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We present Fleksy, a new approach to consider both ligand and receptor flexibility in small molecule docking.
Pivotal to our method is the use of a receptor ensemble to describe protein flexibility. To construct these
ensembles, we use a backbone-dependent rotamer library and implement the concept of interaction sampling.
The latter allows the evaluation of different orientations of ambivalent interaction partners. The docking
stage consists of an ensemble-based soft-docking experiment using FlexX-Ensemble, followed by an effective
flexible receptor–ligand complex optimization using Yasara. Fleksy produces a set of receptor–ligand
complexes ranked using a consensus scoring function combining docking scores and force field energies.
Averaged over three cross-docking datasets, containing 35 different receptor–ligand complexes in total,
Fleksy reproduces the observed binding mode within 2.0 Å for 78% of the complexes. This compares
favorably to the rigid receptor FlexX program, which on average reaches a success rate of 44% for these
datasets.

Introduction

The major aim of computational structure-based drug design
is to utilize knowledge of receptor structure to predict and
optimize binding of small molecule drug candidates. Once the
primary requirement, a high resolution model of the receptor
structure, is available, accurately predicting the three-dimen-
sional arrangement of the small molecules in the protein–ligand
complex becomes the key objective. To tackle this so-called
“docking” problem, many different programs have been devel-
oped, of which DOCK,1 FlexX,2 GOLD,3 Autodock,4 and
Glide5,6 are among the most popular. The mentioned tools are
based on a range of different concepts, and each comes with its
own set of strengths and weaknesses. One feature most docking
programs share, however, is that they traditionally aim at
positioning a flexible ligand into a rigid binding site. Compu-
tational feasibility is the main reason for utilizing a rigid protein
snapshot in the docking process, as the number of degrees of
freedom that have to be considered grows exponentially with
the number of accessible receptor conformations.

Over the years, however, it has become increasingly clear
that protein structural flexibility plays a crucial role in recep-
tor–ligand complex formation and ideally should be considered
during the drug design process.7,8 This shift of focus from the
traditional “key-and-lock” concept9 to the “induced fit” model10

has prompted the need for computational tools which are able
to consider protein plasticity.

Theoretically, an explicit solvent molecular dynamics (MDa)
simulation of the receptor in presence of its unbound ligand
should result in the formation of the correct protein–ligand
complex, while taking both receptor and ligand flexibility into
account.11 Unfortunately, imperfections in the available MD

force fields and the vast computational requirements of this
technique make the use of molecular dynamics simulations as
a docking tool not feasible in a typical drug discovery
environment. To overcome this problem, several methods have
been conceived in recent years to at least partially incorporate
protein flexibility into the docking process, while keeping
computational demands within reasonable limits. As a result,
each of the above-mentioned docking programs is nowadays
able to consider some degree of receptor flexibility in one way
or another.

For a detailed discussion of different approaches developed,
we direct the reader to a series of recent reviews on the topic
of protein flexibility in structure-based drug design.11–14 Gener-
ally speaking, these methods can be divided in four different
categories. First, soft-docking strategies consider and allow small
degrees of local flexibility by attenuating the repulsion potential
between ligand and receptor during the docking process. The
second class of methods consists of those that explicitly evaluate
side chain flexibility, for example, using rotamer libraries or
optimization of side chain orientations during the docking
process. Typically, these approaches assume the receptor to have
a rigid backbone structure and a limited number of mobile side
chains. Third, multiple receptor structures can be combined into
a single receptor interaction grid, often using some kind of
averaging procedure. The structures used can either be experi-
mentally determined or computationally generated, for example,
by molecular dynamics simulations. This approach allows for
bigger conformational changes to occur then the aforementioned
methods and is typically computationally cheaper when com-
pared to docking into all receptor structures individually.
However, the choice of the weighting scheme used for building
the receptor grid is shown to have a large effect on the outcome
of these approaches, and has therefore proven cumbersome.
Finally, there are the ensemble-based docking approaches. As
above, multiple receptor structures are used to describe protein
flexibility. They are, however, not combined into a single
interaction grid, but explicitly evaluated during the docking
experiments, either sequentially or in parallel. The approaches
that make use of multiple receptor structures do not only allow
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for side chain motions to occur, but can typically also take
modest amounts of backbone motion into account.

The Fleksy method described here aims at combining
advantages of each of the above-mentioned approaches together
with several new features into a flexible and efficient pipeline
for induced fit docking. In short, our approach consists of a
soft-docking stage in which the ligand of interest is docked into
a structural ensemble of receptor conformations, followed by a
complex minimization stage for the highest ranked poses, during
which both the ligand and the receptor binding site are free to
move. Fleksy results in a set of minimized receptor–ligand
complexes that are ranked according to a consensus scoring
function based on docking scores as well as molecular dynamics
force field interaction energies. The results obtained for a variety
of different molecular complexes clearly demonstrate the
usefulness of our method and its advantages over classical
docking approaches.

Outline of the Approach. Our approach consists of several
different stages, which are outlined and discussed in sequential
order below. For clarity and reference, Figure 1 shows the results
obtained at each of the different stages for the induced fit
docking of progesterone into the apo crystal structure of the

antiprogesterone antibody DB315 (Protein Data Bank (PDB)
entry 1DBA), hereafter referred to as the DB3 receptor.

Receptor Preparation. The initial stage, during which the
flexible structure ensemble is generated, starts with a receptor
preparation step. Hydrogen atoms are added to the initial
receptor structure, which is subsequently refined and minimized
in explicit solvent (for experimental details and parameters, see
the Materials and Methods). In case the receptor was cocrys-
tallized with a ligand, the ligand is retained throughout the
preparation and minimization steps. The refined receptor, with
all waters and ligands removed, as shown in the first panel of
Figure 1, is subsequently used as the starting point for
construction of the flexible ensemble.

Identifying Potentially Flexible Residues. At this point, the
possibility exists to define a set of residues for which the con-
formational space will be sampled in the ensemble. For the
selection of these “flexible” residues, several options are
available. First of all, the amino acids can be selected manually
based on pre-existing knowledge of the dynamic behavior of
certain residues, such as the well-known “gatekeeper” residues
in kinases.16 Additionally, we incorporated an automated rule-
based procedure to identify residues most likely to change
conformation. Our selection rules are based on those derived
and applied in previous studies17,18 (see Materials and Methods).
Application of these rules to the DB3 receptor structure results
in the identification of one possibly mobile side chain in the
binding pocket: tryptophan 100 (TrpH100).

Rotamer Sampling. For the amino acids labeled as poten-
tially mobile, the accessible conformational space within the
apo receptor structure is sampled using a backbone-dependent
rotamer library. During the generation of these new rotameric
states, clashes are allowed, with the intent to maximize sampling.
As a result of the high clash tolerance the newly generated
structures are likely to contain a significant number of inter-
atomic bumps. To relieve these, the altered rotamers are
subjected to an energy minimization, while the positions of the
remainder of the amino acids are retained. This procedure results
in an ensemble of binding sites in which the selected amino-
acid side chains are realistically sampled within the boundaries
imposed by the remainder of the binding site, as shown for the
DB3 receptor in Figure 1A.

Interaction Sampling. Besides the flexibility introduced by
the rotamer sampling, an additional form of receptor flexibility
is considered in our approach, which pertains to the orientation
and protonation of the asparagine (Asn), glutamine (Gln), and
histidine (His) side chains and the orientation of the hydroxyl
hydrogen in the serine (Ser), threonine (Thr), and tyrosine (Tyr)
side chains. These particular side chains are of interest as
experimental difficulties associated with protein-structure de-
termination using X-ray crystallography can lead to ambiguities
in interpreting the polar interactions involving these amino acids.
Several studies have shown that in macromolecular structure
models, typically around 20% of the His, Asn, and Gln side
chains, require a 180° flip to optimize the hydrogen bonding
network.19,20 As these side chain groups can, depending on their
rotameric state, act either as a hydrogen bond donor or acceptor
for incoming ligands, the choice of rotamer can to a large extent
influence the docking results obtained at a later stage.

Docking procedures typically do not allow for required side
chains flips to occur during the docking process. Attention of
the modeler is required to rotate the appropriate torsion angle
to maximize hydrogen bonding beforehand. It should, however,
be noted that flipping a particular side chain might be optimal
for the ligand cocrystallized in the target receptor structure, but

Figure 1. Visual outline of the Fleksy approach, illustrated using the
induced fit docking of progesterone into the apo structure of the
progesterone antibody DB3.15 Starting with the apo form of a refined
input structure, (A) potentially mobile side-chains are identified using
predefined selection rules, resulting in the selection of TrpH100. The
conformations accessible to the selected side chains are sampled to
construct a “flexible” ensemble of receptor structures. (B) Additional
ambivalent interactors, like the shown asparagine and histidine residues,
are also sampled. This set of structures is used as input for (C) an
ensemble soft-docking experiment from which the 20 highest-ranked
poses are selected and (D) submitted to a refinement procedure.
Following the refinement stage, the poses are rescored using a consensus
scoring function, which yields (E) the final induced fit docking
receptor–ligand complex. In this example, the root-mean-square devia-
tion (RMSD) between the modeled and cocrystallized ligand, shown
in blue and orange, respectively, is 0.6 Å.
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that same flip could well be less suited for a new ligand to be
docked. To prevent such issues from arising, we simultaneously
consider all flipped possibilities of the aforementioned side
chains during the docking stage of our approach. This “interac-
tion sampling” is realized through addition of the 180° flipped
states of all Asn, His, and Gln amino acids to the flexible
ensemble of structures considered during the docking stage. For
the histidine residues, all different protonation and tautomeric
states are automatically generated and added to the structure
ensemble, but the evaluated possibilities can for instance also
be limited to those relevant at a given pH value. The hydroxyl
groups in the Ser, Thr, and Tyr amino acids are considered in
the ensemble in two different states: the optimized one resulting
from the receptor preparation stage and the one rotated by 180°
around the relevant torsion angle.

The final structural ensemble generated for the DB3 receptor,
including the results from the rotamer sampling of TrpH100 and
the interaction sampling of AsnH35 and HisL27D, is shown in
Figure 1B.

Ensemble Soft-Docking. Following construction of the
ensemble of protein receptors, the next challenge is to correctly
position the ligand of interest into the active site. For this we
make use of the ensemble docking program FlexX-Ensemble
(formerly known as FlexE).21 Based on the different conforma-
tions of the protein receptor present in the ensemble, the program
generates a so-called united protein description of the target.
This is done by superposing the different members of the
ensemble and constructing a rigid average structure from the
most conserved structural features. For the variable regions, as
introduced in the different stages described above, the structur-
ally different conformations are explicitly evaluated and com-
binatorially explored during the docking process. One of the
great advantages of this approach is that it can result in novel
binding site geometries that consist of combined side chain
orientations from different members of the input ensemble. In
this way, it is for instance possible to combine a sampled side
chain rotamer from one member of the ensemble together with
a flipped Asn rotamer from another member into a new binding
site geometry, optimally suited to accommodate the ligand under
investigation.

Simultaneously, with the flexibility described in the structural
ensemble, we allow for additional conformational changes in
the active site by tolerating a significant overlap between ligand
and protein atoms during the docking process, an approach in
literature typically referred to as “soft-docking”.22 In this way,
it is possible to retain certain promising ligand orientations that
would otherwise be discarded too early in the processing
pipeline.

As FlexX-Ensemble is an extension of the well-known and
widely used FlexX program,2 it makes use of the same
underlying docking strategy and scoring functions. In our
ensemble docking experiment, a large set of docking poses,
together with their corresponding binding sites, is generated
using the default FlexX/FlexX-Ensemble scoring function. To
further improve docking accuracy, we combine the FlexX
scoring function with the piecewise linear potential (PLP)
scoring function23 to rerank the generated poses. Both FlexX
and PLP were recently shown to be among the best scoring
functions in identifying near-native docking poses.24 Therefore,
the two are combined into a consensus scoring function25 in
which both have an equal contribution. The highest ranked poses
for the DB3 receptor, together with their corresponding binding
site geometries, are shown in Figure 1C.

Complex Refinement. The receptor–ligand complexes gener-
ated during the ensemble soft-docking stage are likely to contain
a significant number of interatomic clashes. As such, they do
not represent meaningful and physically realistic structures. To
relieve these clashes and to further refine the geometry and
orientation of both the docked ligand as well as the binding
site residues, the highest ranked complexes from the docking
experiment are subsequently refined using the Yasara program
(http://www.yasara.org). The refinement consists of a short
steepest descent minimization to remove the largest intermo-
lecular and intramolecular clashes, followed a simulated an-
nealing minimization until the force field energy converges. For
the sake of speed, this minimization is by default performed in
vacuo, but when preferred, it can optionally also be run in
explicit solvent fully automatically.

Consensus Rescoring and Selection. Some of the receptor–
ligand complexes generated by the docking experiment will
probably benefit more from the refinement stage than others.
Therefore, the refined complexes are rescored and reranked. To
this end we again apply a consensus scoring function with
contributions from the FlexX and PLP scoring functions, but
this time enriched with receptor–ligand binding energies
calculated from the optimized complex structures. This com-
posite scoring function (for details the reader is referred to
Materials and Methods) is used for the final ranking of the
generated complex structures. The complex ranked highest in
this rescoring step is typically selected as the final induced fit
docking structure. Figure 1E show the highest ranked pose
obtained for the DB3 receptor. The RMSD of the predicted
orientation of progesterone to the orientation observed in the
crystal structure (PDB entry 1DBB) is 0.6 Å.

Test Cases. To further assess the effectiveness of our
Fleksy approach, we evaluated its performance under different
circumstances likely to occur in a drug design environment.
We demonstrate the ability of our algorithm to accurately
dock similar compounds, for example, from within a chemical
series or derivatives from a shared structural scaffold, into
several receptor structures that were cocrystallized with one
such compound. This is a situation that typically occurs
within a lead optimization project in which many similar
compounds are synthesized, but crystal structures are only
determined for few. First, we compare the performance of
our approach to the default FlexX algorithm for a set of 10
receptor–ligand complexes of the mineralocorticoid receptor
(MR). Each of the cocrystallized ligands is docked into the
receptor in which it was crystallized (self-docking) and into
the nine other MR structures in the dataset (cross-docking).
Second, we perform a similar set of docking experiments
using five protein kinase B-selective (PKB) inhibitors that
were crystallized in complex with protein kinase A (PKA).
The studied compounds all originate from the same chemical
series and differ only in their substitutions at a single position.
These substitutions are, however, sufficient to change the
conformation of the ATP pocket and induce movements of the
flexible glycine-rich loop,26 such that they are likely to pose a
challenge to docking algorithms not allowing receptor flexibility.
Third, we show the ability of our methodology to dock ligands
that require significant induced fit when docked into a receptor
cocrystallized with a structurally different ligand, a situation
likely to occur during the lead finding stages of a drug design
project. To this end, our approach is tested using a large set of
cross-docking experiments on 10 different pharmaceutically
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relevant receptor classes, all of which were used as induced fit
docking test cases in a recent study.18

Materials and Methods
Structure Preparation. Three-dimensional coordinates of the

receptors were obtained from the PDB27 and, when required,
structurally aligned using the MOTIF program,28 as embedded in
YASARA (http://www.yasara.org). Prior to the optimization, the
internal hydrogen bonding network of the receptor was optimized
using the hydrogen bonding network optimization algorithm
implemented in WHAT IF.19 To optimize hydrogen positions,
remove interatomic bumps, and correct the covalent geometry, all
structures were energy-minimized in explicit solvent with the
Yamber2 force field.29 During this minimization, all atoms were
allowed to move. A 7.86 Å force cutoff and the particle mesh Ewald
algorithm30 were used to treat long-range electrostatic interactions.
After removal of conformational stress by a short steepest descent
minimization, the procedure continued by simulated annealing
(time step 2 fs, atom velocities scaled down by 0.9 every 10th
step) until convergence was reached, that is, no energy improvement
was found for 200 steps.

Ligand Preparation. Three-dimensional ligand input structures
for all docking experiments were generated using the CORINA
program.31 The generated structures were saved as MOL2 files.

Selection of Flexible Residues. In this work, the selection of
flexible residues for the induced fit dataset is based on a set of
rules that were previously defined.17,18 Residues whose rotameric
states are sampled were selected using the following criteria: (1)
All binding site residues whose side chain atoms deviate more than
2.5 Å from the nearest atom in the corresponding amino acid in
another crystal structure of the same receptor. (2) All binding site
residues with multiple occupancies or missing density. (3) If the unit
cell contains multiple independently refined copies of the receptor,
all binding site residues whose side chain atoms deviate more than
1.5 Å from the nearest atom in the corresponding amino acid in
another copy of the receptor in the unit are selected. (4) All binding
site residues containing atoms with a B-factor greater than 40 Å2.
The residues are ranked by the highest B-factor occurring within
each side chain.

The residues that were selected as flexible for the induced fit
docking dataset are shown in Table 1 of the Supporting Information.

Rotamer Sampling. The conformational space of the selected
amino acid side chains is simultaneously sampled using internal
coordinates by the YASARA program (version 6.12.1). A nonre-
dundant subset of the PDB (90% sequence identity cutoff, resolution
better than 2.5 Å) is searched for stretches of five scaffold residues
that have a similar sequence and backbone conformation compared
to those in the starting structure. Conformational similarity is judged
by calculating the root-mean-square deviation (RMSD) over all
those dihedral angles that have not been selected for sampling and
remain frozen. Sequence similarity is measured using the BLO-
SUM62 matrix.32 The two similarity scores are each mapped to
the interval [0...1], where 0 corresponds to the minimal score and
1 to the maximal score, which the local template sequence can
theoretically achieve in any gapless alignment. The final score is
then the product of structural and sequence similarity, that is, they
are weighted equally. This procedure results in top-scoring hits that
all share high structural and sequence similarity.

The maximum allowed sum of interatomic bumps is set to 8.0
Å; this is to allow for partial overlap between the simultaneously
generated rotamers and the input structure to maximize sampling.
By default, a total of 15 side chain rotamers are generated for each
of the amino acids selected as flexible. This procedure results in
15 different binding sites in which all flexible amino acids are
sampled. Finally, to alleviate inter-residual clashes, the generated
binding sites are subjected to an energy minimization, during which
the nonflexible regions of the protein are kept fixed.

Interaction Sampling. For all nonflexible side chains, the
orientation in the refined input structure is considered as the initial
state. Subsequently, for the Asn, Gln, and His side chains, the
relevant � torsion angle is flipped by 180° and the resulting structure

is added to the ensemble. Additionally, for the His side chains, all
four different ionic and tautomeric states are generated for each of
the two flipped states and described in the structure ensemble. For
the Ser, Thr, and Tyr side chains, the orientation of the hydroxyl
group is rotated 180° around the relevant optimized torsion angle,
as obtained after the receptor preparation stage and also added to
the structure ensemble.

FlexX Docking. The program FlexX2 version 1.13.5, as imple-
mented in the 7.1 release of the SYBYL package, is used as the
reference docking program to which we compare our approach.
Standard parameters of FlexX are used for iterative growing and
subsequent scoring of docking poses. For all docking experiments,
the active-site atoms of a receptor are defined as those atoms within
a radius of 8.0 Å from the ligand cocrystallized with that particular
receptor. Receptor description files used by FlexX were automati-
cally generated from the receptor PDB coordinates.

Ensemble Soft-Docking. The program FlexX-Ensemble,21 as
embedded in version 1.13.5 of the program FlexX,2 is used for the
ensemble soft-docking stage. The binding sites generated during
the rotamer and interaction sampling stages are used as input for
FlexX-Ensemble.

To enable soft-docking, two of the default FlexX-Ensemble
parameters are adjusted. First, the maximum allowed overlap
between receptor and ligand is raised from 2.5 Å3, which is the
default value, to 6.0 Å3. This allows the ligand to partially protrude
into the receptor to maximize its interactions. Furthermore, in
FlexX-Ensemble, hydrogen atoms attached to carbon atoms are not
explicitly evaluated in the overlap tests conducted during a docking
experiment. Instead, a united atom radii model is used in which
the van der Waals radius of a carbon atom is incremented by a
given number. By default, this number is set to 0.1 Å, which is
lowered to 0.05 Å in our approach to allow for additional overlap
to occur.

A drawback of the FlexX-Ensemble program is that it only
generates coordinates for the docked poses and the amino acids
surrounding it and does not result in a final protein structure for
each generated docking pose. As a complete protein structure is
required for our complex refinement stage, the output generated
by FlexX-Ensemble is automatically read in by our program and
used to reconstruct the complete pose-specific receptor structure
from the input ensemble. These regenerated pose specific receptor
coordinates are subsequently used together with the generated
docking poses in the complex refinement stage.

In the docking experiment, 100 docking solutions are generated
using the FlexX scoring function. The solutions are subsequently
also scored using the PLP scoring function, as implemented in
FlexX. A consensus scoring function combining these two score
values with equal weight is subsequently used to select the 20 most
highly ranked docking poses and their corresponding binding site
geometries for the complex minimization stage.

Complex Refinement. The complex optimization consists of an
in vacuo energy minimization with the YASARA program using
the Yamber2 force field.29 After removal of conformational stress
by a short steepest descent minimization, the procedure continues
by simulated annealing (time step 2 fs, atom velocities scaled down
by 0.9 every 10th step) until convergence is reached, that is, no
energy improvement is found for 200 steps. During the simulated
annealing stage, all amino acids that have no atoms within 5 Å of
the initial orientation of the ligand are kept fixed.

Consensus Scoring. To rescore the refined poses, we propose a
consensus scoring function combining the FlexX, PLP scoring
functions with a molecular dynamics force field interaction energy
calculated from the minimized structural complex. The receptor–
ligand interaction energy is defined as

Einteract ) (Eint complex - (Eint receptor +Eint ligand )) + (Esol complex -
(Esol receptor +Esol ligand)) (1)

where Eint is the internal force field energy and Esol is a first-order
approximation of the solvation energy as calculated by the
YASARA program using the Yamber2 force field.
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The different scoring terms are combined in the consensus
function using the so-called scaling method,33 where the score
of each model was scaled to a number between 0.0 and 1.0 for
each of the different scoring functions applied. Subsequently,
the three scores are combined in a consensus score; this time,
however, not with equal weights. The consensus score is defined
as

Sconsensus ) (wPLP × SPLP +wFlexX × SFlexX +
winteract × Sinteract) ⁄ (wPLP +wFlexX +winteract) (2)

where Sconsensus is the consensus score, SPLP is the normalized PLP
score, SFlexX is the normalized FlexX score, and Sinteract is the
normalized interaction energy. Through an empirical Monte Carlo
optimization on a benchmark set of self-docking experiments,34 we
arrived at the following weights: wPLP ) 5.0, wFlexX ) 1.0, and winteract

) 0.5.
Computing Time. The average computation time for a complete

induced fit docking calculation using our approach, resulting in 20

ranked induced fit complexes, is typically around 1 h on a single 3.4
Ghz Intel Pentium IV processor. The computationally most expensive
step in our protocol is the complex optimization stage, which can take
up to a few minutes per docking pose. However, these calculations
are independent and, as such, they are readily parallelized using
multiple processors.

Results

Mineralocorticoid Receptor Dataset. The 10 receptor–li-
gand complexes in the mineralocorticoid dataset consist of
similar MR receptor structures crystallized with moderately
different ligands, all of which are based on a steroidal
scaffold.35–37 The chemical structure of the ligands, the muta-
tions present in the different receptor structures, and the PDB
codes of the original complexes are shown in Table 1. All
structures were first prepared and minimized, as described above,
and subsequently used in the docking experiments. The results
obtained for the self-docking and the cross-docking experiments
using both FlexX and Fleksy are shown in Figure 2. While
FlexX is already very effective at docking the different ligands
into different MR structures, it is clearly outperformed by Fleksy
for this dataset. Using FlexX, 13% of the highest ranked docking
poses of the in total 100 docking experiments have a RMSD to
their corresponding crystal structure below 1.0 Å; an additional
63% have a RMSD below 2.0 Å. Thus, FlexX results in 76%
of the highest ranked poses having a RMSD below 2.0 Å.
Fleksy, however, performs markedly better: 84% of the highest
ranked poses have a RMSD below 1.0 Å, and an additional 8%
have a RMSD below 2.0 Å. This results in an overall percentage
of 92% of the highest ranked poses having a RMSD below 2.0
Å to their corresponding crystal structure. In only 2% of the
cases does Fleksy result in a poorer binding mode than the
one obtained using FlexX: in both the R2ABI-L2AB2 and

Figure 2. Results of 200 self-docking and cross-docking experiments performed using 10 mineralocorticoid receptor structures and their respective
cocrystallized ligands for (A) FlexX and (B) Fleksy. The receptor structures are shown vertically and are ranked according to their average pairwise
all-heavy-atom binding site RMSD to all other structures in the dataset, as shown in the RMS columns. The binding site was defined as all residues
within 4.5 Å of at least one of the crystallized ligands in the dataset. The ligands are shown horizontally and are ranked according to their molecular
weight, as shown in the MW rows. Both receptors and ligands are labeled with the PDB code of the complex in which they were crystallized. The
accuracy of the highest ranked pose for each experiment is indicated using color. An excellent pose (RMSD e 1.0 Å), dark green; a good pose
(RMSD e 2.0 Å), light green; a poor pose (RMSD e 3.0 Å), orange; and a bad pose (RMSD g 3.0 Å), red. For all receptors and ligands, the
overall performance (defined as the percentage of highest ranked poses, with a RMSD e 2.0 Å) is indicated in the “% acc” columns and rows,
respectively. Self-docking experiments are indicated using dashed lines.

Figure 3. The results of 50 self-docking and cross-docking experiments
performed using five protein kinase A receptor structures and their
respective cocrystallized ligands for (A) FlexX and (B) Fleksy.
Labeling, ranking, and color schemes as in Figure 2.
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R1Y9R-L2AAX cross-docking experiments the ligand is incor-
rectly positioned in the binding site.

The different rows and columns in Figure 2 clearly show that
some ligands and receptors are less permissible to our docking

Table 1. Chemical Structures and Names of the Mineralocorticoid Receptor–Ligands in the MR Dataset
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experiments than others. The overall trend that can be observed
is that obtaining correct docking poses in a cross-docking
experiment becomes more difficult as the target binding site
becomes more structurally dissimilar compared to the other sites
in the dataset (see Figure 2). Similarly, cross-docking larger
ligands is typically more difficult than docking smaller ones.
The largest and chemically most different ligand in the dataset
is spironolactone, crystallized in PDB entry 2AB2, and as such
it poses a challenge to both approaches. FlexX is able to
accurately position this ligand into 4 out of 10 structures; Fleksy
can do so for 6 out of 10 MR receptor structures. Positioning
the 10 MR ligands in the 1YA3 and 2AA7 receptor structures
poses a challenge for FlexX (the docking accuracies of these
receptors are 10% and 50%, respectively). For the 1YA3
structure Fleksy manages to dock 6 out of 10 of the most highly
ranked docking poses with a RMSD below 2.0 Å, and for the
2AA7 receptor, it performs even better: all of the highest ranked
poses have a RMSD below 2.0 Å.

Protein Kinase A Dataset. The protein kinase A (PKA)
dataset consists of five different azepane derivatives,38 which
were synthesized to address selectivity issues between protein
kinase A and protein kinase B.26 As such, these ligands provide
a relevant test case originating from a real life lead optimization
project. The chemical structures of the five inhibitors are shown
in Table 2, together with the PDB identifier of their coordinates
in complex with protein kinase A. The results of the 25 self-
docking and cross-docking experiments, as performed using both
FlexX and Fleksy are shown in Figure 3. The five inhibitors
are ATP competitive and all bind to the ATP pocket, the cleft
between the small N-lobe and the larger C-lobe of protein
kinases. The overall orientation of the inhibitors in the adenine
and ribose pocket is similar, but the benzophenone moieties with
their substituents occupy markedly different positions, inducing
also movements of the glycine-rich loop.26 As a result of this,
this dataset clearly poses a challenge for the FlexX program.
In no more than 36% of the docking experiments does FlexX
result in a pose with a RMSD below 2.0 Å at rank one. Our
Fleksy approach manages to produce a RMSD for the highest
ranked pose below 2.0 Å in 76% percent of the cases, which
can be considered a significant improvement. We see a similar
pronounced difference between the two approaches if we look
at the occurrence of poses with a RMSD below 1.0 Å. When
looking at the highest ranked poses, FlexX generates 12% with
a RMSD below 1.0 Å; Fleksy reaches a level of 36% at this
threshold. If all 20 poses resulting from each docking run are
considered, we find for FlexX a modest increase to 16% of the

experiments, with at least one pose generated with a RMSD
below 1.0 Å; for Fleksy, however, 60% of the performed
docking experiments yield at least one pose below 1.0 Å (data
not shown). Also, for this dataset, it should be noted that there
are two occurrences where FlexX performs better than Fleksy.

Induced Fit (IF) Dataset. Finally, we test Fleksy using a
set of 20 cross-docking experiments for 10 different pharma-
ceutically relevant receptors that were used in a recent study as
induced fit docking test cases.18 In these docking experiments,
structurally very diverse ligands were cross-docked. Therefore,
the option to consider a selected set of binding residues as
flexible is applied here. The selected residues are kept identical

Figure 4. Improvement in pose accuracy during the complex minimization stage, shown are all obtained poses with an RMSD e 3.0Å after the
FlexX-Ensemble soft-docking stage for (A) 100 docking experiments of the mineralocorticoid dataset (1689 poses shown in total), (B) the 25
docking experiments of the protein kinase A dataset (388 poses), and (C) the 20 docking experiments of the diverse IF dataset consisting of 10
different receptors (230 poses). The highest ranked poses for each docking experiment after the final consensus scoring are indicated in dark blue,
all others in light blue.

Table 2. Chemical Structures of the Protein Kinase A Inhibitors in the
PKA Dataset
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to those applied in the previous study and are show in
Supporting Information, Table 1. The docking results obtained
for these receptors are shown in Table 3, again for both FlexX
and Fleksy. For this set of cross-docking experiments, FlexX
produces a pose with a RMSD below 2.0 Å at rank 1 in 4 out
of 20 experiments. Fleksy results in 13 poses at the highest rank,
with a RMSD below 2.0 Å. In two cases, however, we find a
pose with a RMSD below 2.0 Å ranked second best, and in
one additional case the first pose below 2.0 Å is found at the
seventh position in the ranked list of poses. When all generated
docking poses are taken into account, Fleksy manages to
produce a docking pose with a RMSD below 2.0 Å in 80% of
the cross-docking experiments, for FlexX this number is 40%.

In four cross-docking experiments belonging to three different
receptors, HIV-RT, PPARγ, and thermolysin, Fleksy fails to
produce a docking pose with a RMSD below 2.0 Å. Apparently,
these are truly challenging docking problems to solve because,
also in the previously mentioned study,18 three cross-docking
experiments related to the same three receptors failed to produce
docking poses with a RMSD below 2.0 Å. For each of these
complexes, it can be understood why both the FlexX and FlexX-
Ensemble programs fail to arrive at an acceptable solution. In
the case of the HIV-RT receptor, the ligand in its correct
orientation does not make any hydrogen bonds to the receptor.

As such, the receptor does not provide any anchoring points
for the FlexX/FlexX-Ensemble base placement algorithm, which
therefore never arrives at the correct solution. In the PPARγ
cross-docking experiment (R2prg-L1fm9), the ligand to be docked
(GI262570) is a relatively large and extended compound with
12 rotatable bonds. It has previously been suggested that
compounds with so many rotatable bonds are indeed difficult
to handle using the FlexX/FlexX-Ensemble approach.39 The
cross-docking experiment in thermolysin (R1kjo-L1kr6) fails due
to the presence of an arginine side chain in the binding pocket

Table 3. Induced Fit Docking Results Obtained for 40 FlexX and
Fleksy Cross-Docking Experiments on a Diverse Test Set of Different
Pharmaceutically Relevant Drug Targetsa

FlexX Fleksy

cross-
docking

experiment

RMSD
pose at

rank
1 (Å)

rank
1st pose

with RMSD
e 2.0 Å

RMSD
pose at

rank
1 (Å)

rank
1st with
RMSD
e 2.0 Å

CDK-2
1aq1–1dm2 5.1 4 (1.9 Å) 5.3 2 (1.2Å)
1dm2–1aq1 2.3 - 1.4 1

COX-2
3pgh-1cx2 2.4 - 1.0 1
1cx2–3pgh 1.2 1 2.0 1

ER
1err-3ert 1.9 1 1.1 1
3ert-1err 1.5 1 1.4 1

Factor Xa
1ksn-1xka 8.2 - 1.4 1
1xka-1ksn 2.3 - 2.2 2 (1.9Å)

HIV-RT
1rth-1c1c 6.3 - 6.1 -
1c1c-1rth 7.0 - 5.4 -

Neuramidase
1nsc-1a4q 4.7 9 (1.8 Å) 1.5 1
1a4q-1nsc 7.2 10 (1.5 Å) 0.5 1

PPARγ
1fm9–2prg 8.0 - 3.0 7 (1.8Å)
2prg-1fm9 12 - 10 -

Thermolysin
1kr6–1kjo 1.6 1 1.1 1
1kjo-1kr6 7.7 - 7.7 -

TK
1kim-1ki4 6.9 - 0.4 1
1ki4–1kim 6.8 2 (1.2 Å) 1.1 1

CDK-2
1buh-1dm2 4.9 - 1.0 1

Antibody DB3
1dba-1dbb 9.3 - 0.6 1
a The cross-docking experiments are labeled using two PDB codes; the

first refers to the entry from which the receptor was taken and the second
refers to the entry from which the ligand is obtained. For each cross-docking
experiment, the RMSD of the highest ranked pose and, if obtained, the
rank of the first pose with an RMSD e 2.0 Å are shown. The results of the
best performing method are indicated in bold (if at least one pose with an
RMSD below 2.0 Å is obtained).

Figure 5. Examples of the effect of complex minimization stage on
pose accuracy for poses taken from the (A) R1ya3-L2aa5 cross-docking
experiment from the MR dataset (RMS improvement ) 1.7 Å), (B)
the R1xh6-L1xh8 cross-docking experiment from the PKA dataset (RMS
improvement ) 0.9 Å) and the cross-dockings (C) R1kim-L1ki4 (RMS
improvement ) 1.1 Å), and (D) R3pgh-L1cx2 (RMS improvement )
1.1 Å) from the IF dataset. The poses prior to the minimization are
shown in the left panels (light blue) and the orientations after
minimization are shown in those on the right (dark blue). The orientation
of the ligand as observed in the corresponding crystal structure is shown
in orange. The receptor crystal structure is shown in gray. For clarity,
side chains surrounding the ligand have been omitted from (B).
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where the ligands need to bind. The ligand, benzyloxycarbonyl-
D-glutamic-Z-D-glutamic acid, contains two carboxylic acid
moieties. Neither interact with the nearby arginine side chain
in the crystallized complex with thermolysin, however, all
obtained docking poses have a carboxylic acid moiety positioned
close to this arginine side chain. Despite the occurrence of three
problematic datasets, Fleksy clearly manages to realize an
improvement in docking performance on the IF dataset when
compared to a regular docking approach.

Contribution of the Complex Optimization Stage. The
complex optimization stage following the soft-docking experi-
ment is a crucial step to reach an accurate prediction of the
orientation of the ligand under investigation. Figure 4 shows
the RMSDs preceding and following the refinement stage for
the three complete datasets described above. Shown are all
obtained docking poses with a RMSD value after the soft
docking stage smaller than or equal to 3.0 Å. From Figure 4, it
is evident that for the majority of the generated docking poses
the minimization stage results in a clear improvement in pose
accuracy. For the MR dataset, the PKA dataset, and the IF
dataset, the percentage of poses for which the accuracy improves
is 95, 91, and 77%, respectively. Interestingly, the amount of
pose improvement appears to be, within the evaluated window
of 0.0 to 3.0 Å, relatively independent of its initial accuracy.
Even poses that, before minimization, already have an acceptable
orientation (e.g., RMSD e 1.5 Å), typically show significant
improvement as a result of the complex optimization. The
average improvement for poses with an RMSD e 1.5 Å before
refinement is 0.37 ( 0.29 Å, 0.41 ( 0.25 Å, and 0.31 ( 0.36
Å for the MR, PKA, and IF datasets, respectively. Figure 5
shows several examples of the effect of the complex minimiza-
tion on both initially reasonably accurate and initially less

accurate poses from the three different datasets. From these
results, it is clear that the effect of the pose minimization stage
is not limited to slight conformational changes and minor
structural rearrangements, but can also result in some quite
dramatic translations and rotations of the complete ligand. It
should be kept in mind that the initial orientations result from
the soft-docking stage during which quite severe van der Waals
clashes are allowed, and as such, the generated poses are often
required to move to relieve these clashes.

Assessing the Contribution of the Different Stages. The
Fleksy approach is a multistep protocol aimed at accurately
docking small molecules into a protein receptor. To assess the
contribution of each of the different stages of the protocol, we
performed a one-off sensitivity analysis in which each of the
five individual stages, as indicated in Figure 1A-E, was in turn
removed from the protocol. The analysis was performed on the
16 cross-docking experiments from the induced fit dataset for
which at least one pose with an RMSD of 2.0 Å or better was
generated (see Table 3). For all datasets, the Fleksy workflow
was executed an additional five times, each time omitting one
of the five different steps in the procedure. The change in RMSD
values of both the highest ranked pose and of the most accurate
pose generated are shown in Figure 6. The obtained results show
that for the 16 different evaluated cross-docking experiments
here, different stages of our protocol are found to be crucial,
both for generating accurate poses as well as correctly ranking
the generated poses.

For example, in nine cross-docking experiments, residues
have been selected as being potentially flexible and, as such,
they are sampled in step A of the full protocol. Omission of
this step in these nine docking experiments leads to several
different results. In four cases (R1ksn, R1kim, R1buh, and R1dba),

Figure 6. Results of the one-off sensitivity analysis in which systematically each of the five steps in the Fleksy procedure was omitted from the
docking pipeline presented in Figure 1. Shown on the vertical axes are the changes in RMSD compared to those obtained in the cross-docking
experiments using the complete Fleksy procedure as reported in Table 3. Along the horizontal axes the different steps included in the protocol are
shown, where A represents the rotamer selection and sampling stage, B represents the interaction sampling stage, C represents the use of a softened
van der Waals potential during docking, D represents the complex optimization stage, and E represents the use of consensus scoring with multiple
scoring functions throughout the protocol. Each panel is labeled with the PDB entry code of the structure that provides the receptor coordinates for
the cross-docking experiments, as shown in Table 3. The orange and blue bars indicate the results obtained for the highest ranked pose and the best
pose generated, respectively.
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no pose with a RMSD below 2.0 Å is generated anymore, in
two cases (R1err and R3ert), good poses are generated but they
are no longer the highest ranked poses, and in the final three
docking experiments (R1dm2, R1fm9, and R1kr6), only very modest
changes compared to the complete protocol are observed. This
illustrates that considering receptor flexibility is not only useful
in generating accurate poses, but can also contribute to achieving
an accurate ranking of the generated poses.

The interaction sampling stage (step B) is applied in all cross-
docking experiments. Omitting this stage results in two cases
(R1aq1 and R1kr6) in an incorrect ranking of the generated poses
and in one case (R1dba) in a complete absence of poses with a
RMSD below 2.0 Å. The latter is readily understood from Figure
1. Progesterone in its final orientation makes two hydrogen
bonds to both a glutamine and a histidine. For the histidine to
be able to make this hydrogen bond with progesterone, it needs
to be flipped 180° with respect to its orientation in the refined
receptor structure used as input. With the interaction sampling
disabled, the histidine will remain in an orientation unsuitable
for ligand binding and, as such, no accurate poses are obtained.

Disabling the softened van der Waals potential results in
three cases (R1err, R1ksn, and R1a4q) where no accurate poses
are generated anymore. In one experiment (R1kr6), at least one
correct pose is generated, but it is no longer identified as the highest
scoring one. This clearly shows that the soft-docking stage of
the protocol is indeed important, but not solely responsible
for the performance of the approach presented here. Remov-
ing the complex optimization stage and consensus scoring
stages from the protocol does not in any of the test cases
result in an absence of poses with a RMSD below 2.0 Å.
However, in a number of cases, it does result in a less
accurate ranking of the generated poses, resulting in the
highest ranking pose often having a much poorer RMSD
when compared to the full protocol with all steps included.

Overall, the presented sensitivity analysis clearly illustrates
there is not one particular single stage of our protocol that
governs the performance of the Fleksy pipeline, but that all
stages combined are indeed required to reach an optimum overall
performance over the wide variety of different cross-docking
experiments benchmarked here.

Discussion and Future Work. A well-known drawback of
docking programs that do not allow for receptor flexibility is
their sensitivity to relatively small changes in the target structure.
Figure 2A clearly shows that with an increasingly different rigid
receptor structure, docking a ligand correctly also becomes
increasingly different. For example, for the MR dataset we
obtain for FlexX a Pearson’s correlation coefficient of -0.78
between overall receptor docking accuracy and the average
pairwise RMSD of the receptor to all others in the cross-docking
dataset, which clearly illustrates this effect (data not shown).
Using Fleksy, we observe that the receptor that is most different
from all others is also the most difficult one to dock, but overall,
the amount of structural dissimilarity that can be tolerated in a
cross-docking experiment is much higher when compared to
the default FlexX protocol.

The aforementioned structural differences between different
models of the same receptor, either uncomplexed or complexed
with a ligand, can originate from different sources. One obvious
source is bound ligands that can induce modestly to markedly
different binding site conformations depending on their interac-
tions with the receptor binding site. However, another source
of binding site dissimilarity between different models can be
the structural uncertainty or heterogeneity of the crystal
structures deposited in the PDB.40 The latter probably also plays

a role in the MR dataset for the R2aa7, R2abi, and the R1y9r

structures, all bound to deoxycorticosterone, and the R1ya3, R2aa5,
and the R2aa6 structures, all bound to progesterone. From the
results we obtained, it is clear that allowing for a limited amount
of protein plasticity can be very beneficiary in such cases, as
we see a much improved overall accuracy when compared to
the reference rigid receptor docking algorithm.

Over the last few years, several approaches aimed at taking
protein flexibility into account in small molecule docking have
been presented. The Fleksy method introduced here aims at
combining the advantages of existing techniques together with
several new features into an efficient pipeline aimed at induced
fit docking. One of the earliest attempts at considering protein
flexibility in small molecule docking has been the use of
decreased van der Waals radii.22 Despite its simplicity, over
time and during this work, this has proven to be both a powerful
and affective approach. In the Fleksy approach, the ensemble
soft-docking stage is always complemented by a powerful
complex optimization stage, which in many cases significantly
improves the accuracy of the generated docking poses. As a
result, Fleksy creates realistic clash-free models of the recep-
tor–ligand complex, which in follow-up studies can easily be
used in other modeling or analysis programs.

Fleksy uses the FlexX-Ensemble ensemble docking program21

as its docking engine. A powerful feature of the FlexX-Ensemble
program is that it can construct novel binding sites from
members of the input ensemble; this is in contrast to many other
approaches that either do not generate a ligand complementary
binding site model41 or select one model from a set of binding
sites given as input.42 A binding site alone is, however, not
sufficient for the subsequent optimization stage. Thus, we
extended this FlexX-Ensemble feature by generating a complete
receptor–ligand complex to be used in the next processing step.

Using a structural ensemble as a model for protein flexibility
enabled us to implement the concept of interaction sampling.
This allows for the automatic consideration of Asn, Gln, and
His side chains and the hydroxyl groups in Ser, Thr, and Tyr
in multiple orientations and protonation states during the
ensemble docking stage. As a result of this, it is no longer
required to preset the orientation and protonation of these side
chains prior to docking, as currently required in nearly all
docking approaches. In a similar fashion, Fleksy has the option
to evaluate markedly different side chain rotamers, sampled
using a backbone-dependent rotamer library, during the docking
stage. To the best of our knowledge, only the SLIDE43 and
GOLD3 docking programs possess similar features. In the
SLIDE program, however, side chain motions are designed to
remove receptor–ligand van der Waals overlap rather than
thoroughly search conformational space.44 GOLD by default
evaluates different side chain hydroxyl orientations, and the
program allows for the definition of multiple rotatable side chain
torsion angle ranges. It does, however, not have the possibility
to assess different protonation states, for example, for histidines,
and includes a less advanced backbone independent rotamer
library.45

In some respects, our approach is similar to a recently
introduced induced fit docking (IFD) protocol.18 Both are
multistep protocols that make use of soft-docking strategies and
consider a limited set of residues as flexible. However, there
are some pronounced differences in the strategies chosen to
tackle the protein flexibility problem in small molecule docking.
A first difference is that the IFD protocol uses a single structure,
with predefined side chain orientations, both as input and during
the docking stage, whereas Fleksy is able to use multiple
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structures as input and docks into an ensemble of receptors,
enabling the interaction sampling described above. Second, the
IFD protocol first mutates flexible residues to Ala, and following
the docking, the deleted residues are modeled back (which limits
the number of residues that can be kept flexible to three18). In
contrast to this, Fleksy is able to consider multiple sampled side
chain orientations during the actual docking experiments.
Finally, the IFD protocol requires two cycles of docking,
scoring, and refinement, whereas for the Fleksy approach, a
single cycle of docking, scoring, and refinement suffices, which
results in lower computational requirements and a faster
protocol.

As discussed, our method has some clear strengths, but one
should also be aware of its current limitations. One hurdle that
needs to be taken for full consideration of receptor plasticity is
the incorporation of larger degrees of protein backbone move-
ment. Limited amounts of backbone movement can be allowed
by adding multiple receptor conformations into the structure
ensemble used for the molecular docking stage, obtained either
from crystallography or molecular simulations. In the original
FlexX-Ensemble publication, loop movements of up to 1.5 Å
were successfully included in the structure ensembles,21 in a
more a recent docking study, docking success using FlexX-
Ensemble with loop deviations up to 2.5 Å was reported.46

Fortunately, in many cases, only modest amounts of backbone
motion, often smaller than those mentioned here, are sufficient
to accurately model ligand-induced changes, as shown through-
out this paper.

In this work we used an ensemble of structural models to
describe receptor flexibility. Previously, several studies have
already suggested that structure ensembles provide an efficient
means of describing protein flexibility. Together with the
observation that small structural differences can have pro-
nounced effects on docking performance, this poses a strong
argument for considering multiple structures in docking studies.
Recently, it was demonstrated that even a modestly sized
ensemble of experimental structures can capture a representative
subset of true native-state dynamics.40,47 These results highlight
both the importance as the feasibility of accounting for native-
state protein dynamics via protein structure ensembles.

As mentioned above, in addition to ours, several other
methods exist for which a subset of residues is selected as
potentially flexible. Examples of these include IFREDA41 and
a recently presented induced fit docking protocol.18 In this work,
we have applied the same set of empirical rules as applied in
the latter work to select flexible residues for the induced fit
docking dataset. A useful extension of our approach would be
the inclusion of more sophisticated techniques to select residues
to be considered as flexible. These could for instance include
analysesofstructuraldeformability,48,49sequenceconservation,50,51

or structural features of binding site residues.52

Finally, another foreseeable extension of the Fleksy approach
is the inclusion of crystal waters in the generated structure
ensembles. Many cases are known where water molecules play
a crucial role in receptor–ligand interactions. In a recent docking
study, it was also shown that inclusion of crystal waters53 had
a pronounced effect on docking performance in a large set of
self-docking experiments. However, the presence of a given
crystal water might be optimal for one ligand and it could well
be suboptimal for another. Inclusion of observed (or possibly
even predicted) crystal waters in the structure ensemble used
in the soft-docking stage would allow the FlexX-Ensemble
program to include these water when required or preferred by
the ligand under investigation. As such, this approach could

provide an alternative to other techniques currently available
to treat water molecules in small molecule docking.54,55

Summary and Conclusions

In this paper, we present Fleksy, a new approach capable of
considering both ligand as well as receptor flexibility in a small
molecule docking experiment. The method results in a ranked
list of minimized docking poses, with each pose complemented
by a corresponding, custom receptor structure. We validated
our method with more than 300 self-docking and cross-docking
experiments using 35 different receptor–ligand complexes taken
from the PDB. The obtained results clearly show the ability of
our docking pipeline to consider receptor plasticity during small
molecule docking. As such, the method is suitable to be readily
implemented within a computational drug discovery environment.
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