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Table 1. A non-exhaustive list of receptor-based virtual screening applications.’

L. . . . Flexibility
Application Scoring function Search algorithm Ligand Receptor Ref. URL
ArgusLab Several Several Yes Rigid [1] http://www.planaria-software.com/
AutoDock 3 (4) Force field Stochastic (GA) Yes Grid average | [2,3] http://autodock.scripps.edu/
. . . I http://www.accelrys.com/products/cerius2/ceri
C2.LigandFit Several (consensus) Stochastic (MC) Yes Rigid [4,5] us2oroducts/c2liaandfit.htmi
DOCK 4 & 5 (6) Force field Incremental Yes Grid average | [6,7] http://dock.compbio.ucsf.edu/
Dockilt Several (consensus) Incremental Yes Rigid E:’;;)I://www.metaphoncs.com/products/dock|t.
eHITs Empirical Incremental Yes Rigid [8,9] http://www.simbiosys.ca/ehits/index.html
FlexX & FlexE Empirical Incremental Yes Ensembles [10-12] http://www.biosolveit.de/FlexX/
FRED Various available Systematic Multi-conformer Rigid [13,14] http://www.eyesopen.com/products/applicatio
search ns/fred.html

. . . - http://www.schrodinger.com/ProductDescripti
Glide Empirical Stochastic (MC) Yes Rigid [13,15,16] on.php?mID=6&sID=6&cID=0

. . . . - . https://www.schrodinger.com/SolutionDescrip
Glide-Prime (IFD) | Empirical Stocjasitc (MC) Yes Binding site [17,18] tion.php?mID=15&sID=18&cID=0
GOLD Semi-empirical (various) | Stochastic (GA) | Yes Side chains | [19,20] 22213///(‘;‘:)"'”(;’}"“’"‘3'03’“'aC'“k/"“’d“CtS/ life_scie
ICM-Dock Force field Stochastic (MC) Yes Binding site [21,22] http://www.molsoft.com/docking.html
Insight Il Affinity | Force field Stochastic (MC) | Yes Binding site hitp://www.accelrys.com/products/insight/all

modules.html
MOE-Dock Empirical Yes [23,24] http://www.chemcomp.com/software-sbd.htm
MVD MolDock Empirical Stochastic (GA) Yes Side chains [25] http://www.molegro.com/products.php
rDock Semi-empirical Stochastic (MC) Yes Rigid [26] http://www.ysbl.york.ac.uk/rDock/
SLIDE Empirical Incremental Yes Side chains [27,28] Eggq:gv;/]\:vr\rl]\:.bch.msu.edu/~kuhn/pr0|ects/sl|de/
http://www.biopharmics.com/products.htmi

Surflex-Dock Empirical Incremental Yes Rigid [29,30] http://www_.tripos.com/index.php?family=mod

ules,SimplePage,,, &page=surflex dock&0

@ Many of the applications listed are commercial products. For an overview of open-source software for computational chemistry and drug discovery see [31,32].



Table 2. Some software applications used in ligand-based drug discovery.®

Application Type Ref. URL
C”.Ludil [33,34] http://www.accelrys.com/products/cerius2/cerius2products/listing.html#dock
FlexNovo [35] http://www.biosolveit.de/FlexNovo/
GrowMol [36]
De novo design http://www.tripos.com/index.php?family=modules,SimplePage,,.&page=sybyl leapfrog&s=0083e3389a3ddba7917ab
LeapFrog [37] 4b124d37bdd
LigBuilder [38] http://mdl.ipc.pku.edu.cn/download/htdocs/modules/PDdownloads/viewcat.php?cid=1
Sprout [39] http://www.simbiosys.ca/sprout/
C’.QSAR+ http://www.accelrys.com/products/cerius2/cerius2products/gsar_page.html
CoMFA [40-42] http://www.tripos.com/index.php?family=modules,SimplePage,sybyl advanced comfa
GOLPE [43] http://www.miasrl.com/golpe.htm
GRID QSAR [44,45] http://www.moldiscovery.com/soft_grid.php
HQSAR [46,47] http://www.tripos.com/index.php?family=modules,SimplePage,sybyl hgsar
Quasar [48] http://www.biograf.ch/index.php?id=software
SOMFA [49] http://bellatrix.pcl.ox.ac.uk/Downloads/
Catalyst [50-52] http://www.accelrys.com/products/catalyst/
DISCOtech [53,54] http://www.tripos.com/index.php?family=modules,SimplePage,sybyl discotech
GASP [55] http://www.tripos.com/index.php?family=modules,SimplePage,sybyl gasp
MOE http://www.chemcomp.com/software-ph4.htm
MOLPRINT 2D Pharmacophore [56,57] http://www.molprint.com/
PHASE [58,59] http://www.schrodinger.com/ProductDescription.php?mID=6&sID=16&cID=0
ROCS [60] http://www.eyesopen.com/products/applications/rocs.html
Surflex-Sim [61] http://www.biopharmics.com/products.html
http://www.tripos.com/index.php?family=modules,SimplePage,,,&page=surflex sim&s=0
UNITY http://www.tripos.com/index.php?family=modules,SimplePage,sybyl unity
CAVEAT Bioisostere [62] http://www.cchem.berkeley.edu/~pabgrp/Data/caveat.html
BROOD http://www.eyesopen.com/products/applications/brood.html
JChem, Marvin http://www.chemaxon.com/
Molinspiration Chemoinformatics ﬂp://www.molinspirgtion.com/cgi-bin/properties
Moloc http://www.moloc.ch/index.html
VCC Lab [63] http://www.vcclab.org/

@ Many of the applications listed are commercial products. For an overview of open-source software for computational chemistry and drug discovery see [31,32].
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Supplementary Figure 1. Mdm2 inhibitors: similarity. Mdm2 is a regulator of the tumour suppressor protein p53 and the p53—-Mdmz2 interaction is an important new
oncology drug target [64]. (a) A number of lead series of compounds that mimic the three p53 residues (Phe, Trp, and Leu side chains shown as green sticks in ¢ & d; PDB
# 1T4F; [65]) that are responsible for the majority of the p53 interaction with Mdm2 (grey CPK surfaces in ¢ & d [239]) have been identified. These include the 4,5-dihydro-
1H-imidazoles 1 (nutlins [66,67]), the 3,4-dihydro-1H-benzo[e][1,4]di-azepine-2,5-diones 2 [65], and the 1H-spiro[indole-3,3'-pyrrolidin]-2-ones 3 [68], all potent p53—Mdm2

inhibitors. (b) 2D-fingerprint Tanimoto similarity values were calculated using the programme Instant JChem 1.0 from Chemaxon, (http://www.chemaxon.com/). It can be

seen that whereas derivatives within each of the 3 series are obviously similar (= 0.74), there is little overall similarity (< 0.60) between the series, despite the fact that the
pharmacophoric relationship between the series is rather obvious. (¢) This pharmacophoric similarity is borne out by comparison of the experimental Mdm2-binding poses
[1a, cyan (PDB # 1TTV); 1b, pink (PDB # 1RV1); and 2a, yellow CPK sticks (PDB # 1T4E)]. (d) Various docking/scoring routines (using some of the applications listed in
Supplementary Table 1) were used in an attempt to reproduce these poses but none were very successful [shown are 5 high-scoring predicted poses of 2a as cyan CPK
sticks, including one (thick sticks) that approximates the binding mode found by XRC (yellow CPK sticks)]. (e) 3D pharmacophore-based comparisons without assumption
of bioactive conformation, on the other hand, readily showed how series 1-3 are related [shown are the results of shape-based docking using the programme ROCS

(Supplementary Table 2) of compounds 2a (yellow) and 3a (magenta) onto 1a (cyan)].
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Supplementary Figure 2. QSAR. The first pharmacophore hypothesis for T-type calcium channel blockers, based on 3D-QSAR analysis of structurally diverse
compounds was recently reported [69]. The model, mapped onto one of the training set compounds (1; gold CPK sticks) is shown, together with mibefradil (2; grey CPK
sticks), a calcium channel blocker drug withdrawn from clinical use due to toxicity arising from drug—drug interactions [70]. The yellow, red, and blue spheres represent
hydrophobic, cationic, and HBA (with arrows showing directionality) pharmacophore features (diagram created using the MarvinSpace programme;

http://www.chemaxon.com/product/mspace.html). This and related models were subsequently used to identify potent and selective T-type calcium channel blockers such
as compound 3, which are structurally unrelated to 2 [71].




References

11 Joy, S., Nair, P. S., Hariharan, R., Pillai, M. R., Detailed comparison of the protein-ligand docking efficiencies of GOLD, a commercial package and ArgusLab, a
licensable freeware. In Silico Biology 2006, 6, 0053.

[2] Goodsell, D. S., Morris, G. M., Olson, A. J., Automated docking of flexible ligands: application of AutoDock. J. Mol. Recogn. 1996, 9, 1-5.

[3] Morris, G. M., Goodsell, D. S., Halliday, R. S., Huey, R. et al., Automated docking using a Lamarckian genetic algorithm and an empirical binding free energy
function. J. Comput. Chem. 1998, 19, 1639-1662.

[4] Venkatachalam, C. M., Jiang, X., Oldfield, T., Waldman, M., LigandFit: a novel method for the shape-directed rapid docking of ligands to protein active sites. J.
Mol. Graph. Model. 2003, 21, 289-307.

[5] Mpamhanga, C. P., Chen, B., McLay, I. M., Ormsby, D. L. et al., Retrospective docking study of PDE4B ligands and an analysis of the behavior of selected scoring
functions. J. Chem. Inf. Model. 2005, 45, 1061-1074.

[6] Moustakas, D. T., Lang, P. T., Pegg, S., Pettersen, E. et al., Development and validation of a modular, extensible docking program: DOCK 5. J. Comput. Aided
Mol. Des. 2006, 20, 601-619.

[7] Ewing, T. J., Makino, S., Skillman, A. G., Kuntz, I. D., DOCK 4.0: search strategies for automated molecular docking of flexible molecule databases. J. Comput.
Aided Mol. Des. 2001, 15, 411-428.

[8] Kerwin, S. M., eHiTS 5.1.6. J. Am. Chem. Soc. 2005, 127, 8899-8900.

[9] Zsoldos, Z., Reid, D., Simon, A., Sadjad, B. S. et al., eHiTS: an innovative approach to the docking and scoring function problems. Curr. Protein Peptide Sci. 20086,
7,421-435.

[10] Kramer, B., Rarey, M., Lengauer, T., Evaluation of the FLEXX incremental construction algorithm for protein-ligand docking. Proteins 1999, 37, 228-241.

[11] Rarey, M., Kramer, B., Lengauer, T., Klebe, G., A fast flexible docking method using an incremental construction algorithm. J. Mol. Biol. 1996, 261, 470-489.

[12] Claussen, H., Buning, C., Rarey, M., Lengauer, T., FlexE: efficient molecular docking considering protein structure variations. J. Mol. Biol. 2001, 308, 377-395.

[13] Schulz-Gasch, T., Stahl, M., Binding site characteristics in structure-based virtual screening: evaluation of current docking tools. J. Mol. Model. 2003, 9, 47-57.

[14] McGann, M. R., Almond, H. R., Nicholls, A., Grant, J. A. et al., Gaussian docking functions. Biopolymers 2003, 68, 76-90.

[15] Friesner, R. A., Banks, J. L., Murphy, R. B., Halgren, T. A. et al., Glide: A new approach for rapid, accurate docking and scoring. 1. method and assessment of
docking accuracy. J. Med. Chem. 2004, 47, 1739-1749.

[16] Friesner, R. A., Murphy, R. B., Repasky, M. P., Frye, L. L. et al., Extra precision glide: docking and scoring incorporating a model of hydrophobic enclosure for
protein-ligand complexes. J. Med. Chem. 2006, 49, 6177-6196.

[17] Sherman, W., Beard, H. S., Farid, R., Use of an induced fit receptor structure in virtual screening. Chem. Biol. Drug Des. 2006, 67, 83-84.

[18] Sherman, W., Day, T., Jacobson, M. P., Friesner, R. A. et al., Novel procedure for modeling ligand/receptor induced fit effects. J. Med. Chem. 2006, 49, 534-553.
[19] Jones, G., Willett, P., Glen, R. C., Leach, A. R. et al., Development and validation of a genetic algorithm for flexible docking. J. Mol. Biol. 1997, 267, 727-748.

[20] Verdonk, M. L., Cole, J. C., Hartshorn, M. J., Murray, C. W. et al., Improved protein-ligand docking using GOLD. Proteins 2003, 52, 609-623.

[21] Totrov, M., Abagyan, R., Flexible protein-ligand docking by global energy optimization in internal coordinates. Proteins 1997, Suppl 1, 215-220.

[22] Cavasotto, C. N., Abagyan, R. A., Protein flexibility in ligand docking and virtual screening to protein kinases. J. Mol. Biol. 2004, 337, 209-225.

[23] Warren, G. L., Andrews, C. W., Capelli, A. M., Clarke, B. et al., A critical assessment of docking programs and scoring functions. J. Med. Chem. 2006, 49, 5912-
5931.

[24] Goto, J., Kataoka, R., Hirayama, N., Ph4Dock: pharmacophore-based protein-ligand docking. J. Med. Chem. 2004, 47, 6804-6811.

[25] Thomsen, R., Christensen, M. H., MolDock: a new technique for high-accuracy molecular docking. J. Med. Chem. 2006, 49, 3315-3321.

[26] Morley, S. D., Afshar, M., Validation of an empirical RNA-ligand scoring function for fast flexible docking using Ribodock. J. Comput. Aided Mol. Des. 2004, 18,
189-208.



[27] Schnecke, V., Kuhn, L. A, Virtual screening with solvation and ligand-induced complementarity. Persp. Drug Discov. Des. 2000, 20, 171-190.

[28] Zavodszky, M. ., Kuhn, L. A., Side-chain flexibility in protein-ligand binding: the minimal rotation hypothesis. Protein Sci. 2005, 14, 1104-1114.

[29] Jain, A. N., Surflex: fully automatic flexible molecular docking using a molecular similarity-based search engine. J. Med. Chem. 2003, 46, 499-511.

[30] Pham, T. A., Jain, A. N., Parameter estimation for scoring protein-ligand interactions using negative training data. J. Med. Chem. 2006, 49, 5856-5868.

[31] Tetko, I. V., Computing chemistry on the web. Drug Discov. Today 2005, 10, 1497-1500.

[32] Geldenhuys, W. J., Gaasch, K. E., Watson, M., Allen, D. D. et al., Optimizing the use of open-source software applications in drug discovery. Drug Discov. Today
2006, 11, 127-132.

[33] Boehm, H. J., The computer program LUDI: a new method for the de novo design of enzyme inhibitors. J. Comp. Aided Mol. Des, 1992, 6, 61-78.

[34] Bohm, H. J., The development of a simple empirical scoring function to estimate the binding constant for a protein-ligand complex of known three-dimensional
structure. J. Comput. Aided Mol. Des. 1994, 8, 243-256.

[35] Degen, J., Rarey, M., FlexNovo: structure-based searching in large fragment spaces. ChemMedChem 2006, 1, 854-868.

[36] Bohacek, R., McMartin, C., Glunz, P., Rich, D. H., GrowMol, a de novo computer program, and its application to thermolysin and pepsin: results of the design and
synthesis of a novel inhibitor. The IMA Volumes in Mathematics and Its Applications 1999, 108 (Rational Drug Design), 103-114.

[37] Honma, T., Recent advances in de novo design strategy for practical lead identification. Med. Res. Rev. 2003, 23, 606-632.

[38] Wang, R., Gao, Y., Lai, L., LigBuilder: a multi-purpose program for structure-based drug design. J. Mol. Model. 2000, 6, 498-516.

[39] Mata, P., Gillet, V. J., Johnson, A. P., Lampreia, J. et al., SPROUT: 3D Structure Generation Using Templates. J. Chem. Inf. Comp. Sci. 1995, 35, 479-493.

[40] Yang, G. F., Huang, X., Development of quantitative structure-activity relationships and its application in rational drug design. Curr. Pharm. Des. 2006, 12, 4601-
4611.

[41] Cramer, R. D., lll, Patterson, D. E., Bunce, J. D., Comparative molecular field analysis (CoMFA). 1. Effect of shape on binding of steroids to carrier proteins. J. Am.
Chem. Soc. 1988, 110, 5959-5967.

[42] Bohm, M., St rzebecher, J., Klebe, G., Three-dimensional quantitative structure-activity relationship analyses using comparative molecular field analysis and
comparative molecular similarity indices analysis to elucidate selectivity differences of inhibitors binding to trypsin, thrombin, and factor Xa. J. Med. Chem. 1999, 42, 458-
477.

[43] Sippl, W., 3D-QSAR using the GRID/GOLPE approach. Methods Principles Med. Chem. 2006, 27, 145-170.

[44] Goodford, P. J., A computational procedure for determining energetically favorable binding sites on biologically important macromolecules. J. Med. Chem. 1985,
28, 849-857.

[45] Boobbyer, D. N., Goodford, P. J., McWhinnie, P. M., Wade, R. C., New hydrogen-bond potentials for use in determining energetically favorable binding sites on
molecules of known structure. J. Med. Chem. 1989, 32, 1083-1094.

[46] Hurst, T., Heritage, T. W., Clark, R. D., HQSAR - predicting biological activity using molecular holograms. Book of Abstracts, 215th ACS National Meeting, Dallas,
March 29-April 2 1998, COMP-038.

[47] Heritage, T. W., Lowis, D. R., Molecular hologram QSAR. ACS Symposium Series 1999, 719, 212-225.

[48] Vedani, A., Dobler, M., Lill, M. A., Combining Protein Modeling and 6D-QSAR. Simulating the Binding of Structurally Diverse Ligands to the Estrogen Receptor. J.
Med. Chem. 2005, 48, 3700-3703.

[49] Robinson, D. D., Winn, P. J., Lyne, P. D., Richards, W. G., Self-organizing molecular field analysis: a tool for structure-activity studies. J. Med. Chem. 1999, 42,
573-583.

[50] Greenidge, P. A., Weiser, J., A comparison of methods for pharmacophore generation with the catalyst software and their use for 3D-QSAR: application to a set of
4-aminopyridine thrombin inhibitors. Mini Rev. Med. Chem. 2001, 1, 79-87.

[51] Guner, O., Clement, O., Kurogi, Y., Pharmacophore modeling and three dimensional database searching for drug design using catalyst: recent advances. Curr.
Med. Chem. 2004, 11, 2991-3005.



[52] Kurogi, Y., Guner, O. F., Pharmacophore modeling and three-dimensional database searching for drug design using catalyst. Curr. Med. Chem. 2001, 8, 1035-
1055.

[53] Martin, Y. C., Bures, M. G., Danaher, E. A., DeLazzer, J. et al., A fast new approach to pharmacophore mapping and its application to dopaminergic and
benzodiazepine agonists. J. Comput. Aided Mol. Des. 1993, 7, 83-102.

[54] Clark, R. D., OptiSim: An Extended Dissimilarity Selection Method for Finding Diverse Representative Subsets. J. Chem. Inf. Comp. Sci. 1997, 37, 1181-1188.

[55] Jones, G., Willett, P., Glen, R. C., A genetic algorithm for flexible molecular overlay and pharmacophore elucidation. J. Comput. Aided Mol. Des. 1995, 9, 532-549.
[56] Bender, A., Mussa, H. Y., Glen, R. C., Reiling, S., Molecular similarity searching using atom environments, information-based feature selection, and a naive
Bayesian classifier. J. Chem. Inf. Comput. Sci. 2004, 44, 170-178.

[57] Bender, A., Mussa, H. Y., Glen, R. C., Reiling, S., Similarity searching of chemical databases using atom environment descriptors (MOLPRINT 2D): evaluation of
performance. J. Chem. Inf. Comput. Sci. 2004, 44, 1708-1718.

[58] Dixon, S. L., Smondyrev, A. M., Knoll, E. H., Rao, S. N. et al., PHASE: a new engine for pharmacophore perception, 3D QSAR model development, and 3D
database screening: 1. Methodology and preliminary results. J. Comp. Aided Mol. Des, 2006, 20, 647-671.

[59] Dixon, S. L., Smondyrev, A. M., Rao, S. N., PHASE: A Novel Approach to Pharmacophore Modeling and 3D Database Searching. Chem. Biol. Drug Des. 2006, 67,
370-372.

[60] 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.

[61] Jain, A. N., Ligand-based structural hypotheses for virtual screening. J. Med. Chem. 2004, 47, 947-961.

[62] Lauri, G., Bartlett, P. A., CAVEAT: a program to facilitate the design of organic molecules. J. Comp. Aided Mol. Des, 1994, 8, 51-66.

[63] Tetko, I. V., Gasteiger, J., Todeschini, R., Mauri, A. et al., Virtual computational chemistry laboratory--design and description. J. Comput. Aided Mol. Des. 2005, 19,
453-463.

[64] Fischer, P. M., Peptide, peptidomimetic, and small-molecule antagonists of the p53—HDM2 protein—protein interaction. Int. J. Peptide Res. Ther. 2006, 12, 3-19.
[65] Grasberger, B. L., Lu, T., Schubert, C., Parks, D. J. et al., Discovery and Cocrystal Structure of Benzodiazepinedione HDM2 Antagonists That Activate p53 in
Cells. J. Med. Chem. 2005, 48, 909-912.

[66] Fry, D. C., Emerson, S. D., Palme, S., Vu, B. T. et al., NMR structure of a complex between MDM2 and a small molecule inhibitor. J. Biomol. NMR 2004, 30, 163-
173.

[67] Vassilev, L. T., Vu, B. T., Graves, B., Carvajal, D. et al., In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 2004, 303, 844-
848.

[68] Ding, K., Lu, Y., Nikolovska-Coleska, Z., Wang, G. et al., Structure-Based Design of Spiro-oxindoles as Potent, Specific Small-Molecule Inhibitors of the MDM2-
p53 Interaction. J. Med. Chem. 2006, 49, 3432-3435.

[69] Doddareddy, M. R., Jung, H. K., Lee, J. Y., Lee, Y. S. et al., First pharmacophoric hypothesis for T-type calcium channel blockers. Bioorg. Med. Chem. 2004, 12,
1605-1611.

[70] Reimer, K. A., Califf, R. M., Good news for experimental concept but bad news for clinically effective therapy. Circ. 1999, 99, 198-200.

[71] Doddareddy, M. R., Choo, H., Cho, Y. S., Rhim, H. et al., 3D pharmacophore based virtual screening of T-type calcium channel blockers. Bioorg. Med. Chem.
2007, 15, 1091-1105.



