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To describe protein-ligand interactions realistically, it is necessary to account for the structural
changes in both the receptor and the ligand during complex formation. However, in classi-
cal docking approaches the receptor is treated either rigidof semi-rigid. We developed new
program, DynaDock6, which allows full flexibility for both, the ligand and the receptor dur-
ing docking. For this purpose we combined two new methods: IRECS (Iterative REduction
of Conformational Space)4 and OPMD (Optimized Potential Molecular Dynamics), which to-
gether allow an efficient sampling of ligand and receptor conformations.

1 Introduction

The major application for protein-ligand docking is the development of new drugs for
efficient and safe treatment of diseases. Molecular dockingmethods developed for this
purpose are very efficient approaches, which are specifically designed for rapid identifica-
tion and characterization of protein-ligand interactions. The main application area of these
methods is virtual screening. Virtual screening places tight CPU time constraints on the
applied methodology due to the enormous number of potentialdrug molecules to be tested
(around 100.000 to 1.000.000 molecules). Due to these time constraints one very rigorous
approximation is commonly used: the structural changes in the receptor upon ligand bind-
ing are neglected. However, for a growing number of target structures receptor flexibility
is crucial. Thus the efficient treatment of protein flexibility during docking is one of the
major challenges within the field.

2 Methods

2.1 IRECS

The most commonly used methods for an efficient treatment of side chain flexibility dur-
ing docking are discrete optimization approaches based on predefined side chain rotamers,
like e.g. ensemble methods (e.g. FlexE1). Due to the large number of possible side chain
conformations at the receptors binding interface, these docking approaches often face the
problem of a combinatorial explosion if all possible side chain conformations are consid-
ered. Thus it is crucial to preselect a small number of flexible side chains in the binding site
for which alternative conformations are used. IRECS was developed for this purpose. It is
a new tool for side chain placement, which is especially tailored to the needs of molecular
docking. In contrast to other side chain placement tools, which predict the same number
of conformations (mostly one) to all side chains of the protein, our tool is able to predict
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an ensemble of the most probable conformations for each sidechain of a protein. The rela-
tive numbers of rotamers that are assigned to each side chaincorrespond to the side chains
flexibility. The abolute level of flexibility can be defined bythe user as the final rotamer
density (average number of rotamers per residue in the protein) of the output structures.
Thus IRECS leads to a minimal, flexibility optimized set of binding site side chain con-
formers. The predicted side chain ensembles can be used for ensemble based docking
(FlexE). The typical application areas of IRECS/FlexE are drug design projects for which
a relatively fast algorithm is required and for which a discrete approximation of side chain
flexibility is sufficient.

2.2 DynaDock

Although the number of target structures for which molecular docking can be performed
increases considerably by the use of discrete, rotamer based flexible docking approaches,
there are several limitations of these methods for which no satisfying solution has been yet
found. The main restriction is that backbone movement can beconsidered only to a very
limited extent. Another limitation is that, to be efficient enough, a rather coarse grained
definition of the conformations must be used. Thus induced fiteffects upon ligand bind-
ing, which are too small to lead to new side chain conformations, but are necessary for
successful binding, are not considered. Last but not least,all docking methods still have a
sampling problem if the number of the rotational degrees of freedom to be considered is
above a certain limit. Thus efficiently docking a very large,flexible ligand into a flexible
binding site is still a challenge for the field.
We have developed a new docking algorithm, DynaDock, which is especially suited for
such cases. DynaDock combines discrete search algorithms from bio- and cheminformat-
ics with continuous biophysical simulation methods. The underlying idea behind the algo-
rithm is to first perform a flexible ligand-rigid protein docking on the basis of a modified in-
teraction energy function, which allows for overlapping conformations (can be performed
with IRECS). These conformations are then refined by regaining the correct physical in-
teraction energy landscape during a fully flexible simulation of the whole system. For
this purpose a new simulation method was developed, Optimized Potential Molecular Dy-
namics (OPMD), which allows for an efficient molecular dynamics based sampling of the
conformational space of both the protein and the ligand. Thecombined DynaDock-OPMD
algorithm leads to a mutual adaptation of the 3D shapes of theligand and the protein’s
binding pocket.

3 Results

The performance of IRECS was evaluated on a set of 160 crystalstructures of proteins.
First, final structures were predicted with a rotamer density equal one, i.e. with a single
conformation per side chain. This corresponds the output ofother side chain prediction
programs. The results were compared to two other side-chainprediction tools, SCWRL2

and SCAP3. IRECS achieved aχ1 accuracy of84.7% and aχ1+2 accuracy of74.3%,
using a40◦ cutoff. The average side chain RMSD from the crystal structures was 0.78
Å. This is comparable to the performance of SCWRL2 (χ1 = 82.3%, χ1+2 = 68.0%, av.
RMSD = 0.85Å) and SCAP3 (χ1 = 84.0%, χ1+2 = 80.6%, av. RMSD = 0.82Å).
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Figure 1. (a) A helix (chain B, position 69-80) of human UDP-galactose 4-epimerase (PDB: 1EK6). The side
chains predicted with IRECS are red, the side chains of the crystal structure are blue. (b) Average number of
rotamers assigned to the different amino acids in the final structures predicted by IRECS (rotamer density of 2).

In addition, final structures with a rotamer density of two were predicted and the av-
erage number of rotamers per amino acid type was analysed. These numbers (Figure 1b)
correspond very well to the internal flexibility of the individual amino acids. Thus the
ensembes of side chain rotamers assigned by IRECS are representative for the internal
flexibility of individual residues.
The DynaDock method was tested on a set of 20 X-ray structuresof protein-peptide com-
plexes obtained from the PDB database. The structures were chosen to cover a wide range
with respect to the peptide’s length (3 to 11 residues) and its surface exposure (20 to 60
%). Starting with randomly disturbed peptide conformationsaround the binding site with
a peptide RMSD larger than 3.5̊A, we were able to obtain refined structures with RMSD
values smaller than 2.0̊A for all complexes in our test set using the OPMD approach.
Analysing the RMSD of the lowest energy structures, it was observed that also these val-
ues were smaller than 2.1̊A for 11 cases and only one case was above 3.0Å, namely 3.5
Å. These are very promising results, especially considering that also the longest peptide
(11 residues) could be refined to 1.08Å.
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