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A new approach for coverage of the conformational space by a limited number of conformers is proposed.
Instead of using a systematic search whose time complexity increases exponentially with degrees of freedom,
a genetic algorithm (GA) is employed to minimize 3D similarity among the conformers generated. This
makes the problem computationally feasible even for large, flexible molecules. The 3D similarity of a pair
of conformers is assumed to be reciprocal to the root-mean-square (rms) distance between identical atomic
sites in an alignment providing its minimum. Thus, in contrast to traditional GA, the fitness of a conformer
is not quantified individually but only in conjunction with the population it belongs to. The approach handles
the following stereochemical and conformational degrees of freedom: rotation around acyclic single and
double bonds, inversion of stereocenters, flip of free corners in saturated rings, and reflection of pyramids
on the junction of two or three saturated rings. The latter two were particularly introduced to encompass the
structural diversity of polycyclic structures. However, they generally affect valence angles and can be restricted
up to a certain level of severity of such changes. Stereochemical modifications are totally/selectively disabled
when the stereochemistry is exactly/partially specified on input. Three quality criteria, namely robustness,
reproducibility, and coverage of the conformational space, are used to assess the performance of various
GA experimental settings employed on four molecules with different numbers of conformational degrees of
freedom. It was found that with the increase of the ratio between the number of parents and children, the
reproducibility of GA runs increases whereas their robustness and coverage decrease. Force field optimization
of conformers for each generation was found to improve significantly the reproducibility of results, at the
cost of worse conformational coverage.

INTRODUTION

Quantitative structure-activity relationships (QSAR) often
depend implicitly on the 3D molecular models adopted for
the chemicals under study. This certainly applies to receptor-
site mapping models dealing directly with molecular shapes
and fields. Correlative QSARs may also be influenced
indirectly when employing electronic quantum chemical
descriptors that generally depend on the 3D structure.
Typically QSARs rely on a single conformer to represent a
chemical under study, while all others are neglected. In the
best case, the representative conformer is the one of lowest
potential energy for the isolated molecule or the one observed
in the crystal phase. However, for flexible molecules such
analysis is likely to fail to identify conformers that, albeit
possibly less stable, have the required shape and electronic
properties to interact with receptors. Indeed, the most stable
conformers are often less likely to interact with a solvent or
macromolecule.1 At the macromolecular binding sites, con-
formational states can be populated which are substantially
different than the isolated, lowest energy one or the crystal-
phase one. This holds especially for enzyme-mediated
reactions where enzyme-induced distortions in the direction

of the transition state drive the molecules even out of the
local potential energy minima.

To overcome this deficiency of conventional QSARs, new
techniques which encompass molecular flexibility in the
context of biological environment were introduced and
employed. The basic assumption is that a molecule can
interact as a variety of conformers, with solvation and binding
interactions capable of compensating for the energy increase
of higher conformational states. Thus, exploration of the
conformational space of molecules has become an important
issue in relating molecular structure to biological behavior.
Recently, a method freely called “dynamic” was proposed
for correlative QSARs, where descriptors reflect a subset of
molecular conformers, rather than a single one.2-6 By means
of the so-called COREPA technique, conformational cover-
age was used to reveal areas in the descriptor space which
are most populated by the conformers of the biologically
active molecules and least populated by the inactive ones,
simultaneously.7,8 Pharmacophore mapping methods based
on common functional groups9 or molecular fields10 also
require exploration of the conformational space for flexible
molecules.11,12

Usually conformational preferences are evaluated for the
isolated molecule. In biological tissues, they strongly depend
on the local environment imposed by the solvent and/or
receptor and are explicitly taken into account in the theory
of induced fit of ligands into receptors and allosteric effects
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within protein systems.13 In this respect, the notion of a
continuum of accessible conformers under a potential-energy
threshold instead of a discrete local minima set has been
introduced2,7,14-17 and employed in QSAR modeling and
flexible database search.11,18-20

Conformer generation methods typically rely on a sys-
tematic search in the conformational space, followed by
screening according to a user-defined requirement. Thus, one
ultimately arrives at a reduced and manageable subset of
conformers yet after the exhaustive generation. A commonly
used deterministic, systematic search algorithm is the one
included in the SYBYL molecular modeling package21 (see
also Dammkoehler et al.22) where all cyclic moieties are
considered rigid. A more versatile system for exhaustive
conformational search is the internal coordinate tree-search-
ing procedure by Lipton and Still.23 Proceeding from a local
minimum in the conformational space, all possible combina-
tions of rotamers at a certain torsion angle resolution are
generated. Only those conformers which pass geometrical
tests introduced to reject high-energy structures are retained.
A similar approach has been used for exploring the orien-
tational and conformational space of flexible ligands at
macromolecular receptor sites.24 In a further development
of the tree-searching technique,15 one initiates from the
molecular topology and generates all conformers consistent
with steric and stereochemical constraints. Of special note
is that the tree-searching techniques resolve the conforma-
tional flexibility of cyclic saturated moieties, as opposed to
other techniques where conformational degrees of freedom
are restricted to rotations around noncyclic bonds. A practical
drawback of all systematic algorithms is the fact that they
inevitably encounter the problem of combinatorial explosion
for large, flexible molecules: the number of possible
solutions is exponential versus the number of degrees of
freedom. One way to circumvent the combinatorial complex-
ity of systematic algorithms is the stochastic approach. Chang
et al.25 describe a Monte Carlo methodology for conforma-
tional search and demonstrate its efficiency in finding low-
energy conformers. A limitation of the stochastic approaches
is its low efficiency when a large set of constraints needs to
be imposed during the generation. Then, a large number of
iterations per structure should be performed to fit the structure
to those constraints.

Genetic algorithms (GAs) are a class of nondeterministic
algorithms taking an intermediate position between both
extremes: the systematic and stochastic methods. GAs
provide nondeterministic solutions to the combinatorial
optimization problem with constraints at a low computational
cost. There have been several recent reports of the use of
GAs for conformational search and analysis.18,26-30 In
general, GAs mimic the Darwinian evolution model accord-
ing to which the process of natural selection tends to favor
the survival of those children best adapted to the environ-
ment. Applied to conformational searching, GAs are trying
to optimize generation of conformers with respect to steric
and/or energetic criteria.18,29-31 Most of the conformer
searching GA implementations so far explore only the
conformational subspace limited to rotatmers.29,30To account
for flexibility of cyclic fragments, Payne and Glen18 included
flips of the so-called ring free corners which involve rotations
around two bonds from a ring. 3D structural diversity
generally includes variations of geometry of polycondensed

saturated rings. It has been shown,7,32 for instance, that sex
steroids are conformationally flexible while retaining the
stereochemistry of the natural enantiomer. Moreover, steroid
conformer interconversions were assessed as kinetically and
thermodynamically feasible.

Applied to conformational search, GAs have been limited
to enumeration of potential energy minima and identification
of the lowest energy structure. Solutions have been reported
for specific classes of molecules.29,30 Herein we describe a
GA approach aimed at optimal conformational coverage. It
concentrates on the generation of a set of structurally diverse
conformers that are energetically accessible under certain
conditions and do not necessarily represent local potential
energy minima in the conformational space. Genetic opti-
mization is used to replace an exhaustive conformer search.
The structural dissimilarity of conformers is defined in 3D
Cartesian space, rather than as a Euclidian distance in the
space of internal conformational variables. It is quantified
by the so-called root-mean-square (rms) distance33 between
pairs of conformers. This is the average Cartesian distance
between identical atomic sites of the two conformers in the
mutual alignment providing its minimum. The GA is directed
toward the attainment of a set of conformers exhibiting
greatest rms distances among themselves. Thus, unlike
conventional GAs, the fitness function does not pertain to
each conformer separately but to the set of conformers
jointly. To account for the structural flexibility of saturated
polycyclic moieties, a new type of active variable is
introduced.

METHOD

Background. According to the Darwinian theory, evolu-
tionary preferences are given to individuals best adapted to
the environment. In GAs, individuals are represented by
chromosomes. Chromosomes are sequences of discrete
quantities called genes which reflect the features liable to
modification. The fitness of individuals is summarized by a
functional that depends implicitly on the combination of
features. In the area of molecular design, chromosomes
determine a molecule or conformer, whereas fitness criteria
typically address placement and orientation of functional
groups, 3D charge distribution, molecular shape or electro-
static field, etc.

The GA typically begins from a random initial populations
of size Np (this is the size of the so-called permanent
population). The permanent population is extended byNc

new individuals or children. Out of this extended population
with Np + Nc individuals, Np representatives are selected
according to fitness criteria to form the next generation. The
extension of a population, followed by its selective reduction
to the permanent sizeNp, forms a separate evolution step.
The evolution is viewed as an iterative process, namely, this
step is repeated until some ending criteria are reached. They
typically involve a convergence test that requires no signifi-
cant improvement with regard to fitness criteria over the last
two or more successive generations. Basically, generation
(or breeding) of children is attained by means of two
operations called mutation and crossover. In the case of
mutation, the parent chromosomes are modified by random
modifications of some number of randomly selected genes.
In the case of crossover, the child has at least two parents.
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Parts of their chromosomes are taken in a random manner
and then concatenated to form the complete chromosome of
the child.

Structural Variables for Conformer Generation. Gen-
erally, the approach described herein handles four types of
structural variables which change molecular conformation
and/or configuration. Each such variable is encoded into a
gene, and genes of the four different types are combined
into chromosomes. Some of them reflect stereochemical
features rather than conformational degrees of freedom. Such
genes are totally or selectively disabled from modification
depending on input. If stereochemical genes are left variable,
the 3D structures generated involve, in the general case,
different configurations. Hereafter, however, we will use the
term conformer in a broader sense, as a 3D structure that
has unique chromosome sequence among other ones.

Torsion Angles.Genes are attributed to all torsion angles
associated with single and double bonds which are not
terminal and do not participate in rings. Genes for different
torsion angles have different cardinalities, i.e., different
numbers of possible values. By default, the cardinality of a
torsional gene is adjusted to the molecular force field
adopted.34,35 Namely, the cardinality is taken equal to the
number of barriers (and minima) of the periodic torsional
potential attributed to the particular bond. For a C(sp3)-
C(sp3) single bond, for instance, the period of the torsional
potential is 120° and there are three isoenergetic minima.
Thus, the actual torsion angle is converted into a gene by
rounding it up with 120° resolution. The gene of cardinality
3, on its turn, fixes the angle of one of the three isoenergetic
minima. For the sake of versatility, however, the cardinality
of torsional genes may be changed selectively before
generation starts. Binary genes attributed to noncyclic sp2-
sp2 double bonds possibly reflect cis/trans isomers. Such
genes are not liable to modifications when double-bond
configurations are fixed on input.

Stereocenter Parities.Genes are dedicated to all potential
stereocenters that can be inverted without breaking a bond.
As such, all sp3 sites with at least three nonequivalent
neighbors are taken. From them, only those whose deletion
renders at least one pair of neighbors disjoint from the other
one(s) are kept. The cardinality is 2 and reflects the parity
of the stereosite. The latter is given by the sign of the mixed
product of X-A, X-B, and X-C taken as vectors (see
Scheme 1). Mutation of such a gene inverts the stereocenter.
Inversion is attained geometrically by means of a 180°
rotation of A and B and all attached moieties around the
bisect of A-X-B. A, B, and X may participate in a common
ring, but neither C nor D should belong to it. By default,
inversions are enabled only for those stereocenters whose
configuration is not provided on input.

Free Corners.Free corners are introduced by Payne and
Glen18 as moieties with a conformation degree of freedom
to encompass the flexibility of saturated rings. Their genes
are binary and fix two possible states. A free corner is
sketched in Scheme 2. All sites shown participate in a
common ring, and the free corner is the fragment A-X-B.

With exception of the C and D pair, no other pair of sites
shown may participate in another common ring. With regard
to the coordination of A and B, and the moieties attached to
them outside the free corner, the flip can be viewed as two
simultaneous∼120° rotations around bonds C-A and D-B
in opposite directions, respectively. With respect to site X
and its incident moieties outside the free corner, the
transformation can be viewed as a rotation around an axis
through sites A and B. Hence, free-corner flips do not affect
the stereochemical configuration. A free corner is perfect
when it allows a flip which changes exclusively torsion
angles. This is possible only when C-A and D-B are
collinear. In the present approach, flips are selectively
enabled, including imperfect free corners, as well. Their flips
violate valence angles slightly, but do not change bond
lengths. Selection of active free corners is achieved implicitly,
by input of user-defined restrictions on the extent to which
C-A and D-B may deviate from collinearity. Loosening
this restrictions increases the diversity of conformers gener-
ated at the cost of strained structures. However, strain is
usually relieved to a large extent when conformers undergo
a force-field optimization.

Pyramids. Flipping of free corners is a heuristic solution
that still does not completely resolve the flexibility of cyclic
moieties. A further step in this direction proposed herein is
the so-called reflection of pyramids (Scheme 3). Site X is
in sp3 hybridization and belongs to at least two condensed
rings together with its first neigbors A, B, and C. All sites
shown on the scheme belong to a single polycyclic fragment.
Neighbors of X, A, B, and C, other than those shown, do
not belong to it. Sites A, B, and C define the base plane of
the pyramid. The reflection of the pyramid is its mirror
reflection into the pyramid’s base plane. The mirror reflection
involves X and all moieties attached to X, A, B, or C, except
those shown on the scheme. All mirror-reflected potential
stereocenters including A, B, and C are inverted by the
operations. If the parity of A, B, C, or X is fixed on input,
the reflection of the particular pyramid is disabled. Reflec-
tions of pyramids are always performed prior to any other
adjustments of structure to chromosomes. In this way,
convertible stereo configurations are always intact with the
corresponding chromosome in the final 3D structure.

In the general case, the reflection affects valence angles
of sites A, B and C such as X-A-A′ and X-B-B′. These
valence angles are not violated only if the cyclic second
neighbors of X, namely A′, B′, B′′, and C′, are exactly in
the plane of the pyramid’s base. To avoid generation of
strained structures, active pyramids are identified on a
complementary basis. Apart from the specific connectivity

Scheme 1 Scheme 2

Scheme 3
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of the molecular fragments involved, their 3D structures must
approximately meet the requirement for coplanarity of bonds
A-A′, B-B′, etc. For this purpose, a threshold for permis-
sive coplanarity violation of pyramids is specified on input.

Structural Input. Force Field Optimization. Check for
Degeneracy.The input structural information is introduced
either by means of extended SMILES notations36 or as a 3D
molecular model in a special file format.37 Standard SMILES38

reflects only molecular connectivity in terms of an abstract
chemical graph, whereas its extended version supports
stereochemical notations, as well.39 The actual generation
starts anyway from an initial 3D molecular model. In the
case of SMILES-based input, an automatic 3D molecular
model builder is invoked. An approximate 3D model which
complies to stereochemical specifications in SMILES is
constructed heuristically. Upon direct 3D molecular input,
all stereochemical features are implicitly fixed. Thereafter,
a molecular force-field approach (called pseudo-molecular
mechanics, or PMM) is employed15 to minimize potential
energy. The PMM force field includes additive empirical
potentials of five types.40

Before generation starts, all detected stereochemical
features and conformational degrees of freedom are translated
into chromosomes and listed, so that their genes can be
selectively enabled/disabled for modification by the user. If
3D molecular input was used, all stereochemical features are
initially disabled for modification. Otherwise, those detected,
but not specified explicitly in terms of extended SMILES,
are enabled initially. Conformational degrees of freedom are
all enabled by default.

Within the software implementation, each conformer is
represented by both its chromosomes and 3D structure.
Genetic operations are on a chromosome level. The 3D
model of a new conformer is constructed from its chromo-
somes. This is achieved by comparing the chromosomes with
the ones of the source structure and then applying the
corresponding elemental structural modifications to the latter.
Optionally, the newly constructed crude 3D model undergoes
PMM force field optimization that relieves possible strain
from violated valence angles and close nonbonded contacts.
The conformer may be yet rejected if its PMM potential
energy exceeds some user-defined threshold.

If the chemical graph of the molecule has elements of
symmetry, different chromosomes may actually reflect one
and the same conformation. This is so because individual
genes, and the order in which they appear in the chromosome,
depend on the adopted numbering of atomic sites. Conform-
ers that differ in chromosomes, but can be perfectly aligned
in 3D, are called degenerate. Newly generated conformers
are checked for degeneracy against the existing ones. This
is achieved on the basis of the symmetry groupΠ of the
chemical graph. The chromosome sequence is transformed
according to all permutationsp ∈ Π of atomic sites,
preserving the chemical graph invariant, and checked for
identity with existing ones. The check for degeneracy is left
optional, because conformers that can be closely aligned in
3D are very unlike to be preserved together in a permanent
population with regard to the fitness criteria.

Generation of Zero Population. The initial (or zero)
population is obtained from the source 3D molecular
structure by random mutations of its chromosomes. To ensure
equal probability for various modifications, both the set of

genes changed and their new values are taken in a random
manner. The mutated chromosomes are converted into a 3D
model. The conformer may be still rejected from the
population if found to be degenerate or too strained according
the PMM force field. The source 3D structure is included in
the initial population directly and its potential energy serves
as a reference to evaluate the stability of other conformers.

Fitness Criteria. For evaluation of its fitness, GAs
normally score each individual. Because of the specific task
herein, fitness criteria are defined in the context of a
population by both individual and composite scores. A
composite score pertains practically to any set of conformers.
Scores are based on the so-called root-mean-square (rms)
distance,33 which is a dual relation of two chemically
identical conformersi and j.

Here,r are radius vectors,m is the number of atoms, and
p ) {p1, p2, ...,pm} are permutations of the numbers from 1
to m. Besides the trivial permutation withpk ) k, all other
permutations from the symmetry groupΠ of the chemical
graph are taken. The minimization for a specific p∈ Π is
achieved numerically, by a linear search in the space of the
rotational degrees of freedom of the molecule. The individual
fitness score of the conformeri is the sum of its rms over
all other individuals from the populationS:

A setSof N conformers is scored by the so-called average
dissimilarity (AD), which is the sum of the rms over all pairs,
divided by the number of pairs:

Scheme 4

rmsij ) min
p ∈ Π{x1

m
∑
k)1

m

(rik - ripk
)2} (1)

rms(i) ) ∑
j∈S
j*i

rmsij (2)

rms(S) )
1

N(N - 1)
∑
i,j∈S
i*j

rmsij (3)
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Table 1. Settings of the Experiments for Structures1-4

(a) Structure1

parameter I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI

m/c 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9
E thresh 100 200 100 200 100 200 100 200 100 100 100 100 100 100 100 100
Np 10 10 10 10 10 10 10 10 20 30 10 14 20 5 7 10
Nc 5 5 5 5 5 5 5 5 5 5 7 7 7 5 7 10
degeneracy 60 60 60 60 30 30 30 30 60 60 60 60 60 60 60 60

(b) Structure2

parameter I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI

m/c 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9 0.1/0.9
E thresh 100 200 100 200 100 200 100 200 100 100 100 100 100 100 100 100
Np 10 10 10 10 10 10 10 10 20 30 10 14 20 5 7 10
Nc 5 5 5 5 5 5 5 5 5 5 7 7 7 5 7 10
degeneracy 60 60 60 60 30 30 30 30 60 60 60 60 60 60 60 60

(c) Structure3

parameter I II III IV V VI VII VIII IX X XI XII XIII XIV

m/c 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9
E thresh 500 1000 500 1000 500 1000 500 1000 500 1000 500 2000 500 1000
Np 3 3 3 3 3 3 3 3 4 4 4 4 4 4
Nc 1 1 1 1 2 2 2 2 1 1 1 1 2 2
degeneracy 30 30 30 30 30 30 30 30 30 30 30 30 30 30

(d) Structure4

parameter I II III IV V VI VII VIII IX X XI XII

m/c 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.1/0.9 0.2/0.8 0.2/0.8 0.1/0.9 0.2/0.8 0.1/0.9 0.1/0.9
E thresh 500 1000 500 1000 500 1000 500 1000 1000 1000 1000 1000
Np 5 5 5 5 5 5 5 5 7 7 10 10
Nc 3 3 3 3 3 3 3 3 3 3 3 5
degeneracy 60 60 60 60 30 30 30 30 60 60 60 60
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Generation of the Next Population.In the breeding of
children from a permanent population ofNp individuals, both
crossovers and mutations are employed. In a crossover
operation, the chromosomes of two parents are cut at the
same, randomly chosen point, and the parts are interchanged
to produce the chromosomes of two children. This is the
so-called one-point crossover. Practically, four-point cross-
overs are used, because the four different chromosomes are
handled separately, and a one-point crossover is applied to
each of them. Thus chromosomes inherited by a child are
always from both parents, regardless of which type of
structural variables they reflect. In contrast to the so-called
roulette-wheel selection, the probability for conformers to
be chosen as parents is not uniform. It is proportional to the
individual rms score of the conformer within the permanent
population it belongs to.

Prior to the actual crossover, the chromosomes of parents
are subject to mutations. Mutations are usually needed to
prevent the algorithm from stacking at a point where new
extended populations approximately reproduce old ones. The

probability of such mutations is given by the so-called gene
mutation rate. The gene mutation rate is the probability with
which genes of the parent chromosome are modified before
participating in the actual crossover. A typical value of the
gene mutation rate adopted by default is 5%.

A new conformer obtained from genetic operations is not
directly admitted as a child in the extended population. It
might be rejected in advance if found degenerate in 3D with
existing members or energetically inadmissible. The number
of attempts to produce by genetic operations nondegenerate,
low-energy conformers is further denoted as number of trials.
New conformers are generated until the number of children
accepted reachesNc, or until the number of trials is exceeded.
In the latter case, the whole process is aborted. Otherwise,
the extended population is reduced fromNp + Nc to Np

individuals without regard of origin to produce the next
generation. The latter is chosen to be that subsetSp of Np

out of Np + Nc conformers which has the largest AD. The
combinatorial problem of finding the subsetSp is solved
exactly, by a trivial branch-and-bound algorithm.

Figure 1. Average dissimilarity (rms) of the best populations during the GA optimization, associated with studied experiments (see Table
1a), for structure1.
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Criteria for Ending. In view of the evolution step
described, each new generation has AD at least equal to the
one of the previous. Generally, AD increases in each step,
both by chance and because more “fitted” parents with large
individual scores are selected. In the implementation, three
different ending criteria can be separately or jointly imposed.
The first one is trivial and fixes a limit for the number of
steps (iterations). The second one is a convergence test which
requires that the AD increase over several successive steps
drops below a user-defined threshold. Finally, the process
can be terminated if AD exceeds a certain predefined limit.

RESULTS

The quality of the GA is estimated by means of its
robustness and reproducibility41 and by the conformational
coverage provided in terms of AD. In this respect, several
GA runs were performed with test molecules (see Scheme
4) selected to differ in terms of conformational flexibility.
The first one isN,N-dimethyl-N′-4-(phenylbutyl)malonamide
(1), exemplifying a noncyclic moiety with conformational
degrees of freedom (used also by Wehrens et al.41). The

second one is flurpentixol (2), which is flexible both in its
noncyclic and monocyclic parts (tested by Smellie et al.16,17).
The third example is estradiol (3), which is a configuration-
ally rigid molecule.7,32 Finally, rifampicin (4) has a large
flexible monocycle. The depictions in Scheme 4 are obtained
from an automatic 2.5D model builder from extended
SMILES, which is incorporated in the software.

As shown in Table 1a-d, different control parameters are
used in the process. These are the size of the permanent
population Np, the number of childrenNc, the so-called
degeneracy threshold, which is the resolution at which two
torsion angles are considered essentially different, the
mutation/crossover ratio (m/c ratio), and the potential energy
threshold [E threshold (kJ/mol)]. Force field optimization
of generated conformers was not used to save computational
time. The number of trials to obtain nondegenerate, low-
energy children was set to 100 and was exceeded in separate
cases. The iteration limit was kept constant and equal to 100
for all experiments. Except for the several cases when the
process ran out its iteration limit, generations ended according
to the convergence test. The latter required average dis-

Figure 2. Average dissimilarity (rms) of the best populations during the GA optimization, associated with studied experiments (see Table
1b), for structure2.
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similarity increase less than 0.1 Å over the last 20 genera-
tions. Parities of stereocenters were not preserved for1. For
2, the parity of a single stereosite was kept constant, namely
the C-atom of the B-ring incident to the side chain, as
adopted by Wehrens et al.41 and Smellie et al.16,17 For
rifampicin (4), conformers were restricted to the configura-
tion of the active enantiomer.42,43 Similarly, the generated
conformers of3 have the stereochemistry of the natural
enantiomer.

As seen, the control parameters are set different for the
four molecules handled. Higher potential energy thresholds
were imposed for rifampicin and estradiol, allowing for more
strained conformers. Because3 and4 are less flexible than
1 and2, the sizes of the permanent populationNp and the
number of childrenNc were set smaller.

Experiments involve five replicate runs for1, 2, and 4
each, and 10 runs for3. In total, 360 runs were performed
at 58 different parameter settings. For each experimental
setting, the course of AD with successive generations is
plotted in Figures 1-4 for molecules1-4, respectively. The
plots serve as illustrations to the analysis of the results given
hereafter.

DISCUSSIONS
The robustness of the method was assessed by the so-

called convergence rate. The latter is reciprocal to the number
of generations required for AD to converge. As seen from
Figures 3 and 4, convergence rates associated with strained
molecules3 and 4 vary considerably in different runs.
Because of that, the effect of parameters on robustness was
tested exclusively on molecules1 and2. As a general trend,
the robustness increases with the decrease of theNp/Nc ratio.
Thus, the lowest convergence rates are observed in experi-
ments IX and X, whereNp/Nc equal 4 and 6 for1 and 2,
respectively. Convergence is faster in experiments with
Np/Nc ) 2, and especially forNp/Nc ) 1. Evidently, a larger
Nc increases the probability that parents be replaced by
children. Hence evolution is more dynamic and the chances
for a rapid increase of AD are better.

In contrast to other GAs for conformer generation, our
approach uses and maximizes a fitness function which

directly reflects the extent of conformational coverage by a
limited number of points. The range in which the fitness
function AD varies at the end of replicate runs is given at
the bottom of each AD/generation plot (Figures 1-4). Small
range discrepancies of final ADs correspond to a better
reproducibility of the GA evolution. Apparently, discrepan-
cies are smaller for largerNp/Nc. For instance, in experimental
setting IX and X for molecule1, final ADs fall within 21.8
to 23.7 and 19.2 to 22.7 Å ranges, respectively. In fact, small
final AD ranges were observed in other experiments, but
the corresponding AD/generation curves did not follow a
similar pattern in these cases. For molecule2 again, smallest
discrepancies are observed atNp/Nc ) 4 and Np/Nc ) 6
(experiments IX and X with final AD range of 13.6 to 15.0
and 12.4 to 13.6 Å). Similarly, the highest reproducibility
for 3 and4 was observed for largeNp/Nc ratios (Np/Nc ) 4
in experiment XI andNp/Nc ) 3.3 in experiment XI). The
enhanced reproducibility at highNp/Nc ratio can be related
to the so-called better control of parents over children.
Apparently, less dynamic evolutions tend to reproduce
themselves better in replicate runs.

For certain experimental settings, evolution was terminated
preliminary in some runs. This was caused by failure to
produce nondegenerate conformers for initial or extended
populations, meeting potential energy constraints. Such cases
are typical for the relatively rigid molecules3 (experiments
V, VI, IX -XII) and 4 (experiments III and V). However,
unsuccessful runs were observed for the more flexible
molecule2 (experiment I and III).

The obtained results showed that the coverage of confor-
mational space decreases with the increase of theNp/Nc ratio.
Thus, the lowest AD values for molecules1-4 were obtained
for the highest values of theNp/Nc ratio: see experiments
IX and X for structure1 (AD ) 21.8 to 23.7 and 19.2 to
22.7 Å, respectively), experiments IX and X for2 (AD )
13.6 to 15.0 and 12.3 to 13.6 Å, respectively), experiment
IX for 3 (AD ) 0.0 to 2.2 Å), and experiment XI for4 (AD
) 20.2 to 23.3 Å).

The results were obtained with potential energy constraints
on nonoptimized 3D structures. Typically, conformers are

Figure 3. Average dissimilarity (rms) of the best populations during the GA optimization, associated with studied experiments (see Table
1c), for structure3.
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Figure 4. Average dissimilarity (rms) of the best populations during the GA optimization, associated with studied experiments (see Table
1d), for structure4.
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submitted to potential energy mimimization on each step
prior to that test or after the process terminates. Results
obtained with force field oprimization are illustrated in Figure
5a-d: experimental setting I for molecules1 (Figure 5a),2
(Figure 5b), and4 (Figure 5d), and experimental setting X
for 3 (Figure 5c). The first and second plots in each figure
are from runs performed without and with 3D degeneracy
tests. As shown in Figure 5a-d, force field optimization
significantly improves reproducibility but diminishes final
AD values. Preliminary rejection of degenerate conformers
tends to increase final AD values.

The GA runs on estradiol (natural enantiomer) under
conditions X with force field optimization and degeneracy
screening produced four different conformers (Figure 6). The
comparison between these structures and the conformers
obtained recently7,32 by means of a systematic search15

suggests that both approaches provide similar results in terms
of conformational coverage. Beside the crystal-phase struc-
ture (conformer I) and conformers II and III, proposed by
us7,32 and Wiese and Brooks,44 a new conformer IV is
obtained. For the latter, the free corner of the B ring
semichair is in the opposite direction with regard to the

crystal phase structure. The kinetic feasibility of conformer
IV, however, is still under question.

CONCLUSIONS

This work addresses the applicability of GA to the problem
of conformational coverage. Instead of searching for a set
of (meta)stable conformers, a small collection of conformers
aimed at optimal coverage of the conformational space under
potential energy constraints is generated. Like any other GA,
the approach avoids the systematic search whose time
complexity is the major obstacle in conformational analysis
of large and flexible molecules. On the other hand, the
nondeterministic character of the method is a common
limitation of all GAs.

To quantify the (dis)similarity of conformers, the method
uses a rather straightforward measure, the so-called rms
distance. It has the advantage of being unambiguously
defined in terms of Cartesian atomic coordinates. Initially
defined as a dual relation comparing a pair of conformers,
the rms distance is generalized in terms of AD to reflect the
3D dissimilarity of a set of conformers, independently of

Figure 5. Average dissimilarity (rms) of the best populations across GA optimization, after PMM optimization and degeneracy screening.
Single experiments were tested for each chemical: (a) experiment I for structure1; (b) experiment I for structure2; experiment X for
structure3; and (d) experiment I for structure4.

Figure 6. Generated conformers for estradiol.
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their number and chemical nature. Unlike other GAs, which
score and optimize individuals rather than populations, the
method is directed toward obtaining an optimal set of
individuals.

In handling the flexibility of molecules, the method
operates with an extended set of conformational degrees of
freedom. Namely, in parallel to rotatable bonds, flips of free
corners and pyramids in cyclic fragments are considered.
Thus cyclic fragments are no longer taken as rigid like in
typical conformation analysis software. Along with confor-
mations, the method encompasses the complete diversity of
stereochemical configurations. Depending on demands, ster-
eochemistry can be totally or selectively preserved during
the run.

The performance of the approach is assessed by tests on
four molecules which differ significantly in terms of flex-
ibility. The effect of control parameters on the robustness
and reproducibility of the GA and on the final AD as a
measure of conformational coverage is evaluated. Robustness
is measured by the convergence rate with which the final,
maximal AD is reached over generations. Reproducibility
is assessed by the variation of final ADs from replicate runs.
It was found that with the increase of the ratio between
parents and children,Np/Nc, the reproducibility of the runs
increases, whereas robustness and coverage in terms of AD
decrease. The trends were observed for all molecules used
in the tests. We suggest that the effect ofNp/Nc on robustness
and reproducibility is common for all GAs. Loosely speaking,
the larger number of children diversifies populations and
renders the evolution process more dynamic and less
determined.

Force field optimization was found to improve reproduc-
ibility at the cost of diminished final AD values. As expected,
explicit rejection of 3D-degenerate structures was found to
increase AD under all other equal conditions.
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