mefich no. 19 pp. 67-87 1986

CHEMICAL COMPLEMENT SIMULATION AND QUANTITATIVE STRUCTURE
ACTIVITY RELATIONSHIP (II)

H.R. Karfunkel

Institut fir Physikalische und Theoretische Chemie,
Universitdt Tibingen, Auf der iMorgenstelle 8,
D - 7400 Tiibingen, FRG

(Recelved: February 1985)
Summary

The method of Chemical-Complement-Simulation (CCS) deals with the construc-
tion of a chemical analogue to a structurally unknown receptor using the
binding data of known effectors. This receptor analogue, represented by a
2D-manifold M, is used to predict the binding energies of new effectors.
The continuous recepter analogue is derived from the overlapping effectors
using a structure termed a superenvelope. The steps leading to the simula-
ted receptor are formulated as mathematical algorithms. The minimization of
a cost ‘function is recommended for the solution of the matching problem
leading to the superenvelope. The simulated receptor is obtained by the
solution of a set of geometric programming problems where the constraints
reflect the necessity of taking equilibrium conditions into account. A
clear distinction between binding and activity data is made. When activity
data are supplied 1in addition to binding data, the new concept, pressure
pattern, is introduced for the prediction of biological activity. A gene-
ralization (based on the theory of elasticity) of the CCS method to flexi-
ble receptors is proposed.

1. Introduction

The method of chemical complement simulation deals with the
following standard problem: Given is a set {training set) of
sructurally well-defined molecules, called effectors, which
bind to the same binding site of a structurally unknown recep-
tor. The binding energies (or the values which correlate with
them) are known as well. A chemical model of the binding site
which leads to the prediction of +the binding energies of new
molecules (effector candidates) is desired. Should the biologi-
cal activity data be supplied in addition to the binding data
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{which 1is needed for the construction of the receptor model)
then the receptor model should also predict the biological ac-
tivity of new effector candidates. An atomistic representation
of the receptor requires more parameters than the information
at hand. Due to this reason an atomistic receptor mode! must be
rejected. In the method described below the binding site of the
unknown receptor is represented by a continuum. This continuum
consists of a 2D - manifold which runs parallel to the front
atoms of the binding site.

1 that the intermolecular

[t was shown in the previous article

interaction between two molecules (effector and receptor) can

be described by using the continuum representation for one of
them (receptor). In order to reproduce the results of molecular
mechanics (MM), three requirements must be fulfilled:

a) A 2D-manifold M(u,v) (u and v are surface parameters) which
replaces the atomistic receptor must be supplied.

b) A reformulation of the interaction equations of MM must be
undertaken: The local interaction is described by the scalar
productF)*O in which the components of g are potential func-
tions dependent only on the effector, and p is a vector
function dependent only on the receptor. The global inter-
action is calculated by the surface integral of the scalar
product over the manifold. Here it should be noted that 1in
recent molecular dynamical simulation of water - protein in-
teractions the aforementioned separation (Aij = ai*qj and
Bij = By

¢) An algorithm for the parametrization of the manifold using

*sj) has been performedz).

the "experimental"” binding data is required. The parametri-
zation of M(u,v) means: defining functions p](U,V), pz(u,v)

on M(u,v). If we restrict ourselves to electrostatic
interactions as well as steric attraction and repulsion of
the Lennard-Jones type than the parametrization of the re-
ceptor consists of the three functions:

p(u,v)T=(A(u,v),B(u,V),e(u,V))

The approximation of these functions by a linear combination
of suitable basis functions is performed as usual.
The interaction energy of any effector molecule in a given
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spatial orientation to the receptor is, in the example above

. o s B . e.
Ag= Ay L -p(m)y — - e (MY —L=]dm (1)
M J (rjM—rj) J (rjM—rj} 7 "M

th

rjM is the distance between the j atom of the effector and

a point M on the manifold M. r., A. and 8. are «constants
depending on the jth atom. It sgoulﬁ be emghasized that (1)
is valid for nonequilibrium orientations of the effector as
well. The minimum of AE with respect to the orientation is
the equilibrium state where[XE corresponds to the measurable
binding energy.

The following section deals with point aj} i.e. the construction

of M(u,v).

2. The Supermolecule

Unfortunately the wexact spatial orientation of an effector
bound to an unknown receptor in a presupposed position is un-
known. If the relative orientation of the bound effector mole-
cules to each other is known, then the concept of "excluded
volume" according to Marshal et a1.3) or the supermolecule ac-
cording to Balaban et a1.4) can be applied. The supermolecule
is the set of atoms resulting from the union of all the effec-
tor's atoms in the training set. The construction of the super-
molecule is relatively simple when the pharmacophore pattern5)
of the receptor is known (even if parts of the effector mole-
cules are flexible). The construction of the supermolecule is,
however, significantly more difficult when the pharmacophore
pattern is unknown. The fact that, in certain enzymatical reac-
tions, specified chemical bonds are cleaved, can be used to
construct the supermolecule by trying to match this bonds. This
problem, also known as the "matching problem", will be dealt
with in later sections.

The superenvelope which plays a central role in the following
discussion, is constructed from the supermolecule. If each atom
i of the supermolecule is substituted by a sphere of radius ri+
R where ry is an atomic radius and R is a distance parameter,
then the surface of this construction can be regarded as a su-
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FIGURE 1: Derivation of 2D-manifolds as receptor candidates (an
example). Top: The training set (generally 10 to 100
different effector molecules). Middle left-hand: The
supermolecule resulting from the matching of effectors.
Middle right-hand: The superenvelope. Bottom: Two dif-
ferent manifolds (receptor candidates).
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perenvelope SR referring to the distance parameter R. Using R
as a parameter, the superenvelopes SR form a family of nonin-
tersecting closed surfaces. This concept is illustrated for a
fixed R in FIGURE 1.

Based on the considerations presented in the previous paperl)
the following statement can be asserted when some rigidity
conditions hold: The superenvelape SR runs parallel to the
envelope enclosing the front atoms of the receptor at the bind-
ing site. Sy will coincide (up to minor deviations) with the
receptor envelope when a suitable distance parameter is chosen.
In other words: A superenvelope can be divided into two parts
with the relevant part oriented toward the front atoms of the
receptor binding site. This part of the superenvelope is to be
used as a first approximation of the continuous receptor ana-
logue M{u,v) by parametrizing it with an adequate vector func-
tion. Simplified, one would proceed in the following manner:
Various manifolds can be "cut" from a given 5R and then para-
metrized in a least square sense with a vector function. The
manifold delivering the best correlation between experimental
and theoretical (predicted) binding energies is the desired ap-
proximation for the continuous representation of the receptor.

3. The Optimization Problem

The proposal in the previcus section (to use the manifold which
yields the best correlation between theory and experiment after
parametrization as a continuous representation of the receptor)
ijs plausible. The results of this proposal are,however,useless.
Numerous numerical experiments have shown that it is impossible
to discriminate between the different M(u,v) candidates. Near-
1y all M(u,v)ESR(u,v) wnich were parametrized with a suitable
vector function delivered exellent correlations between theory
and experiment. Trying to reproduce the binding energies with-
out taking the equilibrium conditions into account caused the
failure. The continuous receptor must be parametrized in such a
way that the computed binding energies are the global minima
with respect to any spatial variation of the effectors. The
spatial variations of a rigid effector are the three rotations
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and the three translations. In the case of flexible effectors,
the internal degrees of freedom must also be considered. For
each effector (index k) there are mk>=6 degrees of freedom des-
ignated by rl=(1],...,ka). The equilibrium conditions can now
be formulated as auxiliary conditions leading to a geometric
(quadratic) programming problem.

The following designations will be used:

Let M(u,v)< S{u,v)

-3 BN the effector index (training set)
Elxpz(Eexp1""’Eepr) the vector of experimental binding
energies
ET =(E1, .,EK) the vector of theoretical binding
energies
01 the vector potential function of
kth effector

1 no. of different potential func-
tions (dimension of G or[))

o RPNl | index for potential functions

Li no. of basis functions for the ith
parameter function oi

]i or 1 =1,...,L1 running index

Ek=[ Ok(u.v)ﬂD(u,v}dM the energy expression

From the Ansatz:
pizﬁjci‘¢i], S 1 PO | (2)

wnere |¢ | are known basis functions and !{c} are the unknown co-
efficients, the energy expression Ek gl
1 Li
EfZZJ\.LC'ki(“’V)*¢i|(“’V)dM*Ci1 (3)

Ordering the unknown i (by row) in a vector X of the dimen-
sion N=ZLi and collecting the basis functions ¢, into a vec-
tor function O (of dimension N as well), the following holds
for the predicted interaction energies:

E = Fkn * X (4)

where Fk" is a K times N matrix, whose elements, Fkn’ are com-



posed of the following integrals:

Fen=! 9y 2,0 (5)

kn k1n

The fact that the index in refers to several indices n must be
taken into account. This can be illustrated as follows: The K
times N matrix is the integral of the following matrix:

g..¢ e $ PR P ) S . S
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k11 %t k2?1 %kt a 1ty (6)
1 1 il

1% kit Tketi e k2t 41, kot

1 1 | Rl

Since there are no unknowns in the above matrix the integration
over a manifold M can be performed.

The N parameters in X replace the I unknown parameter functions
Ly and characterize the simulated continuous receptor.

Let Tkm 5 m:I,..,.mk. mk>:6, be the degrees of freedom of the
kth effector. For the sake of clarity only rigid effectors will
be considered i.e. m =6 for all k. The variations of the energy
of the kth effector with respect to the three translations and
rotations are:

aik %aFkn
o T *X s m=1, ,6 (7}
BTm a arm n
where
80,
aF ki
kn _¢ n
3T =) 3T *¢ndM (8)
m M m

A spatial variation, 9t _, causes only a change in the value of
the effector potential on M. The quantities on the right-hand
side of (8) are known or computable, so that aFkn/aTm could be
computed by numerical integration. The expression in (8) can be
written (for the whole training set) as a 6K times N matrix G.
This matrix G is the integral of the following elements:
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The equilibrium conditions, i.e. the invariance of the binding
energy with respect to spatial variations of the effectors can
be expressed as:

G *X =20 (10)

The optimization problem can be summerized as follows:
For a given manifold, M < SR(u,v), the optimal parametrization

is that which minimizes the quadratic function:
T
= -F* -F*
SSQIM,X) = (Eexp F*X) *(Eexp F*X) (1)

taking the 6K homogenuous linear auxiliary conditions (10)
into account. Qut of all possible manifoldsM < SR , that which
delivers the best correlation between experimental and theore-
tical binding energies is taken as the continuous receptor mod-
el. Numerical experiments have shown that the auxilliary con-
ditions (10) are too restrictive. Minor errors in the construc-
tion of the superenvelope prohibit good correlations.Therefore,
the conditions (10) are substituted by "milder" auxiliary con-
ditions:

G * X <= Eps and
(12)
-G * X <= Eps
where Eps is an empirical predetermined parameter vector which
expresses the degree of restrictiveness of the equilibrium con-
ditions. When the components of Eps are too small, a poor cor-
relation between experiment and theory will result for all the
receptor canditates Mc SR. If on the other hand the components
of Eps are too large, a good correlation for all the receptor
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candidates will be the result. In both cases a reliable discri-
mination between the different receptor candidates would be im-
possible.

4. Numerical Experiments

In the previous section the mathematical concepts and formalism
of the CCS method were established. In this section some prac-
tical and numerical aspects will be presented. The first ques-
tion posed by the practician may be: Can the CCS method work at
all? Upon initial examinations a very simple example was requi-
red. Simplicity means: A sufficiently large training set of two
dimensional rigid molecules {like the bases of nucleic acids)
binding to the same (rigid) binding site. Since we have not
found an example with wunique and reliable binding data, the
following method was used: We "invented" simple examples ful-
filling all the requirements of the method using MM. Using the
interaction energies vresulting from the MM calculations of
these hypothetical molecules as experimental binding energies
and then "forgetting" the atomistic receptor (hypothetical too)
in use,an attempt was made to apply the CCS metod to that data.
Doubts in conjunction with the *“"matching problem" were also
eliminated since the relative orientations of the effectors are
known. The arguments favouring this line of reasoning are: If
MM is an adequate tool for the description of intermolecular
interactions in the frame of drug design, and if the CCS method
is capable of reproducing the results of MM for hypothetical
systems, then there is no reason why the CCS method should fail
in real situations.

The superenvelope of a training set consisting of two dimensio-
nal molecules 1is a one dimensional manifold SR(t) (see FIGURE
2). At this point a general question must be posed: How should
a comlex surface like a superenvelope be presented? Generally a
superenvelope is composed of hundreds of atoms, making an ana-
lytical representation SR(u.v) with surface parameters u and v
impossible. A representation of a surface suited for numerical
purposes is a set of representative surface points. However, in
order to substitute surface integrals by surface sums, this set



FIGURE 2: Numerical experiments with two-dimensional systems.
The training set consists of 8 effectors. Left-hand:
The supermolecule. The radii of the circles are the
sum of atomic radii and a distance parameter R. The
dashed line represents the original receptor (this
information is not included in the data set). Right-
hand: The superenvelope represented by a sct of uni-
formly distributed points. The points are numbered,
but only the last digit is shown. Any receptor candi-
date can be characterized by the starting point and
the length (see FIGURE 3). The receptor candidate de-
livering the best correlation (Eps=.2) is marked by *.

of surface points should be uniformly distributed. Even cover-
ing a simple sphere with a Tlarge number of uniformly distrib-
uted points 1is not trivials). A very fast and efficient algo-
rithm for the sampling of a superenvelope with nearly uniformly
distributed points, 1in which atoms not involved with the sur-
face are automatically eliminated, 1is to be published else-
where7).

We are not intending to represent the details of the numerical
experiments with these hypothetical systems, (for details see
ref. 8) but rather only relevant aspects. Any connected one-di-
mensional receptor candidate M(t) derived from the superenve-
lope can be defined by two numbers, the starting point on the
superenvelope and the length (counterclockwise). In the example
represented in FIGURE 2 there are about 4000 possible receptor
candidates. For simplicity reasons it was assumed that the ste-
ric parameters A and B of the receptor were constants. The dis-
tribution of charge e(t) on M(t) was expressed with the aid of
6 sine and 6 cosine functions so that any given M(t) was char-






Effector E-exp With EPS=B.2 With EPS=8.3
E-Theor. |[E-Th.Eq |E-Theor. |[E-Th.Eq
1 -1.8342 -1.8S36 -1.8682 -1.8328 —1.8549
2 -2.3636 -2.4288 -2.4352 -2.4121 -2,4193
3 -2.83868 —-1,9046 ~1.9293 -1.8828 -1.8887
4 -2.4943 -2.4230 -2.4291 -2.5212 -2.5334
5 -1.7058 -1.84839 -1.8558 -1.7576 -1.7839
8 -3.5730 -3.3783 -3.3758 -3.5478 -3.5611
7 -2.6204 -2.7971 -2.7973 -2.5932 -2.5837
8 -1.3991 -1.3204 -1.3231 -1.3818 -1.3878
Correl. Coef. .98A9 .9807 .9984 .9980
Start., Index 20 21
Termin. Index 49 48
9 =1.7343 -1.8147 -1.80816
18 -1.9368 -2.8634 -2.8377
- -
E-Theor E-Th.Eq.
o . o3
x
= Eps=0.2 e
. -
. E-exp - E-exp
- o
E-Theor E-Th.Eq.
* l ﬂ”
*x
. Eps=0.3 .
- * o o
E-exp E-exp
- L]

FIGURE 4: The results of the numerical experiments. The verifi-
cation set consists of effectors 9 and 10. E-Th.Eq is the
predicted binding energy after relaxation to equilibrium.
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acterized by 15 parameters. The results for a training set
consisting of 8 effectors and a verification set consisting of
?2 molecules are represented in FIGURE 3 and 4. In FIGURE 3 the
results of the optimization (parametrization) can be seen for
about 500 of the most relevant receptor candidates. The points
in the xy-plane represent the different receptor candidates and
the height above this plane corresponds to the correlation be-
tween experimental and theoretical binding energies. The choice
of the parameter Eps which expresses the restrictiveness of the
equilibrium conditions was not very critical. Out of 4000 pos-
sible candidates only a very limited number of M(t) delivered
a significant correlation between experiment and theory,and be-
longed to the original binding region. The vresults are summa-
rized in FIGURE 4, It should be rememered that the effectors of
the training set are not in exact equilibrium with the simula-
ted receptor (due to Eps>0). When the effectors were allowed to
relax into their new equilibrium with respect to the continuous
receptor model, no significant changes in the computed binding
energy ( E-Th.eq in FIGURE 4) nor 1in the spatial orientation
were caused. By allowing the receptor model to interact with
the 2 molecules of the verification set, the reliability of the
predictions were demonstrated as well.

5. The Matching Problem

The success of the CCS method depends to a great extent on a
reliable superenvelope construction. The construction of the
superenvelope is a point where a large amount of additional in-
formation about the considered receptor could be integrated in
a natural way. A very useful concept mentioned above, is that
of a pharmacophoric pattern, Complications arise when dealing
with flexible molecules or molecules which may adopt several
stable conformations. Forcing the set of K effector molecules
to match at presupposed centers will cause an unrealistically
high strain in some of these molecules. Allowing them on the
other hand to adopt their exact (but flat) minimum energy con-
formation will result in a poor match. The matching problem can
be successfully managed by minimizing a suitable cost function



where Wq is a weight factor and Ns the surface area of the su-
perenvelope. NS depends on the internal and external dgrees of
freedom. A measure of I'ls is the number of uniformly distributed
points needed to cover the superenvelope when the mean nearest
neighbour distance is held constant. The algorithm used for the
superenvelope representati0n7) is ideally suited for this pur-
pose (A FORTRAN 77 source can be supplied by the auther on re-
quest).

The need for the cost function (14) were aroused when structure
activity relationship related to the opiate receptnrsg’]o) were
investigated. The effectors of the various opiate receptors are
on the one hand the rigid morphine like molecules (e.g. FIGURE
1) and on the other hand the endorphines. The pentapeptides Met
and Leu enkephaline are members of the endorphine family. The
enkephalines are very flexible and can adopt a very large num-

ber of conformational minima]]’]Z).

The pharmacophoric pattern
13)

is supposed to be known In view of the flexibility of the

enkephalines, it 1is not surprising at all that attempts to

match morphine derivatives with enkephalines 1in their local

12)

energy minima have failed Even the usage of the cost func-
























