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A two-stage method for the computational prediction of the structure of protein-ligand
complexes is proposed. Given an experimentally determined structure of the protein, in the
first stage a large number of plausible ligand conformations is generated using the fast docking
algorithm FlexX. In the second stage these conformations are minimized and reranked using
a method based on a classical force field. The two-stage method is tested for 10 different protein-
ligand complexes. For 9 of them experimentally determined structures are known. It turns
out that the two-stage method strongly improves the predictive power as compared to that of
the fast docking stage alone. The tenth case is a bona fide prediction of a complex of thrombin
with a new inhibitor for which no experimentally determined structure is available so far.

Introduction

A major goal of rational drug design is the develop-
ment of ligands that bind specifically and with high
affinity to proteins that play key roles in diseases.
Computational molecular modeling can contribute sig-
nificantly to this development process by offering de-
tailed insights into protein-ligand interactions. An
important problem that is handled with molecular
modeling techniques is the so-called docking problem:
how can one predict the 3D-structure of a protein-
ligand complex, given only the conformation of the
protein and the chemical structure of the ligand?

In recent years a number of computational tools have
been devised to deal with the docking problem.1-6

Typically, docking programs generate large numbers of
conformations and try to rank them according to their
(free) energy. The conformation of lowest energy is then
considered the best prediction for the true conformation
of the protein-ligand complex. To tackle the problem
of finding this conformation in a very large conforma-
tional space within a reasonable amount of time, most
docking programs use elaborate algorithms for efficient
conformational searches and simplified energy functions
that can be evaluated quickly. Although the predicted
conformations often are essentially correct, there remain
many instances where this is not the case. To a first
approximation the reasons for these failures fall into
two categories: either the conformational sampling is
insufficientsthe correct conformation is not generated,
or the energetic ranking is not good enoughsthe correct
conformation is not identified.

In this article a two-stage strategy is proposed to
tackle the second problem. In the first stage the con-
formational space is sampled using the fast FlexX

algorithm,4,7 and in the second stage low-energy con-
formations are reranked according to conformational
energy and solvation energy calculated with a more
detailed energetic model mainly based on classical force
fields. In contrast to previous reranking work,8,9 in this
paper the reranking stage involves an energy minimiza-
tion with a fully flexible ligand.

To assess whether the two-stage method is suitable
for ranking, we investigate 10 protein-ligand systems,
most of which pose hard problems if only fast docking
tools such as FlexX are used and no subsequent rerank-
ing takes place. Interestingly, some of these systems are
difficult challenges for other established docking meth-
ods such as GOLD as well.5 Hence, we think that the
scope of this paper is not restricted by the use of FlexX
as docking tool. Also included in the test set is a bona
fide prediction for a complex of thrombin with a new
inhibitor for which no experimental 3D-structure is
available so far.

The remainder of the paper is organized as follows.
First the main features of the two-stage method are
presented with an emphasis on the second stage. Then
the results of the 10 test cases are discussed in detail.
From these data we finally draw conclusions concerning
the power and limitations of the proposed method, and
we also outline possible further improvements.

Methods

The method for protein-ligand docking proposed here is a
combination of two techniques. In the first stage a very fast
docking with a simple molecular model is performed using
FlexX, version 1.7.0.4 This typically results in a few hundred
plausible but distinct conformations of the ligand in the
binding pocket of the protein. In the second stage the ligand
conformations having the lowest FlexX energies are first
minimized in the binding pocket using CHARMM10 using the
CHARMm22 force field (MSI, San Diego, CA) and reranked
using CAMLab, version 1.0,11 with a more detailed molecular
model including also solvation effects.

Because FlexX has been described in depth elsewhere,4 we
here sketch only the main features of the algorithm. FlexX
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docks flexible ligands into binding pockets of rigid proteins.
The docking proceeds incrementally by adding fragment after
fragment so that the energy of the complex is always locally
minimal. For a better sampling of the conformational space,
the build-up of the ligand is allowed to ramify into diverse but
energetically favorable regions. To make the search fast, the
conformational space of the ligand is discretized and a simple
energetic model derived from LUDI12 is used for scoring.

The second stage starts with the selection of those ligand
conformations that will be reranked with the more detailed
energetic model. Generally the N conformations having the
lowest FlexX energies are considered for reranking. Since for
the reranking the CPU time per conformation is about the
same as for the whole FlexX run, N should be chosen not too
large if time is a limitation. On the other hand if N is too small,
the best conformation may be missed. A rule of thumb is that
the more rotatable bonds and the less specific the binding
interactions, the more conformations should be considered in
the reranking stage. In this paper we choose values of N
between 60 and 500. Experience shows that in many cases it
is sufficient to restrict oneself to the first 100 conformations,
but in other cases, like the one of complex 2mcp below, this
restriction may prevent accurate results.

To prepare the calculations in the second stage, a rectan-
gular box is determined, that contains all N selected ligand
conformations plus a safety margin of 12.5 Å. Only the part
of the protein within this box is taken into account for the
detailed energy calculations. In this way CPU time and
computer memory are saved without a significant distortion
of the energy landscape.

All docking cases in this paper use protein structures that
have been determined crystallographically and that are pub-
lished in the Protein Data Bank (PDB).13,14 Hydrogen atoms
are added to these structures using CHARMM.10 Each of the
N selected ligand conformations is subjected to an energy
minimization of a maximum of 1500 steps using the conjugated
gradient method in CHARMM. The protein structure is held
fixed during this minimization, whereas the ligand is allowed
to change its conformation and position freely under the
influence of the force field. The purpose of the minimization
is to relax the ligand conformation into a neighboring local
energy minimum that essentially retains the binding pattern
of the original conformation generated by FlexX. Because only
a local optimization is intended, we screen the long-range
Coulombic interactions that otherwise could lead to larger
conformational changes during minimization. This screening
is achieved by using a distance-dependent dielectric (ε ) r) in
the minimization.

The energy minimization consumes most of the CPU time
in the reranking. Since in many applications time is a limiting
factor, it is important to emphasize the necessity of the
minimization step. The energy landscape modeled by the all-
atom force field is very rugged: small structural changes often
correspond to large changes in energy, mainly because of
atomic overlaps or stretched bonds. In nature, such strained
conformations will occur very rarely, and the partition function
will by far be dominated by structures around minima of the
force field energy. In this sense it is necessary and sufficient
to compare minimized structures.

For each minimized complex the total energy in aqueous
solution is then computed using CAMLab,11 a program that
can perform computations of force field and solvation energies.
The total energy Et can be written as

where Eff is the CHARMm22 force field energy10 with constant
dielectric (ε ) 4), Ees is the electrostatic part of the solvation
energy, and Enp is the nonpolar part of the solvation energy.
The force field comprises bonded energy terms (bonds, bond
angles, torsions, improper torsions) and nonbonded terms
(Lennard-Jones and Coulomb) with the usual functional
forms.10

Ees is obtained from the solution of the Poisson equation15,16

using a fast multigrid finite difference solver.11 Atomic radii

and charges are taken from the CHARMm22 force field. The
charges are discretized on a relatively coarse grid with a grid
spacing of 1 Å. The Poisson equation is solved twice: first, in
a homogeneous dielectric with ε ) 4 everywhere and, second,
with ε ) 4 inside the molecular surface of the protein-ligand
complex and ε ) 80 outside. From the difference of the two
solutions the electrostatic part of the solvation energy Ees is
obtained (or more precisely the electrostatic part of the transfer
energy between media with ε ) 4 and ε ) 80).17

The nonpolar part of the solvation energy Enp is ap-
proximated by the total solvent-accessible surface of the
complex times a surface tension constant of 84 J/Å2.18-20

Results and Discussion
We assume that the experimentally determined com-

plex conformations correspond to structures of minimum
(free) energy. If our energy function Et is adequate, and
if our conformational search covers the region of mini-
mal energy, then the two-stage method should identify
a conformation close to the experimentally determined
structure as conformation of minimum energy Et in the
set of generated structures. Another formulation of this
requirement is that in the list of conformations arranged
in order of ascending energy, the conformation at rank
1 should be close to the experimentally determined
structure. This is the criterion that we use to judge the
quality of the proposed method. As a measure for the
closeness of predicted structures to the experimentally
determined structure of the ligand, we choose the root-
mean-square-deviation (rmsd) of the Cartesian coordi-
nates of all non-hydrogen atoms. Numerical results in
terms of the rmsd of the conformation of lowest energy
are summarized in Table 1. It is not expected that after
reranking a positive correlation exists over the whole
range of energies and rmsd’s, because it is possible to
generate structures that are close to the crystal struc-
ture but have, for instance, atomic overlaps and hence
have much higher energies than relaxed structures far
away from the crystal structure. Ideally, if the experi-
mentally determined structure is submitted to the
reranking procedure, the energy Et of this structure
should be particularly low. This is also investigated in
our test cases below.

We study the performance of our two-stage method
in 10 test cases. Eight of these cases are purposefully
chosen such that FlexX performs badly: it fails to assign

Table 1. Numerical Results for Eight Test Casesa

complex Nrot rmsdflexx (Å) rmsdminEt (Å)

1poc 26 9.49 3.11 (20)
4hmg 12 5.45 1.55 (61)
1dwd 10 1.12 1.71 (52)
2cgr 9 6.38 0.54 (10)
2mcp 7 6.86 1.30 (320)
1imb 7 5.10, 0.84 6.01 (23), 1.03 (45)
1tni 5 2.71, 3.30 2.50 (2), 1.86 (88)
1mup 4 3.82, 3.76 3.54 (57), 2.16 (156)

a Nrot is the number of rotatable bonds of the ligand. Rmsdflexx
is the rmsd between corresponding non-hydrogen atoms of the
ligand in the crystal structure and the ligand conformation at rank
1 (lowest energy) according to FlexX. RmsdminEt is the rmsd
between crystal structure and the ligand conformation of lowest
energy Et; the number in parentheses is the rank of this conforma-
tion before reranking. For 1imb, 1mup, and 1tni there are two
rmsd values given. The first respective value refers to calculations
without consideration of X-ray waters; the second value results
from calculations with explicitly modeled X-ray waters. 1icn is
missing because of ambiguities in the experimentally determined
structure (see main text).

Et ) Eff + Ees + Enp (1)
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the top rank or the lowest FlexX energy to a ligand
conformation that is essentially correct. However, we
will show that in two of these eight cases (1icn and
1imb) the problem is probably not rooted in FlexX itself.

We also present results for complexes of thrombin
with two inhibitors: first, the complex of thrombin and
NAPAP is a reference case where FlexX performs well
and, second, in a bona fide prediction, we apply our two-
stage method on the complex of thrombin with a new
ligand for which no experimentally determined struc-
ture is available. Except for the last example we label
each case with the PDB code13,14 of the respective
experimentally determined structure. The discussion
proceeds from larger to smaller ligands (Figure 1) and
concludes with the results of the bona fide prediction.

1poc. 1poc21 is a complex of phospholipase A2 and a
phospholipid-like transition-state analogue as a ligand.
This ligand is difficult for FlexX to dock because it has
many rotatable bonds and hence a large conformational
space. Guided by the channels that accommodate the
two alkyl chains, FlexX nevertheless manages to find a
set of reasonable structures with rmsd’s of about 3 Å
(Figure 2). In this set only the positively charged part
of the lipid headgroup is pointing in a direction that is

different from that seen in the crystal structure. How-
ever, this group of structures is not top-scoring according
to the energy function of FlexX.

After reranking, the energy Et (eq 1) of the minimized
structures distinguishes three separate groups (Figure
2): a group with rmsd of about 3 Å has the lowest
energy, and there are two groups with rmsd values of
9-10 Å with much higher energies. The value of Et of
the crystal structure after energy minimization is still
considerably lower than that of the 3 Å group, or in
other words, the reranking procedure clearly identifies
the experimental structure as that of lowest energy
(diamond in Figure 2). The energetic components con-
tributing most to this discrimination are Coulomb
energy, Lennard-Jones energy, and bonded energy
terms. In the crystal structure the charged parts of the
headgroup are matched by opposite charges of the
protein and the ligand fills the binding site without
being strained.

As expected the energy minimization does not lead
to strong improvements in rmsd but changes structures
only locally. For instance the minimization is not able
to move the positively charged part of the headgroup to
its correct position. One could think of using an un-

Figure 1. Chemical structures of the ligands in the 10 protein-ligand complexes investigated. Labels indicate the respective
complexes (see text).
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screened Coulomb interaction during minimization to
facilitate larger conformational corrections to the posi-
tion of the charged headgroup. However, this does not
lead to better results: the distances between the cor-
responding positively charged nitrogens of the crystal
structure and the minimized structures are still larger
than 6 Å. In terms of rmsd the prediction based on the
minimum value of Et is still 3 Å off the crystal structure
(compared to more than 9 Å before reranking). Given
the large size and high flexibility of the ligand with its
26 rotatable bonds, this result of the two-stage method
is satisfactory.

1icn. In the complex 1icn an oleate molecule is bound
to a fatty acid-binding protein.22 According to the
published crystal structure the carboxylate group of the

oleate is buried at the bottom of the hydrophobic pocket
and the hydrocarbon tail extends from there up to the
surface of the protein. The carboxylate is disordered, and
three alternate positions are reported in the PDB.

Two FlexX runs are carried out. In the first run, the
carboxylate is assumed to be deprotonated and hence
negatively charged. FlexX generates 147 structures, but
only 9 of these with ranks of 130 and higher had rmsd’s
of less than 3 Å and none less than 2 Å. By far the
majority of structures has rmsd values of 8-12 Å. In
these structures the volume of the oleate superimposes
well with the conformation deposited in the PDB. It only
differs in the orientation of the molecule, in that the
carboxylate group is not located at the bottom of the
hydrophobic pocket but exposed to the solvent and to
polar groups on the surface of the protein.

In the second FlexX run the carboxylate group is
assumed to be protonated. This protonation state is
probably correct for each of the three positions of the
carboxylate given in the PDB. Otherwise the negative
charge of the carboxylate would be buried in a hydro-
phobic environment with no countercharge to compen-
sate the effect of desolvation. To estimate the pKa of the
carboxylate in the hydrophobic pocket, we use the
MEAD program.23,24 For each of the three positions of
the carboxylate group, the calculated pKa is higher than
11, meaning that under physiological conditions the
carboxylate in the pocket should be protonated. In the
FlexX run with protonated carboxylate some structures
with small values of rmsd come closer to rank 1.
However, the structures of best rank and the majority
of conformations are still oriented as before with the
carboxylate exposed to the solvent and hence have large
values of rmsd (top part of Figure 3).

The reranking in the second stage of our method does
not seem to improve the ranking (center part of Figure
3). The three alternate structures given in the PDB have
energies that are significantly higher than those of the
six highest ranking conformations generated by FlexX,
that all have solvent-exposed carboxylates and rmsd’s
of 11 or more. At first sight this looks as if the two-
stage method has failed completely for 1icn. However,
it may be that this complex is one of the rare cases
where the predicted structure is closer to the truth than
the structure found in the PDB. The crucial hint comes
from the crystallographers themselves, who observe
“additional weak and continuous electron density that
extends beyond the location of the terminal methyl of
oleate in the wild-type holoprotein. This weak density
is J-shaped and extends over a distance equivalent to
four methylenes”.22 The results of our calculations
suggest that this electron density could not be due to
the hydrocarbon tail of oleate but more probably due to
its carboxylate which may be exposed to the solvent.
Furthermore we suspect that the disordered “carboxy-
lates” given in the PDB are more likely alternate
positions of the hydrocarbon tail. Both changes to the
structure are in accord with our computational results
and probably also with the crystallographic electron
density. The orientation of the oleate in the PDB may
be an artifact of the refinement procedure where the
wild-type protein with bound myristate was used as an
initial model. In contrast to the wild-type protein which
has an arginine at the bottom of the binding pocket, in

Figure 2. Energies, rmsd values, and structures of FlexX-
generated predictions for 1poc. Rmsd values are given with
respect to the crystal structure. In the top part the energy
function is that used in FlexX, and in the center part it is Et

(eq 1), the energy used for reranking. Energy scales are shifted
such that the structure of lowest energy is assigned zero energy
to facilitate comparisons between figures. Four symbols are
used (dot, circle, plus, and cross), one for each respective
quartile of the FlexX ranking. The same symbol is used for
corresponding ligand structures in both plots to make visible
the sorting effected by the reranking. Note that the rmsd
values can change from the top part to the center part due to
the energy minimization. The minimized crystal structure is
indicated by a diamond in the center part. For clarity, only
the first 100 FlexX-generated structures are shown in this and
the following figures if not mentioned otherwise. The bottom
part shows the superposition of crystal structure (dark gray)
and structure of lowest Et (light gray) with P and N atoms
indicated for orientation. Hydrogen atoms are omitted here
and in the following figures.
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the mutant protein in 1icn this position is replaced by
a neutral glutamine, and hence the ability to form a salt
bridge with the carboxylate of the fatty acid is lost.
Interestingly, independent investigations using a dif-
ferent docking tool5 could also not reproduce the PDB
structure but rather predicted conformations similar to
that preferred by our method.

4hmg. 4hmg25 is a complex of influenza virus hemag-
glutinin with its ligand sialic acid. Sialic acid is smaller
and more compact than the previous two ligands, but
having 12 torsional degrees of freedom it is quite
flexible, too. With a negatively charged carboxylate, a
carbonyl group, and 6 hydrogen bond donors the ligand
is very hydrophilic. The largest hydrophobic group of
the ligand is a methyl group. The protein has three
binding sites for sialic acid of which we consider the one
located on chain A.

FlexX correctly orients the carboxylate group of the
ligand toward a cluster of hydrogen bond donors around
asparagine 137 and glutamine 226. However, the pro-
posed positions of the remainder of the ligand are
spreading over a large area. FlexX finds plenty of
possibilities to form hydrogen bonds between the many
hydrophilic residues lining the vicinity of the binding
pocket and parts of the ligand. Conversely, the methyl
group of the ligand does not form hydrophobic contacts
for most of the proposed positions and in some cases is
even fully exposed to the solvent. The resulting confor-
mations typically have rmsd values of 5-6 Å to the
crystal structure (Figure 4). A smaller distinct group of

conformations with rmsd’s of 1-3 Å correctly places the
methyl group in the hydrophobic pocket between tryp-
tophan 153 and glycine 134, but this group does not
rank at the top according to FlexX.

The reranking procedure leads to a relative shift in
energy of the two groups of conformations with high and
low values of rmsd. Ligand conformations with methyl
groups buried in the hydrophobic pocket and rmsd’s of
1-3 Å now rank at the top (center part of Figure 4).
Their energies are significantly lower than those of the
group with rmsd’s of 5-6 Å. The minimized crystal
structure has an energy that is even lower, because the
sum of Lennard-Jones and torsion energy is particu-
larly low for this conformation. This means that for
4hmg the reranking works well.

1dwd. The complex26 of human R-thrombin with
N-R-(2-naphthylsulfonylglycyl)-D-p-amidinophenylalanyl-
piperidine (NAPAP)27 is a system for which FlexX
performs well, in that it ranks at the top ligand
conformations with rmsd’s of 1 Å to the crystal struc-
ture. The results on this complex demonstrate that the
reranking procedure does not spoil good rankings of a
successful docking run.

In the crystal structure NAPAP occupies three pock-
ets of thrombin: in the S1 pocket at the bottom of the
binding site the amidinophenyl group forms a salt

Figure 3. Rmsd and energy before and after reranking for
1icn. Note that there are three alternate positions of the
carboxylate of the oleate ligand given in the PDB, correspond-
ing to the three diamonds in the center part. Rmsd values are
relative to the first position of carboxylate. The bottom part
shows the superposition of crystal structure (dark gray) and
structure of lowest Et (light gray). Carboxylate oxygens,
position of side chain of glutamine 106, and distance between
glutamine and carboxylate are indicated for orientation.

Figure 4. Rmsd and energy before and after reranking for
4hmg. The bottom part shows the crystal structure (dark gray)
and the structure of lowest Et (light gray). Also shown for
orientation are the side chains of tryptophan 153 and glutamine
226, the positions of the ligand N atoms, and the distances
between the ligand carboxylates and glutamine.
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bridge with aspartate 189, the piperidine ring resides
in the S2 pocket, and the naphthyl group lies in the S4
pocket formed by leucine 99, isoleucine 174, and tryp-
tophan 215 (Figure 12). FlexX places amidinophenyl-
alanyl and piperidine groups of all ligand conformations
in their proper pockets. Only the naphthyl group shows
a broad distribution of positions, with some instances
in the correct pocket, some extending into the solvent,
and others in a more hydrophilic pocket. Ligand con-
formations on the first three ranks are essentially
correct and differ only by the orientation of naphthyl
and piperidine rings within their respective pockets. The
rmsd’s to the crystal structure in this leading group are
between 1 and 2 Å (Figure 5).

The reranking procedure sharpens the contours of the
distribution of rmsd versus energy (Figure 5) by cluster-
ing structures of similar rmsd in the same energy
minimum (center part of Figure 5), in particular the 11
structures with rmsd below 2 Å. According to FlexX the
ranks in this group are spread quite uniformly between
1 and 75 (of 100). After reranking this group has ranks
1-10 and rank 14. Consequently, structures with the
hydrophobic naphthyl ring in more hydrophilic environ-
ments are pushed to ranks worse than 10. The mini-
mized crystal structure has a value of Et that is still
significantly lower than that of the leading group. An
analysis of the energetic components (data not shown)
reveals that leading group and crystal structure are

favored mainly by Lennard-Jones interaction and
alsosto a lesser extentsby the nonpolar solvation
energy Enp, indicating that these conformations are well-
adapted to the shape of the binding site.

It could be argued that the dominance of Lennard-
Jones interactions may be an artifact due to the use of
a rigid protein: The rigid protein “lock” probably
overemphasizes the necessity for the ligand “key” to
match the geometric shape of the binding pocket. An
optimal matching implies that the Lennard-Jones
energy in the complex is minimized. To test whether
the dominance of the Lennard-Jones interactions in
this complex is lost if the conformation of the protein is
changed, we docked NAPAP in thrombin taken from the
crystal structure of the complex 1dwc of argatroban and
thrombin.26 The rmsd of the two proteins after optimal
superposition is about 0.2 Å. The picture after reranking
the conformations generated by FlexX closely resembles
the center part of Figure 5 with the Lennard-Jones
interactions still dominating. Qualitatively similar re-
sults were obtained for the docking of argatroban into
the thrombin structures taken from 1dwd and 1dwc (not
shown). Hence, the dominance of the Lennard-Jones
interactions in these thrombin complexes is not a mere
artifact of the rigid protein structure used in the
calculations. This point is discussed further in the
conclusions.

2cgr. 2cgr28 is the complex of an immunoglobulin Fab
fragment with the ligand N-(p-cyanophenyl)-N′-(di-
phenylmethyl)guanidineacetic acid (GAS). In the crystal
structure the ligand entertains several specific interac-
tions with the protein that we use to classify the
conformations generated by FlexX: a charged hydrogen
bond between the carboxylate and arginine 57, a
hydrogen bond of the cyano group with buried water
102, and various interactions of the three phenyl rings
of GAS with surrounding aromatic groups of the protein.

Most of the conformations generated by FlexX differ
significantly from the crystal structure (top part of
Figure 6). This is also true for the six top-ranking
conformations which only have in common the charged
hydrogen bond between the carboxylate and arginine
57. In this group of conformations the cyanophenyl
group points into the solvent, whereas another phenyl
ring sits in the pocket which in the crystal structure is
occupied by the cyanophenyl group. The third phenyl
ring also does not fill the pocket which it fills in the
crystal structure. Consequently, the rmsd to the crystal
structure lies at high values of about 6 Å and more. The
first conformation with a binding mode that is es-
sentially correct is ranked eighth with a rmsd of 1 Å.

Reranking shifts the conformations with wrong bind-
ing modes up in energy Et relative to those conforma-
tions that are close to the crystal structure. After energy
minimization, a group of four conformations with rmsd
of 0.6 Å has the lowest energies. These conformations
are practically identical with the minimized crystal
structure, which means that the reranking was suc-
cessful for 2cgr. The Lennard-Jones energy again is the
most important energy term that discriminates between
the leading group and the rest of the conformations.
Coulombic energy also contributes to this discrimination
but does so to a lesser extent.

2mcp. The complex 2mcp of an immunoglobulin Fab

Figure 5. Rmsd and energy before (top) and after (center)
reranking for 1dwd. The bottom part shows the superposition
of crystal structure (dark gray) and structure of lowest Et (light
gray). Side chains of three amino acids forming pocket S4 and
aspartate 189 are also shown.
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with phosphocholine29 is an example that clearly dem-
onstrates the effectiveness of the two-stage method. In
the crystal structure the ligand lies in a pocket in which
the two charged groupssthe positive choline and the
negative phosphatesinteract with groups of opposite
charge or polarity, for instance, glutamate 35 and
aspartate 97 and arginine 52. The more hydrophobic
choline group is mainly buried in a pocket, whereas the
more hydrophilic phosphate is partly exposed to the
solvent.

FlexX basically generates two groups of conformations
(top part of Figure 7): a larger group with rmsd values
of around 7 Å with ranks 1-320 and a smaller group
with rmsd values between 1 and 4 Å with ranks 320-
400. The first group does not occupy the phosphocholine
binding pocket but rather sits on the surface of the
protein. The only feature in common with the crystal
structure is the binding of the phosphate group to
arginine 52, but with the phosphate approaching the
guanidino group from a different side. The choline
groups are spread over a wide area forming contacts
with various polar groups. The second group of confor-
mations inserts the choline groups into the phospho-
choline binding pocket but has the phosphate positions
spread over a space spanning several angstroms. Some
conformations of the second group are close to the
conformation of the crystal ligand.

Reranking reverses the relative rankings of the two
groups of ligand conformations. Conformations of the
group with rmsd values of 7 Å now have higher energies
than the group close to the crystal structure. The ligand
structure with the lowest value of Et previously had a

FlexX rank of 320. After minimization the rmsd of this
conformations is 1.3 Å. The rmsd of the minimized
crystal structure to the original crystal structure is 0.8
Å, and its Et is still lower than that of the best FlexX
structure. Hence, Et after energy minimization success-
fully recognizes conformations close to the experimental
structure. The energetic components contributing most
to this result are the Lennard-Jones term, the Coulomb
term, and the nonpolar solvation term.

1imb. The complex 1imb of inositol monophosphatase
with its ligand L-myo-inositol-1-phosphate30 probably is
a difficult task for any docking algorithm, if the positions
of crystal waters are not known in advance. This is
because half of the binding pocket is filled with more
than 10 water molecules that are in contact with the
ligand. An oxygen atom of the phosphate group of the
ligand is part of an octahedral coordination shell of a
Gd3+ ion. The sugar moiety forms hydrogen bonds to
crystal waters and to acceptors of the protein.

In the first docking attempt we ignore the presence
of the crystal waters. Whereas many phosphate posi-
tions of the structures generated by FlexX are near the
gadolinium ion, the sugar moiety is scattered over

Figure 6. Rmsd and energy before (top) and after (center)
reranking for 2cgr. In the bottom part the crystal structure
(dark gray) and the structure of lowest Et (light gray) are
superposed. Water 102 (W102) and arginine 57 mentioned in
the text are also shown.

Figure 7. Rmsd and energy before (top) and after (center)
reranking for 2mcp. The top part only shows the first 100
conformations generated by FlexX and the conformation on
rank 320 (single cross in lower right-half of top part). The
center part shows these conformations and in addition the
minimized crystal structure (diamond) after reranking. Note
that FlexX generates more than one structure with rmsd lower
than 2 Å, but these have ranks higher than 320 and are not
shown here. Bottom part: superposition of crystal structure
(dark gray) and structure of lowest Et (light gray). Also shown
are three amino acids mentioned in the text and positions of
ligand P atoms.
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large parts of the binding pocket. Conformations on
ranks 1-75 have rmsd’s in the range of 4-7 Å, and the
first ligand conformation with an acceptable rmsd of 1.8
Å is on rank 76 (see Table 1). Reranking of these
conformations after minimization does not improve the
situation. Minimization often leads to large movements
of the ligand within the pocket, partly due to the strong
Coulombic interactions between the charged groups
lining the surface of the pocket, namely the gadolinium
ion and six carboxylates, and the charged or polar parts
of the ligand. Many ligand positions after minimization
overlap with the water positions in the crystal structure.
Even for the crystal structure the ligand moves by more
than 3 Å during energy minimization.

These results suggest to explicitly consider crystal
waters in the calculations. Therefore, 17 crystal waters
with oxygens closer to the ligand than 6 Å are reintro-
duced into the binding pocket. Hydrogen positions are
generated and energy-minimized with CHARMM. Dur-
ing this minimization the water oxygens are fixed and
the ligand is not present. The ligand is then docked
using FlexX. The new results are strikingly different
from the former ones. Now, we find a structure on rank
1 with a rmsd of 0.8 Å. Moreover, the range of rmsd’s is
restricted to values below 4 Å (Figure 8). Since the result
of the docking stage is already quite accurate, the
reranking cannot improve much. The minimized ligand
of the crystal structure is almost identical to the
minimized best FlexX structures with rmsd’s from the

original crystal structure of about 1 Å. Interestingly,
there are some ligand conformations with rmsd’s below
1 Å but higher values of Et, mainly due to strained bond
angles and Lennard-Jones interactions. In conclusion
we find that for 1imb the crystal waters are an integral
structural part of the binding pocket that has to be
taken into account explicitly for meaningful results.
These water molecules provide specific interactions with
the ligand as well as excluded volume that constrains
the ligand to a pocket that is effectively smaller. We
suspect that the problem of predicting the correct
structure of this particular protein-ligand complex in
absence of the crystal waters is intractable for any
docking algorithm available today.

1tni. 1tni is a complex of trypsin with the small
inhibitor 4-phenylbutylamine.31 In the crystal structure
the amine of the ligand binds to aspartate 189 and
neighboring carbonyl groups in the specificity pocket of
the protein. The rest of the ligand mainly forms hydro-
phobic contacts to nonpolar parts of the pocket, and
there is also a weak CH‚‚‚O hydrogen bond between the
oxygen of crystal water 269 and the phenyl ring. The
temperature factors of the ligand are high with values
in the range of 40-50, indicating that the ligand
position is not as well-defined as in the other cases
investigated, where B-values typically are between 10
and 30. This is not surprising since the ligand is small
in comparison to the volume of the binding pocket and
does not interact very specifically with the protein.

As for 1imb we run two series of calculations: first
without crystal waters and second with seven crystal
waters in the binding pocket closer than 6 Å to the
crystal ligand. FlexX generates ligand structures that
occupy the correct binding pocket in the right orienta-
tion but differ from the crystal structure by up to 3.3 Å
in terms of rmsd (Figure 9). This is because the ligand
is small in comparison with the volume of the pocket
and many interactions stabilizing different conforma-
tions are available, none of which is particularly strong.
The effect of the crystal waters in the docking step
differs from that seen for 1imb in that the structure on
rank 1 shifts from 2.7 to 3.3 Å rmsd when the crystal
waters are introduced.

After reranking the ligand structure of lowest Et is
still 2.5 or 1.9 Å away from the crystal structure for the
calculation without or with crystal waters, respectively.
These rmsd values may seem relatively large, but we
think that the result is acceptable because the overall
binding mode and orientation seen in the crystal
structure are retained: the amino group of the ligand
is interacting with the aspartate 189 and the phenyl
group occupies the upper part of the pocket. Moreover,
the high temperature factors mentioned above suggest
that the ligand position is only loosely defined. In this
respect it is not astonishing that the crystal structure
moves by 1.5 Å during the minimization step and is
overtaken in rank by other structures. Energy terms
with the largest impact on the ranking are the Len-
nard-Jones term, followed by bond angle and torsion
energies.

1mup. The complex 1mup of a pheromone-binding
protein with its ligand 2-(sec-butyl)thiazoline32 is dif-
ficult to treat because the ligand is highly hydrophobic
and does not form hydrogen bonds or other directional

Figure 8. Rmsd and energy before and after reranking for
1imb. Seventeen crystal water molecules in the binding pocket
have been taken into account to generate these data. These
molecules are shown in the bottom part (black spheres)
together with the superposition of crystal structure (dark gray)
and ligand structure with lowest Et. Also indicated is the
position of the Gd3+ ion.
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interactions with the protein. The ligand is completely
enclosed by the protein in a hydrophobic binding pocket.
Two crystal waters cover the only hydrophilic patch of
the pocket and also have van der Waals contacts with
the ligand.

As for the two previous complexes we carry out two
series of calculations: one without and one with the two
crystal waters. In both runs the majority of structures
have rmsd’s of between 3 and 5 Å (Figure 10), and on
rank 1 we find a structure with a rmsd of 3.8 Å. Only
few structures have rmsd values below 3 Å, and none
falls below 2 Å. FlexX mainly generates structures with
the thiazoline ring occupying one of three niches of the
binding site, whereas in the crystal structure this ring
sits in the center of the pocket fixed by hydrophobic
groups protruding from the walls of the pocket. The
introduction of the crystal waters does not change this
situation but rather shifts some of the thiazoline posi-
tions overlapping with these waters to another niche.

In the reranking stage the introduction of the two
crystal waters leads to a significant improvement. For
the complex without waters the structure with lowest
Et is still 3.5 Å off the crystal structure. During
minimization the ligand molecule is in many cases
shifted to positions that overlap with the crystal waters.
This is true in particular for the crystal ligand itself.
The reranking does not significantly improve rmsd’s.
This changes with the introduction of the crystal waters.
Now reranking brings the structure ranked 156th by
FlexX to rank 1 according to Et. This structure has an
rmsd value of 2.2 Å, which is the minimum value of all
structures generated by FlexX. In this sense the rerank-

ing is also successful for 1mup. The energetic component
mainly responsible for the ranking is the Lennard-
Jones term of Et.

Thrombin and Inhibitor BCPA. One of the best
means to test a method that claims to be predictive is
bona fide predictions, because the application of the
method and the assessment of the results are carried
out independently. Here, we predict the structure of the
complex of thrombin with the new inhibitor BCPA or
benzylsulfonyl-D-cyclohexylglycyl-prolyl-4-(amidometh-
yl)amidinopiperidine. The chemical structure of BCPA
is closely related to that of the members of a group of
new thrombin inhibitors.33,34 Benzylsulfonyl-D-diphen-
ylalanyl-prolyl-trans-4-(amidomethyl)cyclohexylamine33

can be considered the template inhibitor. For the
complex of this template inhibitor with thrombin a
X-ray structure exists,33 which is not available to us.
Based on this template we have synthesized the new
inhibitor I11 or benzylsulfonyl-D-cyclohexylalanyl-pro-
lyl-4-(amidomethyl)amidinopiperidine that binds to
thrombin with a Ki of 0.27 nM.34 There exists no
experimentally determined structure of the complex of
I11 and thrombin. Recently, it has been found for a
related inhibitor that the substitution of the D-cyclo-
hexylalanine by a D-cyclohexylglycine residue was fol-

Figure 9. Rmsd and energy before and after reranking for
1tni. Seven crystal water molecules have been considered in
the calculations. Bottom part: superposition of crystal struc-
ture (dark gray) and structure with lowest Et (light gray). Also
shown are the side chain of aspartate 189 and distances to
ligand N atoms.

Figure 10. Rmsd and energy before and after reranking for
1mup. Data refer to calculation in which the two crystal water
molecules contained in the binding pocket have been consid-
ered. Shown are data of the first 100 structures of highest rank
according to FlexX, and the structure on rank 156 (single cross
in right-half of top part) which has the lowest rmsd to the
crystal structure. The bottom part shows the superposition of
crystal structure (dark gray) and structure with lowest Et (light
gray). Also indicated are the position of the ligand S atoms
and the distances of methyl groups to two water molecules
(black spheres) mentioned in the text.
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lowed by a reduced affinity to the fibrinolytic enzymes
plasmin and tissue-type plasminogen activator, while
sufficient antithrombin potency was maintained.35 As
a consequence this inhibitor showed no inhibitory effects
on endogeneous fibrinolysis even at very high doses,
which is important for clinical development. This sug-
gests to replace the D-cyclohexylalanine of I11 by
D-cyclohexylglycine, which leads to BCPA. As for I11,
there exists no experimentally determined structure of
the BCPA-thrombin complex.

The ligand BCPA is docked into the thrombin struc-
ture taken from complex 1dwd.26 Two FlexX runs with
different starting conditions (detailed below) are per-
formed to generate a greater conformational diversity.
The conformations of the two runs are then collectively
submitted to the reranking procedure.

The first run is carried out in analogy to the docking
for complex 1dwd above. FlexX automatically chooses
and places the base fragment and generates 171 ligand
structures. The structures ranked best by FlexX have
the amidinopiperidine of BCPA positioned in the S1 site
similar to the benzamidine group of NAPAP. The
positions of the N-terminal benzyl ring are scattered
over a wide range between phenylalanine 60 and
isoleucine 174. There is a tendency toward elongated
ligand conformations.

In the second FlexX run we start with the proline
residue of BCPA as base fragment placing it manually
in the S2 site such that its position is exactly that of
the proline residue in the complex 1hbt of thrombin with
a bivalent peptidic inhibitor derived from the C-terminal
part of hirudin.36 The best structures out of the 191
generated in this run again have the amidinopiperidine
positioned in the S1 pocket. In contrast to the previous
FlexX run, the new conformations have a higher content
of turn-like structures with the N-terminal benzyl group
closer to the amidinopiperidine moiety.

Conformations of both runs are submitted to the same
reranking protocol consisting of minimization and com-
putation of Et. Our bona fide prediction, that is the
structure with the lowest value of Et, is shown in Figure
12 superimposed with NAPAP in the binding pocket of
1dwd. This structure is generated in the second FlexX
run where it ranks 67th. Figure 11 shows rmsd’s of all
conformations with respect to the bona fide prediction
as a function of FlexX energies and values of Et.
Generally, the structures of the second run are less than
3 Å away from the conformation with minimum value
of Et, whereas those of the first run have rmsd’s of more
than 3 Å to this conformation. While the FlexX energies
of the two runs are spread over about the same range,
the values of Et are falling into two almost nonoverlap-
ping intervals. The conformations of the first run after
minimization have on the average significantly higher
values of Et than the structures of the second FlexX run.
This means that there is a clear energetic preference
for more turn-like structures with the amidinopiperidine
inserted into S1 and the phenyl ring at the other end of
the molecule close to S1. This is also true for the
structure with the lowest Et where the smallest distance
between two carbons in the amidinopiperidine ring and
in the phenyl ring is 3.8 Å (Figure 12). The Pro of this
structure occupies the S2 pocket formed by tyrosine 60A
and tryptophan 60D of the insertion loop of thrombin

and by histidine 57 and leucine 99. The cyclohexyl ring
is in S3 position between leucine 99, isoleucine 174, and
tryptophan 215. Interestingly, for one of the related
inhibitors a similar binding mode has been described
based on a X-ray structure.33

Cartesian coordinates of the predicted BCPA confor-
mation are available as Supporting Information in the
World Wide Web edition of this Journal.

Conclusions and Outlook
The two-stage method, consisting of a fast docking

step generating a large number of plausible conforma-
tions and a reranking step with a more detailed energy
function, has been successfully applied in a number of

Figure 11. Bona fide prediction of the complex of thrombin
and inhibitor BCPA. The data of the first FlexX run are shown
as circles, the data of the second run as crosses. Rmsd values
are given with respect to the predicted structure, which is the
one with lowest Et. Top half: rmsd as function of FlexX energy.
Bottom half: rmsd as function of Et after energy minimization
of the FlexX-generated structures.

Figure 12. Bona fide predicted conformation of inhibitor
BCPA (light gray) superimposed on NAPAP (dark gray) in the
binding pocket of thrombin. Prediction based on protein
structure taken from complex 1dwd.26 Three of the four ring
systems of BCPA occupy positions of ring systems of NAPAP
with similar physicochemical features. Positions of the four
ring systems of BCPA counterclockwise starting on the lower
right: the amidinopiperidine sits in S1, Pro is in S2, the
cyclohexyl ring occupies the so-called “aryl binding” site,39 and
the benzyl ring is bent back toward amidinopiperidine. Coor-
dinates are available as Supporting Information.
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cases that pose difficult problems if the docking algo-
rithm is used alone. This probably applies not only to
FlexX, the docking tool used in this study, but to other
docking tools as well. This is supported by the fact that
three of the cases investigated here (2mcp, 1mup, 1icn)
also were found intractable by the developers of the
GOLD program.5

In most of the cases investigated, FlexX is able to
generate ligand conformations close to the crystal
structure, although not on rank 1. The only clear
exception from this rule is the complex 1poc where
FlexX is not able to sample all relevant parts of the
conformational space. However, there the ligand with
its 26 torsional degrees of freedom is so large and
flexible that the rmsd of 3.1 Å for the best prediction
after reranking is still acceptable. A signature of this
sampling problem is the gap between the energy Et of
the best prediction and the much lower energy of the
minimized crystal structure: the sampling did not hit
the exact position of the native energetic minimum. A
smaller but still notable energetic gap is also present
for two other complexes with larger ligands (4hmg and
1dwd), signifying the same sampling problem. Despite
this problem, in the latter two cases the best predictions
using the two-stage method are satisfying in terms of
rmsd to the crystal structure with values of less than 2
Å. Overall, with the exception of 1poc, the rmsd between
best prediction and crystal structure lies between 0.5
and 2.2 Å (Table 1).

In general, no single component of the energy function
Et is sufficient to ensure that a ligand structure close
to the experimentally determined structure is identified
as the best prediction. However, in the majority of cases
the Lennard-Jones term of the force field contributes
most to the successful reranking. This is not surprising,
since FlexX penalizes atomic overlaps only in a crude
way and deliberately uses an atom model that is too
soft in order to counteract the rigidity of the receptor
model and other simplifications of the molecular model.
Thus it avoids premature rejection of structures that
are essentially correct but only slightly overlap with the
receptor. Hence, reranking tends to pick among the
many plausible structures generated by FlexX those
ligand structures that after minimization sterically fit
best into the binding pocket, that is, those which have
low Lennard-Jones energies. Solvation energy turns
out to be not discriminative for the complexes treated
here. This may be attributed to the fact that the energy
function used in FlexX implicitly considers solvation
effects.12

There are a number of limitations of the two-stage
method in its current form of which we mention two.
The first one is certainly the rigid receptor model, which
prevents an adequate treatment of induced fit phenom-
ena. Fortunately, for many enzymes the rigid model is
a reasonable approximation that allows to obtain mean-
ingful results, as demonstrated in this work. The second
limitation is related to the role of the crystal waters. In
three of the complexes considered here, crystal waters
at well-defined positions are an integral structural part
of the respective binding pocket. In principle, water
molecules can be treated as additional ligands that are
docked as well. For instance, FlexX offers the option to
place water-like particles in the binding site while the

actual ligand is docked.37 For the three complexes
investigated here in which water has to be considered
explicitly, this approach does not lead to improvements
compared to docking results without water. The prag-
matic alternative we have used in this work is to treat
waters as part of the receptor if their positions are
known. However, one should also consider docking
calculations using various subsets of water molecules.
Otherwise, ligands that replace certain structural wa-
ters could be missed, as for instance urea-based inhibi-
tors that replace a structural water in HIV protease.38

The aim of this work was to study the principal
viability of the proposed method to predict structures
of protein-ligand complexes, rather than the perfor-
mance of the method in terms of CPU time. Currently,
the CPU time is dominated by far by the reranking step,
which for 100 ligand conformations typically takes a few
hours on a single processor of a workstation. However,
the efficiency of the reranking step can be improved
greatly by a number of measures. For instance the time-
critical second stage can be easily accelerated by clus-
tering similar conformations generated by FlexX and
subsequent parallel processing of representatives of
these clusters. Another way to increase throughput in
the second stage is to carry out several cycles of
minimization. In the first cycle all complex structures
are submitted to a smaller number of minimization
steps. Structures at the upper end of the energy scale
are dropped. This is repeated through several cycles and
thus can reduce the number of candidate structures and
hence the amount of CPU time from hours to minutes.
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