
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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[179] D. M. Krüger, G. Jessen, and H. Gohlke. How Good Are State-Of-The-Art Docking

Tools in Predicting Ligand Binding Modes in Protein-Protein Interfaces? Journal of

Chemical Information and Modeling 52, 2807 (2012).

[180] H. Merlitz and W. Wenzel. Comparison of stochastic optimization methods for recep-

torligand docking. Chemical Physics Letters 362, 271 (2002).

127



[181] H. Sutter. The free lunch is over: A fundamental turn toward concurrency in software.

Dr. Dobbs journal 30, 202 (2005).

[182] H. Esmaeilzadeh, E. Blem, R. S. Amant, K. Sankaralingam, and D. Burger. Dark

silicon and the end of multicore scaling. In Proceeding of the 38th annual international

symposium on Computer architecture - ISCA ’11, p. nil (2011).

[183] W. chun Feng, X. Feng, and R. Ge. Green Supercomputing Comes of Age. IT

Professional 10, 17 (2008).

[184] J. E. Stone, D. Gohara, and G. Shi. OpenCL: A Parallel Programming Standard

for Heterogeneous Computing Systems. Computing in Science & Engineering 12, 66

(2010).

[185] J. Jeffers and J. Reinders. Intel Xeon Phi coprocessor high-performance programming.

Newnes (2013).

[186] M. Simonsen, M. H. Christensen, R. Thomsen, and C. N. S. Pedersen. GPU-

Accelerated High-Accuracy Molecular Docking Using Guided Differential Evolution,

pp. 349–367. Natural Computing Series. Springer Science + Business Media (2013).

[187] O. Korb, T. Stutzle, and T. E. Exner. Accelerating Molecular Docking Calculations

Using Graphics Processing Units. Journal of Chemical Information and Modeling 51,

865 (2011).

[188] G. D. Guerrero, H. E. Perez-Snchez, J. M. Cecilia, and J. M. Garcia. Parallelization

of Virtual Screening in Drug Discovery on Massively Parallel Architectures. In 2012

20th Euromicro International Conference on Parallel, Distributed and Network-based

Processing, p. nil (2012).

128



[189] S. McIntosh-Smith, J. Price, R. B. Sessions, and A. A. Ibarra. High Performance

in Silico Virtual Drug Screening on Many-Core Processors. International Journal of

High Performance Computing Applications 29, 119 (2014).

[190] M. Brylinski and J. Skolnick. Q-Dock: Low-resolution flexible ligand docking with

pocket-specific threading restraints. Journal of Computational Chemistry 29, 1574

(2008).

[191] D. J. Earl and M. W. Deem. Parallel Tempering: Theory, Applications, and New

Perspectives. Physical Chemistry Chemical Physics 7, 3910 (2005).

[192] P. J. Mucci, S. Browne, C. Deane, and G. Ho. PAPI: A portable interface to hardware

performance counters. In Proceedings of the department of defense HPCMP users

group conference, pp. 7–10 (1999).

[193] P. S. Charifson, L. M. Shewchuk, W. Rocque, C. W. Hummel, S. R. Jordan, et al.

Peptide Ligands of Pp60 C-Src Sh2 Domains: A Thermodynamic and Structural

Study. Biochemistry 36, 6283 (1997).

[194] A. K. Ghose, V. N. Viswanadhan, and J. J. Wendoloski. A Knowledge-Based

Approach in Designing Combinatorial Or Medicinal Chemistry Libraries for Drug

Discovery. 1. A Qualitative and Quantitative Characterization of Known Drug

Databases. J. Comb. Chem. 1, 55 (1999).

[195] W. P. Feinstein and M. Brylinski. Efindsite: Enhanced Fingerprint-Based Virtual

Screening Against Predicted Ligand Binding Sites in Protein Models. Molecular In-

formatics 33, 135 (2014).

[196] K. Beyls and E. DHollander. Reuse distance as a metric for cache behavior. In

Proceedings of the IASTED Conference on Parallel and Distributed Computing and

systems, volume 14, pp. 350–360 (2001).

129



[197] E. Blem, J. Menon, and K. Sankaralingam. A detailed analysis of contemporary arm

and x86 architectures. UW-Madison Technical Report (2013).

[198] R. Raag and T. L. Poulos. The Structural Basis for Substrate-Induced Changes in

Redox Potential and Spin Equilibrium in Cytochrome P-450cam. Biochemistry 28,

917 (1989).

[199] L. Prade, R. Huber, T. H. Manoharan, W. E. Fahl, and W. Reuter. Structures of

Class Pi Glutathione S-Transferase From Human Placenta in Complex With Sub-

strate, Transition-State Analogue and Inhibitor. Structure 5, 1287 (1997).

[200] N. Y. Chirgadze, D. J. Sall, V. J. Klimkowski, D. K. Clawson, S. L. Briggs, et al. The

Crystal Structure of Human α-thrombin Complexed With Ly178550, a Nonpeptidyl,

Active Site-Directed Inhibitor. Protein Science 6, 1412 (1997).

[201] J. Gabel, J. Desaphy, and D. Rognan. Beware of Machine Learning-Based Scoring

Functions-On the Danger of Developing Black Boxes. Journal of Chemical Informa-

tion and Modeling 54, 2807 (2014).

[202] Y. Li, Z. Liu, J. Li, L. Han, J. Liu, et al. Comparative Assessment of Scoring

Functions on an Updated Benchmark: 1. Compilation of the Test Set. Journal of

Chemical Information and Modeling 54, 1700 (2014).

[203] M. Remmert, A. Biegert, A. Hauser, and J. Söding. Hhblits: Lightning-Fast Itera-
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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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