular
field analysis (CoMFA) was published by Cramer et al.”
This molecular field-based method constituted the first real
3D QSAR method. In the past ten years, many successful
CoMFA applications proved the value of this method!8-4
especially in cases where classical QSAR methods fail. In
contrast to Hansch or Free Wilson analysis, COMFA is better
suited to describe ligand-receptor interactions, because it
considers the properties of the ligands in their (supposed)
bioactive conformations. As the result of a CoMFA analysis,
regions in space are identified that are favorable or unfavor-
able for the ligand—receptor interaction.
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Quantitative structure-activity relationships

QSAR theory

All QSAR analyses are based on the assumption of linear
additive contributions of the different structural properties
or features of a compound to its biological activity, provided
that there are no nonlinear dependences of transport or
binding on certain physicochemical properties. This simple
assumption is proven by some dedicated investigations, for
example the scoring function of the de novo drug design
program LUDI (Eqn 1)'82526; in addition, the results of many
Free Wilson and Hansch analyses support this concept.

AGbinding = AC’O + AC’hb +AG + A(}lipo + AC’rol (1)

Owverall loss of translational and rotational entropy,
AG, = +5.4 kJ mol-!

Ideal neutral hydrogen bond, AG,,, = —4.7 kJ mol-!
Ideal ionic interaction, AG, ;. = —8.3 kJ mol-
Lipophilic contact, AGy,, = —0.17 J mol-! A=2
Entropy loss per rotatable bond of the ligand, AG,,
= +1.4 kJ mol-!

Eqn 1 correlates the free energy of binding, AGyj, i, With
a constant term, AG, that describes the loss of overall trans-
lational and rotational degrees of freedom and AGy,, AG,,...
and AGy,,, which are structure-derived energy terms for
neutral and charged hydrogen bond interactions and
hydrophobic interactions between the ligand and the pro-
tein; AG,
freedom of the ligand. Eqn 1 holds for a wide range of

describes the loss of internal rotational degrees of

energy values: the AGy ., of 45 different ligand-protein
complexes ranges from -9 to —76 k] mol-!, which corre-
sponds to binding constants between 2.5 X 102 M and 4 X
10-14 M; its standard deviation of 7.9 kJ mol? corresponds
to a mean error of about 1.4 log units in the prediction of li-
gand binding constants from the mathematical model?#.25.2,

Because of the extrathermodynamic relationship between
free energies AG and equilibrium constants K (Eqn 2) or rate
constants k (k,, = association constant, &k, = dissociation
constant of ligand-receptor complex formation), the loga-

rithms of such values can be correlated with binding affinities.
AG =-2303RT log K=-2303RT log & /kgy (2)
Logarithms of molar concentrations C that produce a

certain biological effect can be correlated with molecular
features or with physicochemical properties that are also
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free-energy-related equilibrium constants; normally the
logarithms of inverse concentrations, log 1/C, are used to
obtain larger values for the more active analogs.

fFree Wilson analysis

In 1964, Free and Wilson derived a mathematical model
that describes the presence and absence of certain struc-
tural features, i.e. those groups that are chemically modified,
by values of 1 or 0 and correlates the resulting structural
matrix with biological activity values, following Eqn 3;
the values a; in Eqn 3 are the biological activity group
contributions of the substituents X;, X,, ... X, in the different
positions p of compound 1 (Figure 1) and u is the biological
activity value of the reference compound, most often the
unsubstituted parent structure of a series!#7.14,

log1/C=Za,+p 6))

Equation 4 describes the antiadrenergic activities for 22
different m-, p- and m p-disubstituted analogs of the
N, N-dimethyl-a-bromophenethylamine 2 (Figure 2), where
C is the concentration that causes a 50% reduction of the
adrenergic effect of a certain epinephrine dosel27; for the
meaning of r, s, F, and all other terms see Figure 3.

log 1/C = = 0.301 (+0.30) [m-F] + 0.207 (+0.29) [m<Cl]

+ 0.434 (+0.27) [m-Brl + 0.579 (+0.50) {m]

+ 0.454 (+0.27) [m-Mel + 0.340 (3:0.30) [p-F]

+0.768 (+0.30) [p-Cl] + 1.020 (+0.30) [p-Br] + 1.429
(+0.50) [pdl + 1.256 (+0.33) [p-Me] + 7.821 (+0.27)

(n =22 1=0969; s = 0.194; F = 16.99) )]

Figure 1. Schematic

presentation of a molecule X 5 ;(k,l
Jfor Free Wilson analysis. A

common skeleton bears

substituents X, in different

positions p; the presence or

absence of these substituents X

is coded by the values 1 1 e
and O, respectively.

H
Figure 2. NN-dimethyl-a- « g z °
bromophenethylamines (X, ji | “CHs
Y=H, F CiI, Br, I, Me). v -HCI
2
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Equation 4 illustrates the main advan-
tage of Free Wilson analysis: only the
biological activity values and the chemi-
cal structures of the compounds need to
be known to derive a QSAR model. On
the other hand, Free Wilson analysis has
several shortcomings:

e atleast two different positions of sub-
stitution must be chemically modified;

e predictions can only be made for
new combinations of substituents
already included in the analysis;

e single point determinations (i.e. the
single occurence of a certain struc-
tural feature in the whole data set)
obscure the statistical results;

e many degrees of freedom are wasted
to describe every substituent.

Nevertheless, Free Wilson analysis is

C = molar concentration
that causes a certain
biological effect

values of the 95% confidence intervals
regression of the coefficients and

coefficients the constant term

LN

Log 1/C = 1,15 (+0,2) n - 1.46 (+0,4) c* + 7.82 (+0,2) 8)

/1

logarithms of
reciprocal values are
the correct scaling

lipophilicity
parameter

electronic constant
parameter term

(n=22;r=0,945; s = 0,196; F = 78,6; Q2 = 0.841; S,ce = 0.238)
4 t )

Fisher value; standard deviation
measure for the of cross-validation
statistical significance predictions and

number of
compounds

squared cross-validation
correlation coefficient
(measures for

internal predictivity)

correlation coefficient r;
measure for the relative
quality of a model

standard deviation s;
measure for the absolute
quality of a model

Figure 3. Equation 8 describes a quantitative relationship between the
antiadrenergic activities of compounds2 (Figure 2; X, Y=H, £, Cl, By, I, Me),
lipophilicity (expressed by the n-octanol/water-derived parameter 1), and

often used to see at a glance which

physicochemical properties might be
important for the biological activity. In

electronic properties; o*
benzyl cations. All relevant statistical parameters are explained.

is a special Hammett constant for the reactivity of

this data set, it can easily be concluded
from Eqn 4 that

» biological activities increase with increasing lipophilicity
(F to Cl, Br, I);

* Dbiological activities increase with electron donor
properties (methyl has larger group contributions than
the equi-lipophilic CD;

e meta-substituents have lower group contributions than

" para-substituents.

Hansch analysis

Also in 1964, the linear free-energy-related Hansch model
(sometimes called the ‘extrathermodynamic approach’)
was published (Eqn 5; P =
cient, 0 = Hammett electronic parameter, a, b, ¢ = regression

n-octanol/water partition coeftfi-
coefficients, k = constant term)!-3.7.15,

log1/C=a(logP)2+blogP+co+..+k &)

Equation 5 was developed from the concept that the

transport of a drug from the site of application to its site of
action depends in a nonlinear manner on the lipophilicity of
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the drug, and that the binding affinity to its biological counter-
part, such as an enzyme or a receptor, depends on the
lipophilicity, the electronic properties and other linear free-
energy-related properties. Equation 5 combines the descrip-
tion of both processes in one mathematical model. In addi-
tion to the introduction of a parabolic term for the nonlinear
lipophilicity dependence and the combination of different
physicochemical properties in one equation, Hansch and
Fujita defined lipophilicity parameters & of substituents X
(Eqn 06), in the same manner as Hammett had defined the
electronic parameter ¢ (Eqn 7), about 30 years earlier. The
partition coefficient P in Eqn 6 is an equilibrium constant,
similar to the dissociation or reaction constants K in Eqn 7.
The absence of a ‘reaction termy’ 7 in Eqn 6 is explained by
the fact that all w values refer to the n-octanol/water system.

Ty = log Pyy — log Py (6)

po = log Ky — log Ky, )]

With the help of these definitions it was possible to use
tabulated values instead of measured values?4. For the data

459



research focus

set described by Eqn 4, Eqns 8 (Figure 3) and 9 (E mea =
steric parameter for meta-substituents) could be derived?7.
All parameters that are relevant in a QSAR study are pre-
sented and discussed in Figure 3.

log 1/C = 1.259 (+0.19) = — 1.460 (+0.34) o~

+ 0.208 (+0.17) E meta + 7.619 (+0.24)

(n=22;r=0.959 s =0.173; F = 69.24; Q2 = 0.869;
Spress = 0.222) )]

Equations 8 and 9 demonstrate the superiority of Hansch
analysis, as compared with Free Wilson analysis. Only a few
properties are needed to correlate the biological activities;
the model can directly be interpreted in physicochemical
terms. The results of the Free Wilson analysis are confirmed
in all details but predictions for compounds with other sub-
stituents can be made, for example for X = ethyl or CF,. On
the other hand, predictions that are too far outside the range
of investigated parameters, such as for rer+Bu, —-OH or
-SO,NH,, will most probably fail because of the narrow
chemical relationship among the investigated substituents
and the very different chemical nature of these groups, in
size or in their hydrogen bond donor and acceptor proper-
ties. For such predictions much more heterogeneous sub-
stituents have to be included in the derivation of the QSAR
model.

The fact that different models can be derived for the same
data set frequently offers a dilemma in Hansch analysis. One
can never be sure that a certain QSAR model is the ‘correct’
one for the data set. On the other hand, different
models correspond to different working hypotheses.
Proposals for the synthesis of new analogs can be made in
the following steps, which allow discrimination between
these models.

Free Wilson-type group contributions for every sub-
stituent can be derived from Eqns 8 and 9, which clearly
indicate the close theoretical relationship between Free
Wilson analysis and linear Hansch analysis. Correspondingly,
both approaches can be used in one model, the so-called
‘mixed approach’ (Eqn 10)%7.

log1/C=a(logP)?+blogP+co+..+Za+k (10

Equation 10 combines the advantages of Hansch and Free
Wilson analyses and widens the applicability of both
methods. Physicochemical parameters describe parts of the
molecules with broad structural variation, whereas indicator

variables a; (Free Wilson-type variables) encode the
effects of structural variations that cannot be described
otherwisel37,

Nonlinear structure-activity relationships

Transport rate constants of organic compounds in simple
two-compartment systems, for example n-octanol/water,
depend on their lipophilicity. The forward rate constant &
describes the transport from the aqueous phase into the
organic phase. For polar compounds, &, increases linearly
with increasing lipophilicity, until the diffusion rate constant
from the bulk solution to the aqueous/organic interface and
the diffusion through this interface constitute an upper limit;
the reverse situation applies to the rate constants &,, from
the organic medium into water. These relationships hold for
series of structurally highly diverse compounds (Figure +4);
no influence of the size or the shape of molecules could be
detected (because of the Einstein—Stokes relationship this
influence is expected to be very small, depending on the
radius of the particles, which is related to the cubic root of
the volumes)?7.

Log k;
(r=0.997)

Log ko
(r=0.998)

4

-5 -

Octanol

-7 4

T T T T T T

Log P

Figure 4. For a large group of chemically
heterogeneous compounds the transport rate
constants k ,, from an aqueous phase into an
n-octanol phase, andk ,, in the reverse direction,
depend in a nonlinear manner on the lipopbilicity.
The curves are fitted by Eqns 11 and 12.
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The lipophilicity dependence of the rate constants &, and
k, follows relationships that are expressed by Eqns 11 and
12. Because the transport of a drug from its site of appli-
cation to its site of action corresponds to a random walk
through several aqueous and lipophilic barriers, the bilinear
model (Eqn 13) has been derived to describe nonlinear
lipophilicity—activity relationships?7.

logby=alogP-alog(BP+ D +c 1D
log b,=—alog(BP + 1) + ¢ a2
log1/C=alogP—-blog (PP + 1) + ¢ (13)

The coefficient p in Eqns 11-13 is a nonlinear term that
must be estimated by an iterative procedure. Equation 13
correlates a large number of nonlinear lipophilicity—activity
relationships in an exact manner?3. However, the simpler
parabolic Hansch model (Eqn 5) may be considered as a
good approximation to the bilinear model.

Besides nonlinear lipophilicity—activity relationships, also
nonlinear dependences of binding affinities or biological
activities on the volumes of the substituents, expressed
either by molar refraction (MR) or by any steric parameters,
are relatively common. Most often such relationships reflect
the limited size of a certain binding pocket.

Dissociation and ionization of acids and bases

Acids AH dissociate in aqueous solution and bases B are
protonated, according to their dissociation constants (p&,
values). Because ions are more polar than neutral forms, the
log P values of ionizable compounds have to be corrected
for the amount of ionized and unionized forms (Eqns 14
and 15; Pop
pH value, P, = partition coefficient of the unionized form,

= apparent partition coefficient at a certain

P, = partition coefficient of the ionized form). Sigmoidal
curves are obtained for the pH dependence of the log P,
values. The concentrations of A~ and BH* in the organic
phase may be neglected for compounds that are not too
lipophilic, therefore simple approximations can be used to

estimate the log P, values of most acids and bases at a

pp
given pH value?7.

Acids:

AH + H,0 = A~ + H;O"

log P,,, = log (P,.10PK + P,.10°1) — log (10PK + 10PH)
~log P, - log (1 + 10pH-PK) (14)
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Bases:

B + H,0* = BH* + H,0

log P, = log (P,.10°H + P, 10PK) — log (10rK. + 10pH)

=~ log P, — log (1 + 10rK. - pH) as
At pH values where the neutral form predominates

(pH < pK, for acids; pH > pK, for bases), P, values are

identical with P, values. With increasing ionization, the log

P, values decrease linearly with increasing (acids) or

decreasing (bases) pH values, till again a constant P, value

pp
is obtained, because now only the ionic form contributes to

partitioning (P,,, = P). Complex pH dependences are
obtained in the case of compounds having more than one
ionizable group. The proper implementation of Eqns 14 and
15 into QSAR models depends on the system, whether it is
equilibrium-controlled (e.g. enzyme inhibition in aqueous
buffer) or whether it is a kinetically contrclled system (e.g. a
whole animal).

The pH-absorption profiles should be parallel to the pH-
partition profiles. Deviations from the simple pH partition
hypothesis, called pH shifts, are obtained for highly
lipophilic compounds; their absorption profiles are shifted
to higher (acids) or lower (bases) pH values. The higher
the lipophilicity of the neutral species is, the larger is
the observed pH shift, which can be explained by the
assumption of an ‘unstirred’ aqueous diffusion layer at the

aqueous/organic interface.

3D quantitative structure—-activity relationships

In 1979, a new approach was proposed to describe molecu-
lar properties by fields, calculated in a regular grid?’. Vectors
were extracted from these fields by principal component
analysis and correlated with the biological activities. Later
this method was called the DYLOMMS (dynamic lattice-
oriented molecular modeling system) approach. But only
from 1988 on!?, when partial least squares (PLS) analysis
(see below) was used to correlate the field values with bio-
logical activities and commercial software became avail-
able?8, the method, now called comparative molecular field
analysis (COMFA), became widely used, especially to derive
quantitative models for enzyme inhibition constants and
other binding affinities!8-24,

Generation of 3D structures and alignment

In CoMFA, first a group of compounds is selected. These
compounds should be chemically related and should act
via the same mechanism of action; however, in contrast to
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