
Figure 4.20: Benchmarks of GeauxDock against the CCDC/Astex dataset. Three mea-
sures are included, a pure computational performance, the performance divided by the
energy consumption, and the performance divided by the hardware cost. Measurements
for different platforms are normalized by the performance of Core i7-2600 CPU.

Figure 4.21: Examples of docking calculations using GeauxDock. Three cases are pre-
sented, a peptide ligand and C-src tyrosine kinase (PDB-ID: 1a07, black), glutathione
and glutathione S-transferase (PDB-ID: 1aqw, green), as well as LY178550 and human
-thrombin (PDB-ID: 1d4p, red). (A) Solid lines show the pseudo-energy plotted as a func-
tion of the accepted Metropolis Monte Carlo (MMC) step; a trajectory of the RMSD is
plotted for 1a07 (dashed black line). (B) Scatter plot of the RMSD and pseudo-energy for
1a07.
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Figure 4.22: Docking accuracy of AutoDock Vina and GeauxDock on the PDBbind dataset.
The performance is assessed by ligand heavy-atom RMSD calculated against experimental
binding poses. A horizontal line inside each box is the median, boxes end at the first and
the last quartile, and the whiskers span the distribution range of 10-90%. Two boxes on
the left correspond to the self-docking experiment, whereas two boxes on the right are
calculated for docking benchmarks against homology models.
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Chapter 5
SUMMARY

Molecular docking is a promising technique that can make use of the vast amount of

experimental data in structural biology for the purpose of rational drug design. This thesis

summons up my original research work on several aspects in this field.

I developed the Contact Mode Score, a metric that quantifies the conformational sim-

ilarity of protein-ligand complexes based on intermolecular contacts. Compared with the

traditional root-mean-square deviation, its advantages include mitigating the dependence

on the ligand size and taking into account the protein environment. I further developed

the eXtended Contact Mode Score that capitalizes on the conservation of ligand binding

across structurally similar pocket occupied by chemically similar ligands. It can be applied

to evaluate predicted structures from molecular docking, where a retrospective assessment

cannot be performed because the experimental structures of the majority of complexes are

unavailable. The eXtended Contact Mode Score sets a typical example of using the readily

available template data in structural biology.

I developed GeauxDock docking engine, a molecular docking approach featuring a

novel descriptor-based scoring function and a mixed-resolution description of protein-ligand

complexes. Benchmarks demonstrate that GeauxDock is capable of recognizing native-like

binding modes with the area under ROC of 0.85. The scoring function of GeauxDock

incorporates two distinct types of energy terms, physics- and evolution-based. The latter

are derived from evolutionary related complex structures, and their strength depends on

the level of homology between the target and template systems. In that regard, this new

approach is able to take advantage of the increasingly accumulating protein structural data.

Through collaboration, the GeauxDock docking engine was implemented onto modern

parallel computing architectures. The program supports multi-core CPU, as well as Xeon

Phi and GPU accelerators. High parallel efficiency has been achieved that 95% of the
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computing time is spent on executing the Monte Carlo kernels. In addition to the evaluation

of a purely computational performance, we also examined the energy consumption and

hardware costs. In conclusion, heterogeneous computing platforms, especially the ones

equipped with the latest GPU cards, provide significant advantages over traditional CPU-

based systems in processing large scale molecular docking simulations.
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[120] D. Plewczynski, M.  Laźniewski, R. Augustyniak, and K. Ginalski. Can we trust

docking results? Evaluation of seven commonly used programs on PDBbind database.

Journal of Computational Chemistry 32, 742 (2011).

[121] G. M. Morris, D. S. Goodsell, R. S. Halliday, R. Huey, W. E. Hart, et al. Automated

docking using a Lamarckian genetic algorithm and an empirical binding free energy

function. Journal of computational chemistry 19, 1639 (1998).

[122] G. Neudert and G. Klebe. DSX : A Knowledge-Based Scoring Function for the Assess-

ment of ProteinLigand Complexes. Journal of Chemical Information and Modeling

51, 2731 (2011).

[123] R. A. Friesner, J. L. Banks, R. B. Murphy, T. A. Halgren, J. J. Klicic, et al. Glide:

a new approach for rapid, accurate docking and scoring. 1. Method and assessment

of docking accuracy. Journal of medicinal chemistry 47, 1739 (2004).

[124] I. Muegge. PMF scoring revisited. Journal of medicinal chemistry 49, 5895 (2006).

[125] H. Gohlke, M. Hendlich, and G. Klebe. Knowledge-based scoring function to predict

protein-ligand interactions. Journal of molecular biology 295, 337 (2000).

[126] W. Mooij and M. L. Verdonk. General and targeted statistical potentials for pro-

teinligand interactions. Proteins: Structure, Function, and Bioinformatics 61, 272

(2005).

121



[127] D. B. Kitchen, H. Decornez, J. R. Furr, and J. Bajorath. Docking and scoring in

virtual screening for drug discovery: methods and applications. Nature Reviews Drug

Discovery 3, 935 (2004).

[128] T. Cheng, Q. Li, Z. Zhou, Y. Wang, and S. H. Bryant. Structure-Based Virtual

Screening for Drug Discovery: a Problem-Centric Review. The AAPS Journal 14,

133 (2012).

[129] S.-Y. Huang, S. Z. Grinter, and X. Zou. Scoring functions and their evaluation

methods for proteinligand docking: recent advances and future directions. Physical

Chemistry Chemical Physics 12, 12899 (2010).

[130] J. Liu and R. Wang. Classification of Current Scoring Functions. Journal of Chemical

Information and Modeling 55, 475 (2015).

[131] P. Ferrara, H. Gohlke, D. J. Price, G. Klebe, and C. L. Brooks. Assessing scoring

functions for protein-ligand interactions. Journal of medicinal chemistry 47, 3032

(2004).

[132] T. Cheng, X. Li, Y. Li, Z. Liu, and R. Wang. Comparative Assessment of Scoring

Functions on a Diverse Test Set. Journal of Chemical Information and Modeling 49,

1079 (2009).

[133] C. Bissantz, P. Bernard, M. Hibert, and D. Rognan. Proteinbased virtual screening

of chemical databases. II. Are homology models of gprotein coupled receptors suitable

targets? Proteins: Structure, Function, and Bioinformatics 50, 5 (2003).

[134] S. L. McGovern and B. K. Shoichet. Information decay in molecular docking screens

against holo, apo, and modeled conformations of enzymes. Journal of medicinal chem-

istry 46, 2895 (2003).

122



[135] S. Karthikeyan, Q. Zhou, A. L. Osterman, and H. Zhang. Ligand Binding-Induced

Conformational Changes in Riboflavin Kinase: Structural Basis for the Ordered

Mechanism , . Biochemistry 42, 12532 (2003).

[136] J. A. Erickson, M. Jalaie, D. H. Robertson, R. A. Lewis, and M. Vieth. Lessons in

Molecular Recognition: The Effects of Ligand and Protein Flexibility on Molecular

Docking Accuracy. Journal of Medicinal Chemistry 47, 45 (2004).

[137] S. Renfrey and J. Featherstone. Structural proteomics. Nature Reviews Drug Discov-

ery 1, 175 (2002).

[138] J. Skolnick, H. Zhou, and M. Gao. Are predicted protein structures of any value for

binding site prediction and virtual ligand screening? Current Opinion in Structural

Biology 23, 191 (2013).

[139] M. Brylinski and J. Skolnick. Comprehensive structural and functional characteriza-

tion of the human kinome by protein structure modeling and ligand virtual screening.

Journal of chemical information and modeling 50, 1839 (2010).

[140] H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, et al. The protein

data bank. Nucleic acids research 28, 235 (2000).

[141] C. Venkatachalam, X. Jiang, T. Oldfield, and M. Waldman. LigandFit: a novel

method for the shape-directed rapid docking of ligands to protein active sites. Journal

of Molecular Graphics and Modelling 21, 289 (2003).

[142] R. S. Mulliken. Electronic population analysis on LCAOMO molecular wave func-

tions. I. The Journal of Chemical Physics 23, 1833 (1955).

[143] L. Yang, C.-h. Tan, M.-J. Hsieh, J. Wang, Y. Duan, et al. New-Generation Amber

United-Atom Force Field. The Journal of Physical Chemistry B 110, 13166 (2006).

123



[144] H.-P. Schwefel. Numerical optimization of computer models. John Wiley & Sons, Inc.

(1981).

[145] M. Levitt. A simplified representation of protein conformations for rapid simulation

of protein folding. Journal of molecular biology 104, 59 (1976).

[146] S. Miyazawa and R. L. Jernigan. Estimation of effective interresidue contact energies

from protein crystal structures: quasi-chemical approximation. Macromolecules 18,

534 (1985).

[147] M. Brylinski and D. Lingam. eThread: a highly optimized machine learning-based

approach to meta-threading and the modeling of protein tertiary structures. PloS one

7, e50200 (2012).

[148] M. Brylinski. Nonlinear Scoring Functions for Similarity-Based Ligand Docking and

Binding Affinity Prediction. Journal of Chemical Information and Modeling 53, 3097

(2013).

[149] D. J. Rogers and T. T. Tanimoto. A Computer Program for Classifying Plants.

Science 132, 1115 LP (1960).

[150] E. Parzen. On estimation of a probability density function and mode. The annals of

mathematical statistics pp. 1065–1076 (1962).

[151] M. Rosenblatt. Remarks on some nonparametric estimates of a density function. The

Annals of Mathematical Statistics 27, 832 (1956).

[152] I. Muegge and M. Rarey. Small molecule docking and scoring. Reviews in computa-

tional chemistry 17, 1 (2001).

[153] I. D. Kuntz, J. M. Blaney, S. J. Oatley, R. Langridge, and T. E. Ferrin. A geometric

approach to macromolecule-ligand interactions. Journal of molecular biology 161,

269 (1982).

124



[154] N. Eswar, B. Webb, M. A. Marti-Renom, M. Madhusudhan, D. Eramian, et al.

Comparative Protein Structure Modeling Using Modeller. In Current Protocols in

Bioinformatics, pp. 5.6.1–5.6.30. John Wiley & Sons, Inc., Hoboken, NJ, USA (2006).

[155] Z. Zhang and O. F. Lange. Replica Exchange Improves Sampling in Low-Resolution

Docking Stage of RosettaDock. PLoS ONE 8, e72096 (2013).

[156] M. J. Hartshorn, M. L. Verdonk, G. Chessari, S. C. Brewerton, W. T. M. Mooij,

et al. Diverse, High-Quality Test Set for the Validation of ProteinLigand Docking

Performance. Journal of Medicinal Chemistry 50, 726 (2007).

[157] M. Steinbach, G. Karypis, and V. Kumar. A comparison of document clustering

techniques. In KDD workshop on text mining, volume 400, pp. 525–526. Boston

(2000).

[158] V. Sobolev, A. Sorokine, J. Prilusky, E. Abola, and M. Edelman. Automated analysis

of interatomic contacts in proteins. Bioinformatics 15, 327 (1999).

[159] V. Sobolev, T. M. Moallem, R. C. Wade, G. Vriend, and M. Edelman. CASP2

molecular docking predictions with the LIGIN software. Proteins Structure Function

and Genetics 29, 210 (1997).

[160] R. Najmanovich, J. Kuttner, V. Sobolev, and M. Edelman. Sidechain flexibility in

proteins upon ligand binding. Proteins: Structure, Function, and Bioinformatics 39,

261 (2000).

[161] G. R. Stockwell and J. M. Thornton. Conformational Diversity of Ligands Bound to

Proteins. Journal of Molecular Biology 356, 928 (2006).

[162] M. C. Nicklaus, S. Wang, J. S. Driscoll, and G. W. Milne. Conformational changes

of small molecules binding to proteins. Bioorganic & Medicinal Chemistry 3, 411

(1995).

125



[163] R. M. Knegtel, I. D. Kuntz, and C. Oshiro. Molecular docking to ensembles of protein

structures. Journal of Molecular Biology 266, 424 (1997).

[164] M. Brylinski, S. Y. Lee, H. Zhou, and J. Skolnick. The utility of geometrical and

chemical restraint information extracted from predicted ligand-binding sites in protein

structure refinement. Journal of structural biology 173, 558 (2011).

[165] H. Fan, D. Schneidman-Duhovny, J. J. Irwin, G. Dong, B. K. Shoichet, et al. Sta-

tistical potential for modeling and ranking of proteinligand interactions. Journal of

chemical information and modeling 51, 3078 (2011).

[166] I. Muegge and Y. C. Martin. A general and fast scoring function for protein-ligand

interactions: a simplified potential approach. Journal of medicinal chemistry 42, 791

(1999).

[167] H. Gohlke and G. Klebe. Statistical potentials and scoring functions applied to pro-

teinligand binding. Current opinion in structural biology 11, 231 (2001).

[168] N. J. J. Salkind. Encyclopedia of measurement and statistics. Sage Publications

(2006).

[169] R. L. DesJarlais, D. S. Yamashita, H.-j. Oh, I. N. Uzinskas, K. F. Erhard, et al.

Use of X-ray Co-crystal Structures and Molecular Modeling To Design Potent and

Selective Non-peptide Inhibitors of Cathepsin K. Journal of the American Chemical

Society 120, 9114 (1998).

[170] K. I. Varughese, Y. Su, D. Cromwell, S. Hasnain, and Nguyen Huu Xuong. Crystal

structure of an actinidin-E-64 complex. Biochemistry 31, 5172 (1992).

[171] S. Yin, L. Biedermannova, J. Vondrasek, and N. V. Dokholyan. MedusaScore: An

Accurate Force Field-Based Scoring Function for Virtual Drug Screening. Journal of

Chemical Information and Modeling 48, 1656 (2008).

126



[172] Y. Chen and D. Zhi. Ligand-protein inverse docking and its potential use in the

computer search of protein targets of a small molecule. Proteins: Structure, Function,

and Genetics 43, 217 (2001).

[173] G. Lauro, M. Masullo, S. Piacente, R. Riccio, and G. Bifulco. Inverse Virtual Screen-

ing allows the discovery of the biological activity of natural compounds. Bioorganic &

Medicinal Chemistry 20, 3596 (2012).

[174] D.-L. Ma, D. S.-H. Chan, and C.-H. Leung. Drug repositioning by structure-based

virtual screening. Chemical Society Reviews 42, 2130 (2013).

[175] S. L. Kinnings, N. Liu, N. Buchmeier, P. J. Tonge, L. Xie, et al. Drug Discovery Using

Chemical Systems Biology: Repositioning the Safe Medicine Comtan to Treat Multi-

Drug and Extensively Drug Resistant Tuberculosis. PLoS Computational Biology 5,

e1000423 (2009).

[176] Y. Y. L. J. An and S. J. M. Jones. A large-scale computational approach to drug

repositioning. Genome Informatics 17, 239 (2006).

[177] I. Guyon and A. Elisseeff. An introduction to variable and feature selection. The

Journal of Machine Learning Research 3, 1157 (2003).

[178] S. L. Kinnings, N. Liu, P. J. Tonge, R. M. Jackson, L. Xie, et al. A machine learning-

based method to improve docking scoring functions and its application to drug repur-

posing. Journal of chemical information and modeling 51, 408 (2011).
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LETTER OF PERMISSION B

The next few pages is a copy of the letter of permission to use the published article titled
“GeauxDock: A novel approach for mixedresolution ligand docking using a descriptorbased
force field” in this Chapter 3.
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