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By using a pharmacophore model, a geometrical representation of the features necessary for
molecules to show a particular biological activity, it is possible to search databases containing
the 3D structures of molecules and identify novel compounds which may possess this activity.
We describe our experiences of establishing a working 3D database system and its use in
rational drug design. By using muscarinic M3 receptor antagonists as an example, we show
that it is possible to identify potent novel lead compounds using this approach. Pharmacophore
generation based on the structures of known M; receptor antagonists, 3D database searching,
and medium-throughput screening were used to identify candidate compounds. Three
compounds were chosen to define the pharmacophore: a lung-selective M3 antagonist patented
by Pfizer and two Astra compounds which show affinity at the M3 receptor. From these, a
pharmacophore model was generated, using the program DISCO, and this was used
subsequently to search a UNITY 3D database of proprietary compounds; 172 compounds were
found to fit the pharmacophore. These compounds were then screened, and 1-[2-(2-(diethyl-
amino)ethoxy)phenyl]-2-phenylethanone (pA; 6.67) was identified as the best hit, with N-[2-
(piperidin-1-ylmethyl)cycohexyl]-2-propoxybenzamide (pA. 4.83) and phenylcarbamic acid
2-(morpholin-4-ylmethyl)cyclohexyl ester (pA, 5.54) demonstrating lower activity. As well as
its potency, 1-[2-(2-(diethylamino)ethoxy)phenyl]-2-phenylethanone is a simple structure with

limited similarity to existing M3 receptor antagonists.

Introduction

The pharmacophore is an important and unifying
concept in rational drug design which embodies the
notion that molecules are active at a particular receptor
because they possess a number of key features (i.e.
functional groups) that interact favorably with this
receptor and which possess a geometry complementary
to it. It is possible to derive pharmacophores in several
ways: by analogy to a natural substrate or known
ligand, by inference from a series of dissimilar biologi-
cally active molecules (the so-called active analogue
approach), or by direct analysis of the structure of a
target protein.! Having derived a pharmacophore model
there are, in general, two ways to identify molecules
which share its features and may thus elicit a desired
biological response. First, there is de novo design which
seeks to link the disjoint parts of the pharmacophore
together with fragments in order to generate hypotheti-
cal structures that are chemically reasonable yet typi-
cally wholly novel.? The second is “3D database search-
ing”, where large databases comprising 3D structures
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are searched for those that match to a pharmacophoric
pattern.3 One key advantage that 3D database search-
ing has over de novo design is that it allows the ready
identification of existing molecules which are either
easily available or have a known synthesis. Moreover,
with the application of results from graph theory,* the
celerity of 3D database searching has allowed it to
establish itself quickly as a tool in drug design with
proven success in practical applications.>6

In this paper we detail our strategy for integrating
3D database searching in rational drug design and
describe our experiences of both its implementation and
use. To exemplify our work we have sought to identify
novel antagonists of the muscarinic M3 receptor.

Muscarinic acetylcholine receptors have been shown
to exist as 5 different subtypes (m;—ms), all of which
have been cloned.” Four of these (M;—M,) have been
pharmacologically defined and correlate with m;—m,
gene products, respectively.® Muscarinic Mz receptor
antagonists have therapeutic potential for the treatment
of disorders associated with altered smooth muscle
contractility or tone.® These include irritable bowel
syndrome (IBS), chronic obstructive airways disease
(COAD), and urinary incontinence.

We became interested in this area with the reported
observations that a number of potent Ms-selective
antagonists (such as Zamifenacin (1), Chart 1) exhibited
further selectivity between M3 receptors expressed in
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different tissues of the same species.® Exploitation of
these findings may provide further therapeutic advan-
tages as drug candidates in any of the associated
diseases mentioned above.

For example, Zamifenacin has undergone clinical
evaluation by Pfizer for the treatment of IBS. It is a
potent Ms-selective antagonist with some 12-fold further
selectivity for ileal over tracheal M3 receptors in the
guinea pig. Pfizer has also published patents claiming
a number of lung-selective M3 antagonists for utility in
COAD and asthma,° one example of which is exempli-
fied by structure 2.

Muscarinic pharmacology is an exceedingly well-
explored field replete with inherent difficulties. To seek
alternative novel chemical starting points aimed toward
ultimately identifying lung M3 receptor-selective com-
pounds, we turned to a related program of work
concerned with identifying Mj-selective agonists for
potential utility in Alzheimer’s disease.!* Among them
we discovered a number of compounds, as exemplified
by structures 3 and 4, which displayed additional M3
antagonism in tissues derived from guinea pig lung and
gut.’2 In addition, we aimed to find other novel struc-
tures, from our compound bank and commercial chemi-
cal suppliers, thatwould possess M3 receptor antagonism—
but not necessarily tissue selectivity at an early stage—
which should be amenable to subsequent optimization
of potency and selectivity. Pharmacophore generation
based on the structures of known M3 receptor antago-
nists, 3D database searching, and medium-throughput
screening were used successfully to identify a small set
of simple, novel lead compounds.

o] I

Experimental Section

Construction of 3D Databases. There are several pub-
lished accounts of database construction concerned with build-
ing databases containing the accumulated compound banks
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of particular institutions.*>* Because the power and efficacy
of 3D database searching is dependent on both the size and
diversity of the compounds to be searched, we sought to extend
the scope of our databases, beyond the limitations and bias of
chemical series developed “in-house”, by accessing purchasable
compounds from the catalogues of chemical suppliers, for
example, Maybridge, Aldrich, Specs & Biospecs, Bionet, etc.

Having obtained an initial set of 2D databases in a variety
of different formats, we converted the atom and connectivity
data present in each source database into a single common
format, that of Weininger’'s smiLEs notation, using the program
ALTER.?® As an independent check on the veracity of our
conversion algorithm and the quality of the initial information,
each file was passed through the program ccr, part of the
Daylight software package.’® This process transformed our
arbitrary smiLEs strings into so-called “uniquified smiLES”,
which provides an unambiguous description, or name, unique
to a particular structure. An ordered leader-type clustering
algorithm—similar to that employed successfully in the con-
struction of nonredundant composite sequence databases’—
was used to remove redundant data from our final 3D
databases. A priority was assigned to the set of initial
databases. By working down this ordered list of uniquified
sMILES, any duplicated string identical to a higher-priority
string, i.e. one above it in the combined list, could be identified
and eliminated. The majority of 3D structures corresponding
to the resulting smiLEs strings were built using corina’® and
then imported into the uNITY database system.® A 3D database
corresponding to each source catalog or databank was created
in order to facilitate the administration and logistics of
compound recovery for screening.

To have built all databases including redundant information
would have wasted time converting very many structures to
3D several times over and wasted considerable space storing
duplicate structures. Retaining duplicate structures would also
have impinged deleteriously on the efficiency of searches (by
searching the same structure many times) and the ergonomics
of assessing search output (identifying and deleting duplicate
matches).

Pharmacophore Generation. Three series of compounds
were chosen to define our Ms; receptor pharmacophore: one
series exemplified by lung-selective M3 antagonist 2 and two
series of related but distinct My muscarinic ligands, exempli-
fied by 3 and 4, respectively, which also show affinity for the
M3 receptor. The structures of the three exemplifying com-
pounds were constructed manually using syByL 6.2.2° The
geometries of the fused ring systems were taken from experi-
mental structures found by searching the CSD.%

Having defined its rotatable bonds, 100 initial conformations
were generated for 2 using the random search facility in syBvL.
By filtering these conformations to the lowest 5 kcal, a final
set of 44 conformations was obtained. Compounds 3 and 4 were
assumed to be rigid.

Derivation of the pharmacophore model was undertaken
using pisco,?? although a simpler approach based on flexible
fitting might have proved equally effective. Initial standard
pisco features (pharmacophore points) were edited to remove
ring centroids. All features were also removed from the
imidazole ring in 2; this group was believed to confer tissue
selectivity and was thus not appropriate for inclusion in our
more generalized Mz pharmacophore.

A DISCO run was undertaken using 3 as the reference, 0.5
A tolerances, and requiring models to have between three and
eight matched features. DISCO produced five different phar-
macophore models satisfying these constraints. Each of the
models showed at least four matched features. Of the different
models, visual inspection of the resulting structural superposi-
tions showed two models gave a good structural overlay of the
three compounds, while the other models did not match the
tertiary nitrogen common to the three molecules. The two
remaining models are similar, yet distinct. Each of these two
models was used to search our 3D databases and identify
compounds for testing in our Mj screen.

Pharmacology. 1. Guinea Pig Isolated Trachea. The
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muscarinic M3 receptor activity of compounds was assessed
in the guinea pig isolated trachea.?®* Male albino Dunkin—
Hartley guinea pigs (300—400 g) were Kkilled by cervical
dislocation, and the whole trachea was removed. After clearing
the adherent connective tissue, the trachea was cut into six
segments, each three cartilage bands wide, and then sus-
pended in 10-mL organ baths containing Krebs solution of the
following composition (mM): NaCl 117.56, KCI 5.36, NaH--
PO, 1.15, MgSO, 1.18, glucose 11.10, NaHCO; 25.00, and
CaCl, 2.55. This was maintained at 37 °C and continually
gassed with 5% CO; in O,. Indomethacin (2.8 M) was included
in the Krebs solution to prevent development of smooth muscle
tone due to the synthesis of cyclooxygenase products. The
tracheal rings were suspended between two tungsten wire
hooks, one attached to an Ormed Beam isometric force
transducer and the other to a stationery support in the organ
bath. Changes in isometric force were recorded on 2-channel
Advance Bryans flat-bed reorders.

2. Experimental Protocols. At the beginning of each
experiment a force of 1.0 g was applied to the tissues, and this
was re-instated over a 60-min equilibration period during
which time the tissues were washed (replacement of bath fluid)
twice. The following standard compounds were used: carbachol
chloride (Sigma Chemical Co.), indomethacin (Sigma Chemical
Co.). Indomethacin was dissolved in 10% w/v Na,COs. All other
compounds were dissolved in and diluted in distilled water.

3. Initial Screening. At the end of the equilibration period,
tissues were contracted with 1 M carbachol (a near maximally
effective concentration). On reaching a stable response, test
compounds were added at a concentration of 0.1 mM. Com-
pounds that reversed the carbachol-induced contraction by
greater than 50% were subsequently tested at 0.01 mM and 1
uM, in the same manner. This procedure was used to identify
compounds (“hits”) worthy of further investigation.

4. Testing of Hits Identified in Initial Screen. At the
end of the equilibration period, an agonist concentration—effect
(E/[A]) curve was generated in each tissue by cumulative
additions of carbachol, at 0.5 log unit increments. Tissues were
then washed and allowed to recover. Subsequently, the test
compound (5, 6, 7, or vehicle) was added, and following a 60-
min incubation period, a second carbachol E/[A] curve was
generated. Contractile responses were expressed as percent-
ages of the first curve maximum.

5. Data Analysis. Carbachol E/[A] curves obtained in the
absence (control) and presence of the test compounds were
fitted to the following form of the Hill equation:?*

ofA]™

P ——— @)

[AT™ + [A]™s0
in which o, [Alse, and ny are the asymptote, location, and slope
parameters, respectively. [A]so values were assumed to be log-
normally distributed and estimated as p[Also (—log [Also)
values.

Antagonist affinity estimations were made by calculating
concentration—ratios (r) from the [A]so estimates for each pair
of curves (control and in the presence of antagonist, B) and
fitting these values to eq 2:2°

log(r — 1) = log [B] + pA, (2)

The affinities (pA. values) of the test compounds were esti-
mated using a single concentration of 7 (3 uM), 6 (30 uM), or
5 (100 uM) in each of four separate experiments. Results are
expressed as mean values +SE. In the case of 7, several
additional concentrations (1 uM (n = 1), 10 uM (n = 3), and
30 uM (n = 2)) were employed across the four experiments,
allowing a Schild analysis?* to be carried out.

Results

We have sought to identify novel antagonists of the
muscarinic Mz receptor, our initial aim being the
discovery of potent, but not necessarily tissue-selective,
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Figure 1. 3D overlay of compounds 2, 3, and 4 showing the
superimposition of the four features common to pharmacoph-
ore models 1 and 2. The four features involved (a tertiary
nitrogen, a hydrogen bond acceptor atom, and two separate
hydrogen bond donor atoms) are labeled in the figure.

M3 antagonists amenable to subsequent optimization.
Pharmacophore generation based on the structures of
known Mj; antagonists, 3D database searching, and
medium-throughput screening were used to identify
candidate compounds. Our pharmacophore model was
derived from three series of compounds: a series
exemplified by the Pfizer M3 antagonist 2 and two
structurally analogous series of compounds, exemplified
by 3 and 4, respectively, exhibiting affinity for the M;
receptors but also showing significant M3 potency.

pisco produced five different pharmacophore models.
Of these different models, visual inspection of the
resulting structural superpositions showed two models
which gave a good structural overlay of the three
compounds, while the remaining models did not match
the tertiary nitrogen common to the three molecules.
Figure 1 shows the structural overlay corresponding to
model 1. The two acceptable models are similar, yet
distinct (see Figure 2), and represent significantly
different conformations, or rather binding modes, ac-
cessible to the three compounds. Each of these two
models was used separately to search a uNITY 3D
database.

The first model gave 176 hits from the Astra com-
pound bank. The second model gave 173 hits; 172
compounds were common to the two sets, reflecting the
similarity in the pharmacophores. Of the total 177
compounds identified by our search, only 172 com-
pounds were, co-incidentally, for reasons of compound
availability, solubility, etc., found to be available for
screening in our M3 receptor assay. Three compounds
from our chemical bank were found to demonstrate
significant activity (see Figure 3). 7 (1-[2-(2-(diethyl-
amino)ethoxy)phenyl]-2-phenylethanone; pA; = 6.67 +
0.07 (n = 4)) was identified as the most active, with two
other compounds, 6 (phenylcarbamic acid 2-(morpholin-
4-ylmethyl)cyclohexyl ester; pA, = 5.54 + 0.06 (n = 4))
and 5 (N-[2-(piperidin-1-ylmethyl)cycohexyl]-2-propoxy-
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Figure 2. (Top) bisco-generated pharmacophore models used
to search databases. The two pharmacophore models used in
database searching are shown in terms of the explicit distances
between the four features used: N7, tertiary nitrogen; Hgon,
hydrogen bond donor; Hac, hydrogen bond acceptor. Tolerances
of £0.3 A were applied to each distance. (Bottom) Schematic
diagram showing how the features of pharmacophore model 1
map onto the functional groups in compound 4.

benzamide; pA; = 4.83 £+ 0.07 (n = 4)), demonstrating
lower but still significant activity. In addition, a Schild
analysis carried out with 7 confirmed that this com-
pound behaves as a simple competitive antagonist (pKg
= 6.69 + 0.04; 9 degrees of freedom) (data not shown).

Compound 7 was aligned with 4. The matching
conformation of 7 was retrieved from the uniTYy database
search, appropriate extension points were added, and
the two structures were superposed (see Figure 4). This
conformation of 7 clearly satisfies all the pharmacophore
distances.

As well as its potency, 7 is a simple structure with
little similarity to existing M3 receptor antagonists, and
its physical properties, such as molecular weight and
log D, are within the range expected of good drugs.
Moreover, compounds such as 5, 6, and 7 should be
amenable to further optimization in order to improve
M3 antagonist potency. Simple, straightforward struc-
tures such as these should allow optimization of potency,
or selectivity, by combinatorial chemistry or parallel
synthesis, for example, by formation of the amide bond
in 5 or carbamate bond in 6 by classical carboxylic acid—
amine coupling methods or isocyanate—alcohol conden-
sation methods, respectively. The wide range of carb-
oxylic acid and isocyanate libraries that are available
to us would make this approach particularly attractive
and would also ensure that a diverse set of compounds
was synthesized. Replacement of the oxygen atom for a
nitrogen atom in the carbamate moiety of structure 6,
such that a central urea moiety is generated, would lead
to further combinatorial opportunities, with various
amine libraries open to exploration.

Design modifications would attempt to seek, identify,
and implant those features which may be responsible
for aiding tissue selectivity in the Pfizer lung-selective
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compound (2) into our newly identified M3 receptor
antagonists. It would be interesting, for example, to
explore substitution of the benzyl ring in 7. Another
obvious feature would be placement of the imidazole
moiety onto the pharmacophore of these structures in
various positions based on their overlay with structure
2. This would allow us to explore further the role of this,
and possibly other functional groups, in conferring
tissue selectivity.

Again incorporation of the imidazole moiety in various
positions onto any newly identified more potent Ms
receptor antagonists from combinatorial chemical meth-
ods could be used to add or enhance tissue selectivity
by considering its structural overlay onto compound 2.

Discussion

The potential power of 3D database searching is
demonstrated here by our identification of novel an-
tagonists of the muscarinic M3 receptor. A pharmacoph-
ore was generated, using the program pisco, from the
structures of known M3 antagonists. The 172 candidate
compounds identified by 3D database searching were
screened using a medium-throughput assay. Three
compounds (5, 6, 7), with little similarity to existing M3
antagonists, were found to exhibit potency in our screen;
they constitute quality lead structures ripe for optimiza-
tion. The hit rate for leads from this study is thus
several orders of magnitude greater than from high-
throughput screening, indicating the efficiency of phar-
macophore-driven 3D database searching as a tool for
lead identification.

Like many words used in science, as in life generally,
“pharamacophore” has many meanings. Some use it to
describe somewhat vague models of the environment
within a ligand binding site. We take it to be something
more specific and, possibly, more useful: an ensemble
of interactive functional groups with a defined geometry.
Although the medicinal chemistry literature is littered
with pharmacophore definitions, we know of few gener-
ally useful compendia. For example, Jakes et al.?® list
10 rather old pharmacophoric patterns, but even the
most perfunctory examination of the literature shows
this to be only a small proportion of all definitions. Most
pharmacophores tend to be fairly simple two-, three-,
or four-point (i.e. functional group) pharmacophores,
although some incorporate more elaborate features such
as best planes and regions of excluded volume. Figure
5 collects together a number of literature pharmaco-
phores. These examples help illustrate the different
flavors of pharmacophoric pattern. Certain of these
examples, such as the 5-HT3; pharmacophore, are domi-
nated by a common substructure, with a concomitant
effect on the performance of searches. Overspecifying a
pharmacophoric pattern through the use of restrictive
substructure criteria will limit the overall diversity and
novelty of hits. In an ideal pharmacophore, the general-
ity of functional groups does not restrict structural
classes while the pharmacophore geometry supplies
discriminating power to the search.

The principal advantage of 3D database methods over
de novo design is the ability to identify extant molecules
which can be obtained ready-made or synthesized by a
validated method. This is clearly rather more efficient
and economic than attempting the synthesis of specula-
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Figure 3. Antagonism of carbachol-induced contractions in guinea pig isolated trachea by 7, 6, and 5: (a) paired carbachol
control E/[A] curves, first curve (O) and second curve (®); (b) E/[A] curves to carbachol in the absence (O) and presence of 3 uM
7 (2); (c) E/[A] curves to carbachol in the absence (O) and presence of 30 uM 6 (a); E/[A] curves to carbachol in the absence (O)
and presence of 100 4M 5 (O). The data shown are the mean of four experiments in all cases, with the vertical lines indicating the
SE. The lines drawn through the data points are the result of fitting them to eq 1.

Figure 4. Structural overlay of compound 7 onto compound
4. A 3D overlay of compound 7, our most potent hit, onto the
structure of one of the compounds used to define the pharma-
cophore. Note how the four features of the pharmacophore are
superimposed in this overlay.

tive novel molecules. It approximates to a guided
screening process whereby a set of molecules is identi-
fied for biological testing which are believed to be good
candidates for activity. This contrasts with true random
screening where no assumptions are made about struc-
tures to be tested and potentially large numbers of
compounds are screened indiscriminately. This may be
appropriate in the case of high-throughput screens, but
in circumstances where these are not available it is
necessary to prioritize compounds to be tested. In such

cases, we might wish to design focused libraries or
complement this by selecting from extant compounds
using pharmacophore methods.

Notwithstanding the differences in performance be-
tween different software implementations of 3D data-
base searching, a single pharmacophore is unlikely to
recover all compounds known to be active against a
particular receptor. This is especially true for antago-
nists and enzyme inhibitors which can bind in a number
of different ways to block agonist or substrate binding.
Each structurally distinct class may make its own
individual subset of interactions within the total avail-
able within a binding site. Single compounds may also
bind to more than one subsite or in several different
binding modes. Given the more stringent requirements
of receptor activation, agonists may exhibit less diversity
in binding. Thus to span the structural diversity and
different binding modes exhibited by antagonists and
other ligands, many pharmacophores may be required
to characterize fully the structural requirements of a
given receptor or pharmacological activity.

Although 3D database searching is a directed ap-
proach, there is always a need to test a reasonable
number of molecules which fit a pharmacophore model.
Although a particular compound may fit the pharma-
cophore, reflecting receptor complementarity, its activity
is not guaranteed. It may possess unfavorable physical
properties, overall lipophilicity for example. Likewise,
it may penetrate excluded volumes within the receptor
or introduce the pairing of like charges. For hits, a range
of activities is obtained, including unexpected enhance-
ments as advantageous additional interactions are made
with the receptor. 3D database searching will ideally
identify compounds with properties outside that of the
set of molecules used to define the pharmacophore. This
allows for the identification of novel chemical structures
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Figure 5. Compendium of pharmacophores. A set of pharmacophores extracted from the literature which illustrates the different
flavors of pharmacophore, highlighting both the commonalties between such search patterns, as well as the diversity possible in
the specification of structural queries. Overspecifying a pharmacophoric pattern through the use of restrictive substructure criteria
will limit the overall diversity and novelty of hits. In an ideal pharmacophore, functional groups do not restrict structural classes,
while the geometry of the pharmacophore gives discriminating power to the search: (A) 5HT; antagonists,?” (B) 5HT; antagonists,?®
(C) 5HT; antagonists,?® (D) 5HT, antagonists,® (E) H1 antagonists,3 (F) ACE inhibitors,?? (G) somatastatin antagonists,® (H)
HIV-1 integrase,® (I) HIV-1 integrase,® (J) protein kinase C inhibitors,* (K) protein kinase C inhibitors (DAG pharmacophore),*’

and (L) protein kinase C inhibitors (phorbol pharmacophore).3®

and molecular features leading to both increased and
decreased activity.

Conclusion

The power of pharmacophore methods lies in their
ability to suggest molecules potentially possessing a
desired biological activity but which have unexpected
chemical structures. The main advantage of 3D data-
base searching over other pharmacophore-based meth-
ods is that they are capable of identifying extant
molecules which can be obtained from a corporate
compound bank, bought from a chemical supplier, or
synthesized using an established protocol.

Assuming a consistent definition of what constitutes
a hit, different high-throughput screening campaigns
give different overall hit rates: sometimes these can be
very low—only a few hits out of many hundreds of
thousands of compounds tested. Alternatively, hit rates
can be raised artificially, but still only weak compounds

are found. Pharmacophore searching on the other hand,
while not guaranteeing to find actives, is, as we have
shown, potentially more efficient. It does, of course,
presuppose knowledge of molecules displaying the de-
sired activity. In the absence of such information, one’s
only recourse is to high-throughput screening. Similarly,
a sensible and intelligent choice of pharmacophore
model will have a profound effect on both the number
and type of molecule identified in database searches.
It is our experience, exemplified here by our M3 result,
that it is possible to identify readily obtainable mol-
ecules that fit pharmacophore patterns using existing
3D database technology and that this approach has an
important role to play alongside other techniques in lead
discovery, particularly where resources are limited.
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