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The development and application of a sophisticated virtual screening and selection protocol to
identify potential, novel inhibitors of the human rhinovirus coat protein employing various
computer-assisted strategies are described. A large commercially available database of
compounds was screened using a highly selective, structure-based pharmacophore model
generated with the program Catalyst. A docking study and a principal component analysis
were carried out within the software package Cerius2 and served to validate and further refine
the obtained results. These combined efforts led to the selection of six candidate structures,
for which in vitro antirhinoviral activity could be shown in a biological assay.

Introduction

The human rhinovirus (HRV) belongs to the family
of picornaviruses and is the main cause for common
colds and a variety of other respiratory illnesses includ-
ing otitis media, sinusitis, and exacerbations of asthma
and reactive airways disease. These illnesses still lack
effective antiviral treatment. The viral capsid is a
promising and intensively studied target for drug
development. This protein shell encapsulates a single,
positive RNA strand and consists of 60 copies of four
different viral proteins. More than 100 HRV serotypes
are known to date and are classified as major receptor
group viruses, like serotypes 3, 14, 16, and 39 that
utilize intercellular adhesion molecule-1 (ICAM-1) as
cellular receptor, and as minor receptor group viruses,
which use members of the low-density lipoprotein recep-
tor family to attach to cells. Examples for the latter
group are serotypes 1A and 2. HRV coat protein inhibi-
tors act as capsid-binding antiviral agents that block
the uncoating of the viral particles and/or inhibit cell
attachment.1 Their binding site is located within a
hydrophobic pocket situated at the bottom of a depres-
sion, a so-called canyon, on the capsid surface. In the
absence of an inhibitor, this pocket can be empty or
occupied by a pocket factor, a lipid or fatty acid.
Structural conservation in this region among the dif-
ferent serotypes permits the development of broad-
spectrum anti-HRV agents.1,2 Natural products as well
as synthetic compounds interacting with the capsid of
picornaviruses have been known for a long time, and

several, specifically pirodavir (1) (Chart 1) and plecon-
aril (2) (Chart 2),3,4 have undergone advanced clinical
testing. A more detailed investigation of the molecular
basis for the antiviral activity of these compounds and
the systematic search for novel, even more active
structures was enabled when X-ray crystallographic
structure information on the protein became available.5
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Molecular Modelling Workshop, May 18-19, 2004, Erlangen, Germany,
and at the 18th International Symposium on Medicinal Chemistry
(ISMC), August 15-19, 2004, Kopenhagen-Malmö, Denmark, Sweden,
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Chart 1. Chemical Structures of a Broad-Spectrum
Antipicornavirus Coat Protein Inhibitor (Top) and a
HRV 3C Protease Inhibitor (Middle) and General Design
of WIN Compounds (Bottom)
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Nowadays, the Brookhaven Protein Databank (PDB)6

contains about 30 entries of the HRV coat protein in
complex with an inhibitor. In our study we took advan-
tage of these sources for the generation of the pharma-
cophore models and for setup of the docking process.

In the rational drug development process many
computer-assisted techniques have emerged to increase
efficiency in the search for new leads.7 A reduction of
time and costs for biological assays can be achieved by

checking the likeliness of a substance to exhibit activity
at the target of interest beforehand. In the present
study, we apply a combined approach of virtual screen-
ing techniques (pharmacophore model generation, dock-
ing, and ligand clustering in combination with a prin-
cipal component analysis (PCA) performed on a set of
molecular descriptors) to select a small set of possible
new HRV coat protein inhibitors from a large com-
mercially available database (DB). A pharmacophore

Chart 2. Structures of 10 Known HRV Coat Protein Inhibitors Used for Pharmacophore Model Generation, HTVS
Docking Experiments, and PCA-Based Clustering
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model defines a special arrangement of chemical fea-
tures that are shared by different ligands and are
obviously responsible for binding and, as a consequence,
for biological activity.8 Such a model can be used as
query tool in 3D DB mining, thereby provoking an
enrichment of active compounds in the obtained hit lists.
Using the crystal structure of an inhibitor complexed
with the HRV coat protein and the functional group
definitions contained within the Catalyst software,9 a
representation of the binding site was produced (struc-
ture-based pharmacophore model) and applied in screen-
ing the commercially available Maybridge DB.10 The
resulting hits were submitted to further investigations
using a docking study as well as a PCA of a set of
molecular descriptors, thus aiming at the final selection
of few compounds for biological testing. Docking utilizes
the crystal structure of a target protein and calculates
different binding modes for the structures of interest.
Application of a scoring function (SF) allows the estima-
tion of binding affinities and therefore a ranking of the
substances. PCA is a widely applied multivariate tech-
nique in drug discovery. It provides a reduction of data
multidimensionality (i.e., the properties of the input
molecules), gives an overview of the data, and detects
trends, groupings, and outliers.11 In our study PCA-
based clustering was applied to estimate the similarity
of the Maybridge hits with already known active
molecules. The docking and scoring procedures as well
as the PCA-based clustering were carried out within the
Cerius2 software.12 The combination of pharmacophore
model generation, docking, and PCA-based clustering
presents a virtual screening and selection protocol
aimed at the fast and reliable identification of potential
new HRV coat protein inhibitors. Thereby each step
underwent thorough theoretical validation probing their
performance on sets of known active and by all prob-
ability inactive compounds.

These combined efforts finally allowed the selection
of six promising candidate structures that were tested
in a biological assay exemplarily against one major
receptor group virus serotype for in vitro anti-HRV
activities. The promising results of this biological testing
were considered as a further proof of concept for our
workflow.

General Methodology

Binding Site Analysis, Catalyst Pharmacophore
Model Generation, and Database Screening. The
program Catalyst allows the generation of pharmaco-
phore models, also termed hypotheses. A Catalyst
pharmacophore model consists of a 3D arrangement of
a collection of features necessary for the biological
activity of the ligands. Whereas some features (like
hydrogen bond acceptor (HBA) or hydrogen bond donor
(HBD)) are defined as vectors, others (for example,
hydrophobic (H) features) are located at centroids of the
corresponding (e.g., hydrophobic) ligand atoms. The
features in Catalyst are associated with location con-
straints, displayed as colored spheres, which allow a
certain spherical tolerance surrounding the ideal posi-
tion of a particular feature in 3D space.

Catalyst models may be used as queries to search 3D
coordinate DBs of organic molecules for structurally
new, potentially bioactive ligands. To be retrieved as a

hit, a molecule must possess appropriate functional
groups that match the features of the pharmacophore
model. An automatic pharmacophore generation process
in Catalyst requires the input of several active ligands
that share the same binding mode. Depending on the
properties and information content of these training set
molecules, qualitative or quantitative hypotheses may
be generated. Alternatively, the features of the phar-
macophore may be placed manually, guided by the X-ray
structure of a receptor-ligand complex. In the present
study the latter, so-called structure-based approach, was
used.

Crystal structure files of HRV coat protein in complex
with an inhibitor present in the PDB were studied, and
several important pharmacophore features could be
identified. All inhibitors possess a rather hydrophobic
character to match the lipophilic environment of this
binding site. For the pharmacophore model generation
this implies the inclusion of several hydrophobic fea-
tures. Another characteristic is the tendency of many
ligands to form hydrogen bonds to the amide nitrogen
of Leu 100,1 situated at the heel of the pocket, which
was taken into account by an HBA.13 A possibility for
electrostatic interaction in a hydrophilic area at the
innermost part of the site can be given by some but not
all of the ligands. In the resulting hypothesis, the
introduction of this feature provokes an increase in
selectivity. Since the protein imposes strict steric re-
quirements on ligand binding, it is tremendously im-
portant for a new ligand that it fits the spatial restric-
tions of this approximately 20 Å long tunnel-shaped
pocket. Excluded volume spheres and the generation of
a shape, as was performed in this study, are the
solutions within Catalyst to account for these dimen-
sional borderlines of the protein.

The next step was the application of the generated
hypotheses in 3D DB screening. A valuable hypothesis
should identify as many of the known inhibitors and as
few false positives as possible from a DB. If only a
certain number of compounds from a hit list can be
selected for purchase and biological assay, a longer hit
list will be avoided because it generates larger time and
cost expenses for the postprocessing involved. To vali-
date the quality of the hypotheses generated within this
study, an internal inhibitor DB, the so-called test set,
consisting of 22 HRV coat protein inhibitors belonging
to different structural classes and the Derwent WDI,14

which contains approximately 50 000 biologically active
compounds, were screened. The internal inhibitor DB
consists, for example, of members of the prominent class
of WIN compounds, where typically a central phenoxy
group (ring B) is separated from an isoxazole (ring C)
by an aliphatic chain and is connected to another
aromatic ring by a single bond (ring A) (Chart 1),1 some
larger Sandoz compounds containing up to four, often
annelated, rings5,15 and smaller compounds such as R
61837 (3), which is made up of three six-membered rings
linked via single bonds.16 Examples of these inhibitor
classes can be seen in Chart 2 (compounds 2-11). For
the test set molecules conformational models represent-
ing their available conformational space were calcu-
lated. We selected the best quality option, an energy
threshold of 20 kcal/mol above the lowest calculated
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energy conformation, and a maximum number of 250
conformers.

Since the pharmacophore model generation was tar-
geted at finding possible new leads for the HRV coat
protein, we additionally screened other DBs such as the
commercially available Maybridge DB. Its approxi-
mately 60 000 chemical compounds were registered as
multiple conformers.

Docking. Docking presents a widely applied, com-
puter-assisted approach to predict the 3D structure of
protein-ligand complexes17 and requires knowledge of
the 3D structure of the target protein. By calculation
of the steric and functional congruence of a particular
molecule with the protein binding site, a prognosis
regarding its biological activity is rendered possible.
Docking can be applied for high-throughput virtual
screening (HTVS) of large DBs as well as for docking
single ligands into the binding site of interest. In the
present study we employed the docking tool LigandFit
implemented in the Cerius2 software.

The LigandFit docking procedure includes i) a cavity
detection algorithm to identify and select the region of
the protein as the active site for docking and ii) the
actual docking of the ligands to a selected site.18 Finally,
SFs allow evaluation and ranking of the compounds.
The definition of the site, a set of unoccupied grid points,
is based on the shape of the protein or, like in our study,
on the structure of the ligand in complex with the
protein binding site. Manual corrections of the defined
binding site are possible. During the docking process
several conformations of the molecules are taken into
account. In Cerius2 a broad coverage of conformational
space of each molecule is achieved with a Monte Carlo
based algorithm for conformation generation. While the
molecules are treated as being flexible during docking,
the protein is kept rigid. This common approximation
is necessary in order to provide results within an
acceptable time exposure. Finally, the ligands are
docked and energy-minimized, and the best docked
ligand structures according to a shape comparison with
the site and the interaction possibilities are saved.
Empirical, force field, or knowledge-based SFs pick out
the binders against nonbinders and provide a ranking
of the compounds and therefore an easier interpretation
of the data. When the scores are computed, variable
emphasis is placed on the influence of van der Waals
and electrostatic terms. No generally applicable SF has
been found so far, and so it is important to select a well-
suiting function for a particular biological target.19

Another answer to this problem can be the calculation
of a consensus score,20 which makes use of the merits
of different SFs by combining their results. For our
docking approach we employed all SFs implemented in
Cerius2 (LigScore1, LigScore2,18,21 PLP1, PLP2,22 Jain,23

PMF,24 and Ludi25,26) as well as a consensus score
thereof.

We present a two-step molecular docking strategy
aimed at reviewing the resulting hits from pharma-
cophore DB screening by checking their proposed bind-
ing and interaction modes and by calculating estimated
binding affinities with a suitable SF. First, an HTVS of
a 1000-compound DB was carried out. The DB consists
of 10 known HRV coat protein inhibitors (Chart 2) and
990 presumably inactive molecules randomly chosen

from a druglike virtual 10000-compound library gener-
ated with the program ilib diverse.27 The ilib diverse
software is a tool for fast creation of diverse virtual
compounds and focused, combinatorial library genera-
tion. Two or more fragments are formally connected by
the deletion of hydrogen atoms and the subsequent
formation of new bonds. A selection of fragment sets,
the desired number of fragments and molecular weight
(MW) range, and the definition of atom reactivities
guide the generation process. Finally, a filter system
ensures reasonable chemical structures and druglike-
ness. The results of the docking process were analyzed
in order to identify the best methodology (i.e., setting
of parameters, selection of SF, and so on) for this target
so that the active compounds are ranked at high
positions in the resulting hit list and are retrieved in
correct orientations and conformations compared to
information from X-ray structures. In view of the second
part of our docking procedure (the review of the mol-
ecules retrieved from screening the Maybridge DB with
our pharmacophore model), this first step allows the
setting of suitable docking and scoring conditions and
increases reliability of the results. A final evaluation of
these compounds in a small scale docking approach was
achieved by judging their proposed binding modes and
their calculated scores.

Principal Component Analysis Based Cluster-
ing. Since statistical methods have become essential to
understand and analyze large volumes of biological and
chemical data in QSAR work, Cerius2 offers several data
analysis, regression, and validation methods. PCA is a
very popular data reduction technique. Its objective is
to condense the information contained in a number of
original variables into a smaller number of principal
components without a significant loss of information.11

For a set of molecules equipped with a selection of
descriptors (molecular properties), trends and outliers
can be detected. We applied a PCA-based clustering to
find out whether the hits of the DB screening are
clustered together with known active ligands, which
would increase their chances of being active. Therefore,
like the docking study, this approach aimed to validate
and further refine and restrict the hit list obtained from
pharmacophore model screening, the primary filtering
tool. A set of descriptors was computed for the hits
obtained from the Maybridge DB and 10 known HRV
coat protein inhibitors (Charts 2 and 3). Cerius2 provides
a graphical representation of the PCA-based clustering
results, where each structure is represented with a point
in a 3D scores plot. In this way, similar compounds form
clustered groupings of points, whereas those whose
properties differ considerably from the others will be
displayed by dispersed points.28

In Vitro Anti-HRV Assay. Compounds selected for
the in vitro assay were ordered from the Maybridge DB.
The purpose of this in vitro study was to determine if
the Maybridge structures exhibited antiviral activity
against rhinovirus. The assay was performed using HRV
serotype 39, which belongs to the major group and
utilizes ICAM-1 as cell receptor. The selected com-
pounds were tested on two cell types: Ohio HeLa-I (OH-
I) and human embryonic lung fibroblast cells (strain WI-
38). The HRV 3C protease inhibitor ruprintrivir (12)
(Chart 1) served as a positive control.

Inhibitors of Human Rhinovirus Coat Protein Journal of Medicinal Chemistry, 2005, Vol. 48, No. 20 6253



The compounds were dissolved in DMSO at an initial
concentration of 10 mg/mL except for GK 02681 (13),
which did not dissolve in DMSO until the pH had been
lowered for a final concentration of 9.9 mg/mL. All
compounds were aliquoted and frozen at -70 °C. All
molecule stocks were diluted subsequently in either 2%
McCoy’s for OH-I or 5% EMEM for WI-38 for a final
concentration of 0.25% DMSO or 0.5% DMSO, respec-
tively, for all compound concentrations.

Antiviral activity was determined by the previously
described29,30 multiple-cycle, cytopathic effect (CPE)
inhibition assay in 96-well microtiter plates planted
with 85% confluent OH-I and 100% confluent WI-38
monolayers with minor modifications. Triplicate mono-
layers were inoculated with 0.05 mL of media containing
each compound immediately followed by 0.05 mL of
three serial log dilutions of ATCC HRV serotype 39. The
final compound concentrations were 100, 32, 10, 1, and
0.1 µg/mL for OH-I cells and 32, 10, 3.2, 1.0, and 0.1
µg/mL for WI-38 cells. A single drug concentration of
the 3C protease inhibitor 12 at either 1.0 or 0.1 µg/mL
was used as a positive control. In addition, uninfected
cell control monolayers, uninfected compound controls
(three highest concentrations), DMSO control, and virus
controls with a back titer of HRV serotype 39 were
included on each microtiter plate. On day 3 and later,
after inoculation, virus control monolayers were read

microscopically to determine when the virus control
monolayers showed 80-100% CPE, and the amount of
virus used in the inoculum contained 32-320 of median
tissue culture infectious doses (TCID50). When these
conditions are met, the plates were read microscopically
for the degree of CPE inhibition in compound plus virus
wells. Subsequently, the monolayers are stained with
0.1 mL of 0.4% crystal violet for 20-30 min at room
temperature, rinsed with tap water five times, air-dried,
and then destained with 0.1 mL of 30% methanol and
10% acetic acid for 15 min at room temperature. Plates
with OH-I monolayers are read on a spectrophotometer
at 550 nm. The WI-38 monolayers do not stain dark
enough and are therefore only read microscopically. The
inhibitory concentration (EC50) of the compound was
defined as that causing a 50% increase in optical density
compared to virus control. The formula for determining
the percentage of compound inhibition is as follows:

Then the EC50 is calculated using the dose effect
analysis with microcomputer software by Joseph Chou
and Ting-Chao Chou.31,32

Chart 3. Structures and Fit Values of 10 Compounds Retrieved from the Maybridge DB Using Hypo3 as Query
Feature

[(mean of OD of compound and virus) -
(mean OD of virus control at 80-100%]/

[(mean of OD of negative control) -
(mean of OD of virus control CPE)] × 100
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A static cytotoxicity test was performed on the two
cell monolayers at or near 100% confluency for each
compound at the three most concentrated compound
strengths, ranging from 100 to 10 µg/mL for OH-I or
from 32 to 3.2 µg/mL for WI-38 cells. If 50% or more of
a monolayer is reduced compared to the cell control, that
compound level is considered cytotoxic.

Results and Discussion

1. Hypothesis Generation and Database Screen-
ing. The starting point for the hypothesis generation
process was the PDB entry 1QJU1 detected at a resolu-
tion of 2.8 Å, which contains HRV serotype 16 in
complex with the highly active ligand WIN 61209 (4).
The basic pharmacophore consists of four H features
and one HBA, which hydrogen-bonds to Leu 100 via
mediation by a water molecule. These features were
placed manually on the corresponding groups of the
ligand in its bioactive conformation, i.e., the isoxazole
nitrogen, the phenyl ring, the methyl group, the propyl
spacer, and the hydrophobic part of the isoxazole ring.
The coordinates of the projected point of the vectorized
HBA feature were taken from the X-ray information on
the corresponding amino acid atom. This first model was
called Hypo1 (Figure 1). Although this hypothesis was
able to retrieve all members of our internal HRV coat
protein inhibitor test set, it proved to be far too little
restrictive to obtain utilizable results, i.e., small hit lists,
when used for screening large DBs. Table 1 shows the
performance of the different hypotheses in the 3D DB
search. Since 4 fills the pocket quite nicely, a shape
produced after this ligand accounting for the spatial
restrictions of the protein was introduced as an ad-
ditional feature into the pharmacophore hypothesis
(Hypo2). Hypo2 (Figure 1) still identified more than 70%
of the test set inhibitor molecules and resulted in only

343 hits from the Derwent WDI, which represents 0.7%
of the entire DB. These hits were ranked according to
their fit values. Thereby a calculation is performed to
determine how well a compound fits a particular
hypothesis, i.e., how well the ideal locations of the
features can be matched by the corresponding functional
groups of a molecule. The best 30 Derwent WDI
compounds ranked on the basis of their fit values were
studied. Among them, nearly two-thirds could be identi-
fied as already known rhinovirus capsid binders, prov-
ing the high quality of the model. However, using Hypo2
as query tool still retrieved too many structures from
the Maybridge DB. From the binding mode of the
furthest developed inhibitor 2 (Chart 2), an additional
possibility for ligand-protein interaction was defined
(PDB entries 1C8M, 1NCR): One fluorine atom of its
trifluoromethyl group is within suitable distance of Tyr
144 to allow the formation of a hydrogen-bond-like
electrostatic interaction. In the resulting Hypo3 (see
Figure 1), this interaction is represented by a custom-
ized HBA whose definition had to be enlarged to also
include fluorine atoms (HBAF).33 Finally, with Hypo3
the required selectivity in DB screening could be
achieved. We obtained a hit list of only 10 compounds
from the Maybridge DB (see Chart 3, compounds 13-
22). Visual inspection and their fit values confirmed
their good match with Hypo3. Additionally, their struc-
tures are analogous to the scaffold of known HRV coat
protein inhibitors, namely, three to four ring systems
consisting of a maximum of two annelated rings, which
are connected to each other either directly or via
aliphatic spacers. This common framework pattern is
decisive for the ability of these compounds to perform
antiviral activity at the HRV coat protein binding site.
It guarantees a certain amount of flexibility, which not
only enables the molecules to slip in the pocket through

Figure 1. Structure-based pharmacophore hypotheses for HRV coat protein inhibitors built within the program Catalyst: Hypo1
(upper left), Hypo2 (upper middle), Hypo3 (upper right), and 2 mapped onto Hypo3 (lower illustration). Pharmacophore features
are color-coded (green, HBA; orange, HBAF (customized function); cyan, H; blue, shape).

Table 1. Number and Percentage of Hits Retrieved with Three Structure-Based Hypotheses for HRV Coat Protein Inhibitors from an
Internal Inhibitor Test Set, the Derwent WDI, and the Maybridge DB

hypothesis test set % of DB Derwent WDI % of DB Maybridge DB % of DB

Hypo1 (4 H, 1 HBA) 22 100.0 6836 14.1 8759 15.0
Hypo2 (4 H, 1 HBA, shape) 16 72.7 343 0.7 514 0.9
Hypo3 (4 H, 1 HBA, 1 HBAF, shape) 11 50.0 26 0.05 10 0.02
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a narrow pore on the bottom of the canyon but also
allows stretched conformations required by the shape
of the binding site. Therefore, these 10 compounds were
seen fit to be subjected to further investigations.

2. Docking. 2.1. HTVS for the Selection of the
Best Suiting SF. Three-dimensional structure infor-
mation on the target protein was taken from the PDB
entry 1C8M, detected at a resolution of 2.8 Å. Processing
of the protein included the deletion of the ligand 2 and
the solvent molecules as well as the addition of hydrogen
atoms. The binding site was generated on the basis of
the bound ligand. The site definition could be validated
when 2 was docked back into the protein. The best
docked pose judging from the calculated dockscore value
differs only minimally from the position of the ligand
retrieved from X-ray information expressed by a root-
mean-square (rms) deviation of 0.5 Å. As outlined
before, we were interested under which experimental
conditions, especially with which SF, the LigandFit
program would be able to retrieve 10 known active HRV
coat protein inhibitors within a DB of 1000 diverse and
druglike compounds by attributing top ranking scores
to these molecules. The 10 active compounds, displayed
in Chart 2, were extracted from PDB complexes (1C8M,
1QJU, 1QJY, 1R08, 1HRV, 1VRH, 1R09, 2RS3, 2RR1,
and 2HWB) assigning random, minimized conforma-
tions to them. A large in-house DB of 10 000 compounds
generated with the software ilib diverse 0.6 was the
source for the presumably inactive molecules. The
druglike molecules were generated, each starting from
four fragments, and a MW between 200 and 700 was
requested. For our HTVS approach, a diverse set of 990
of these druglike structures, by all probability inactive,
were randomly chosen and united with the 10 known
inhibitors. For all ligand structures partial charges were
automatically assigned using the Gasteiger calculation
implemented in the Cerius2 docking process. All 1000
molecules were flexibly docked employing the CFF force
field for energy minimization and charge calculations.
The number of maximum trials was set to 5000, the
number of saved conformations was set to 20, and the
grid resolution was set to 0.5 Å. Other parameters
remained at their default values. Only 753 molecules
could be docked into the site, leading to a total of 8645
poses. Scores for the molecules were computed using the
following SFs: LigScore1, LigScore2, PLP1, PLP2, Jain,
PMF, Ludi, and consensus score. Analyzing the re-
trieved hit lists revealed that LigScore2 performs best

in ranking the active molecules at high positions. Among
the first ranked 76 structures, nine active ones could
be found. Furthermore, 80% were orientated correctly
in the binding site, and the rms deviations between their
docked and their X-ray conformations were less than
1.5 Å. Other SFs and also consensus scoring performed
considerably worse. On the basis of these results,
LigScore2, a SF whose descriptors represent van der
Waals interactions as well as the influence of the buried
polar surface between the ligand and the protein,21 is
best suited for this biological system and was therefore
applied for reviewing the Maybridge hits.

2.2. Review of the Maybridge Compounds. Ten
compounds from the Maybridge DB (Chart 3) retrieved
via the pharmacophore hypothesis DB screening pro-
cedure were submitted to a docking and scoring process
using the same experimental conditions, which had
achieved the best results in the HTVS study. Inspection
of the docked structures shows that some of the com-
pounds fit the binding site very well and can be perfectly
overlaid with inhibitor 2 in its bound conformation (see
Figures 2 and 3). Also, the calculated LigScore2 values
for the best compounds and conformations were in good
agreement with the values retrieved for the active
inhibitors used in the HTVS experiment (Table 2).
Figures 4 and 5 illustrate exemplarily the putative
binding modes of two docked Maybridge compounds. For
HTS-05932 (14) the pattern of hydrogen bonding is
analogous to 2; the oxygen atom of one of the methoxy
residues accepts a hydrogen bond from Leu 100, a
crucial amino acid for inhibitor binding in this site, and
the trifluoromethyl group functions as HBAF for Tyr
144. Additionally, another possibility for interaction
evolves from the proximity of the second methoxy group
of the ligand to the side chain nitrogen atom of Asn 212.
In compound KM 10639 (15) the favorable orientation
of the carbonyl oxygen atom enables hydrogen bonds

Table 2. Docking Scores Calculated for 10 Maybridge Compounds (Left) and 10 Known HRV Coat Protein Inhibitors (Right) Using
the SF LigScore2 Implemented in the Software Cerius2

Maybridge hits Conf_Number LigScore2 HRV coat protein inhibitors Conf_Number LigScore2

16 3 7.14 10 3 7.48
17 3 7.13 10 1 7.04
17 5 7.09 10 9 6.91
14 1 7.04 9 4 6.83
13 4 7.03 6 3 6.43
16 2 7 10 8 6.40
17 10 7 9 3 6.36
18 1 6.98 9 5 6.32
18 4 6.93 2 1 6.31
15 1 6.91 6 1 6.3
21 4 6.9 9 8 6.28
15 2 6.88 8 6 6.28
15 3 6.86 6 4 6.24
16 5 6.86 7 1 6.16
16 1 6.8 4 3 6.07

Figure 2. Maybridge compound 20 docked into the binding
site.
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with the same amino acids at the pocket entry, i.e., Leu
100 and Asn 212. In contrast to most of the WIN
compounds, this potential ligand can interact with a
residue in the central part of the binding site, namely,
Ser 120, via its sulfur atom. The concept of an advanta-
geous hydrogen bond in this region has already been
realized in other prominent HRV coat protein inhibitors
such as SDZ 35-682 (5) (PDB entry 1HRV). Aside from
these directed polar interactions the predominantly
hydrophobic character of the pocket reveals hydrophobic
contacts as a major driving force for ligand binding. Both
Maybridge compounds fulfill this requirement because
the lipophilic parts of their scaffolds are situated at a
suitable distance from hydrophobic amino acid side
chains, e.g., of leucines 100, 181, 184, and 217, iso-
leucines 77, 98, 122, and 236, methionines 124 and 214,
and the aromatic moieties of Tyr 144, Phe 179, and Phe
190.

According to the insights of this docking approach,
we considered that especially compounds 13-15, SP
00704 (16), AW 00641 (17), HAN 00352 (18), HTS 05408
(19), and HTS 05404 (20) have a high probability of
displaying biological activity.

3. Principal Component Analysis Based Cluster-
ing. The data set consisted of the 10 hits retrieved from
the Maybridge DB as well as 10 structurally diverse,
known HRV coat protein inhibitors identical to those
used for the HT docking approach (see Charts 2 and 3).
A total of 34 descriptors, listed in Table 3, were
calculated within Cerius2 for these 20 compounds to
outline their property profiles as extensively as possible.
The descriptors included AlogP98, violations of the rule
of five, HBD and HBA qualities, MW, number of rotable
bonds, and several topological parameters.34 The data
were saved in binary data file format and submitted to
PCA. For easier interpretability of the results, a 3D plot
display style was chosen. Figure 6 shows this 3D plot
of the 20 compounds distributed across property space.
The molecules were clustered together accounting for
their similarity. The idea was to estimate whether the
hits from DB screening conform to known active inhibi-
tors that obviously possess suitable qualities for biologi-
cal activity. In other words, outlying hit structures
would obtain lower priority when selecting substances
for further investigations, e.g., biological evaluation. Red
color coding of the Maybridge compounds proved that
they were continuously distributed among the known

Figure 3. Docked structures of Maybridge compound 13 (left) and 15 (right) overlaid with protein-bound conformation of 2.

Figure 4. Putative binding mode of Maybridge compound 14
docked into HRV coat protein binding site. Possibilities of
interaction with the surrounding amino acids include three
hydrogen bonds as well as several hydrophobic contacts.

Figure 5. Putative binding mode of Maybridge compound 15
docked into HRV coat protein binding site. Possibilities of
interaction with the surrounding amino acids include three
hydrogen bonds as well as several hydrophobic contacts.
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inhibitors, and no extreme outliers could be observed.
Nevertheless, three molecules, 16, 17, and BTB 08360
(21), were identified that are situated a bit more
separated from the cluster and therefore evidently
possess lower molecule property similarity. This makes
them less favorable candidates for biological testing.

The same experimental setup for PCA-based cluster-
ing had been applied beforehand to analyze the property
conformity of the test DB consisting of 990 presumably
inactive and 10 known active compounds used to
identify the best-suited docking and scoring conditions
as described in Docking. Thereby, the majority of the
inactive molecules were found to be accumulated with
the active substances confirming the appropriateness
of the DB.

Finally, the combined results of these virtual screen-
ing and evaluation approaches enabled the selection of
six promising structures: 13-15 and 18-20. They
excelled the others in their overall performance (their

match with the pharmacophore hypothesis (fit values),
the docking and scoring results, and their behavior in
the PCA-based clustering) and were therefore submitted
to biological testing.

4. Biological Data. The ability of the selected
compounds to inhibit HRV serotype 39 was evaluated
as reported in the General Methodology. The biological
results determined by multiple-cycle CPE inhibition
assay and expressed as EC50 values are reported in
Table 4. Microscopic and spectrophotometric reading
confirmed that all of the six Maybridge compounds
inhibit viral growth on OH-I and WI-38 cells and show
activities in the micromolar range. This means that at
this level of activity we could achieve a success rate of
100% in the selected hit list. Particularly promising
results were achieved for compound 13, which shows
an EC50 of 4.3 µM for OH-I cells and also for compound
20, which inhibits the virus at a concentration of
approximately 15 µM. For the Maybridge substances,
favorable druglike profiles had been anticipated before-
hand with the aid of the druglikeness and molecular
property prediction tool MolSoft, and except for one
structure, 18, whose log P value slightly exceeds the
cutoff value of 5, all candidates conform to the “Lipinski
rule of five”.35-37 Despite this preliminary inquiry,
difficulties complicating the interpretation of the assay
results arose from the relatively high cytotoxicity of the
compounds and the fact that some of them precipitated
out of solution. This demonstrates the necessity for more
cautious estimation of molecular properties, especially
toxicity and solubility, for future compound selection.
On the other hand, the efficiency of the described
workflow itself, combining virtual screening tools to
identify structures with potential inhibitory activity for
the HRV coat protein, could be clearly shown by the high
success rate retrieved in the biological assay and does
not conflict with the observed toxicity.

Table 3. Fast Descriptor Set for PCA-Based Clustering of 10 Known HRV Coat Protein Inhibitors and 10 Hits from the Maybridge
DB34,40-43

family descriptor descriptor assembly

structural MW
structural Rotlbonds
structural hydrogen bond acceptor
structural hydrogen bond donor
thermodynamic AlogP98
ADME violations of rule of five
topological Zagreb
topological ø indices CHI-0, CHI-1, CHI-2, CHI-3_P, CHI-3_C, CHI-3_CH, CHI-V-0, CHI-V-1,

CHI-V-2, CHI-V-3_P, CHI-V-3_C, CHI-V-3_CH
topological κ indices κ-1, κ-2, κ-3, κ-1-AM, κ-2-AM, κ-3-AM
topological Balaban JX
topological SubgraphCount SC-0, SC-1, SC-2, SC-3_P, SC-3_C, SC-3_CH
topological Wiener
topological PHI

Table 4. Experimental EC50 Values of the Six Maybridge Compounds for the Major Group HRV Serotype 39 on OH-I and WI-38
Cells

Maybridge
hits

EC50, µmol/L (µg/mL)
OH-I microscopic

EC50, µmol/L (µg/mL)
OH-I spectrophotrometric

EC50, µmol/L (µg/mL)
WI-38 microscopic

13 7.3 (3.2) 4.3 (1.9) 48.0 (21.0)
14 120.6 (49.5) 4.9 (2.0)a <78.0 (<32)
15 142.4 (55.6) 88.4 (34.5) <82.0 (<32)
18 247.1 (110.3) 245.5 (109.6) 11.2 (5.0)
19 35.7 (15.7) 32.1 (14.1) <72.7 (<32)
20 15.0 (6.1) 17.0 (6.9) 165.0 (66.9)

a This result is not accurate because a lot of undissolved compound crystals were present at 100 and 32 µg/mL and were stained,
creating a false reading at those concentrations.

Figure 6. 3D plot displaying the results of a PCA-based
clustering for 10 HRV coat protein inhibitors (grey) and 10
hits from the Maybridge DB (red) using a set of 34 descriptors.
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4.1. Cytotoxicity. A static toxicity test was per-
formed on the different monolayers at or near 100%
confluency for each compound at the three most con-
centrated dilutions, ranging from 100 to 10 µg/mL for
OH-I or from 32 to 3.2 µg/mL for WI-38 cells. If 50% or
more of a monolayer is reduced compared to the cell
control, that compound level is considered cytotoxic.

On OH-I monolayers, 13, 14, and 18 exhibited 50-
100% cellular toxicity at 100, 32, and 10 µg/mL. At 100
and 32 µg/mL, 19 and 20 exhibited 50-100% toxicity
and each demonstrated a 30% toxic effect at 10 µg/mL.
Compound 15 produced a 30% toxic effect at 100 µg/
mL. The WI-38 monolayer reduced the toxic effect; only
18 produced toxicity at 32 and 10 µg/mL of e50%. For
comparison, when 2 and 12 were tested under similar
conditions for both compounds, altered cellular mor-
phology was observed in uninfected control cells at the
highest concentration tested (100 µg/mL). The median
cytostatic concentration, even though for growing cells,
was 30.0 µg/mL for 2 and >100 µg/mL for 12.38

4.2. Antiviral Activity. Two compounds that exhib-
ited approximately 30% toxicity demonstrated inhibitory
effects on OH-I monolayers: 15 at 100 µg/mL but no
inhibition at 32 µg/mL, meaning a 3-fold effect, and 20
at 10 µg/mL but no inhibition at 1 µg/mL, which
amounts to a 10-fold effect. For structures 13, 14, 18,
and 19 virus inhibition occurred only at concentrations
beyond 50% toxicity. The positive control 12 was inhibi-
tory at 1.0 µg/mL. The CPE inhibition test on OH-I
monolayers had a final DMSO concentration of 0.25%
for all compound concentrations. The 0.25% DMSO level
caused 13-15 and 20 to precipitate out of solution as
crystals at 100 µg/mL and all except 20 at 32 µg/mL.

On WI-38 monolayers compounds 13 and 20 each
exhibited a 3-fold antiviral effect or inhibition at 32 µg/
mL but none at 10 µg/mL. At the highest concentration
of 32 µg/mL, 14, 15, and 19 showed no antiviral effect.
The antiviral activity of 18 lay beyond the toxic levels
of 32 and 10 µg/mL. The positive control 12 was
inhibitory at 0.1 µg/mL.

Structural analyses reveal the following aspects: In
contrast to the other structures investigated in the
assay, 15 does not possess a trifluoromethyl substituent
but rather matches the hydrophilic inner part of the
binding site, i.e., the HBAF feature in the pharmaco-
phore hypothesis, with the carbonyl oxygen of its methyl
ester group. Compared to the most active compound 13,
it displays an approximately 20-fold lower inhibitory
activity. A double trifluoromethyl substitution is present
in 18. The latter was found to be active against rhino-
virus on WI-38 monolayers with an EC50 of 11.2 µM but
is disadvantageous because of its high cellular toxicity.
It is worth mentioning the differences between the
behavior of 20 and its analogue 19. The additional
chlorine substitution at the pyridine ring of 19 obviously
not only provokes a loss in activity (35.7 µM for 19
versus 15.0 µM for 20) but also a much more unfavor-
able toxicologic profile.

Maybridge substance 20 on both monolayers of OH-I
and WI-38 exhibited antiviral potential of 10- and 3-fold
inhibitory effect difference between viral and cellular
inhibitory concentrations. Furthermore, 13 on WI-38
and 15 on OH-I produced a 3-fold inhibitory effect. Since
these three structures display the most beneficial ratios

between inhibitory activity and cellular toxicity, they
can be considered the most promising candidates of our
selection. Whereas the observed rather unfavorable
property profiles of the Maybridge substances cast their
direct applicability in lead generation into doubt, the
enormous value for model validation is unquestionable
and it characterizes them as typical chemical tools.39

Conclusions

The development of a successful virtual screening and
selection protocol is described. The latter underwent
thorough theoretical and practical validation and is
aimed at enabling the fast and reliable identification of
potential new inhibitors of the HRV coat protein. The
main challenge was to achieve hit lists in which the
likelihood that the selected compounds display the
desired affinity is increased. Therefore, a combination
of virtual techniques was employed. We could show that
a highly selective pharmacophore model, used to screen
and considerably reduce large 3D DBs, and the following
validation and refinement of the obtained results via
docking and PCA-based clustering lead to an enrich-
ment of actives in the selected compound list. Six
compounds from the Maybridge DB were chosen and
underwent exemplary biological testing against one
major receptor group virus serotype. All of the molecules
displayed antirhinoviral activity in the micromolar
range representing a hit rate of 100%. It can be
concluded that such a rational approach increases the
efficiency in identifying novel active structures and can
help to reduce time and cost-intensive steps in the drug
development process.

Experimental Section
All molecular modeling studies were performed using

Catalyst 4.7 and Cerius2 4.8 installed on a Silicon Graphic
Octane desktop workstation equipped with a 300 MHz MIPS
R12000 processor (512 MB RAM) running the Irix 6.5 operat-
ing system.
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Appendix

Abbreviations. ICAM-1, intercellular adhesion mol-
ecule-1; HRV, human rhinovirus; PDB, Brookhaven
Protein Databank; PCA, principal component analysis;
DB, database; SF, scoring function; HBA, hydrogen
bond acceptor; HBD, hydrogen bond donor; H, hydro-
phobic feature; WDI, World Drug Index; HTVS, high-
throughput virtual screening; HBAF, fluorine atoms
including hydrogen bond acceptor; MW, molecular
weight; OH-1, Ohio HeLa-1; WI-38, human embryonic
lung fibroblasts; TCID50, median tissue culture infec-
tious doses; CPE, cytopathic effect; EC50, 50% inhibitory
concentration; rms, root-mean-square.
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