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Virtual Screening for Bioactive Molecules by
Evolutionary De Novo Design**

Gisbert Schneider,* Odile Clément-Chomienne,
Laurence Hilfiger, Petra Schneider, Stefan Kirsch,
Hans-Joachim Bohm, and Werner Neidhart

One of the goals of computational chemistry is to be able to
design novel molecular structures with biological activity
comparable to a defined known drug (the “template”) and
with a significantly different architecture. There is a need to
develop techniques that can be applied if a high-resolution
receptor model is unavailable, complementing more conven-
tional structure-based molecular modeling and design. Such
algorithms would be particularly helpful for combinatorial
library shaping and fast-follower strategies in drug develop-
ment. Two major problems must be solved to successfully
address this task. First, the tool must be able to systematically
navigate and efficiently search in a vast chemical space
containing billions of virtual compounds, as it is impossible to
exhaustively screen all possible molecules for a desired
biological activity. Second, the conceptual view of a molecule
must be defined in such a way that allows rapid comparison of
the template with novel compounds, yielding a measure of
functional rather than structural similarity.

For the sake of “backbone (scaffold)-switching” the various
pharmacophore concepts provide a straightforward ap-
proach.ll Adaptive stochastic searching, notably evolutionary
algorithms, represents a practicable solution to optimization
in a high-dimensional search space. This is especially true
when no or only little information is available about the
ruggedness of the associated “fitness landscape”.”! Here we
present an efficient computational molecular design strategy
that implements pharmacophore-guided evolutionary search-
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ing in chemical space. Experimental proof of the concepts is
demonstrated by the successful de novo design of a new
structural class of potent K*-channel inhibitors. The algorithm
is referred to as TOPAS (7O Pology-Assigning System) in this
report.?’l TOPAS provides a solution to template-based de
novo design, in which novel molecules are assembled taking a
given bioactive compound as the reference point (template
structure).

A challenging task in de novo design is the generation of
molecular structures with “druglike” properties. To reduce
the risk of generating molecular architectures with inadequate
features, or which are difficult to synthesize—a problem
encountered by many de novo design proceduresl—TOPAS
was equipped with a stock of building blocks obtained from
retrosynthetic fragmentation of compounds listed in the
Derwent World Drug Index (WDI).D) The idea is that
assembly of such building blocks by a limited set of chemical
reactions might lead to chemically feasible novel structures,
from both the medicinal chemistry and the synthesis planning
perspective. All structures contained in the WDI, which had
an entry related to “mechanism” or “activity”, were subjected
to retrosynthetic fragmentation. This approach is similar to
the RECAP procedure developed by Hann and co-workers.[®!
Eleven reaction schemes were applied to perform fragmenta-
tion (for details, see the original publication).l) We used the
Daylight tool kit for implementation of reaction schemes.”l A
total of 24563 unique building blocks was obtained from our
analysis.’l The same eleven reactions were used by TOPAS to
assemble novel molecules.

TOPAS is based on a special evolutionary algorithm, a (1,1)
evolution strategy. ® This type of evolutionary algorithm has
been successfully applied to peptide design experiments in
previous applications.’! The common feature of evolutionary
algorithms is a cyclic variation-selection process. “Parents”
breed “offspring”, and the fittest of each “generation”
becomes the parent of the subsequent optimization cycle.
Starting from an arbitrary point in search space (a randomly
selected chemical structure), TOPAS generates a set of 4
variant structures which satisfy a bell-shaped distribution
centered in the chemical space coordinates of the parent
structure. This means that most of the variants will be very
similar to their parent, and the number of offspring at a
certain distance point will be less as the distance-to-parent
increases.”l Distance in chemical space is defined by a
topological pharmacophore measure (see below).

Evolution strategies are often applied to real-valued
function optimization problems.?! Algorithms generally oper-
ate directly on the parameters to be optimized, in contrast to
genetic algorithms, which usually operate on a separately
coded transformation of the objective variables (the so-called
“chromosome”).['"] In addition, evolution strategies include a
second-level optimization of “strategy parameters”, that is,
tunable variables that in part determine how each parent will
generate offspring. This enables an adaptive stochastic search
to be performed and guarantees a finite probability of
breeding very dissimilar structures (“snoopers” in chemical
space).P’l The width of the variant distribution is determined
by the variance or standard deviation, o, of the bell-shaped
curve reflecting the distance-to-parent probability. The o
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value may be regarded as a measure of library diversity: Small
values lead to narrow distributions of variants, while large
values often result in novel structures that are very dissimilar
to the parent molecule.

At the start of a virtual screening experiment, ¢ should be
set to a large value to explore chemical space for potential
optima (“universal” library). At later stages o will have to
have small values to facilitate local hill-climbing (focused or
biased libraries). In contrast to related techniques, there exists
no predefined “cooling schedule” or a fixed decaying function
for o. Its value may freely change during optimization to be
able to adapt to the actual requirements of the search.? Large
o values will automatically evolve if large steps are favorable,
and small values will result when only a small move in
chemical space leads to success on the fitness landscape.
Further details on this mechanism, alternative implementa-
tion schemes, and a comparison of evolutionary algorithms
can be found elsewhere.> 1!

In TOPAS, fitness is defined as the pairwise similarity
between the template and the variant structures. This is done
using a measure of topological pharmacophore similarity.!
Molecules are encoded by two-point pharmacophores using
generalized atom types (hydrogen-bond donors/acceptors,
positive/negative charge, lipophilic). This is similar to corre-
lation vector representation of molecular structures and
properties.'l' According to this abstraction, a molecule is a
combination of pairs of generalized atom types topologically
connected by bonds. Similarity between two molecules was
defined as the Euclidian distance between correlation vectors.
The main advantage of this approach is that molecules are
similar if they exhibit a similar distribution of generalized
atom types in their two-dimensional structure, irrespective of
the chemical way their atoms are connected.'! A downside is
the fact that important three-dimensional and full topological

structural information is neglected. Whenever such informa-
tion is crucial for bioactivity, the design algorithm may fail to
produce useful results. Recently, novel potent Ca?*-channel
blocking agents were retrieved from a large database (CATS
program) using the same definition of pharmacophore
similarity.l"¥] This finding motivated us to apply the correlation
vector scheme for de novo design by TOPAS. In this work,
additional penalty terms were added to the fitness function to
avoid undesired structures. The fitness value was decreased if
a) the total number of atoms exceeded 50, b) the sum of
oxygen and nitrogen atoms was greater than 12, or c) if there
were more than seven potential hydrogen-bond donors
present in a given molecule. These crude filters are thought
to facilitate the design of bioavailable molecules.!'*]

For a challenging test of TOPAS we selected a known
potent K*-channel blocking agent as the template molecule:
trans-(28,3S)-N-[3-(4-ethylbenzenesulfonylamino)-2-hy-
droxy-indan-5-yl]-3-methoxy-benzamide (Scheme 1a, top).[**!
In our electrophysiological studies this compound had an ICs,
of 0.11+0.02 um for the inhibition of the human Kvl.5
potassium channel (hKv1.5). Inhibitors of voltage-dependent
potassium channels induce a decrease in potassium ion
movement across cell membrane. In cardiac cells this decrease
leads to the prolongation of the action potential. Increasing
myocardial refractoriness by prolonging the action potential
can be useful for the treatment of cardiac arrhythmia.l'®l
Blocking potassium channels and depolarizing the resting
membrane potential has been shown to regulate a variety of
biological processes, like T-cell activation under immune-
reactive conditions.['”]

We performed several design runs with TOPAS, yielding
slightly different “best” molecular structures after 100 gen-
erations (not shown). Starting from a randomly assembled
molecular structure, 100 variants were virtually synthesized
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Scheme 1. Models of the template structure (top) and the designed structure (bottom). A and B are two-dimensional
representations. In B, generalized atom types are shown (squares, hydrogen-bond acceptors; triangles, hydrogen-bond
donors; circles, lipophilic atoms). Three-dimensional models are shown in C.?%! These structures were superimposed by a
pharmacophore matching routine. For clarity, they are given in a side-by-side view. Two functional groups are labeled by I

and II (heteroatoms are shown in dark gray).
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per generation and the best of each generation was the parent
of the next cycle. The fittest molecule obtained was a
naphthylsulfonamide (Scheme 1a, bottom). From a purely
structural perspective, there is no obvious similarity between
the template and the designed structure besides a common
sulfonamide group. However, assignment of generalized atom
types indicates a resemblance of the two molecules, and a
mutual pharmacophore pattern is uncovered (Scheme 1b).
This example demonstrates that simplistic abstractions from
chemical structure can sometimes help reveal “hidden”
molecular similarities. To get a more precise picture of
relevant features, three-dimensional structural models were
superimposed by using a pharmacophore matching routine.
Both molecules, the template and the design, seem to favor a
U-shaped structure, resulting in a good fit of the planar
aromatic ring systems and the adjacent sulfonamide moieties
(Scheme 1¢). From this we concluded that the hydroxy
group I does not significantly contribute to the relevant
pharmacophore motif. In addition, omitting methoxy group II
of the designed structure might be beneficial for bioactivity, a
very lipophilic system seems to be required in this position.
Indeed, after completion of our work experimental evidence
was published to support this view.['*]

Two molecules were synthesized according to Scheme 2.
Compound 3a was synthesized to investigate the effect of the
methoxy group II on the biological activity; compound 3b is
the original design recommended by TOPAS. Accordingly,
1-fluoro-2-nitrobenzene was allowed to react with o-anisidine

NO, 2 b KF_ HalPd-C
S (j (j weor
\ Zy
R! SO,Cl  DMAP S\
2 +
e
R'=H 3a
R'=OCH, 3b

Scheme 2. Synthetic scheme for the molecules 3a and 3b designed by TOPAS. DMAP =4-

(dimethylamino)pyridine.

in an aromatic nucleophilic substitution to give (2-methoxy-
phenyl)-(2-nitrophenyl)amine (1) in near-quantitative yields.
Subsequent reduction of the nitro derivative 1 was performed
by catalytic hydrogenation with palladium as catalyst to yield
the diamine 2 in 879% yield. Condensation of 2 with
7-methoxynaphthalene-2-sulfonyl chloride or naphthalene-2-
sulfonyl chloride in methylene chloride with 4-(dimethylami-
no)pyridine (DMAP) as a base gave rise to the sulfonamides
3a and 3b as colorless solids in 42 and 35% yields,
respectively, after chromatography.

Electrophysiological measurement undoubtedly proved
K*-channel blocking activity by 3a and 3b (IC5,=0.47 and
7.34 um, respectively; Figure 1). This finding demonstrates
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Figure 1. Inhibition of voltage-gated K* flux via the hKv1.5 channel in
transfected mammalian CHO cells. Representative families of whole-cell
currents are shown, evoked by 250 ms test pulses to +40 mV followed by a

200 ms step to —50 mV. A) Effect of structure 3a at 1 pum and 10 pm.
B) Effect of structure 3b at 3 um and 10 pm.

that the TOPAS design technique can be used for generation
of novel molecular structures exhibiting biological activity
that is comparable to a structurally different template
molecule. It must, however, be stressed that the original
design 3b was approximately two orders of magnitude less
active (ICsy="7.34 +0.22 pum) than the template (IC5,=0.11 +
0.02 uMm). Nevertheless, it represents a valuable novel chem-
ical class, which is currently being further explored. Straight-
forward structural modifications—as suggested by our mo-
lecular modeling studies—already led to the
improved compound 3a exhibiting K*-channel
blocking activity comparable to the original
template (ICs,=0.47 +0.09 pm).

Our TOPAS strategy offers a number of
advantages: 1) an adaptive stochastic search is
performed in virtual chemical space; 2)the
molecules generated are not restricted to a
predefined combinatorial class (like e.g., pep-
tides or Ugi reaction products); 3) novel struc-
tures are assembled from drug-derived building
blocks using a set of “simple” chemical reac-
tions; 4) a large diversity of molecular fragments
can be explored; and 5) the design algorithm
may be applied when a high-resolution receptor
structure is unavailable. A particularly appealing
future application is ligand design to influence
G-protein-coupled receptor activity.

A significant advantage of using building blocks derived
from known drugs is that reassembly of fragments potentially
produces “druglike” structures. However, this technique may
limit exploration of hitherto unknown “druglike” regions in
chemical space. In similar fashion, exploration of chemical
space may be further limited in the use of a small set of
reaction schemes. An additional concern is that it is rarely
known a priori which parts of a template molecule are
relevant or irrelevant for a particular biological function. This
can easily result in inactive molecular designs. One must not
forget that it is comparably easy to find novel structures
exhibiting some desired bioactivity using virtual screening
tools, whereas the de novo design of real drugs is only slowly

O
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emerging.'’! We are convinced that fragment-based evolu-
tionary design approaches like TOPAS that are able to
optimize for several fitness functions in parallel—including
predictions of metabolic and pharmacokinetic parameters—
will lead to further significant progress in this area of
computational chemistry and virtual screening.
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Chirally modified organolithium reagents are eminent as
reagents in enantioselective syntheses!'!l and as initiators in
asymmetric —anionic polymerization.”’l The control of reac-
tivity and selectivity by suitable moderators is crucial for
successful application.®! Studies in solution and in the solid
statel'®eh- 3l yield precious information on the nature of chiral
organolithium systems!® and open possibilities for a rational
design of new reagents.? Although n-butyllithium (nBulLi) is
among the most widely employed organolithium reagents and
several X-ray diffraction studies have been performed on
achiral nBuLi complexes,® there is little structural informa-
tion on chirally modified nBuLi species.>< ]

Recently, we reported the synthesis and the X-ray crystal
structure of the enantiopure nBuLi lithium fencholate com-
plex 1.P1 Complex 1 forms spontaneously as a colorless
precipitate on mixing anisylfenchole (2) and a solution of
nBuLi in hexane and contains one equivalent of nBuLi as well
as three lithium fencholate moieties 2-Li (Figure 1).’) The

Figure 1. Molecular structure of 1. The hydrogen atoms are omitted.
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