Computational Multi-Scale Modeling
In Protein-Ligand Docking
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Motivation: Why Protein-Ligand Docking?

What are the goals of docking ?

1. Accurate prediction of binding geometry
(the docking problem)

2. Accurate prediction of binding free energy
(the scoring problem )

Can we augment the experimental approach ?




Overview of ( Flexible Ligand / Rigid Receptor ) Docking
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Computational Multi-Scale Modeling In Protein-Ligand Docking
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Why Do We Need Protein Flexibility In Docking?

Dock ligand into receptor louy Dock ligand louy into receptor

Reference structure (Gray) Reference structure (Gray)
Docking Success (Blue) RMSD (1.8 A)  Docking Success (Blue) RMSD (1.5 A)
Rigid Receptor (Red) RMSD (8.1 A)  Rigid Receptor (Red) RMSD (8.7 A)



Approaches to Incorporate Protein Flexibility

If multiple crystal structures of the target protein exist:
Use multiple rigid protein conformations

Different approaches for protein conformational search:
1. (rigid backbone) flexible side chain

2. (flexible backbone ) flexible side chains

3. Entire protein flexible

MD  ( Molecular Dynamics in Cartesian Space)




Torsion Angle Molecular Dynamics (TAMD)

k+4thcluster

~

Molecules are represented with a branched tree structure
of rigid bodies (clusters) connected by hinges.

An efficient Newton-Euler inverse mass operator

(NEIMO) algorithm is used for solving the
equations of motion in internal coordinates (IC).




New Flexible Receptor Docking Algorithm Using TAMD

Step 1  Generate a diverse ensemble of flexible ligand conformations
using MD. ( N=200)

Step 2 TAMD sampling In the absence of the ligand (apo TAMD):
Generate a diverse ensemble of flexible receptor conformations
using TAMD simulated annealing. ( N=200)

Step 3 Using all-atom models and a soft-core potential,
P for each new receptor-ligand pair:

Perform 1000 ligand rotations to identify the optimal rotation
for each new ligand conf. in a given flexible receptor conf.

Step 4 TAMD sampling with the optimal ligand rotation (holo TAMD):
Refine the structure of the receptor-ligand complex using
TAMD simulated annealing. The protein and ligand are

flexible simultaneously.

Calculate AG binding for the ensemble of refined receptor-ligand
complexes, and select the “top 5" conformations.

For the top 5 conformations, perform additional MD conformational
sampling using the GBMV implicit solvent model. Use these
conformations for an improved calculation of AG binding.



“Cross-Docking” to Validate Flexible Protein Docking

What is Cross-Docking?

prot 1a9u prot 1bl6 prot 1bl7

lig 1a9u self-dock

lig 1bl6 self-dock

lig 1bl7 self-dock

Cross-Docking can determine the sensitivity of docking results
to changes in protein conformation:

1. Consider results from arow:



“Cross-Docking” to Validate Flexible Protein Docking

prot 1a9u prot 1bl6 prot 1bl7

lig 1a9u self-dock

lig 1bl6 self-dock

lig 1bl7 self-dock

We aim to validate the flexible docking algorithm by comparing
docking into a rigid receptor to flexible receptor TAMD docking.

We successfully demonstrate:




Cross-Docking Test Set for Validation of TAMD Method

Increasing Backbone Flexibility

>
Ser/Thr Kinases:  cAMP-PKA CDK2 p38alpha MAP
Asp Proteases: penicillopepsin, HIV-1 protease, endothiapepsin
Ser Proteases: Trypsin, Factor Xa, Thrombin
>
More rigid More flexible

1. Less challenging cases (rigid proteins):

model 3 (~16 h)

Solvent
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TAMD / MD protein flexibility
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Some ligands only require a very slight relaxation of the binding pocket
to find the correct conformation.




p38alpha MAP Kinase: Very Difficult Cross-Docking Test

Shown are 4 diverse protein-ligand complex crystal structures:

s




p38alpha MAP Kinase: A Diverse Set of Ligands

1 (1a9u) 2 (1bl6) 3 (1bl7) 4 (1di9)

HiC/, 20




Models of Protein Flexibility & Degrees of Freedom

TAMD model 1 TAMD model 2

The flexibility of the protein can be defined by any combination of




Cross-Docking Accuracy Validates the TAMD Approach

TAMD model 1 TAMD model 2
(2 erX|bIe loops) (6 flexible segments)

Cross-Docking Accuracy ( % success over 12x12 = 144 docking simulations )




Cross-Docking Accuracy Validates the TAMD Approach
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Complex Energy

AG Predicted
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Flexible Docking “Success” For a Difficult Test Case

Dock ligand Into receptor louy

Dock ligand louy into receptor

Reference structure (Gray)
Flexible Receptor (Blue) RMSD (1.8 A)
Rigid Receptor (Red) RMSD (8.1 A)

Flexible Receptor docking pose forms
70% of the native Prot-Lig contacts

Self-Docking pose forms up to 85%

Reference structure (Gray)
Flexible Receptor (Blue) RMSD (1.5 A)
Rigid Receptor (Red) RMSD (8.7 A)

Flexible Receptor docking pose forms
68% of the native Prot-Lig contacts

Self-Docking pose forms up to 90%



Dock a series of 230 ligands (p38alpha inhibitors)
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Conclusions & Future Directions

We have validated our flexible docking algorithm using cross-docking.

We successfully demonstrate:

1. That reasonable receptor conformations are sampled
regardless of the initial receptor conformation
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