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ABSTRACT: Reprofiling of existing drugs to treat conditions
not originally targeted is an attractive means of addressing the
problem of a decreasing stream of approved drugs. To
determine if 3D shape similarity can be used to rationalize an
otherwise serendipitous process, we employed 3D shape-based
virtual screening to reprofile existing FDA-approved drugs. The
study was conducted in two phases. First, multiple histamine H,
receptor antagonists were identified to be used as query
molecules, and these were compared to a database of approved
drugs. Second, the hits were ranked according to 3D similarity
and the top drugs evaluated in a cell-based assay. The virtual
screening methodology proved highly successful, as 13 of 23 top
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drugs tested selectively inhibited histamine-induced calcium release with the best being chlorprothixene (ICs, 1 nM). Finally, we
confirmed that the drugs identified using the cell-based assay were all acting at the receptor level by conducting a radioligand-

binding assay using rat membrane.

B INTRODUCTION

In light of the increasing costs of drug development and ever-
decreasing stream of newly approved drugs, finding novel uses
for existing drugs is rapidly gaining popularity. This process,
termed reprofiling (also known as redirecting, repositioning, or
repurposing),’ has several advantages over de novo drug
development. The expedited bench-to-clinic translation and
the potential to address serious illnesses for which treatments
have not been developed are unparalleled by any alternative drug
discovery approach. Several examples of successful reprofiling
exist.! Miltefosine, for example, failed phase II clinical trials for
tumor reduction but was later discovered to possess anti-infective
properties in in vitro and in vivo studies and subsequently passed
clinical trials for treating visceral leishmaniasis.” Given the vast
potential of reprofiling, several approaches are being taken to
move reprofiling finds from those of a serendipitous nature to a
rational scientific discovery. These include approaches based on
transcriptional responses,” medicinal chemistry,* chemoinfor-
matics,” chemical genomics,6 side effect similarity,7 molecular
topology,® and phenotypic screening.” Although effective, these
approaches require much effort and expertise.

To date, a few computational methods have been described to
be of use in reprofiling and to predict adverse drug reactions.
These include structure-based approaches such as molecular
docking,'® ligand-based chemoinformatic approaches such as
SEA,Sb bayesian models,6b and FEPOPS descriptors.sb However,
to our knowledge, no study has employed a pure 3D shape-based
screening method for reprofiling. As some compounds that do
not appear to have commonality in their 2D chemical scaffold
will overlap significantly in three-dimensional space and possess
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similar bioactivity,"' we determined if 3D shape comparisons can
be used as a meaningful method to search for drug activity within
the FDA-approved drug database. In order to explore this idea,
we compared the shape characteristics of H; antihistamines with
a database of FDA-approved drugs to identify drugs with
previously unknown antihistamine activity. The shape-based
screening was not only accurate in picking many of the previously
reported drugs that acted on H, receptors but also identified
drugs including those previously not reported to act on these
receptors. These results demonstrate the validity of using a
simple measure such as 3D shape similarity in uncovering
previously unknown drug activity.

B RESULTS AND DISCUSSION

Our aim was to test if computational shape-based screening
could be used to predict the additional effects that a drug might
have on targets not originally known, antihistamine activity in
this instance. In order to test this hypothesis, we compared the
shape characteristics of H; antihistamines with a database of 1216
FDA-approved drugs from the U.S. Environmental Protection
Agency’s DSStox public database.'” The H, receptor was chosen
because of a large body of information detailing the actions of
various other pharmaceutical agents on this target, which in turn
would allow us to validate our results. The FDA database was
chosen as it consists of compounds with well-characterized
activity in established drug classes, which would allow us to
convey more concretely the degree of enrichment the virtual
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screening method confers through the number of classified
antihistamines that rank highly.

As a starting point, we evaluated the ability of our protocol for
known antihistamines to enrich other known antihistamines
from the database. If the method indeed provided enrichment,
antihistamines would cluster at the top of the ranking instead of
being randomly distributed. Such enrichment implies substantial
efficiency gains over random screening. We chose 13 antihist-
amines from a literature search. As the bioactive conformers of
the antihistamines are not known, Omega (version 2.0, OpenEye
scientific software) " was used to generate up to 100 conformers
for both the query antihistamines and the database. An upper
limit of 100 was chosen as a previous study reported similar
results with databases of either 100 or 1000 conformations.'* We
compared shapes with the program Rapid Overlay of Chemical
Structures (ROCS version 2.3, OpenEye scientific software).'®
The output molecules resulting from the ROCS run were ranked
by their 3D Tanimoto coeflicient, a metric for molecular shape
similarity."®

To determine if the shape-based protocol alone enriched
antihistamine compounds, the top 1% (12 drugs) and 3% (40
drugs) of the database ranked according to shape Tanimoto by
the 13 query antihistamines were analyzed for the presence of
known antihistamines. Shape Tanimoto scores''*'” were used to
perform these analyses. Approximately a third of the compounds
at the top 1 and 3% were found to be classified antihistamines
(Figure 1). When the scoring included the color component of
ROCS, an improvement of approximately 10% was observed
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Figure 1. Three-dimensional shape-based screen identifies known
antihistamines in the FDA database. Known antihistamine hits in the
(A) top 1% and (B) top 3% of the ranked output. The figure illustrates
the ability of a query antihistamine to identify other antihistamines from
the database and illustrates the variability in shape profile of various
antihistamines.

7055

with regard to enrichment of known antihistamines. Thirty out of
a total 1216 drugs in the FDA database are classified as
antihistamines acting at the H, receptor subtype. This represents
2.4% of the complete database. The enrichment by ROCS
represents an enrichment factor of approximately 10-fold when
compared to the random distribution of 2.4%. These results
demonstrate the nonrandom nature of our method in detecting
compounds with similar 3D shape and thus potential similarity in
biological activity. In addition to enriching classified antihist-
amines, the top hits included classes of drugs known to have
antihistaminic effects, such as antidepressants, further adding
validity to this approach. On average, five of the hits in the top 40
drugs of the database ranked by shape Tanimoto score were
antidepressants. As many of the antidepressants were developed
by modifying the core structure of histamine, this may not come
as a surprise."® However, the fact that ROCS identified drugs
such as ketanserin (which was initially developed as a selective S-
HT),, antagonist and is structurally unrelated to histamine but
was later found to possess antihistaminic activity)'® demon-
strates that shape-based screens can be used to credibly reprofile
compounds within the FDA database.

Following the initial validation screen using ROCS the
following considerations were used to purchase the top ranking
compounds:

1. Possessed a shape Tanimoto score of over 0.80 and
appeared more than three times in the 13 runs conducted
with the selected antihistamines or appear at least 3 times
when combo Tanimoto score was used.

Are not known to possess antihistaminic or antidepressant
properties (which have broad implications for activity at

the H; receptor).
Are not substructures of the query drug used for the initial

shape-based screening.

On the basis of these criteria, we purchased 23 compounds for
biological testing. A Tanimoto cutoff of 0.8 was chosen for
collation, as we wanted to ensure accurate normalized scores that
would reflect the potential to be bioactive while maintaining a
reasonable number of compounds to test. The disparity in
different antihistamines retaining hits with Tanimoto scores
above 0.8 demonstrates that each antihistamine was not equal in
its ability to discover potentially bioactive compounds (Figure 2).
Therefore, we decided that a compound should be enriched by at
least three different antihistamines.

Since the histamine H, receptor has a number of ligands,” we
were able to exploit this rich drug space through group fusion.”*
This approach can be used when structurally diverse compounds
known to be active at a certain target are compiled as reference
structures. Not every novel drug discovery project seeks to target
such a “druggable” receptor. Does this mean we would not have
been able to do this if we had only one antihistamine to begin our
search with? The answer to this depends entirely on which
antihistamine one chooses as a query. The number of
antihistamines identified in the top 3% of our database by
every other antihistamine is presented in Figure 1A,B. This
demonstrates that some antihistamines are more representative
of common chemical features expressed in the class than others.
In other words, if we had chosen chlorphenamine as our query,
we would have ended up with partly similar results to the data
presented in the remainder of this article. On the other hand, if
we had chosen temelastine as our only query, we would have
ended up with a very different hit list from the data presented.
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Figure 2. Effect of antihistamine query molecule on retrieval of hits. Plot
shows number of known antihistamines retrieved with a shape
Tanimoto score over 0.8. The different antihistamines show a varying
degree of shape similarity with the molecules in the database;
Tripolidine retrived 281 molecules with a shape Tanimoto over 0.8,
while astemizole retrieved only itself.

In order to probe for antagonism at the H, receptor, we
screened the 23 compounds for antagonist activity at 100 #M in
HeLa cells, by quantifying their inhibition of the response to
histamine at its ECy concentration (2.5 #M). Followed by this,
the drugs’ selectivity was verified by probing the P2Y receptor by
the addition of the ECy, concentration of ATP (1 uM).
Representative fluorescence results in Figure 4 illustrate various
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Figure 3. Biological screening of the top ranking virtual hits. Results
confirm effective inhibition by known antihistamines and identify novel
antihistamines. HeLa cells grown in 96-well plates were loaded with
fura-2AMm and the corresponding Ca’* response to histamine (2.5
M) was measured in the presence and absence of the 23 top ranking hit
compounds (100 #M). Data are mean + SEM (n = 6-9).

scenarios possible during the experiments. As can be seen from
Figure 3, in total, 16 drugs significantly reduced histamine-
induced intracellular calcium release (one-tailed ¢ test, P < 0.05).
Of these, only biperiden significantly reduced intracellular
calcium release in response to ATP (Figure ) and was therefore
not included in further studies. Thirteen drugs that reduced the
basal histamine response in excess of 50% were pursued further
to determine the mode of inhibition. This demonstrates the
selectivity of the VS hits for the histamine H, receptor, and these
results stand in stark contrast to those obtained for the P2Y
receptor.
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Figure 4. Representative traces of the biological responses to the virtual
hits. HeLa cells grown in 96-well plates were loaded with fura-2AM, and
the corresponding Ca** response to histamine and ATP was measured in
the presence and absence of indicated compounds (100 uM dose).
Felbamate is an example of a high-scoring drug that failed to block
histamine and did not interrupt ATP-induced Ca** release. Fentanyl, by
contrast, effectively blocks histamine-induced Ca®* release without
blocking ATP in a manner validating the virtual screening process.
Biperiden inhibits both receptor-based responses.
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Figure S. Antihistamines identified by virtual screening do not block
ATP-induced signaling. HeLa cells grown in 96-well plates were loaded
with fura-2AM, and the corresponding Ca’* response to ATP (10 uM)
was measured in the presence and absence of the 23 top ranking hit
compounds. Data are mean + SEM (n = 6—9).

Since our hypothesis was that 3D shape screens can be used as
a tool to find approved drugs with a similar mechanism of action
as existing antihistamines, it was important to verify that all of
these inhibitors block histamine responses in a dose-dependent
and reversible fashion. In order to verify this, a full
concentration—response curve was performed in the presence
of varying concentrations of the compound and 2.5 uM
histamine. The concentration—response curves for the eight
drugs (Table 1) that displayed dose-dependent inhibition are
shown in Figure 6. Of the 13 compounds selected from the initial
screen, seven were excluded as they showed less that 50%
inhibition at the concentrations tested. Next, to determine if
these compounds acted at the same site as the known
antihistamines, the ability of these drugs to compete with
[*H]mepyramine for binding to the histamine H, receptor
through the established rat brain membrane preparation™
protocol was investigated. This approach validated our previous

dx.doi.org/10.1021/jm300671m | J. Med. Chem. 2012, 55, 7054—7060
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Table 1. Details of the Active Compounds from the Virtual Screening

Structure Drug

Original target
(therapeutic
indication)

Log binding
1Cso (M)*

Log Ca**
release ICsg
oy

&

O™
Jrv ¢

Adiphenine

nACh antagonist
(Antispasmodic)

-4.77

-3.95

Chlorprothixene

5-HT, antagonist
(Antipsychotic)

-8.97

-6.06

Fentanyl

p-opioid agonist
(Narcotic

-3.83

analgesic)

IOPeh
~ N Mepyramine
l 7

Antihistamine -8.24 -7.33

| Orphenadrine

(Antispasmodic)

mACh
antagonist -6.79 -4.01

Procyclidine

(Parkinsonism)

mACh
antagonist -5.17 -4.75

Promazine

(Antipsychotic)

Unknown-
multiple -5.9 -5.61

@ Phentolamine

o-Adrenergic
antagonist
(Acute
hypertension)

Lobeline

Unknown-
multiple
(Smoking
cessation)

-4.95 -4.35

“Half maximal inhibitory concentrations of drugs for the histamine receptor in rat brain membrane [*H]mepyramine binding assay. YHalf maximal
inhibitory concentrations of drugs for the histamine receptor in the HeLa cell Ca®" release assay.

finding obtained via the Ca" release assay, in that all drugs
competed fully at the [*H]mepyramine binding site (Figure 6)
with the most potent being chlorprothixene with a binding ICs,
of 1 nM and lobeline, which to our knowledge has never been
predicted or experimentally demonstrated to act on histamine
receptor (Table 1). Finally, in order to evaluate if the compound
identified by shape similarity could have been identified using a
simpler 2D substructure searching, a substructure search was
performed using inbuilt substructure search function in Canvas
1.2. It was observed that only Orphenadrine was identified as a
hit, furthering the validity of using our shape-based screening
protocol.

With enormous effort being directed toward crystallizing the
human proteome, it is conceivable that several crystal structures

of membrane proteins or otherwise would become available in
the future.” If cocrystals of the protein with query ligands used
for the shape-based virtual screening become available, such as
the newly discovered H; receptor,”* we would hypothesize that
incorporating this information to postprocess results from
ROCS might provide one with better lead candidate selection.
We believe this improvement would mainly be provided by (1)
avoiding molecules that sterically clash with the protein and (2)
eliminating molecules that have significantly different pose in
comparison to the cocrystallized query. Such a dual-layered
approach has previously been attempted and resulted in
identification of an entirely novel class of active molecules.” It
should be noted, however, that non-availability of structural data
should not be seen as a handicap; especially where inhibitors for a
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Figure 6. Validation that the hits act competitively at the histamine H, receptor. (A) Concentration response curves demonstrating the effect of
indicated compounds on histamine-mediated Ca** release. Data are mean + SEM (n = 3—4). (B) Concentration response curves demonstrating the
effect of indicated compounds on [*H]histamine binding. Data are mean + SEM (1 = 3—6).

protein exist, previous studies directly comparing ROCS to
commercially available docking suites have demonstrated that
the shape-based method performs at least as well as the docking
studies.”® We believe the primary attraction in the shape-based
approach lies in the fact that hits obtained by any other means
could be compared to FDA-approved drugs in the absence of
either protein data or complex chemical pharmacophore
representations and thereby provide researchers a significantly
valuable additional resource for reprofiling.

H CONCLUSION

In summary, we tested the hypothesis that 3D molecular shape
could be used to find drugs that were not classified antihistamine
but could act on the histamine receptor. We have shown that
shape can predict antihistaminic activity among a range of
unrelated drugs. Our results not only demonstrate the
effectiveness of our protocol in identifying compounds with
antihistaminic activity, but we also confirm the direct effect of
various drugs previously speculated to act on histamine
receptors’” by demonstrating their effect in various biological
preparations.
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It is notable that other efforts to identify novel antihistamines
have shown results consistent with our study. For example, Duart
et al® used a mathematical model specifically developed for
competitive histamine antagonists (molecular topology) to
predict antagonists of histamine H, receptor in a database of
20 000 compounds. The top 70 molecules were investigated for
reported antihistaminic activity in a literature search, and this list
features chlorprothixene and promazine, both of which were
identified and biologically verified in our study. In the literature,
chlorprothixene was shown to suppress histamine-induced
bronchoszpasms in guinea pig, antagonising the histamine H,
receptor,”® and promazine was shown to block histamine-
induced ileum contraction.”® Fentanyl was also predicted to have
antihistaminic activity, of which to date there has been no
reported experimental observation. Lobeline, which we identify
as a histamine antagonist, to our knowledge has never been
predicted or experimentally verified to possess antihistaminic
activity. For the first time, we are now able to show this at both
the computational as well as biological level.

In this paper, we have presented the application of prospective
computational science, validated by experimental biology, to
provide useful insight into approaches for ligand identification or

dx.doi.org/10.1021/jm300671m | J. Med. Chem. 2012, 55, 7054—7060
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in drug repositioning. This method can easily be translated to
other targets and has an added advantage in being incredibly fast,
simple, and economically viable. Therefore, our approach opens
up a range of possibilities in reprofiling drugs for other targets.

B EXPERIMENTAL SECTION

Virtual Screening. We performed virtual screening on a computer
running a single Intel Core 2 Duo processor central processing unit
running Windows Vista Ultimate operating system with software from
OpenEye (OpenEye Scientific Software), Schrodinger (Schrodinger
LLC), ChemAxon (http://www.chemaxon.com), and a database
(FDAMDD version 3b) containing 1216 FDA-approved compounds
downloaded from the U.S. Environmental Protection Agency’s DSSTox
public database (http:/ /www.epa.gcvv/ncct/dsstox/DataFiles.html).12
From a literature search, 13 antihistamines were selected as queries for
conducting the 3D shape comparisons (mepyramine, chlorphenamine,
triprolidine, temelastine, diphenhydramine, promethazine, astemizole,
hydroxyzine, terfenadine, acrivastine, levocabastine, ketotifen, and
azelastine). The antihistamines were drawn and energy-minimized
with the Merck Molecular Force Field 94 using the ChemBioOffice
Ultra 11.0 (CambridgeSoft Corporation, Cambridge, MA, USA).
OMEGA" was used to generate 100 conformations for each of the
query compounds and the compounds in the FDA database to enable
shape comparisons. Rapid Overlay of Chemical Screens (ROCS 2.3)
was used for three-dimensional shape comparisons, and all resulting hits
were ranked with shape Tanimoto. In order to evaluate the 2D
substructure similarity, the inbuilt function in Schrodinger Canvas 1.2*°
was used. ChemAxon Instant JChem, version S5, 2008, was used for
structure database management.

Hit Ranking and Selection. Hits with a shape Tanimoto >0.80
were compiled for further evaluation. Antihistamines and antidepres-
sants (which have broad implications for activity at the H1-receptor)
were eliminated from the ranking. Drugs that appeared in the output
files of at least three antihistamines were incorporated into a separate
database. The shape Tanimoto values in each file were then summed and
normalized according to the number of antihistamine ROCS files in
which the drugs appeared. For the shape screen, all drugs with
normalized shape Tanimoto values >0.85 across the spectrum of
antihistamines were considered for purchase. For the color screens, the
FDA drugs were scored against each antihistamine based upon a
combined Tanimoto score consisting of shape Tanimoto and color
Tanimoto score representing chemical similarity, which consists of a
numerical sum of the shape Tanimoto and scaled color Tanimoto
scores. Drugs appearing at least three times in the top 300 hits of the
antihistamine files were normalized by dividing the summation of the
combined Tanimoto scores by the number of times it appeared in the
top 300 hits. The top 40 drugs were sorted and ranked. Drugs classified
as antihistaminic (to include antipruritics that contain histamine-
blocking compounds) and antidepressants (long known to exert
antihistaminic actions) were excluded. Five drugs (orphenadrine,
ketanserin, ethopropazine, promazine, and chlorpromazine) with
known antihistaminic activity but not formerly classified as antihist-
amines were ordered for reprofiling validation in the assays. Once
ranking was complete, 23 compounds in total were ordered based upon
their previously reported or unreported activity, overlap between the
shape and color algorithm, and availability. The drugs were dissolved in
Ca®*-free Hank’s balanced salt solution (HBSS) or 10% DMSO.

Biological Testing in HelLa Cells. Compounds were tested for
their ability to antagonize the Ca®* release induced by histamine in HeLa
cells grown in Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum at their EC;, concentration, 2.5 M (3—4 replicates). Ca**
measurements were performed on confluent cells growing in 96-well
plates by incubating with 5 M fura-2-acetoxymethylester for 45 min at
room temperature. The fluorescence measurements were performed
using a Novostar plate reader (BMG LABTECH Ltd.). Following the
initial screens for histamine antagonism, the compounds were further
subjected to a secondary screen to probe their ability to block ATP-
induced Ca*" release at their EC, concentration (10 #uM). Compounds
that passed the initial screens were subjected to a complete dose
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response analysis. For those drugs demonstrating antagonism of
histamine-induced calcium release, half maximal inhibitory concen-
tration (ICso) values were calculated using GraphPad Prism. To
characterize the nature of antagonism, the concentration of the drugs
was maintained at their ECg, concentration reported from the previous
step, and the concentration of histamine was varied.

Radioligand Displacement Binding Assay. For confirmation of
drug activity at the level of the H, receptor, radioligand binding assays
with [*H]mepyramine were performed (3—6 replicates). Adult male
Sprague—Dawley rat brains were collected by sacrificing the animals
with cervical dislocation following unconsciousness induced with a
rising concentration of CO,. The brains were immediately obtained and
processed according to the method established by Hill and colleagues.*
Two milliliters of brain membrane preparation in Na—K phosphate
buffer was added to a range of concentrations of hit compounds to give a
final concentration of 0.5 mg protein/aliquot. After incubation for 10
min, [*H]mepyramine was added to give a final concentration of 2 nM.
Following 2 h of sample incubation, radioactivity was measured by
scintillation counting.

Materials. All salts, physiological buffers, and drugs were purchased
from Sigma Aldrich (St. Louis, MO, USA), unless otherwise specified.
Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum
were purchased from Invitrogen (Grand Island, USA). The GF/B filter
was purchased from Brandel (Gaithersburg, USA).
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© Supporting Information
Additional virtual screening information. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*SRV. Tel: +44 1865 271590. E-mail: sridhar.vasudevan@
pharm.ox.acuk. G.C.C. Tel: +44 1865 271635. E-mail: grant.
churchill@pharm.ox.ac.uk.

Author Contributions
"These authors contributed equally to the work.

Author Contributions

S.RV. and G.C.C. conceived the project. SR.V. and J.B.M.
performed the virtual screening. SRV, JB.M, and Y.S.
performed the Ca®" release assays. S.R.V. and J.B.M. performed
the [*H]mepyramine binding assay. S.R.V. wrote the manuscript
with input from J.B.M. and G.C.C. All authors reviewed and
commented on the edits.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by a BBSRC grant (to G.C.C., Grant
No. BB/G008523/1), a Royal Society research grant (to S.R.V),
a RSE-BBSRC Enterprise Fellowship (to S.R.V.), a Wellcome
Trust VIP Award (to S.R.V.), and a Rhodes Scholarship (to
JB.M.). We thank OpenEye scientific and ChemAxon for
seeding basic science and generously granting us a free-licence to
use their software. We thank Helen Storr for help with NMR and
mass spectrometry.

B REFERENCES

(1) Ashburn, T. T.; Thor, K. B. Drug repositioning: identifying and
developing new uses for existing drugs. Nat. Rev. Drug Discovery 2004, 3,
673—683.

(2) Sundar, S.; Jha, T. K; Thakur, C. P.; Engel, J.; Sindermann, H,;
Fischer, C.; Junge, K; Bryceson, A,; Berman, J. Oral miltefosine for
Indian visceral leishmaniasis. N. Engl. . Med. 2002, 347, 1739—1746.

dx.doi.org/10.1021/jm300671m | J. Med. Chem. 2012, 55, 7054—7060


http://www.chemaxon.com
http://www.epa.gov/ncct/dsstox/DataFiles.html
http://pubs.acs.org
mailto:sridhar.vasudevan@pharm.ox.ac.uk
mailto:sridhar.vasudevan@pharm.ox.ac.uk
mailto:grant.churchill@pharm.ox.ac.uk
mailto:grant.churchill@pharm.ox.ac.uk

Journal of Medicinal Chemistry

(3) (a) Iorio, F.; Bosotti, R.; Scacheri, E.; Belcastro, V.; Mithbaokar, P.;
Ferriero, R.; Murino, L.; Tagliaferri, R.; Brunetti-Pierri, N.; Isacchi, A.; di
Bernardo, D. Discovery of drug mode of action and drug repositioning
from transcriptional responses. Proc. Natl. Acad. Sci. U.S.A. 2010, 107,
14621—14626. (b) Lamb, J.; Crawford, E. D.; Peck, D.; Modell, J. W.;
Blat, I. C.; Wrobel, M. J.; Lerner, J.; Brunet, J. P.; Subramanian, A.; Ross,
K. N,; Reich, M.; Hieronymus, H.; Wei, G.; Armstrong, S. A.; Haggarty,
S.J.; Clemons, P. A.; Wei, R;; Carr, S. A.; Lander, E. S.; Golub, T. R. The
connectivity map: using gene-expression signatures to connect small
molecules, genes, and disease. Science 2006, 313, 1929—1935.

(4) Wermuth, C. G. Selective optimization of side activities: the SOSA
approach. Drug Discovery Today 2006, 11, 160—164.

(5) (a) Keiser, M. J; Setola, V.; Irwin, J. J.; Laggner, C.; Abbas, A. 1;
Hufeisen, S. J.; Jensen, N. H.; Kuijer, M. B.; Matos, R. C.; Tran, T. B,;
Whaley, R.; Glennon, R. A.; Hert, J.; Thomas, K. L. H.; Edwards, D. D,;
Shoichet, B. K;; Roth, B. L. Predicting new molecular targets for known
drugs. Nature 2009, 462, 175—181. (b) Keiser, M. J,; Roth, B. L;
Armbruster, B. N.; Ernsberger, P.; Irwin, J. J.; Shoichet, B. K. Relating
protein pharmacology by ligand chemistry. Nat. Biotechnol. 2007, 25,
197-206.

(6) (a) Paolini, G. V.; Shapland, R. H. B.; van Hoorn, W. P.; Mason, J.
S.; Hopkins, A. L. Global mapping of pharmacological space. Nat.
Biotechnol. 2006, 24, 805—815. (b) Nidhi Glick, M.; Davies, J. W,;
Jenkins, J. L. Prediction of biological targets for compounds using
multiple-category Bayesian models trained on chemogenomics data-
bases. J. Chem. Inf. Model. 2006, 46, 1124—1133. (c) Ladwa, S. R; Dilly,
S. J; Clark, A. J.; Marsh, A.; Taylor, P. C. Rapid identification of a
putative interaction between f2-adrenoreceptor agonists and ATF4
using a chemical genomics approach. ChemMedChem 2008, 3, 742—744.

(7) Campillos, M.; Kuhn, M.; Gavin, A.-C.; Jensen, L. ].; Bork, P. Drug
target identification using side-effect similarity. Science 2008, 321, 263—
266.

(8) Duart, M. J.; Garcia-Domenech, R.; Anton-Fos, G. M.; Galvez, J.
Optimization of a mathematical topological pattern for the prediction of
antihistaminic activity. J. Comput.-Aided Mol. Des. 2001, 15, 561—572.

(9) (a) Rihel, J.; Prober, D. A.; Arvanites, A.; Lam, K.; Zimmerman, S.;
Jang, S.; Haggarty, S. J.; Kokel, D.; Rubin, L. L.; Peterson, R. T; Schier,
A. F. Zebrafish behavioral profiling links drugs to biological targets and
rest/wake regulation. Science 2010, 327, 348—351. (b) Kokel, D.; Bryan,
J.; Laggner, C.; White, R;; Cheung, C. Y.,; Mateus, R.; Healey, D.; Kim,
S.; Werdich, A. A.; Haggarty, S. J.; Macrae, C. A.; Shoichet, B.; Peterson,
R. T. Rapid behavior-based identification of neuroactive small molecules
in the zebrafish. Nat. Chem. Biol. 2010, 6, 231—237.

(10) Xie, L.; Wang, J.; Bourne, P. E. In silico elucidation of the
molecular mechanism defining the adverse effect of selective estrogen
receptor modulators. PLoS Comput. Biol. 2007, 3, €217.

(11) (a) Naylor, E.; Arredouani, A.; Vasudevan, S. R.; Lewis, A. M.;
Parkesh, R.; Mizote, A.; Rosen, D.; Thomas, J. M.; Izumi, M.; Ganesan,
A.; Galione, A.; Churchill, G. C. Identification of a chemical probe for
NAADP by virtual screening. Nat. Chem. Biol. 2009, S, 220—226.
(b) Ripphausen, P.; Nisius, B.; Bajorath, J. State-of-the-art in ligand-
based virtual screening. Drug Discovery Today 2011, 16, 372—376.

(12) Richard, A. M.; Williams, C. R. Distributed structure-searchable
toxicity (DSSTox) public database network: a proposal. Mutat. Res,
Fundam. Mol. Mech. Mutagen. 2002, 499, 27—52.

(13) Hawkins, P. C.; Skillman, A. G.; Warren, G. L.; Ellingson, B. A;
Stahl, M. T. Conformer generation with OMEGA: algorithm and
validation using high quality structures from the Protein Databank and
Cambridge Structural Database. J. Chem. Inf. Model. 2010, 50, 572—584.

(14) Bostrom, J.; Greenwood, J. R; Gottfries, J. Assessing the
performance of OMEGA with respect to retrieving bioactive
conformations. J. Mol. Graphics Modell. 2003, 21, 449—462.

(15) (a) Grant, J. A; Gallardo, M. A.; Pickup, B. T. A fast method of
molecular shape comparison: A simple application of a Gaussian
description of molecular shape. J. Comput. Chem. 1996, 17, 1653—1666.
(b) Rush, T. S., III; Grant, J. A.; Mosyak, L.; Nicholls, A. A shape-based
3-D scaffold hopping method and its application to a bacterial protein-
protein interaction. J. Med. Chem. 2008, 48, 1489—1495.

7060

(16) Nicholls, A.; MacCuish, N. E.; MacCuish, J. D. Variable selection
and model validation of 2D and 3D molecular descriptors. J. Comput.-
Aided Mol. Des. 2004, 18, 451—474.

(17) Muchmore, S. W.; Souers, A. J.; Akritopoulou-Zanze, L. The use of
three-dimensional shape and electrostatic similarity searching in the
identification of a melanin-concentrating hormone receptor 1
antagonist. Chem. Biol. Drug Des. 2006, 67, 174—176.

(18) Augstein, J; Ham, A. L; Leeming, P. R. Relation between
antihistamine and antidepressant activity in hexahydroindenopyridines.
J. Med. Chem. 1972, 15, 466—470.

(19) Marin, J.; Reviriego, J.; Fernandez-Alfonso, M. S. Ability of
ketanserin to block different receptors in human placental vessels. J.
Pharm. Pharmacol. 1990, 42, 217—220.

(20) Simons, F. E. R. Advances in H1-Antihistamines. N. Engl. J. Med.
2004, 351, 2203—2217.

(21) Willett, P. Similarity-based virtual screening using 2D fingerprints.
Drug Discovery Today 2006, 11, 1046—1053.

(22) Hill, S. J; Emson, P. C; Young, J. M. The binding of
[*H]mepyramine to histamine H, receptors in guinea-pig brain. J.
Neurochem. 1978, 31, 997—1004.

(23) (a) Gileadi, O.; Knapp, S.; Lee, W. H.; Marsden, B. D.; Muller, S.;
Niesen, F. H.; Kavanagh, K. L;; Ball, L. J.; von Delft, F.; Doyle, D. A,;
Oppermann, U. C,; Sundstrom, M. The scientific impact of the
Structural Genomics Consortium: a protein family and ligand-centered
approach to medically-relevant human proteins. J. Struct. Funct.
Genomics 2007, 8, 107—119. (b) Stevens, R. C.; Yokoyama, S.;
Wilson, 1. A. Global efforts in structural genomics. Science 2001, 294,
89-92.

(24) Shimamura, T.; Shiroishi, M.; Weyand, S.; Tsujimoto, H.; Winter,
G.; Katritch, V,; Abagyan, R.; Cherezov, V.; Liu, W,; Han, G. W,;
Kobayashi, T; Stevens, R. C.; Iwata, S. Structure of the human histamine
H, receptor complex with doxepin. Nature 2011, 475, 65—70.

(25) Rush, T. S, III; Grant, J. A;; Mosyak, L.; Nicholls, A. A shape-
based 3-D scaffold hopping method and its application to a bacterial
protein—protein interaction. J. Med. Chem. 2005, 48, 1489—1495.

(26) (a) Lee, H. S.; Lee, C. S.; Kim, J. S.; Kim, D. H.,; Choe, H.
Improving virtual screening performance against conformational
variations of receptors by shape matching with ligand binding pocket.
J. Chem. Inf. Model. 2009, 49, 2419—2428. (b) Hawkins, P. C.; Skillman,
A. G.; Nicholls, A. Comparison of shape-matching and docking as virtual
screening tools. J. Med. Chem. 2007, 50, 74—82. (c) Ebalunode, J. O.;
Ouyang, Z.; Liang, J.; Zheng, W. Novel approach to structure-based
pharmacophore search using computational geometry and shape
matching techniques. J. Chem. Inf. Model. 2008, 48, 889—901.

(27) Kaye, A. D.; Hoover, J. M.; Ibrahim, L N.; Phelps, J.; Baluch, A;
Fields, A.; Huffman, S. Analysis of the effects of fentanyl in the feline
pulmonary vascular bed. Am. J. Ther. 2006, 13, 478—484.

(28) Fjalland, B.; Boeck, V. Neuroleptic blockade of the effect of
various neurotransmitter substances. Acta Pharmacol. Toxicol. 1978, 42,
206—211.

(29) Orthen-Gambill, N.; Salomon, M. Differential effects of
psychotropic drugs on feeding in rats: is histamine blockade involved?
Pharmacol,, Biochem. Behav. 1990, 36, 837—841.

(30) Sastry, M.; Lowrie, J. F.; Dixon, S. L.; Sherman, W. Large-scale
systematic analysis of 2D fingerprint methods and parameters to
improve virtual screening enrichments. J. Chem. Inf. Model. 2010, S0,
771-784.

dx.doi.org/10.1021/jm300671m | J. Med. Chem. 2012, 55, 7054—7060



