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E-mail: {kufareva, abagyan}@scripps.edu

Protein flexibility and induced fit effects present a major obstacle to the development of bet-
ter molecular docking algorithms and scoring functions. Here we present several modeling
and sampling strategies to generate high quality ligand-induced receptor conformations. We
demonstrate that the repulsive-density approach, the alanine-scanning (SCARE) algorithm, and
the ligand-guided receptor modeling significantly improvethe ligand pose prediction, de novo
inhibitor finding via virtual screening, and ligand profiling results.

1 Introduction

Recent years have been characterized by great advances of structural proteomics and expo-
nential growth of the number of newly solved protein structures. However, these structures
still represent only a small fraction of therapeutically relevant proteome, with other pro-
teins only accessible in the form of approximate homology models. Moreover, as static
snapshots of protein dynamic flexibility, they are often notfully compatible with ligands
of interest. Ligand docking, screening and profiling efforts invariably fail in such cases.

General structure prediction methods of molecular dynamics simulations partially ad-
dress the problem, however, they are still incapable of identifying a reasonably small set
of dockable and screenable ligand binding pocket conformations. Alternatively, concur-
rent pocket/ligand global optimization can provide an exhaustive solution to the problem,
however, it is impractical due to time and resource requirements. A reasonable alternative
is the so-called mutiple receptor conformation (MRC) docking1. In this approach, the pro-
tein flexibility is represented by a series of rigid snapshots. For the best experimentally
explored cases, experimental snaphots (e.g. multiple crystallographic structures or NMR
ensembles) can be used as input for the MRC docking.

In the absence of mutiple experimental structures,ab initio or ligand-guided simu-
lations are needed to computationally generate an ensembleof receptor conformations.
Available approaches to this task include molecular dynamics (e.g. Eyrisch and Helms2),
normal mode analysis (e.g. Cavasotto, Kovacs and Abagyan3), and internal coordinate
sampling (e.g. Abagyan and Totrov4). All these methods, however, tend to produce far
too many models, most of them inappropriate for ligand docking due to insuficient volume
and shape of the binding pocket. Furthermore, the large number of pocket conformers
tends to decrease, rather than increase, the number of falsepositives in both pose predic-
tion and compound scoring and screening. In addition the large conformational ensembles
quickly become overwhelming for docking algorithms. Therefore, it is important to either
compress the generated conformational ensemble or reliably select its most informative
representatives.

We here present several modeling and sampling strategies togenerate high quality
ligand-induced receptor conformations. The first of them allows generation of more drug-
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gable pocket models by introducing a pocket controlling device in the form of repulsive
density. This method and its successful application to protein kinase CK2 are described in
Section 2. In some cases, while a major fraction of a crystallograhic or generated pocket
very closely resembles its bound conformation, the structural rearangements in the remain-
ing fraction creates steric hindrances with the ligand and makes it impossible to reproduce
the correct ligand binding geometry. In such cases, computational removal of the incor-
rectly placed elements provides a partially correct/partially empty pocket with sufficient
number of native contacts for the ligand to dock in the near-native pose. The common
wisdom underlying this approach is “better no atom than a wrong atom”. This aproach
was successfully implemented in theSCan Alanines and REfine(SCARE) flexible recep-
tor docking algorithm presented in Section 3. Computational excision, rather than mod-
eling, of structural elements of the receptor is also beneficial in cases where ligands bind
to pockets previously occupied by these elements. The so-called type II inhibitors of pro-
tein kinases form a well-studied family of such interactions. In Section 3, we also present
DOLPHIN (Deletion Of Loop from PHe-IN) kinase models as powerful devices for ligand
development, screening, and activity profiling.

Known strong small molecule binders to the protein of interest can provide a valuable
information for both generation and selection of receptor pocket conformations in MRC
docking, and help reduce the complexity and dimensionalityof the problem. One way to
employ this information is a so-called ligand-guided receptor selection, where among the
mupltiple conformations, only those are chosen for screening that are selective towards
known ligands. An overview of several successful applications of this strategy is described
in Section 4.

Overall, the described approaches to the MRC generation andselection, along with
proper methods of ligand docking and scoring, represent a great advance in the field of
induced fit docking.

2 Ab Initio Pocket Ensemble Generation

A common drawback of simulation methods is the large number of generated models, with
only a small fraction of them being compatible with ligand binding. Clearly, there is a need
in computational techniques that can successfully guide the simulation procedures towards
more druggable pockets. Experimental information in the form of known ligands targeting
the pocket and their activities may be of great help. However, for de novopockets such
information is not available. We developed a computationalprotocol that addresses this
problem by introducing a repulsive density in the pocket as an independent energy/penalty
term. Such density represents a generic ligand and preventsthe simulation procedure from
generating conformations in which elements of the structure collapse inside the pocket.
The algorithm of density generation includes the followingsteps:

1. Identification of residues whose sidechains form the pocket.

2. Simultaneous conversion of these residues to Ala.

3. Construction of atom density grid map for the obtained protein.

4. Repeated spatial averaging of the map in order to obtain a smoothed density cloud
filling the cavities of the original protein.
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Figure 1. Repulsive density blob represents a generic ligand and guides side-chain sampling procedure towards
more open pocket conformations. (a) - Initial closed pocketconformation, (b) - pocket sidechain alanine mutation
and density generation, (c) - resulting open pocket conformation.

5. Taking a difference of the smoothed and original maps.

The procedure results in blobs of density filling in the cavities of the protein. Due to
side-chain alanine conversion, the generated density represents the maximal volume of the
pocket achievable without backbone rearrangements. The density is further used as an
additional energy/penalty term in montecarlo side-chain simulation (Fig. 1).

This protocol was applied forde novofinding of compounds that bind to the N-terminal
lobe of protein kinase CK2 and prevent its interaction with the regulatory subunit CK2β.
Screening a large virtual chemical database against the generated ensemble of four most
druggable conformations yielded a series of compounds thatwere experimentally validated
and confirmed to inhibit the subunit interaction in a dose-dependent manner.

3 Better Deleted Than Displaced

The generated receptor conformations will rarely cover a 100% of the protein pocket con-
formational space. It is safe to assume that any generated conformation is only partially
correct, with some elements still interfering with ligand binding. Therefore, a customized
or systematic removal of those parts may lead to “dockable” pocket models in which the
ligand binding geometry is successfully reproduced, provided that the removed parts is not
the main determinant of the ligand-receptor interaction. This part can later be brought in
as a part of the refinement, if needed.

3.1 SCARE

The majority of the induced fit changes involve a few protein side-chains and only a minor
adjustment of the backbone. Therefore removal the pocket parts at the side-chain level is
frequently sufficient. We developed an algorithm that systematically scans pairs of neigh-
boring side chains in the binding pocket, replaces them by alanines, and docks the ligand to
each “gapped” version of the pocket. All docked positions are scored, refined with original
side chains and flexible backbone and re-scored. The optimalSCARE (SCan Alanines and
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Figure 2. The SCARE algorithm successfully reproduces ligand binding geometry in difficult cases where tradi-
tional rigid-receptor docking fails.

REfine)5 protocol identifies a near native conformation (under 2 A RMSD) as the lowest
rank for as many as 90% of the cross-docking complexes (compare to 50% success rate
with optimal single receptor cross-docking) (Fig. 2). The procedure predicts not only the
binding pose of a ligand, but also conformational changes induced by its binding, therefore
producing a new highly relevant protein conformation that can be used in VLS along with
the original one.

3.2 DOLPHIN

In the recent years, there is a great interest to a specific type of protein kinase inhibitors,
the so-calledtype II inhibitorsthat induce a transition of the kinase activation loop from its
active, DFG-in, position, to the DFG-out state. This transition is too large to be modeled
by any existing computational method. However, we found that the above “better deleted
than displaced” strategy is very helpful in induced fit docking of type II ligands to DFG-
in structures. We showed thatDeletion-Of-Loop from PHe-IN(DOLPHIN, Fig. 3) kinase
modification leads to models which

1. Reproduce the correct binding geometry of the existing type II ligands.

2. Selectively score active type II ligands higher than inactives and decoys.

3. Provide means forin silico ligand activity profiling.

Fig. 4 illustrates a great potential of the DOLPHIN kinase models as screening and profil-
ing devices for type II kinase inhibitors.

4 Ligand Guided Model Selection and Generation

Multiple receptor conformations for high throughput ligand docking can be generated with
one or several ligands actually present in the binding site.Fully receptor-flexible docking
of a few known ligands can be performed to force the receptor into alternative confor-
mations. The irrelevant generated conformations can then be filtered out by evaluating
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Figure 3. The DOLPHIN kinase models are powerful screening devices for type II kinase inhibitors. (a) - Initial
DFG-in structure, (b) - modified structure, (c) - docking of atype-II ligand.

Figure 4. Comparison of experimental activities of known type II kinase inhibitors with their binding affinities
predicted by the DOLPHIN kinase models.

the enrichment factor on a test set. Bisson et al.6 generated multiple conformations of
androgen receptor with two different antagonists by Monte-Carlo sampling in ICM. Each
conformation was tested for its ability to discriminate between AR binders and non-binders
in a panel of 88 nuclear receptor ligands. The two AR conformations with the best enrich-
ment characteristics were then used for virtual ligand screening of the marketed drugs for
potential androgen receptor antagonists. Three identifiedantipsychotic drugs exhibited
anti-androgenic activity and were then rationally re-purposed to nonsteroidal molecules
with improved AR antagonism and marked reduction in affinityfor dopaminergic and sero-
tonergic receptors. Similar procedure led to productive models of two G-protein coupled
receptors, M2 muscarinic receptor and melanin concentrating hormone receptor7, and re-
sulted in successfulde novoindentification of new modulator chemotypes.
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5 Conclusion

We described a series of computational approaches that allow to model receptor flexibility
in molecular docking. These methods present a practical alternative to concurrent protein
and ligand simulation, and lead to productive receptor models suitable for ligand docking,
screening, and profiling. The new approaches were successfully applied to find novel
inhibitors in several difficult cases.
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