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Abstract A new program called GAMMA denetic algorithm for multiple molecule alignment) has

been developed for the superimposition of several three-dimensional chemical structures. Superimpo-
sition of molecules and evaluation of structural similarity is an important task in drug design and
pharmaceutical research. Similarities of compounds are determined by this program either based on
their structural or their physicochemical properties by defining different matching criteria. These matching
criteria are atomic properties such as atomic number or partial atomic charges. The program is based on
a combination of a genetic algorithm with a numerical optimizati@mtess. Amajor goal of this

hybrid procedure is to address the conformational flexibility of ligand molecules adequately. Thus,
only one conformation per structure is necessary and the program can work even when only one confor-
mation of a compound is stored in a database. The genetic algorithm optimizes in a nondeterministic
process the size and the geometric fit of the overlay. The geometric fit of the conformations is further
improved by changing torsional angles combining the genetic algorithm and the directed tweak method.
The determination of the fitness of a superimposition is based on the Pareto optimization. As an appli-
cation the superimposition of a set of Cytochrome P450c17 enzyme inhibitors has been performed.

Keywords Genetic algorithm, Three-dimensional superposition of structures, Cytochrome P450c17
inhibitors, Structural similarities, Alignment of 3D structures

the shape of the lock by X-ray structure determination of
receptor proteins in order to then be able to select the proper
. . key, a ligand that will fit into the active site of the receptor.
A century ago the spatial requirements for a molecule to act "However, the number of receptors where the 3D struc-
as a specific drug were compared to the requirements for @re is known is still small compared to the number of known
key fitting into a given lock. In recent decades molecularreceptors. It is quite clear that many proteins can never be
modeling techniques have established and refined this simsystallized or their structure will dramatically change when
ple picture. Much effort has been devoted to determiningaien out of their natural environment, such as for mem-
brane proteins. In such a situation, other experimental tech-
niques such as NMR spectroscopy can be applied to derive
Correspondence tal. Gasteiger the 3D structure of a protein. HOWeVer, for a |Ong time we

X 3 will have to live with a situation where the 3D structure of
Dedicated to Professor Paul von Ragué Schleyer on the 0gpe receptor isot known.

casion of his 70birthday
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How can we then learn anything about the spatial requitienal flexibility by rotation around single bonds during the
ments of a ligand to fit into such a receptor whose structagtimization process.
is not known? Can we learn something about how a key shouldr'his hybrid method, called GAMMAggeneticalgorithm
look from a series of keys that fit into a certain lock? Can vige multiple molecule alignment) has been extended to the
learn about the spatial and electronic requirements for a Bgnultaneous superimposition of a set of conformationally
and by comparing a set of ligands that are known to bindffexible molecules. An approach was chosen that is able to
the receptor of interest? include specific knowledge to the ptetn. Thus, special

In this publication we will present a method that attemppdarmacophore features have been implemented to explore
to extract the largest three-dimensional substructure thathis physicochemical atom properties, such as electronegativi-
common to a set of molecules or ligands, much in the saties or atomic charges, can be chosen as matching criterion.
way as the comparison of a set of keys will give us the essi¢iis possible to preselect atoms that have to or should be part
tial features necessary for a key to fit into a given lock. of the substructure. Rotatable bonds are automatically rec-

The investigation of a series of ligands binding to the sawwgnized or alternatively can be selected by the user and last
receptor is usually performed by defining the similaritigsut not least entire molecules can be chosen as rigid or flex-
between the ligands through a pharmacophore pattern. A phade.
macophore defines the three-dimensional arrangement of
substructural units such as hydrogen bonding or hydrogen
accepting sites or hydrophobic areas in a molecule. Usu .. . .
no more than three or four such sites are identified for ?ﬁé‘leral principles of the genetic algorithm

definition of a pharmacophore in order not to make pharma- . o
cophore searches too time-consuming. Genetic algorithms (GAs) represent robust optimization meth-

The pharmacophore pattern of a set of ligands can be @@s that are based on the mechanisms of ngturallselection
rived from the largest 3D substructure that these compouR#§ genetics.[20-23] They can solve problems involving large
have in common. The methods initially developed for sear@®a’ch spaces efficiently, and thus, can even be applied to
ing for the three-dimensionahaximum common sulstruc- problems beyond the rea_lch of classical exhaustive search
ture (MCSS) only worked with a single, rigid conformatiofin€thods.[21,22] A GA imitates nature’s methods for adapt-
not taking into account the conformational flexibility of thé"d to @ changing environment. Optimization therefore does
ligands.[1-4] The first detailed study of distance-based mefg! start from a single point, but from a population of start-
ods for 3D similarity searching was published by Pepperr@@ points that is randomly generated. These starting points
and Wilett.[5] More recently Shedan et al[6] reported on
distance based methods using several conformations for each
structure. Angle-based and fragment-based methods[7, 8] . ee .
those of Fisaniclet al[9] have also been used to calculaf initial population
3D similarities. Overviews on 3D substructure and pharr
cophore searching are contained in several sections of
Encyclopedia of Computational Chemistry.[10-13] .

In our group, we have developed an approach for MC selection
search that is based on atomppiags. The approach was
initially developed to be applied to the constitution of a mc directed tweak
ecule as given by a connection table.[14] However, it w
shown that this method can be extended to the 3D struct operators
of a molecule including conformational flexibility of the lig-

ands.[13, 15] crossover
In order to perform the search for the largest three-dime mutation

sional substructure, a universal access to the 3D structur creep

molecules is necessary. Such an approach can be prov crunch

by the automatic 3D structure generator CORINA.[16-1

All 3D structures investigated in this report have been ¢

tained by CORINA which can provide a single low-energ

conformation of any organic molecule.
The 3D substructure search starts with one conformat ; Y

for each structure and investigates the conformational fl4 Oﬁsp”ng generat:on

ibility during the optimization pycess. A‘query-directed”

conformational search technique was implemented [14] Bigure 1 Outline of a complete GA run showing the appli-

combining evolutionary theories with a numerical optimizegation of the genetic operators onto an initial population of

[19] This hybrid technique of a genetic algorithm combinesliperpositions. The nevewgeration is submitted to the di-

with a directed tweak method based on numerical optimizeeted tweak mechanism, which improves on the geometric

tion is a flexible search system that accounts for confornfa-of the individuals
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Figure 2 The first chromo- match list

some in a multiple superim- 4 1 match tupel
position problem: the match
list. The mmber of molecules,
n, is here 3, consisting of the
molecules |, lland Ill. The
size of the substructurdy,
the number of matching at-
oms is also 3

mi - A - C B

correspond to the chromosomes or individuals of a poputaelecules is not changed. This helps to prevent the loss of

tion representing potential solutions to the search problegenetic variety during the optimizationgeess. Thectual

The individuals must be represented by a special codingcohformations are changed once by a directed tweak optimi-

the parameters of the function to be optimized. Quite oftezation after the last generation. Usually more than one GA

bit string is chosen for this purpose. In the present case,nwe is performed to arrive at an optimum solution.

have chosen two chromosomes, one representing the

superposition of atoms, the other the torsional angles. The

genetic operatorselection mutation,and crossoverare ap- The chromosomes

plied iteratively to the population. In the method presented

here, two additional operatocslled creepand crunchthat A major task in adapting a genetic algorithm to a specific

are tailored to the specific problem have been implementptbblem is the encoding of the individuals of the population,

In the search for the maximum 3D common substructure twe., the representation of the genetic information by chro-

conflicting criteria must be optimized: the number of matcimosomes.[19] We have chosen an approach that represents

ing atoms between two molecules has to be maximizeg, individual by two independent dmosomes. The first

whereas the deviations in the coordinates of the superimposi®émosome consists of an atom mapping that is coded by

atoms must be minimized. These two criteria are monitorietegers and represented as a fixed-length linked match list

separately by a so-called Pareto fitness. The Pareto fitneg§igure2). The matcHist is defined by the numben, of

not based on one fitness function but on several parametagecules to be superimposed and the size of the substruc-

that are treated independently of each other. After the selege N (number of complete match tupels, FigureN2: 3).

tion process, the genetic operators are applied to the chroThe match list is a fixed-length linked list comprising all

mosomes and a new population forms the offspring generatividuals. Each atom may appear only once. To initialize

tion. One complete GA run begins with the initialization ahe match lists, first, all permutations of atom mappings are

the individuals and ends with obtaining one set of optimizgdnerated. The maximum number of possibilities, S, N,,

solutions after cycling through all generations. Figure 1 showkereN, is the number of atoms in molecuie

the general outline of the genetic algorithm. In this process, different criteria can be chosen for the
Genetic algorithms are not based on a deterministic patems that are matched. Either one requires matching atoms

cedure. Therefore, optimization by a GA does not necessarnave the same atomic number or to have a certain physico-

ily arrive at the optimum solution. In order to alleviate thishemical property, e.g., partial atomic charge, in a given in-

problem, an additional methothe directed-tveak[18] pro- terval.

cedure was implemented to match the conformations of theA list of matching atoms is built by randomly selecting

molecules to be overlaid. The geometric fitness of the offratch tupels from the initialized complete set of match tupels.

spring population is assessed by minimizing differencesThe number of individuals to be built, i.e., the sizef the

the conformations during thdirected tweakprocedure. The population is set at the beginning. If an atom is doubly refer-

result is only part of the fitness values, the geometry of tbrced, i.e., an atom appears twice in the match list, after

) o

Figure 3 The chromosomes
for coding torsion angles by
8 bits for each torsion angles
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D= i”m’;‘l)z Z (d, (ir )~ d, (i, )’

JEi Ik
N = number of match pairs
n = number of molecules
ij = indices of match tupels to be compared

d(ij), d(ij) = atom distances of match tupel i to
match tupel j in molecule k and molecule |

here: d,(i,))=d,,

d[(l7]) = da,(
N =2
n=2

Figure 4 The two optimization criteria: size of the substructdreand the distance parametBr

random combination of match tupels, this atom is chang@gtimization criteria
into an atom that is not yet part of the list, or, alternatively,
into a zero mapping, (i.e., it is removed from a match lisfjhe search for the MCSS of a set of molecules takes into
Zero mappings are marked by a dash in Figure 2. account two optimization criteria: the size of the substruc-
The second chromosome consists of a bit string reptere, as given by the numbét, of matches (Figure 3), and
senting torsional angles in the flexible molecules (Figure e geometric fit of the matching atoms as represented by a
Each single bond that has at either end at least one mdiétance parameter (Figu#. Thedistance parameteD,
atom substituent (e.g. a methyl group), but is not a ring bosdnsists of the sum of the squared differences of correspond-
is defined as flexible. Each torsional angle is binary codig) atom distances in the molecules.
by 8 bits. Thus, the torsion angles of —180° up to +180° areD is related to theroot mean square (ms) error of the
represented by integer values of 0 to 255. The integer valdigsances of corresponding atoms in an optimized superim-
are then binary Gray-coded.[19] Gray-coding is a specifiosition. This means that high D-values correlate with a bad
presentation of an integer value by a bit string. The smallgsometric fit, as high rmsalues do. The Dalue has been
possible change of the angles is 1.4° (360/256). All torsios@lbwn to be sufficient to evaluate the geometric fit during
angles are concatenated to one bit string. Thus, each bit stifiregoptimization process, above all because the calculation
of torsional angles has the length8ef,, with n, being the does not take large computation times. The D-value is a rela-
number of torsional angles in all molecules (in Figura,3, tive fithness value, in contrast to the rms-value that is absolute
=1). and can be used for the comparison of superimpositions of
The two chromosomes, the match list and the bit stringdifferent structues. Therms value is, however, subject to
torsion angles, represent together one individual. Severallirge changes even if the mapping changes only slightly.
dividuals build the population of one generation. Therefore, the distance valu, is better adapted to the spe-

Figure 5 The mechanism of
the multiple mutation opera- _
tor onto the match lists. If a @
superimposition contains n ( ‘9'°
e.g. 3) molecules, n-1 (here

w)

2) mutations are performed. | 1 1. mutation

For each mutation, an atom ¢ @9 "

of a match tupel is selected

and changed into another 1|1 2 3 4 5 |11 2 3 4 5 |1 2 3 4 5

atom or a zero mapping

(marked here by a rectangle) [a]b - ¢ d [1b - d [[lb - ¢ d
i - A - C - my - A - C - n{- A - C B
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Figure 6 The mechanism of
the multiple crossover opera- f1 2({3(4 5 {1 2 314(5
tor onto the match lists - elcl- 4 crossover - ¢ aleld
ny{ B -]A|- C m{ - - C|-1|8B
|1 2 3 4 5|4 {1 2 3 4 5|3
- e ¢ - e - ¢ a e df|lc
iy B - ,j - C|| - my - - <€ - Bl A
1|11 2 3 4 5 1 2 i 4 5
- - ¢ e d - - ¢ e d
my B - A - C my - - A - B

cific use during a GA optimization than thms value. The The mutation operator working on the match lists ran-
rmsvalue of the obtained superimposition is calculated ordpmly changes atom tupels (Figlsle To mutatehe match
once at the end of each GA run in order to present the resliksof a superimposition af moleculesn-1 mutation points

are selected at random (Figure 5). The atoms of all molecules

except those of the first (largest) molecule in the match list
Genetic and non-genetic operators can be mutated. The corresponding atom of a match tupel

(for the first mutation, an atom of the second molecule, for
Mutation The genetic operators change the two chromie second mutation an atom of the third molecule, etc.) is
somes of the individuals, the match list and the coding of tmeitated by obeying the following boundary condition: none
torsional angles, in a different manner. of the atoms is allowed to appear more than once in the re-

Figure 7 The mechanism of
the creep and crunch opera-
tors. The creep operator leads
to a larger substructure,

whereas the crunch operator
produces a smaller substruc-
ture

crunch

b ©

Iy . )
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Figure 8 The Pareto setofa  ,ps [A]
superimposition of vinyl-

cyclobutane and n-propyl- 4 rms =12
cyclobutane 04 * N
ms =0.4 . superposition of
v %@
1 N
rms=0.1
rms = 0.0 Pareto set
] R
el R | | -
I I I =
4 5 6

size N of the substructure

sulting match list and the criterion which atoms are allowed Mutation in the chromosome representing the torsion an-
to be matched has to be taken into account. Hence, the agten inverts one bit of a binary coded torsion angle string (1
considered must be changed into one that is not yet initte O or vice vesa). Asmentioned before, each chromo-
match list. If all atoms of a molecule are already referencedme of the torsional angles is a bit-string of le@yth) (n,,

the atom is changed into a zero mapping. Zero mappings sarumber of rotatable bonds in all molecules). One mutation
also be introduced randomly (see 1. mutation in Figure 5: thgerformed for each angle. The first mutation point is se-
match tupel 1,a,- is mutated to 1,-,-). lected randomly and each additional point has an 8 bit dis-

Pareto diagram for the superposition of

rms [A] losartan and L-158,809
55 1
50+ o *
45 + ¢
AP
407 b SN " *
3,5+ ¢ * 3
| i I s he
| ¢ ;s
25+ PR . ‘ | ¢
* . ‘

S HITHETHILL
1 4
i i H I
1o vt} * * . i H ¢ best superposition
05 + 3; LR size N=18
’ * o _
0,0 1 | e $ 38888 o | | rr?s_o;'15 A ;

4 6 8 10 12 14 16 18 20 22 24 26 28 30

size N of the substructure

Figure 9 The Pareto diagram of the superimposition of losartan and L-158,809 obtained in 40 GA runs. Each run results in
one Pareto set: one best solution for each substructure size
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Figure 10 The best superim-
position of losartan and L-

158,809 extracted from 40 | |
GA runs \)\ =z
N N N-NH

L-158,809 {

. ~ ’/ A
superposition
Cl ’\/E\/

N_ N
O rms=0.15 A
‘ size N=18

tance to the first one. Thus, an equal distribution of the mutiae GA: Thecreepand thecrunchoperators. These operators
tions on the torsional angles is guaranteed. do not act stochastically like the genetic operators crossover
and mutation but make use of knowledge specific to the prob-
Crossover The crossover operator exchanges random pdesn to be solved, the MCSS search problem.[25] Hence, they
of two individuals, i.e., partial substructures, and combinage called ‘knwledge-augmented operators’.[19]
partial solutions of the MCSS search problem in a new, andThe creepoperator increases the size of the substructure
potentially better, way. Two points are chosen randomly liy adding a matching tupel of atoms to the match list while
the match lists of two parental individuals (Figure 6).[24]beying restrictions imposed by the spatial arrangement of
The information string that is to be crossed is containedtire atoms (Figure 7). The new matching atom tupel must not
between these two points. Each partial list must be of eqoalise a large increase in tines value of the original match.
length and is copied to the tail of the other parental indir this way, the creep operator leads to a “hill climbing”
vidual. In this step, double references may be introduced thegchanism in the GA.
later have to be deleted: If an atom of molecule | appearsThe crunch operator (Figure 7) acts as an antagonist to
twice in the match list, the corresponding original match palire creep operator in reducing the size of the substructure.
must be replaced by the new one that was copied to the Taié goal of the crunch operator is to eliminate match pairs
(e.g. in Figure 6 match tupel 4,e,- replaces 4,-,- and 3,dl@t are responsible for bad geometric distance parameters.
replaces 3,a,C). Any double references remaining after thids operation should help to avoid the search becoming
process in molecule Il and Il are replaced by randomly choapped in local minima during the optimization process.
sen ones conforming to the constraints (the matching crite-
ria). If there are no more atoms that obey these restrictions, a
zero mapping must be introduced. This procedure ensufé¢ Pareto fitness of individuals
that the match lists always have the same length and that
each atom is referenced only once. The MCSS search is a multi-criteria optimization problem,
The crossover operator working on the representationvdiere the notion of optimality is difficult to define. Two main
the torsion angles is a one-point crossover. One point mpiscipal parameters contribute to the fitness of a superim-
be chosen randomly at the same position in the two parepsition and have to be optimized: the size of the substruc-
strings. Crossover exchanges two parts of the two choséne and its geometridgt.f The substructure size must be as
parental strings of torsion angles. This leads to new conf@ge as possible, whereas the deviation in the positions of
mations for which the geometric fit has to be assessed. the superimposed atoms should be as low as possible. These
criteria are contradictory as a larger substructure may de-
Two non-genetic operators: creep and crunchiTwo addi- crease the geometric fit. An optimum must be found that takes
tional operators were developed to improve the efficiency lath criteria into account. Vilfredo Pareto developed a con-

losartan
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° Pareto optimality applied to the MCSS search problem in

® a three-dimensional space results in simultaneously maxi-
? mizing the size of the substructure and optimizing the geo-

metric it. This does not result in obtaining only one prob-
ably perfect substructure but for each possible size of the

@ common substructure an optimal geometric fit is produced.
The application of Pareto optimization to the superimpo-

? ? sition of vinylcyclobutane and propylcyclobutane is shown
random selection of in Figure 8. The atoms marked in gray are those of the com-
l a small population with mon substructure. The result of a Pareto optimization is a set

size S, . . -
of common substructures for which the geometric deviation
* cannot be minimized further. Four different superimpositions

/ |
genetic
operators J

? are shown in Figure 8, three of them corresponding to Pareto
2! optimality. Superimposition | dominates superimposition 1V
A ? as it has a smallemsvalue for the same number of match-
similarity comparison ing atoms (Figure 8). In this sense, superimposition | repre-
with the new individual I sents a Pareto optimal solution because no other substructure
/_\l can be found which has a better geometric correspondence.
Superimpositions 1l and Il are also members of the Pareto
set and no other superimpositions having the same sizes and
ndual @ _ better geometric fits can be found. Taken together,
PR gh”?;é’if/?é‘l:gf‘(’;}etﬂgb;;‘gi?:, superimpositions 1, II, and 11l represent the set of equivalent
generation and one of the Pareto solutions and none dominates the other.
offspring generation For each specific superimposition a Pareto diagram can
be calculated. It presents the development ofrthg error
with the sizeN, of the substructure during the GA optimiza-
@ tion runs. Figure 9 shows the Pareto diagram for the super-
imposition of two angiotensin antagonists losartan and L-
158,809 (Figure 10).[26] Forty GA optimization runs were
Figure 11 The restricted tournament selection. Tournamengerformed. The figure shows the set of Pareto solutions con-
are held only between similar indtiuals. Tis guarantees sisting of one superposition with lowests for each number
the preservation of variety in genetic information of matching atoms. From among this Pareto optimality set,
the superimposition with a substructure size of 18 anthan
error of 0.15 A might be chosen to be the best one. The cor-
cept for solving multi-criteria optimization.[19, 20] Paretéesponding point in the Pareto diagram is indicated by a cir-
optimization means that an optimized state is reached if nGi®
of the parameters can be improved further without making This superimposition of losartan and L-158,809 extracted
another one worse. from the Pareto diagram is shown in Figure 10.

winner

»
>

(d,,-d,.)? = (3.9A - 2.5A) = 1.96A (d,,-d,.)? = (2.4A - 2.5A)* = 0.01A

Figure 12 The directed tweak method is used to minimize differences in the conformations of the two structures to be
superimposed
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Figure 13 Adaptation of the

conformations of methyl- 6 7 1
cyclohexane and n-butylcy- , , o o
clopropane 5 dihedral angle 2-3-4-5 = -120° (60°)
2
4 3

dihedral angle c-d-e-f = 180° (0°)

l superposition
N=5
rms = 0.02

dihedral angle c-d-e-f = -120° (60°)
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order to prevent convergence to a suboptimal solution the
population must consist of diverse and relevant members and
) ) L . the rapid decrease of genetic variety is to be prevented. We
Selection drives the' optimization and causes evolutiong{y}ve decided to choose a special selection type to prevent
pressure: The selection operator moves individuals from qf{@mature loss of genetic information that might occur in a
generation into the next one based on their relative fitnggyylette wheel selection procedure. This alternative is called
This corresponds to Darwin's evolution theory of ‘survivgbstricted tournament selectiqiRTS) (Figure 11).[27] Re-

of the fittest’. Most of the GAs described in literature makgricted tournament selection is found to be useful for solv-
use of the procedure ajulette wheel selectiof2l, 22, 27— jng multimodal problems and is a modification of a binary
29] Each individual is assigned to a sector of a roulette whgglament selection. In a binary tournament selection, tour-
with the sector being proportional to the fitness of the ingizments for a place in the new population are held between
vidual: The better the fitness the larger the sector. Hence, fas of individuals chosen at random from the entire popu-

size of the sector corresponds to the probability of an inglition. In this sense “restricted” means that tournaments are
vidual being selected as a parent of the next generation. In

Restricted tournament selection
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not made between any individuals chosen at random fromThe superimposition of methylcyclohexane and n-
the entire population but only between similar individualsbutylcyclopropane (Figure 13) shows the adaptation of the
Thus, restricted tournament selection (Figure 11) is basemformations of two molecules during the optimization proc-
on the concept of local competition. The winners of eaeks. Thedihedral angle c-d-e-f of n-butylcyclopropane fits
tournament are moved into the next generation. An elemeonto the rigid cyclohexane conformation after rotation around
is chosen randomly from the basic population and changkeed bond d-e.
by the operators of the GA into a new element I'. For each I’ The optimization process covers the entire conformational
a small population with an optional member s&gis se- space of bond d-e during the generations. Figure 13 shows
lected from the basic poptian. Theindividual Il that is the distribution of the dihedral angle c-d-e-f of n-
most similar to I' among the chosen individuals is saved.Qutylcyclopropane during one run of the genetic algorithm.
must then compete with 1l for a place in the new populatiohhe optimization culminates most often in an angle of -120°
This form of binary tournament restricts an individual frortor 180°-120° = 60°), which corresponds to the conforma-
competing with individuals too different to it. Hence, thgon of cyclohexane (dihedral angle 2-3-4-5).
variety in the information is maintained. A further advantage
of the described mechanism of RTS is the possibility for the
so-called continuous selection. A continuous selection allo .
individuals from different generations (e.g. Il and I’ in FiggI§eclal features of the program
ure 11) to compete with each other.

Close contact check of van der Waals radii

Matching the conformations - directed tweak The algorithm treats atoms as points that have no spatial ex-
pansion. To preant conformations from having an overlap

The directed tweak method reported by T. Hurst [18] w&k van der Vdals radii, the distances of non-bonded atoms

implemented in our procedure. The objective was to cof€ calculated and compared with the sum of the correspond-

bine non-deterministic genetic mechanisms with a numefg vander Waals radii (Figuré4).

cal optimizer in order to improve potential solutions. After If & close contact is found, the distance parameter D is

each generation, the geometric fit of each individual or giultiplied by a penalty factor. Thus, the conformation pen-

perimposition is improved by mappmg torsional ang|e5 @(y is part of an optimization criterion. Consequently, indi-

the directed tweak method. viduals representing an unfavorable conformation obtain a
The technique makes use of the Davidon-Fletcher-Powih D parameter (bad geometric fitness) and will never domi-

optimizer [30] to minimize differences in the conformationgate in a Pareto tournament.

(Figure 12). The squared differences of the distances of cor-

responding atom pairs (i.e., 1,4 and a,c in Figure 12) are used

to minimize the differences in the geometry of the superifatching criteria

posed structures by changing torsion angles. The superim-

positions are not limited to low-energy confotinas. This Many surface properties, e.g., hydrogen bonding potential,

allows one to find also conformations of ligands that correlectrostatic potential, or hydrophobicity, are responsible for

spond to those found in the binding of a ligand to a recepfdgh receptor binding affinities. These binding properties are

but do not correspond to low-energy conformations in thainly based on dipole-dipole interactions and are related to

free state. However, an energy penalty value is added to\tAdous electronic edicts. Thus, we have built into our pro-

distance paramet€r if a close contact of non-binding atomgedure the option that criteria other than the atomic number,
is found in a conformation. such as physicochemical properties of atoms, ranges of par-

Figure 14 Close contact

check of van der Waals radii min . = 0,75 QvdW ( A) +vdW(B))

fac < 0.5 : close contact

fac > 0.5 : no close contact
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Table 1a  Cytochrome
P450c17 inhibitors of the A/

B/C/D-ring systems and theirA/B/C/D-ring systems

Chemical structure Name 1G5 human [MM]

IC.y umarValUES (progester-
one, 25uM)
oy
I
-
Imidqg, 1 0.04
HO
,OH
N
{
MH61 0.077
HO
OH
N
3
MH55 0.17
HO

tial a‘O”?“? charges (s?gmqp, pi., gr, or total gy,,), elec-_ Cytochrome P450c17-inhibitors
tronegativity,x, or polarizability,a, can be chosen as restric-

tions in the superimposition. Other atom properties, such_as

descriptors whether atoms are in aromatic and non-aromafi¢ cytochrome P450c17 enzyme @-hydroxylase/C17-
rings, or are ring or non-ring atoms, can also be selectec?8dyase) is a key enzyme for the androgen and glucocorti-
mapping conditions. These physicochemical parameters @péd biosynthesis.[33] Like most cytochrome P450
calculated by the program package PETRA.B2I, The at- isoenzymes, P450c17 glso has heme as prqsthgtlc group. Sub-
oms to be overlaid must conform to the given matching crifé@nces conjugate o this enzyme by coordinating to the cen-
rion or interval of the physicochemical property. For exarf@! iron atom at one end and by a hydrogen bond at the other
ple, if the matching criterion is chosen to be total atonfi@d of their skeleton. Thus, substances with a high affinity to
chargesg,, and the interval selected to kg, = + 0.05 e, the enzyme should have a free electron pair (e.g. a nitrogen
then for an atom of the first molecule with, = -0.2 e, only atom) and at least one hydrogen bond acceptor or donor. In-
atoms in the interval oy, = [-0.25, -0.15] are allowed toh|b|t|on of the 17a-hydroxylase/C17-20 lyase is a promis-
build match tupels with this first atom. ing concept for the treatment of prostate carcinoma. How-
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Table 1b Cytochrome
P450c17 inhibitors of the A/

B- and A/C-ring systems a”dA/B-ring systems

their I1C,; ., ,masvalues (pro-

gesterone, 25M)

Chemical structure Name 1G5 human [MM]
HO
MeO
Q BW61, 4 0.074
N
O@ QN BW62, 5 0.085
OMe
A/C-ring systems
N&
\:N
O BW112,3 0.087
HO
OH
NN
\:N
O BW95 0.13
OH
N&
\:N
O BW99 0.21
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Figure 15 The steroidal skel- O
eton and the coordinations of W\ )
its structural parts inside the
P450c17 binding pocket

N\ /
DErd
7\

conjugation to Fe**/ **

. 0(\
o 0
W°

ever, up to now no inhibitors have been found with an a@id skeleton. BW132, and BW1123, are conformation-
ceptable selectivity for the P450c17 enzyme.[34, 35] ally flexible ligands, witt2 the most active 3,4-dihydronaph-
P450c17 inhibitors can be separated into three structulellene ligandand 3 the most active biphenyl ligand.
subclasses corresponding to their steroidal skeleton: A/B/C/We will illustrate with this example different options of
D-ring systems (steroids), A/B-ring systems (naphthaletie program that can be used to gain more insight into the
compounds) and\/C-ring systems (biphenyl compounds)structural requirements for a ligand to fit and bind into the
In Table 1 the chemical structures, their names, and thaicket of the receptor. It will be shown how information al-
IC50,,,...-values (progesterone, 28V)[33, 34] are given. ready known can be used to impose restrictions on a program

human
Imidqg, 1, is the most active steroidal ligand with a ratheun in order to try to confirm these hypotheses.

Figure 16 The superimposi- 3.7A
tion of 1 (rigid) and 2 (flex-
ible). The equired matching
atom pairs are marked by a
dashed circle. No restrictions
are required for the upper su-
perimposition, the matching -
atom pair 1: N%/2:N? is re- ;22 =2€OA
quired for the middle super-
imposition, and1: N?/2:N?
and1: OY2:0%is required for
the lower superimposition
1.43A
rms = 0.91A
size = 16
SR
- — = e_
VRN
rms = 1.14A
size = 16

1.20A
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Pareto diagram of the superimposition of Pareto diagram of the superimposition of
imidq (rigid) and BW13 (flexible): imidq (rigid) and BW13 (flexible):
no restrictions restriction: 15: N*/16: N
rms [A] rms [A]
22T 22 1
o 21 rms = 0.91A
el B el size N =16
Tal rms = 0.50A Tal
19l size N =16 1ol
1 4
0.8 +
0.6 +
0.4 +
0.2 +
| 0 e
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
size N of the substructure size N of the substructure

Pareto diagram of the superimposition of
imidq (rigid) and BW13 (flexible):
restriction: 15: N°/16: N', 15: 0'/16: O

rms [A]
221

2 1
1.8
1.6 1
1.4 +

1 €
0.8 +
0.6 +

0.4 + rms = 1.14A
0.2 + size N =16
0 : T .
4 6 8 10 12 14 16 18 20
size N of the substructure

Figure 17 The best Pareto diagrams of 40 GA experiments for the superimposition of inaicd,BW132 with different
restriction (see Figure 16)

The compounds shown coordinate through their basic KiRowledge-based superimpositions
trogen atom to the central iron atom inside the P450c17 en-
zyme and bind through a hydrogen bond acceptor (OH-, ONFérst we will explore the overall geometric fit and try to find
, NR,-group) to a corresponding donor atom of the enzyroat whether atoms necessary for binding can be located.
binding pocket (Figure 15). Structural homologies must be evaluated for the most ac-
tive compounds of each structural subcldsg énd3). Imidq,
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1, can provide a template for the superimposition with BW1B6, top). In this case, BW13, aligns exactly with the A/B/
2, and BW1123, becaus# has a comparatively rigid steroidalC-ring of imidg, 1. This leads to a lowams value, but ig-
skeleton. Theconformdion of 1 was set to be rigid duringnores the fact that similarities must be investigated at both
the optimization process, whereas the conformations of etids of the skeleton.
other molecules were treated as flexible. During superimpo-The Pareto diagrams of the best GA experiments out of
sitions not involving the steid 1 both molecules were treated40 runs of all three superimpositions are shown in Figure 17.
as flexible. Usually, the rms-value increases for increasing substructure
The compounds of the three structural subclasses haizes. However, the Pareto diagrams of Figure 17 show that,
quite different numbers oft@ms. Thus, an unbiased rigidusing random based genetic algorithms, it is possible to re-
superimposition leads to results that do not consider anyceive better geometric fits for larger substructures than for
quirements imposed by the three-dimensional structure of mealler substructures.
enzyme binding pocket. In Figure 16 three different A substructure size of 16 atoms was extracted for the com-
superimpositions of compount] an A/B/C/D-ring system parison of the superimpositions. Thismber of atoms
and 2, an A/B-ring system are shown. In all of the thregresents the minimum with the largest number of matching
superimpositions, it was required that the atoms to be sugoms of the Pareto diagram before a further increase in the
imposed have the same atomic number. Always the bestrnes values.
sults of the 40 GA experiments are presented. The differ-The Pareto diagrams show that tines values are lower
ences in the superimpositions result from the restrictiofts all substructure sizes in the case where no restrictions
imposed on the substructures to be matched. The first supare imposed. Imposing restrictions onto the atoms to be
imposition was calculated without any restrictions (Figureatched allows the investigation of the fit of the structures
16, top). The probability for each atom to be part of the suiy considering knowledge about pharmacophore parts of the
structure was the same. The second superimposition requixaspounds.
the alignment of the atom pdirN%2:N* (Figure 16, center).  Each nitrogen atom or oxygen atom bfand 2 coordi-
The third superimposition, in addition, requires the atom paiates to corresponding parts inside the receptor binding
1. OY/2:0'to match (Figure 16, bottom).hiis, knowledge pocket. Thus, no largdistances between the nitrogen atoms
about a specific binding mode of the ligands inside the em-the oxygen atoms in a superimposition can be accepted. In
zyme is taken into account by forcing important atom paitge lower superimposition of Figure 16 the distances are 1.20
to match. A (N-N) and 1.46 A (O-O). Thus, a coordination to similar
The restrictions lead to a decrease in the overall geonmsitions inside the receptor binding pocket would be possi-
ric fit. Thermsvalues are 0.50 A without any restrictions anble. Although, the superimpositions show for the entire struc-
0.91 A and 1.14 A with resttions. A potential reason for tures a worse atomic fit, the hydrophobic parts are aligned
the increase in thems values are the different sizes of thevell onto each other. The importance of short distances of
structures to be aligned. Without any restrictions, the smalllee nitrogen atoms is higher than those of the oxygen atoms.
molecule will fit onto any part of the larger molecule (Figur€he nitrogen atoms coordinate to a fixed iron atom inside the

Figure 18 The superimposi-
tion of 1 (rigid) and 4 (flex-

ible, top) or5 (flexible, bot-
tom). The estricted matching

11111
T .
s

1.60A T /

atom pairs are marked by a 1.69A
dashed circle. Topl: N¥4: "7
N2 and 1. OY/4: O%; bottom:
1: N1/5: N2, 1: 01/5: Ol rms = 120A
size = 16
N 221A
1.95A
rms = 1.34A

size = 16
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heme molecule. In contrast, the oxygen atoms bind to care 19.3 and1 do not differ much in their numbers of atoms.
formationally flexible parts of the enzyme through hydrogeompound3 has two hydroxyl groups (3'-OH and 4'-OH) at
bonds (Figure 16, bottom) which have also degrees of frédge A-ring, incontrast to the A/B-ring compourj that has
dom through rotation around the carbon-oxygen bond. only one hydroxyl group in position 6. To compare the su-
The three A/B-ring system compoun2ls4, and5 (naph- perimposition o8 and1 with the superimposition & andl,
thalene derivatives ) each have an oxygen atom on thefifst only the 3'-OH group 08 was taken into account (Fig-
ring. However, the site of substitution is different in all thragre 19, top). Then, a superimposition was performed by con-
cases. The next investigations should clarify whether, neveidering the 4'-OH group & (Figure 19, bottom).
theless, an alignment of ligands can be found that allowsBy requiring the 3'-OH group & to be matched onto the
superposition of the oxygen atoms. For this purpose, agaxygen atom ofl, a better geometric fit o8 onto 1 is ob-
the rather rigid steroid skeleton bfwas kept rigid. In com- tained than the geometric fit @ and1 (Figure 19, top, and
pound4, the oxygen atom of the 7-OMe group was requirédgure 16, bottom). The distance of the corresponding oxy-
to be superimposed onto the oxygen atom of the OH-graygn atoms d(O-0) is 0.47 A and of the nitrogen atoms d(N-
of 1. In compounds, the oxygen atom of the 5-OMe grougN) it is 0.95 A. Thus, important pharmacophore points are
was superimposed onto the OH groufdldfigure 18). closer in the superimposition 8fand1 than in the superim-
Thus, although the oxygen atoms in the three naphtlgasition of2 and1 (Figure 16, d(O-0): 1.46 A, and d(N- N):
lene derivative®, 4 and,5 are positioned at three differentl.20 A).
substitution sites (positions 6, 7, and 5, respectively), never-The superimposition d andl1 obtained by requiring the
theless in all three cases an alignment was found that weching atom pairs to He N2/3; N2 andl: OY%3: 4'0! leads
able to superimpose the oxygen and nitrogen atoms. to a highermsvalue and, therefore, to a worse geometric fit
However, the superimpositions of bdthnd5 with 1 (rms  than in the previous case when the 3atm of3 is required
= 1.2 A and 1.34 A) lead to a lower geometric fit than the match (ms= 1.13 Avs0.72 A). The distances of the oxy-
superimposition of with the 6-OH substituted dihydronaphgen atoms (d(O-0): 0.74 A and 1.03 A) and of the nitrogen
thalene, 2 (Figure 16,rms = 1.14 A). In addition, the dis- atoms (d(N-N): 0.95 A and 1.86 A) are also lower than for
tances of the nitrogen paie (.69 A,5: 2.21 A) and oxygen the atom pairingl: O%3: 3'O%. In addition, the plane of the
pairs @: 1.60 A,5: 1.95 A) are relatively high. This decreasef-biphenyl ring of3 is more or less perpendicular to the A-
fit of 4 and 5 onto 1 compared to the fit o onto 1 is re- ring plane of the rigid steroidal sleton of1 in the case of
flected by a decrease in biological activity. requiring the 4'-@of 3. This allows the conclusion to be
The ligand3 has two hydroxyl giups. The next ingi- made that in compoun8 it is the 3'-OH group that is in-
gations explore whether GAMMA can provide informationolved in binding.
as to which one of the two hydroxyl groups is better suited In order to explore this hypothesis further, the compounds
for binding. The superimposition of imidd), (A/B/C/D-ring BW112, 3, (A/C-ring system) and BW13 (A/B-ring sys-
system) and BW1123, (A/C-ring system) is shown in Fig-tem) were superimposed, in one case the oxygen atom of the

Figure 19 The superimposi-
tion of 1 (rigid) and 3 (flex-
ible). The equired matching
atom pairs are marked by a
dashed circle. Topl: N%3:
N? andl: O%3: 3'O%; bottom: R
1: N%/3: N2 and1: OY/3; 40t 0.47A

rrrrr

rms = 0.72A
4'0' size = 16

rms = 1.13A
size = 16
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tTha:'galzczgeter?S; ‘Gi‘)'grel;s; superimposition required matching  rms[A]  d(N-N) [A] d(0-O) [A]

sitions of some P450c17-in- atom pair

hibitors and the correspond- 1 wjth 2 N2-NZ, O-Ot 1.14 1.20 1.46

ing dlstances_ of the N-N andq ith 4 N2-NZ, OOt 1.20 1.60 1.69

O-O atom pairs. 1 with 5 N2-N?, OOt 1.34 2.21 1.95
1 with 3 N2-N2, OL-3'0t 0.72 0.95 0.74
1 with 3 N2-N2, OL-4'0t 1.13 1.86 1.03
2 with 3 N1-N2, OL-3'0! 0.57 1.41 0.10
2 with 3 N1-N2, O-4'0t 0.82 0.21 0.90
4 with 3 N1-N2, OL-3'0t 1.16 1.14 2.00
4 with 3 N1-N2, O-4'0t 0.52 0.88 0.24
5 with 3 N1-N2, OL-3'0t 1.03 1.54 2.38
5 with 3 N1-N2, O-4'0t 0.68 0.97 0.49

3'-OH group of3 required to match onto the oxygen atom & This presents a rather good geometriafity= 0.57 A) of
2, in the other case, the oxygen atom of the 4'-OH groGp dhe skeletons and of the oxygen atoms (d(O-0): 0,10 A), but
requires to be matched onto the oxygen ator2.dh both also leads to quite a large distance of the nitrogen atoms (d(N-
investigations, both molecule® and 3 were allowed to be N): 1.41 A). A shorter distance of the nitrogen atoms (d(N-
flexible. These two compounds differ again in their numbek§: 0.21 A, d(0-0O): 0.9 A) in the second superimposition
of atoms. (Figure 20, bottom) corresponds to a larger shifis& 0.82

The first superimposition (Figure 20, top) requires the atok) in the orientation of the skeletons of both structures. This
pairs 2: N%3: N2 and2: OY3: 3'O%, while in the second su-fact does not exclude a similar binding mode because, never-
perimposition (Figure 20, bottom) the atom p&irdl%/3: N2> theless, the hydrophobic parts of both structures are aligned
and2: OY3: 40O are enforced. quite well. Again, orthe basis of the lowemswe come to

The first superimposition (Figure 20, top) shows a partidde conclusion that binding occurs through the 3'-OH group
alignment of the biphenyl-C-ring of BW113, onto the 1- of 3.
methyl and 2-methylene group of the 3,4-dihydronaphthalene,

Figure 20 The superimpo- 1.41A
sition of 2 (flexible) and 3
(flexible). The estricted
matching atom pairs are
marked by a dashed circle.0.10A
Top:2: N¥3: N2 and2: OY/3:

3'0%, bottom2: NY 3: N2and

2: OY3: 401

rms = 0.57A
size = 16

0.21A

rms = 0.82A
size = 16

0.90A
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Figure 21 The result of the Imidg (rigid}, BW112 (flgxible),
glmulta}ngously superimposi- BW13 (lexible), and BWE1 {flexible)
tion of imidq,1 (red), BW112,

3 (green), BW132 (ma- 3-01 of BW1 12 restricted

genta), and BW614 (blue).
The substructure is marked by
gray circles. The mating
atom pairsl: OY2: OY3:
3'0Y4; O, and 1: N%/3: N¥
2: NY4: N* are restricted and
marked by dark gray circles

rms = (1.71A
size = 16

2 DA

Table 2 shows the results of each binary superimpositisrbetter than the alignment @fand 3 by restricting the 4'-
of compoundd, 2, 3, 4, and5,. In addition, Table 2 includesoxygen atom o3 (rms= 1.13 A). The alignment of with
the superimpositions a3 with 4 and 5, which have not yet the 7- and 5-substituted 3,4-dihydronaphthalene compounds
been shown before. To evaluate the goodness of the aliyiand5 leads to worse geometric fits than the alignment of
ment,the rms values for a constant substructure size (16 #te 1 with the 6-subsituted 3,4-dihydronaphthalege]n
oms) is given. Furthermore, the distances of the correspooahtrast to the superimposition 8fand 1, the geometric fit
ing nitrogen and oxygen atom pairs are considered. of the superimposition 08 with both 7- and 5-substituted

The following conclusions are based on thesvalues of 3,4-dihydronaphthalene compounds (A/B-ring systehasyd
the geometric fit and in addition on the distances of the Eeis better by restricting the 4'-oxygen aton8gfms =0.52
stricted matching atom pairs. A and 0.68 A).

The superimposition of the steroidal templatevith the In summary, the superimposition of the most active com-
6-substituted 3,4-dihydronaphthalene compouhdyms = poundsl (A/B/C/D-ring system)2 (A/B-ring system), an@
0.72 A) is worse than the superimpositionlofith the bi- (A/C-ring system) show that the biphenyl compounds (A/C-
phenyl systen3, by restricting the 3'-oxygen atom ®{rms ring systems) have a binding mode similar to that of the
=0.57 A). However the alignment bfwith 2 (rms=0.72 A) steroidal compounds (A/B/C/D-ring systems) by coordina-

F'igure 22 The result .Of the' Imidg (rigid), BW112 iflevible),
glmulte}ngously superimposi- BW13 (flexible}, and BWE1 (flexible)
tion of imidq,1 (red), BW112,

3 (green), BW132 (ma- 4201 of BVW112 restricted

genta), and BW614 (blue).
The substructure is marked by
gray circles. The mating
atom pairsl: OY/2: OY3:
4'0%4: O, and 1: N%3: N¥
2: NY/4: N* are restricted and
marked by dark gray circles

rms = 1.22A
size = 11
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Pareto diagram of the superimposition of only comparing sets oivo moleculesWe will therefore in-
imidq, BW112, BW13, and BW61 vestigate the ginultaneous superimposition oéveral mol-
rms [A] 3-O' of BW112 restricted ecules in the ext section.
The superimpositions calculated with GAMMA by con-
187 sidering spedic knowledgeabout thereceptor binding pdet
1'? T show that binding modes can be predicten for flexible

compoundsAffinity potentials of compounds without &wn

127 biological acivity to the P450c17 enzyme can be estimated
T by superimposing them onto a compound with evim bio-
087 ¥ logical prdile to the P450c17 enzymé&hree diferent val-

061 ues are to bevaluated, the rms value of the geometriit,
0.4 7 rms = 0.71A  the distances of the atoms that coordinate to the central iron
0.2 sizeN=16  atom of the heme molecule, and the distances of potential
0 * * * * * * * hydrogen bond acgptors.
6 8 1 12 14 16 18 20 As of now, only the superimpositions of two molecules
size N of the substructure have beennivestigated This might not gve the full picture
of the pharmacophore as accidental similarities might be
Pareto diagram of the superimposition of found A clearer picture of the of the affal and eleabnic
imidg, BW112, BW13, and BW61 requirements of a drug can only be obtained when more lig-
4-0' of BW112 restricted ands & compaed much in the sameay as a better idea of
rms [A] requrements for ady to fit into a dven lock can be obtained
1.8 1 by compaing morekeys. This is explored in theext sec-
1.6 T tion.
1.4 +
1.2 + 2 4
1+ W \ Multiple superimpositions
08 1 rms = 1.22A
0.6 + size N =16 The simultaneously superimposition of the four highly ac-
0.4 + tive P450c17 inhibitarl, 2, 3, ard 4 is shown in Figures 21
0.2 + and 22 The two supeimpositions difer in therestiction
0 | | | | imposed on the oxygen atom of compdus In Figure 21
4 6 8 10 12 the 3'-OHgroup of3 was chosen whereas in FigL22 the 4'-

OH group & 3 was selectedThe conformatia of 1 waskept
rigid, whereas the molecd@, 3, ard 4 were albwed to be
Figure 3 ThePareto diagams of two superimpositions of flexible duing the calculation of the superimposition.

imidg, 1, BW112 3, BW13,2, and BW614. Top: restriction In the binary superimpositiorf 8 ard 4 the oxygen atom

of the 3’0 @ 3, bottom:restiction of the 3’0 6 3 of the OMe-group B4 is better aligned to the 4'-oxygen atom
of 3. Thus, in the simultaneous superimposition, compound
4 fits better than the other compounds when the 4gexy

tion of the 3'-hydrgen bond aaeptor to thereceptor binding atom d 3 is usedA compaison of the superimpositions in
pocket. The superimposition of the staid 1 with the biphe- Figures 21 and 22 cldgrshows that a better geonmt fit
nyl compoun 3 leads to a betteyeometricfit than the su- can be obtainedly requiring the 3'-oxgen @om d 3. The
perimposition with the three Hydronaphthalene compoundgsuperimposition that aligns the oxygen of the 3-OH group
2, 4 ard 5. Whereas the geometrit of the less aéte com- (Figure 21) hasrrmsvalue of 0.71 Awhereas the superim-
pounds 4 and 5 with the rgid skeleton 6 1 is worse than in POSition tfat aligns the oxgen of the 4-OH lows a rms
the geometricfit of the more aéve compoud 2. In the case Value of 1.22 A The distance of the oxygeaioms of the
of the bwest actve compoud 5, the geometridit is again OMe-group 6 4 is nearly 2.0 A to the cluster of the aligned
worse than for compoan4. Thus, a higher @iation in the 0Xxygen atoms of the compound, 2, ard 3 in the case of
fit Corresponds to lower auﬁy reSt”C“ng the 3"0Xygen atonf 8 (Flgure 21)

The superimpositionsf@ with 1 ard 2 show that the co- ~ Figure 23 slows the Pareto dagrams of the wo
ordination of the 3'-hydigen bond acceptor &seems to be superimpositionsfol, 2, 3, ard 4. Again a substictue sze
the preferred one. On the other hand, the 5- and 7-meth8kyl6 atoms has been extracted of the GAMMA run. In the
substituted aphthalene compousd4 ard 5, which have a first Pareto digram Figure 23, top3-O of 3 is restricted)
lower dfinity to the enzyme than the 6-substituteapintha- the rms value israther constant when increasing the size of
lene compoud 2, stow a better alignment wit3 by enfoc-  the substructer The secondPareto diagram (Figure 23, bot-
ing an werlap of the 4'-OH groupfad than when the 3-OH tom, 4'-O 6 3 is resticted) stows thet this superimposition
group was usedThus, noclear decision can be awn by has a dwer geomeﬁc fit for all substructure sizes agd

size N of the substructure
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with a maximum substructure size of only 11 atoms. S iferences

structure sizes higher than 11 atoms could not be found dut-

ing the optimization. This again proves, that the 3'-OH group - NI . ; .

of 3 is more favorable for binding to the P450c17 enzyml'JLe'. ﬁ helr-:i?;’(iR.lf.,g!la\l/(::&z?ég’ E;\/S;zkogltltcﬁﬁ,eiaulr:fann,
Based on the simultaneous superimposition of four Iigands,cb’rnput Séi1§89.,29 255-2609 T T

we can now clearly come to the conclusion that binding 9" Greene. J. Kahn. S. D.- Savoi H.- Sprague, P.: Tely, S
curs through the 3-OH group 8f Chem. Inf. Comput. SA994 34, 1297-1308.
3. Martin, Y. C.; Danaher, E. B.; May, C. S.; Weininger, D.
J. Comput.-Aided Mol. De4988 2, 15-29.
Summary 4. Van Drie, J. H.; Weininger, D.; Mgm, Y. C.J. Comput.-
Aided Mol. Des1989 3, 225-251.

The program GAMMA @eneticalgorithm formultiple mol- 5. Pepperrell, CA.; Willett, P..J. Comput.-Aided Mol. Des.
eculealignment) described here can be used to superimposel99 5, 455-474.
and align several structures independently of the conforrfa- Sheridan, R. P.; Miller, M. D.; Underwood, D. J.; Kearsley,
tion chosen initially. An unlimited number of structures can - K.J. Chem. Inf. Comput. SAi996 36, 128-136.
be treated. Only one conformation per structure is necessaryBath, P. A;; Poirrette, AR.; Willett, P.; Allen, F. H.J.
and, thus, the program can work even when only one confor-Chem. Inf. Comput. Sci994 34, 141-147.
mation of a compound is stored in a database. The auton@tid-auri, G.; Bartlett, P. Al. Comput.-Aided Mol. De$994
elucidation of structural similarities has its particular effi- 8, 51-66. _
ciency in a hybrid method, the combination of a genetic & Fisanick, W.; Cross, K. P.; Rusinko Ill, & Chem. Inf.
gorithm and a numerical optimization method, the directed- COmput. Scil992 32, 664-674. .
tweak method. The genetic algorithm process leads to¥hGuner, O. F; Henry, D. R. Bncyclopedia of Computa-
optimization of the assignment of the atoms in the form of tional Chemistry Schieyer, P.v. R.; Allinger, N. L.; Clark,
match lists. An optimization of the geometric fit by adapting T Gasteiger, J.; Kollman, P. A.; Schaefer IIl, H. F;
the conformations of molecules to each other is obtained bySchreiner, P. REds.; Wiley & Sons: Chichester, UK,
the combination of the genetic algorithm with the directed- 1998; pp2988-3003. _
tweak technique. The genetic algorithm is further improvéd- Henry, D. R.; Ozkabak, A. G. Encyclopedia of Compu-
by two additional operators which are tailored to the tational Chemistry Schleyer, P. v. RAllinger, N. L.;
superposition problem: the creep and crunch operators. TheClark, T.; Gasteiger, J.; Koliman, P. A.; Schaefer IlI, H.
problems studied here must optimize several conflicting cri- F-; Schreiner, P. R., Eds.; Wiley & Sons: Chichester, UK,
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