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Summary

Subjects of this contribution are interactina chemical systems of Host-
Guest type, in which the Host system is structurally unknown. The method
of Chemical-Compleiment-Simulation (CCS) is represented. The purpose of
CCS is the substitution of the unknown Host by a mathematical analoaon,
whereby sterical comnlementarity as well as complementarity of inter-
molecular forces are taken into account. Starting from a series of Guest
molecules and corresponding known interaction eneraies, the Host system
is simulated by a two-dimensional manifold M on which a vector function

g is defined, which chemically characterizes the Host. The local contribu-
Tions to the interaction energy are projected on this manifold and are
given by the scalar product of o with an appropriate vector notential
function depending only on the nature and spatial arrangement of the
Guest molecule.

1. Introduction

The starting point of any drug design is a set of structurally
well-known substances called effectors. They have known
activities with respect to a given recceptor. The structure

of the receptor, which generally is a macromolecular formation

(ecnzymes, membrane proteins, nucleic acids etc.), is unknown.

Only one out of several thousands of substances, which have
been tested for a desired bhiological cffect, achieves any

. 1 . . " . i
practical value today ), l'he rationalisation of such a sclec-
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tion process requires rcliable quantitative structure-activity
relationships (QSAR).

The methods for the determination of (QSAR might be categorized
as non-topographical and topographical methods. In the first
case only non-topographical data of the effectors, (i.e. such
data which ignore the explicit three-dimensional geomctrical
circumstances) are correclated to the activities of the
effectors using univariate or mu]tivariatez) regression. The
most wide-spread procedurcs belonging to this category of non-

3:4) | kree-Wilson-

6,7,8)

topographical methods are: [lansch-analysis
de—novo~ana1ysi55] and Pattern-recognition mecthods
Simplicity and the fast access to datua are the main advantages
of thesc methods, but the ignorance of the three-dimensional
nature of the interaction between an effector and the receptor
severly limits their applicability. Even the tonologically
equivalent optical antipode of a chiral effector mostly has

9)

a different activity in comparison to the original elfector™’.

The more sophisticated tovnographical methods were known before
the computer era began (Croxatto & lluidobro 195610)). In the

late sixties Amoore et 31.11’12)

constructed the PAPA-Machine
with a considerable amount of hardware in order to correlate
molecular shape with odour. Due to the fast progress in
computer performances an increasing importance is being
attached to the topographical methods. The trend is the usage

13)

of interactive graphical systems

An abstraction of the chemical complementarity, i.e. a comple-
mentarity in the sterical sense as well as in the sense of
intermolecular forces, is given by the concept of "pharmaco-
phoric-pattcrn"]4). This "pharmacophoric-pattern’ can be con-
sidered as the essential topography that must be part of the
topography of an effector in order to be recognized by the
receptor. This concept leads to useful and promising algo-
rithms for the derivation of QSAR. IHowever, most of the nub-
lished topographical methods are only of qualitative nature.
Particular attention should be payed in this context to the

15)

"MTD-recceptor-site-manping' of Balaban et al. in which an
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appropriate superposition of a set of elfcctor molecules de-
livers, with the aid of integer nrogramming, an approximate
picture of the sterically complement recentor groove. Con-
scquently, relevant and irrelevant parts of the effector in-
volved in the steric fit might be distinguished. The quality
of the optimized groove is given by the regression coeflf(icient.
The MTD method as well as its Monte-Carlo version (MCD) arc
suffering from the drawback that it only considers the steric
fit in a topogravhical manner. The complementarity of the
remaining intermolecular forces, esnecially the electrostatic
interactions, are not taken into account. The counterpart of
the MTD-method is the representation of the “"pharmacophoric-

16)

pattern™ by an clectrostatic [icld, as Maayani et al had

done in the casc of anticholinergic pharmaca.

2. Purpose and Method

The starting point of the method of chemical complement simu-

17,18)

lation are N chemical systems of Host-Cuest-type with

the following characteristics

1) The host subsystem R is the same in all N systems.
Its structure is unknown.

2) The structures and properties ol the guest molecules Ly,
.o, LBF, arc known. The set of molecules EF1,..., TF

N
will be called "Training-Sct."

N

3) The guest molecules bind non-covalently to the host sub-
system, producing well-defined one to cne complexes EFi-R.

4) The spatial regions on the host subsystem which the guest
molecules bind themselves to, have overlapping parts.

5) The non-covalent binding energy consists of additive local
contributions.

6) The N binding cnergies or guantities which correlate with
binding energies are known.

The purposc of the compnlement simulation is to construct a

mathematical analogon to the unknown host subsystem by means

of the training set data. As an anticipation this analogon
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consists of a two-dimensional manifold on which an inhomo-
geneous charge distribution is located. In addition to that,
this manifold attracts the guest molecules as well as it
repells them (with different 1/r powers).

It is self-evident that the items mentioned above correspond
to the conventional models of receptor-eflector interacrions1q)
(at least in the early stages of these interactions). The

only specific information which refers to the receptor in
question is the measured (biological) activity. The activi-
ties, however, clicited by an effector, do not necessarily
correlate with the binding energies. This might be the weak-
est point concerning the postulated analogy between host-guest
systems with their underlying binding-energies and the receptor-
cffector systems with their underlying dosis-activity curves.
The method of the chemical complement simulation is restricted
to binding-energies in the sense of the intermolecular inter-
actions.

The scarce information about the receptor does not allow its
reconstruction as a chemical whole. The receptor analogon

can only reflect some special aspects of the receptor-elfector
interactions, namely those which refer to the binding energies.
In spite of this indispensable restriction, however, it must be
stated that the construction of a mathematical receptor analo-
gon not only offcrs a correct reproduction of interrclations.
The purpose is not to imitate the behaviour of the recceptor
restricted to the training set, but to understand how this
interrelation comes into being. The desired function of the
simulated receptor is to offer predictions about the activity
of new eflector-candidates apart from the training set. The
fundamentals of the interrelation should constitute the be-
ginning of any analysis in order to avoid possible absurdities
in QsaR?0722),
which make up the binding energy.

They are the various intermolecular interactions

A note concerning the methodological procedure of this paper:
natural receptors as well as the cvaluation of actual cxperi-
mental data are not taken into account. The emphasis is put
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on the cstablishment of an algorithmical frame for new concepts.

Drug design is a practical discipline in which only those con-
cepts are valuable that can be formulated as detailed algorithms.
Only these algorithms make scnse when they are capable of
managing the numerical problems in using the computers of today

and the near futurc.

5. Reformulation of the intermolccular interactions

The molecular-mechanic version of the intermolecular

intcractions

The simplest quantum-mechanical trcatment of intermolecular
interactions refers to a system consisting of two well-defined
molecules. The subject of that investigation is the total
cnergy of the system (which usually depends on six degrees of
freedom) compared to the energy of the isolated molcculcsZS’24).
Such a trcatment has deficiencies, for the influence of the
medium remains ncglected apart from its diclectric features.
Furthermore, the statistical aspects must be included in order

25,20)  vaver-

to get statements about thermodynamic gquantities
theless, for the practitioner the results of these analyses

are of great importance, especially the simplified approxi-
mation formulas of the interaction betwecen larger molecules
(sce the extensive bibliography in CluvcrieZT)). In the
simplest and most useful formulas the intermoleccular potential
is composcd of a sum of atom-atom interactions. In Molecular
Mechanical trcatment a given system will move towards a minimum
of AEtotal starting from given initial conditions. These
minima are equilibrium constellations of the intermolecular
complex. (in this place it should repeatedlv be emphasized
that the intermolecular interaction energies 4L, of a set of
effectors in contact with the receptor are in reference to the
gas phase. The interaction between the effectors and the re-
ceptor take place in solution and so a correlation between the
above AE and the thermodynamic quantities AG is only aporoxi-

: 3 g 2
mate and valid only in certain conditions 8).)

For the interaction bhetween two not too small molecules the
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following statements are important for our purposc:

a) The intermolecular interaction energy is composed of Jocal
spatial contributions. What concerns Molecular Mechanics,
this is a tautology, but it can be shown by rigorous
quantum-mechanical treatment that this kind of additivity
is valid even in the case of short-range forcesZTJ. It is
the very accumulation of these wecak local interactions which
causc the speclficityls]‘

b) Only the atoms neighbouring the contact region, called front
atoms,deliver essential contributions to the intermolecular
interaction energy.

c) Penetration is prohibited, i.e. the front atoms cannot pene-
trate the contact region neither locally nor globally. This
prohibition expresses only the absolute dominance of the re-
pulsion at short distances and so the possibility of covalent
binding is eliminated.

An attempt to substitute the unknown receptor by simulated (ront
atoms bearing appropriate charges is one possibility toward a
receptor analogon. Unfortunately, this version of the chemical
complement simulation which is based on an atomistic represen-
tation of the receptor site is not rcalistic. The scarce infor-
mation, namely the cxperimentally measured activities (in this
case the binding energics), are insufficient to produce such a
detailed picture of the recceptor site.

The concept of the chemical complement simulation, however, is
not disposed of: The way out of the many-particle dilcmma lcads
to a continuous representation of the receptor site in place

of the atomistic one.

4. Formulation of the continuum representation

In the desired continuum represcntation of the receptor's
binding sitc this binding site is rcepresented by a two-dimen-
sional manifold M.

For the intermolecular intevaction energy bctween an atomistic
effector molecule and the "continuum-represented" recentor the
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FIGURE 1: Scheme of the interaction between an atomistic eflfec-
tor and the continuum analogon of the receptor. M(u,v) is a two
dimensional manifold represented parametrically by (u,v}. 92(M)
is a vector function on M which characterizes the continuum re-
ceptor. o(x,v,z) is a vector potential function of the effector
and AL is defined as the integral of local contributions,
Hlocal’ over M. Hlocal is given by the scalar product o-p, e.p.

Elocu] at the point Ug,Vy on M is given by g(u1,v1l-ﬁ(u],v!].

following Ansatz will be stated (see the scheme in FIGURE 1):
AL = So(x,y,z)-p(M)dM (1)
M
Comments to formula (1):

M - The two-dimensional manifold which renresents gco-

metrically the binding site of the recentor.

al(x,y,2) A vector consisting of L components GpseeTpe These
components are potential functions and they are only
th =

dependent on the effector molecule. E.g., the 1

component of o can renresent thce electrostatic noten-

tial of the effcctor molecule, i.e. 0]=Zci/531~£!

where the summation is over the atoms of the eflector;

C-L,

atom. ¢ is specified anywhere in the three-dimensional

P .th
r; are the charge and position of the 1 effector

space, that is, also on the manifold M.

p(M) - A vector consisting of the components T RERERE These

components are parameter functions defined on the
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manifold M. They are onlv dependent on the recentor,

and so they characterize it, e.g., the lth component

ol p can represent a charge distribution e¢(M) on the
manifold M.

ﬂ...dM - The surface integral over the manifold.

Notes to the formulation given by Eq. (1):

a}l

d)

c)

I'he designation of the vectors by ¢ and ¢ reminds us of the

29
well-known [fammett cquntion“J)

The fundamental idea behind
(1) is similar to that of Ilammett, i.e., to decompose in-
teraction terms or differences of such terms into indepen-
dent parts by separation. Hammett dealt with a series of
structural elements (substituents) which were involved in a
given reaction proceeding according to the same mechanism.
The quantity ¢ was related to the substituents, the quan-
tity p characterized the common reaction mechanism and the
considercd effect was represented by op.

The formulation in (1) precserves the additive decomposition
of the intermolecular interaction energy into different
types (clectrostatic interaction, dispersion ctc.).

The local additivity is retained by the surface integral.
The essential point is that the interaction which takes

place in the three-dimensional space is projected onto a

two-dimensional manifold. Tn the next scction it will be
checked by numerical experiments whether such a nrojection
is admissible.

Nuturally the dimension of the vectors ¢ and @ devends on
the number of the relevant forces involved in the inter-
action. In the following computations only three types of
forces will be taken into account: Llectrostatic interac-
tions, short-range rcpulsion forces and medium-range attrac-
tion forces. Other forces, e.g., hydronhobic interactions,
ti-bonding etc., should be treated analogously to the above
mentioned forces by using potential functions in some 1/r
power.

The question, whether the differcent types of interaction
cnergies can be separatced so that they are locally renre-

sentable as a product of effector potential and receptor
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parameter, is of impertance. This question not only con-
cerns the continuum formulation but also the atomistic des-
cription of the system. Obviously this separation is valid
for the electrostatic interaction. For the steric attrac-
tion and repulsion this question is not at all easv to
answer. There are ne concepts d4s to the steric attraction
potential of a molecule in form of concrete mathematical
expressions. In section 6 this nroblem will be dealt with

numerically.

(%)

Numerical experiments rcferring to the projection nroblenm

To simplify matters, in this section rigid two-dimensional
fictive molecules are considered. The initial situation for
the numerical ecxperiments can be summerized as follows:

a) The receptor region is given by Nr atoms [ixed in space and
carrying charges e i=1""’Nr (the atoms on the right hand
of the plet in FIGURE 2).

b} A rigid cflector molecule, consisting of Ne atoms carrving
various charges, 1s oriented in different ways to the recentor
(the position of this effecctor at the energy minimum can be
seen on the left hand of FIGURE 2). The total of K differcnt
oricentations are taken in regard.

c) All attraction and repulsion parameters are set eaual res-
pectively (all Aij:A and all Bij:B in the Lennard-Jones-Poten-
Al

d) Considering Moleclular Mechanics as the standard, the K
interaction energies Ek of the "training set' are calculated

as follows:

N{ NEE R NErNe |6 NrE‘ Nze €8
E, = A (—) - BY § (), + = 29
kiR e K T3 Tiy % § Ok gy

k=1,...,K is the index of the respective orientation. These Ek
represent the "experimental™ values.
e) In order to test the reliuability of succeeding nredictions,

the intecraction energies of K° additional orientations of the
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FIGURE 2: Plot to the numerical experiments. The size of the

point charges is designated by the size of the symbols + and
-. The four manifolds (used in the numerical experiments) can
be seen as spline functions. Three of them run either through
the front atoms of the receptor or equidistantly to them. The
fourth manifold (dotted line) coincides niecewise with the
first three manifolds. Fifty atoms were wused for the repre-
sentation of the atomistic receptor site.
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effector are calculated according to (2). These K* values, how-

ever, won't be taken into account in the succeeding regression.

All data referring to the atomistic receptor (atém nositions and
charges) aswell as the paramecter values (A and B} now are "for-
gotten'", The following problem is stated: We are

given an effector molecule with Ve atoms carrying charges e.,
j:l,...,Ne. The effector molecule is located in K snecified
orientations in space. For cach of these orientations the "ex-
perimental" or "measured" value of the intermolecular interac-

tion energy E k=1,...,K is known. Furthermore, some manifold

,
M (in this cage a one-dimensional manifold) is given.

Which values are to be assigned to the parameters a and b and
which form is to be ascribed to the function e(M) so that the K
"theorctical™ interactions values:

- , P e
I:k,them‘. / z(gmi]k wi s E[?Af)'h'd“ *

7 Tim M iM ok

B
- ec(M)dM
& Z“jm)k

correlate as well as possible with the Ek values given "experi-

mentally'?

It shall be stressed that the manifold M is given. It is a
question of the projection problem i.c., can an interaction be
projected onte a manifold of lower dimension? The vectors a

and p arc in this simple case:

T 12 10 o4
o = ( jJi=—) N et A 1)
- 5 TM k 575w k 5 Tiu s
o (1)
and p =(a, b, eM)

where (rjM)k is the distance between the jth effector atom in
the k" orientation and a specified point on M.

Four different manifolds have been tested. H1, Mz and M3 run

equidistantly to the front atoms of the "flforgotten' recentor

{solid lines in the plot),FIGURE 2. The 4th manifold does not
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run cquidistantly to the front atoms (FIGURE 2, dotted line).
A1l manifolds are represcented mathematically by parametric
Sp]ine—Functionssn).

SoTution of (3): The size of the training set was K=20. The
unknown function e(M) is approximated by a linear combination
of given basis functions $|, ¢3,... (Chebyshev polynomials,
trigonometric functions etc.):

e(M) = | c ¢4 £5)

By inserting (5) into (3), the resulting '"theoretical" inter-
action enecrgy is a linear function of the recepteor paramcters
and so this is a linear least squarc nroblem that can be

solved by standard methods”l].

Ek,theor. = nfu1dt+bfn2dt+c‘fc3¢1(t)dt+.... (6)

Results:The results of the computations are represented in
FIGURE 3 and 4. The number of functions uscd to approximate
the charge distribution was 12. Precisec numerical values of
the results are not given, since the emphasis is only laid on
the qualitative behaviour.

The result for M, can be seen in FIGURE 3. The results for M,
and Ms, that is, for the manifolds running equidistantly to
the front atoms, do not differ qualitatively from the result
for M,. In FIGURE 3, at the upver left, the correlation between the
theoretical intermolecular energy (computed according to (6))
and the given "experimental™ energies is shown. As one can
sce, the correlation is rather good. At the upper right, the
result for the correlation of pure elcctrostatic interactions
is shown. The correlation is excellent. In contradistinction
to these manifolds, for the manifold M4 which is not running
equidistantly to the front atoms, mno acceptable correlation
between the total interaction energies is possible (see FIGURE
4 at upper left). The correlation of the pure electrostatic
interactions which is not influenced by the non-equidistancy,
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FIGURE 3: Result with the manifold M1 running through the

front atoms. The computed charge distribution is shown symbo-
lically. The correlation between the theoretical and experi-
mental total energies (upper left) and electrostatic interac-

tion energies (upper right, 3rd term of (3) and (2)) is repre-
sented.
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FIGURE 4: Result with the fourth manifold M4 (non-equidistant).
For {urther explanations, see I'IGURE 3.

is still excellent (FIGURE 4 at the upper right).
In order to test the rcliability of the continuum receptor,
the interaction energies of the additional K” orientations,
not having been taken into regard in the regression above,
were computed according to (6) and compared with the "expe-
rimental"™ values. In all K orientations the predictions

were inside the confidence interval of the regression.

In summarizing, the numerical experiments showed in the case
of simple systems that the continuum reprcsentation of the re-
ceptor by a manifold of lower dimension is capable of repro-
ducing the results of Molecular Mecchanics. The condition how-
cver is that the considered manifold runs cquidistantly to
the front atoms of the receptor. I{ the front atoms are dif-
fering which is usually the case, the differing sizes of the
front atoms must be taken into account. "Equidistantly to the
front atoms” then means equidistance to a molecular envelope
which takes into regard the atom sizes. As an example of a
molecular envelope here the van der Waals envelope shall be
mentioned.

6, Reformulation of the Lennard-Joncs potential

In this section a reformulation of the Lennard-Jones potential
(7) is undertaken:



a1l types of atoms. The justification for the choice of this
rather complicated formula (8) will be given step by step be-

Tow.

Since there is no rigorous mathematical equivalence between

(8) and (7) one should confine onesel{ to concrete atoms. The
following six types of atoms have been parametrized for (8): H,
C, N, 0, S and All (aromatic hydrogen atom). We do not claim
having chosen the optimal parametrization. The purpose is to
demonstrate that there arc parametrizations for (8) which
approximate the lLennard-Jones curves sufficiently for practical
purposes. A sct of Lennard-Jones potential parameters used in

Molecular Mechanics has been taken {rom Stupner et 31.32).

The numerator of the terms in (8) is the result of an attempt
to separate the Aij and Bij parameters of (7) in a product of
two independent terms. In the case of a simple separation in

the form of:
Ay = ApeAy s EL,3e(I,C,N,0,8, A1) (9
47

av
only four parametcrs (Ai, Bi’ Ai’ Ri) would be related to cach



























