
Simplified AutoDock force field for hydrated binding sites
Marek Wojciechowski

Department of Pharmaceutical Technology and Biochemistry, Gdansk University of Technology, ul. Narutowicza 11/12, 80-233 Gdańsk, Poland

Keywords: Molecular docking simulations Binding sites, X-ray crystallography Ligands, Molecular models, Protein binding, Water

A B S T R A C T

A set of high quality structures of protein-ligand complexes with experimentally determined binding affinities has been extracted from the Protein 
Data Bank and used to test and recalibrate AutoDock force field. Since for some binding sites water molecules are crucial for bridging the 
receptor-ligand interactions, they have to be included in the analysis. To simplify the process of incorporating water molecules into the binding 
sites and make it less ambiguous, new simple water model was created. After recalibration of the force field on the new dataset much better 
correlation between the computed and experimentally determined binding affinities was achieved and the quality of pose prediction improved even 
more.

1. Introduction

AutoDock [1] is one of the most popular programs used for mol-
ecular docking and virtual screening. It has been developed and im-
proved for several years and its force field was also improved over the
time. Since this force field is the empirical one its quality is heavily
dependent on the quality of the structures used to develop and cali-
brate the force field parameters. Due to the advances in experimental
methods both, the quality and the number of available experimental
structures is constantly growing giving the opportunity to extend and
improve existing empirical force fields and to develop the new ones
[2–4].

One of the important issues one faces while developing the em-
pirical force fields dedicated to docking and virtual screening is the
availability of the reliable experimental affinity data required for the
proper calibration of the force field parameters. Recently a few data-
bases (such as PDBBind-CN [5], MOAD [6] or BioLiP [7]) were cre-
ated, aimed at collecting together structural information about various
high quality protein-ligand complexes derived from PDB associated
with the experimental affinity data extracted from the original litera-
ture.

Yet another important factor determining the quality of the de-
veloped model is the treatment of the receptor molecule and particu-
larly the binding site itself [8]. In many cases water molecules can be
found in the binding sites of the enzymes. Typically in the process of

receptor preparation these water molecules are removed and only
the protein receptor and ligand molecules are considered in dock-
ing. However, in many cases such approach leads to incorrect bind-
ing modes since some water molecules, tightly bound in the biding
site, are responsible for bridging the ligand-receptor interactions and
their omitting in the model leads to incorrect results. Various ways
of including such water molecules in the docking protocols were ap-
proached by various researchers but there is no generally accepted
way to do so [3,9–12]. One of the main issues, especially for virtual
screening and new inhibitors design, is the strong bias toward partic-
ular ligand binding mode, induced by the choice of the specific water
molecules and this effect is even enhanced after completing the wa-
ters with hydrogen atoms in the process of the receptor preparation.
This may be less of a problem when performing a virtual screening of
new ligands for the well-known receptor, with well recognized all the
essential elements of its binding site, including water molecules. But
even in this case sticking to one orientation of water molecules may
limit the number of recognized ligands. The task becomes even more
complicated when it is little known about the binding site of the par-
ticular receptor and one has to decide if any of the water molecules
should be included at all.

The goal of this work was to select the most reliable subset of good
quality structures of protein-small molecule complexes from the PDB,
with reliable affinity data available and use this data to develop simple
consistent procedure of the automatic data processing in such a way,
that it could be used to recalibrate AutoDock force field and improve
the quality of the binding mode and affinity prediction, especially for
the hydrated binding sites.
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2. Methods

2.1. Dataset compilation

The set of receptor-ligand complexes was selected on the bases of
the information extracted from the BioLiP database. To obtain as nu-
merous dataset as possible with the best possible quality of the struc-
tures, only PDB files with the resolution 2.3 Å or better were accepted.
Since structures with resolution above 2.0 Å might be considered as
less reliable, additional structure quality criterion was used. Namely, if
the R‐free value for such structure exceeded 2.3 or R-free and R-value
difference was greater than 0.05 then this structure was rejected. Also
multimeric receptors and structures with multiple binding sites or mul-
tiple ligands were removed from the dataset. Particularly if any other
molecules, than just water, were present within a distance of 8 Å from
the biologically relevant ligand, such structure was also rejected.

Because the reliability of the affinity data is an important factor for
the force field parameters estimation, structures without such informa-
tion available in the BioLiP database, or with inconsistent informa-
tion were rejected as well. Affinity data were considered inconsistent
and not reliable when the information from MOAD and PDBBind-CN
databases, concerning the same receptor-ligand pair, differed signif-
icantly. During the preliminary data processing it turned out that it
is the case for numerous PDB files. This inconsistency in most cases
seems to arise from the incorrect unit assignment, particularly confu-
sion of μM with nM by the scripts responsible for parsing the infor-
mation from the primary literature.

After applying all these restrictions, the final dataset consisted of
310 structures.

2.2. Dataset processing

The structures selected in the protocol described above were then
prepared for calculations in the following way. Since, as mentioned
earlier, some water molecules found in the binding sites are important
for ligand binding, they were preserved as a part of the receptor if they
were bound to at least 2 receptor atoms (the distance between water
oxygen and any of the protein’s heteroatoms was below 3.3 Å) and its
distance to any of the ligand’s atoms was less than 3.5 Å. This way
two subsets were compiled. The first one comprising 225 complexes
with water molecules fixed as part of the receptor (referred later as hy-
drated receptors) and the remaining 85 pure protein-ligand complexes.

If there were any atoms missing in the receptor structure incom-
plete residues were fixed by means of the MODELER software [13].
Since, on one hand, correct identification of all receptor-ligand inter-
actions inside the binding site is crucial for the proper force field cal-
ibration, but on the other hand, it is well known, that even 20% of
high quality structures in Protein Data Bank (PDB) have incorrectly
assigned rotameric states of Gln and Asn residues [14,15], in the next
step of the receptor preparation it was processed by the Reduce tool
[14]. Reduce is a program that adds hydrogens to a PDB molecular
structure files and optimizes the orientations of Asn and Gln sidechain
amides, as well as His rings.

In the last step of the molecular data files preparation all recep-
tors as well as all ligand files were processed with standard AutoDock
utility scripts prepare_recepto4.py and prepare_ligand4.py. At this
stage, to all atoms of the receptor and ligand, appropriate Autodock’s

force field atom types were assigned, Gasteiger partial charges were
calculated and finally nonpolar hydrogens were merged with carbon
atoms.

2.3. Force field modifications and parametrization

Water molecules present in the binding sites of some receptors are
in fact mediating the interactions with the ligand, and are essential for
its proper positioning in the binding site and as such should be taken
into account in the docking calculations. Unfortunately, since in most
PDB structures water molecules are represented by oxygen atom only,
adding hydrogens to these atoms in appropriate orientation is not a
trivial task since it can hardly influence the predicted ligand’s binding
mode. To simplify the process of incorporating water molecules into
the binding sites and make it less ambiguous, new water model was
created. The main goal was to define a model that is compatible with
the current AutoDock’s force field and the source code. That on one
hand would be able to mimic the bridging interactions between lig-
and and receptor, but on the other hand would not be sensitive to the
orientation of added hydrogens. To achieve this two new atom types
were defined: water oxygen OW and water hydrogen HW. Their ini-
tial parameters were copied from AutoDock’s atom types OS and HS
thus both these new atoms were defined as spherical hydrogen bond
acceptor and donor respectively. To avoid ambiguity with proper po-
sitioning of hydrogens around the oxygen atoms for directional hydro-
gen bonds, water molecules were described as two concentric spheres
with hydrogen bond accepting and hydrogen bond donating properties
respectively (Fig. 1). In comparison to the original parameters of the
OS and HS atoms, for atoms OW and HW van der Walls well depths
were set to 0 and sum of the van der Waals radii (Rii) for HW atom
was set to 4.0 thus both atoms will be participating only in hydrogen
bonding interactions.

The coefficients of the force field were estimated with an iterative
least-squares procedure. First the crystallographic structures of com-
plexes were minimized using Solis-Wet local search algorithm imple-
mented in AutoDock, then the coefficients of the force field’s energy
terms were modified and the minimization procedure was repeated un-
til convergence. The final optimized values of the free energy coef-
ficients for van der Waals, hydrogen bonds, electrostatic, desolvation
and torsional terms are summarized in Table 1.

Fig. 1. Definition of the proposed, water model. Hydrogen bond acceptor atom (OW) is
represented by the inner sphere (Ri = 1.5). Hydrogen bond donor (HW) is represented
by the outer sphere (Ri = 2.0). Van der Waals well depths were set to 0 for both atoms
thus they do not participate in this type of interactions.
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Table 1
Comparison of the coefficients for the original AutoDock’s “AD4.1_bound” force field
and their recalibrated values.

Coefficient

Force field vdW hbond estat desolv tors

AD4_bound 0.1662 0.1209 0.1406 0.1322 0.2983
After recalibration 0.1538 0.0668 0.0357 0.1003 0.0873

2.4. Docking protocol

The docking environment was defined in the same way for both,
the local optimization procedure used for the force field calibration
and for all redocking experiments.

The semi flexible docking simulations (with flexible ligands and
rigid receptors) were carried out with AutoDock 4.2 suite of programs.
For all complexes parameters were set as follows. For each receptor
a grid box 20 × 120 × 120 points was defined with default resolution
of 0.375 Å and the center of the box set to the geometric center of the
bound ligand. Since the grid box of this size was large enough to cover
not only the binding site but, in most cases, the entire receptor mole-
cule, additional bias toward the actual binding pocket in the redocking
experiments was minimized.

For the force field calibration procedure only the binding energy
after Solis & Wets local optimization of the ligand position was taken
into account.

For the full redocking experiments 50 independent runs for each
ligand were performed with the initial population of 150 random so-
lutions. The maximum number of 25,000,000 energy evaluations, and
27,000 generations were set for the Lamarckian genetic algorithm
based search procedure. Mutation and crossover were applied to the
population at rates 0.02 and 0.80, respectively and the probability of
performing the local search was set to 0.06. Resulting docked ligand
poses were clustered with the 2.0 Å tolerance.

2.5. Virtual screening efficiency

To evaluate the performance of the new scoring function in dis-
criminating true binders among decoys, it was tested on the set of lig-
ands obtained from the DUD-e database [16]. To compare the perfor-
mance of the original and recalibrated force field, the receiver operat-
ing characteristic (ROC) curves were plotted for both of them and the
area under curves (AUC) as well as the enrichment factors (EF) were
then calculated. The area under the ROC curve is often used as a mea-
sure of the discrimination quality between true ligands and decoys. Its
value varies from 0 to 1, with 0.5 indicating that the method perform
no better than the random selection, while the value of 1 means perfect
separation of active compounds from inactive decoys.

In virtual screening (VS) experiments it is essential, for practical
reasons, that in a large set of tested compounds the active ones should
be ranked by the screening algorithm at the very beginning of the or-
dered list. This is so called “early recognition” problem that is usually
expressed as enrichment factor (EF):

Where EFx% is the enrichment factor for the subset of the first x% of
scored compounds, Actx is the number of actives found in this subset,
Actt is the total number of actives in the entire database, Nt represents

the total number of compounds in this database and Nx is the number
of compounds in the subset.

Since only 102 targets are represented in the DUD-e database, the
receptor that is present in both, the DUD-e database and the hydrated
data set was selected for VS efficiency testing (pdb id 1e66). For this
particular target sets of 20 random active ligands and 80 random inac-
tive decoys were chosen for the ROC curves preparation. The docking
protocol as well as the data preprocessing procedure were identical to
the ones described above. All ligands were docked and scored by the
original AD4.1_bound force field as well as by the recalibrated one.
On the bases of the results the ROC curves, AUC and EF10 were cal-
culated.

3. Results and discussion

Improvement in the docked ligand pose and its binding affinity
prediction by the modified force field was tested via comparing them
to the experimental affinities and the crystal complex geometries. First
it was tested how well the default AutoDock force field is able to pre-
dict the binding affinities of all PDB complexes collected in the com-
plete dataset of 310 structures. Geometry of each complex was op-
timized by performing Solis-Wet local search procedure and the re-
sulting binding energies were compared to the experimental affini-
ties. The result is shown in Fig. 2. Surprisingly Pearson’s correlation
between binding energies predicted by AutoDock and experimental
affinities is relatively high (0.68) with standard deviation 1.95 kcal/
mol. It might be surprising, since previous reports pointed out that not
only AutoDock’s but most other docking programs’ default scoring
functions are worse in this task [17–20]. This result might be attributed
to the very restrictive criteria of selecting complexes to the dataset,
and processing them before actual docking, but also to the strict se-
lection of complexes with very consistent experimental affinity data
available.

To test how much binding site water molecules contribute to the
calculated affinities, the calculations were repeated for the same set
of complexes but with all water molecules removed from the binding
sites. Again, correlation coefficient as well as the standard deviation
were calculated and they turned out to be very similar to the previous
values. It is known, that scoring functions are, to some extent, blind
to the specific interactions [20]. This observation may indicate that,
although for many complexes binding site water molecules are impor-
tant, only for a few of them these water molecules are really crucial for
the interactions, and scoring function is not specific enough to value
the difference.

The subset of 225 hydrated complexes was used to recalibrate the
AutoDock force field as described in the methods section. Similarly,
the binding energies were calculated for the entire set of 310 com-
plexes by local optimization, using the recalibrated force field and the
results were compared to the experimental values (Fig. 3). The calcu-
lated Pearson’s correlation coefficient improved significantly to 0.82
with the standard deviation being in this case 1.41 kcal/mol. It should
be noted, that despite the fact that the force field parameters were opti-
mized for the subset of complexes comprising only the hydrated bind-
ing sites, the improvement of the binding affinity prediction is more
general. Testing the predicted/experimental affinities correlation for
the subset of pure protein-ligand complexes revealed the same level of
improvement (Fig. 3 right).

Another important ability of docking programs is to recreate the
experimental geometry of the known complex. This can be indepen-
dent from the ability of the scoring function to predict the correct
binding affinity, since it is related also to the capability of the pro-
gram to efficiently search the conformational space of the ligand-re-
ceptor system as well as to the specificity of the scoring function. In
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Fig. 2. Comparison of predicted versus observed binding free energies. The solid line represents a perfect fit. Dashed lines show the area of ±1 standard deviation. Colors represent the
number of torsional degrees of freedom in the ligand (n). Blue dots n <= 5, green dots 5 > n <= 10, red dots n > 10. The left chart shows the correlation of experimental and predicted
binding affinities for the entire set of 310 complexes with 225 of them having water molecules as part of the binding site (“hydrated receptors”). The right hand chart shows the result
for the same set but with all receptors deprived of waters molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. The left chart shows the correlation of experimental and predicted binding affinities for the entire set of 310 complexes with 225 of them having water molecules as part of the
binding site (“hydrated receptors”). The right chart shows the results for the set of 85 molecules with unhydrated binding sites.

order to test the effectiveness of both force fields in this task, complete
redocking experiments were performed on the entire set of 310 com-
plexes. Resulting binding affinities of the lowest energy poses as well
as the geometries of the resulting complexes were again compared to
the experimental ones. Results are shown in Figs. 4 and 5.

In this test the standard autodock’s force field performed much
worse. Calculated Pearson’s correlation coefficient between predicted
and experimental affinities was only 0.42 with standard deviation of
2.35 kcal/mol. Surprisingly it can be noted that calculated binding en-
ergy of ligands with small (5 or less) number of rotatable bonds is
generally overestimated while for ligands with 6 and more rotatable
bonds is underestimated. It is unexpected since, because of their addi-
tive nature, scoring functions usually tend to favor larger ligands. Yet
in general these results are still slightly better than the values reported
previously for much larger sets of complexes [18,20].

Examination of the lowest energy ligand poses revealed that 52%
of them are true positives as their RMSD to the original crystal geom-
etry of the complex fits into the limit of 2 Å (Fig. 5). These can be
regarded as successful dockings and would be easily picked up in the
blind docking experiment, even though for many of these complexes
predicted binding affinity differs from the experimental one by more
than 2 kcal/mol. Again, it confirms the known fact that AutoDock is
much better in finding the correct ligand poses than in scoring them
according to the binding affinities [18].

Analogous analysis was performed for the recalibrated force field
and its results are presented in Fig. 4 (bottom) and Fig. 5 (right). Sig-
nificant improvement can be noticed in both areas. First, redocking of
the entire set of 310 complexes showed that the binding energies of
the lowest energy ligand poses were in much better agreement with
the experimental ones, with Pearson’s correlation 0.72 and standard
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Fig. 4. The upper charts show the results of redocking for the original AutoDock force field. The top left hand chart shows the results for the complete set of 310 complexes, while
the upper right hand shows the results for the same set with all waters removed from the binding site. The bottom charts show the results of redocking for the recalibrated force field.
The left hand one shows the results for the entire set of 310 complexes. The bottom right hand chart shows the results of redocking for the 85 unhydrated receptors.

deviation of 1.69 kcal/mol. It is important to notice that the same level
of improvement is again achieved for the complexes with and without
hydrated binding sites. Second, the number of true positives, namely
the lowest energy ligand poses that were different from their crystal
geometries by less than 2 Å (as measured by their RMSD) also im-
proved significantly reaching over 60% of results (Fig. 5).

Comparison of the results obtained for the standard AutoDock
force field and for the recalibrated one showed that, there still seems
to be room for improvement and a better set of empirical data with im-
proved model of interactions can still result in development of a better
force field.

To check how much room is actually available for the force field
improvement with the current state of the AutoDock’s search engine,
one additional analysis was performed. Because during the previous
analyses it turned out that, for some complexes, the difference of the
calculated binding energy among the few top scoring poses was very
low − despite the significant differences between the geometries of
the resembling complexes − instead of picking simply the lowest en-
ergy pose, the ligand pose with the lowest RMSD and predicted bind

ing energy not higher than 1 kcal/mol from the lowest one was se-
lected (Fig. 5, bottom).

In this case the number of acceptable solutions, i.e. resulting ligand
poses with RMSD from crystal pose below 2 Å, increased by about
20%, up to 72% for the standard AutoDock force field and even to
81% for the recalibrated one.

An important measure of the docking algorithm performance is its
ability of picking true binders among the large dataset and grouping as
many of them as possible in the top scoring molecules. To check how
recalibrated force field perform in this task in comparison to the stan-
dard AutoDock’s AD4.1_bound force field, the ROC plots of docking
results were prepared and are shown in Fig. 6.

The recalibrated force field performed better than the original one.
Not only the value of AUC improved from 0.73 to 0.89 but also the
enrichment factor for 10% subset increased from 3.18 to 4.09 indicat-
ing that the new force field should perform better in the task of enrich-
ing the dataset in the virtual screening experiment for receptors, that
have water molecules bound as part of their binding sites.
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Fig. 5. Histograms showing the number of complexes redocked with particular quality. The left column shows the number of lowest energy complexes redocked with the standard
AutoDock force field. The right one shows the results for the recalibrated force field. The top two histograms depict the number of the lowest energy ligand poses at particular RMS
distance from the crystal structure. The bottom two show the number of complexes with particular RMS distance from the crystal structure, that have estimated binding energy not
higher than 1 kcal/mol from the lowest one.

4. Summary and conclusion

A set of 310 high quality structures of protein-ligand complexes
with experimentally determined binding affinities has been extracted
from the Protein Data Bank and used to test and recalibrate AutoDock
force field. It is known that the quality of the results obtained from
docking experiments may be dependent on many factors including
the data preparation procedure and even the personal preferences and
experience of the scientist performing the calculations with particu-
lar docking software [8,21]. This, results in sometimes inconsistent
conclusions drawn by various researchers, even when referring to the
same programs and datasets [18,22].

The goal of this work was to compile a set of PDB files with the
best possible quality and for which reliable experimental affinity data
is available. Then, a simple and easy to reproduce procedure of pro-
cessing these files and performing a docking experiment on a large
number of complexes was formulated. It is clear that very restrictive
choice of the structures for the training set and appropriate further pro-
cessing them helps to develop a better model of intermolecular inter-
actions and later improve the results of the docking experiments. It
turned out, that the standard AutoDock force field performed, on the
compiled set of complexes, as good as it was reported in the previous
pose prediction test, but slightly better in the affinity prediction [18].

However, after recalibration of the force field much better corre-
lation between the computed and experimentally determined binding

affinities was achieved and the quality of pose prediction improved
even more. Closer examination of the pose prediction results, revealed
that despite the imperfections of the AutoDock scoring function, its
search engine is quite effective and even if the lowest energy pose is
not the correct one, the correct solution can be found in most cases, as
one of the low energy (within a 1 kcal/mol range from the top) poses.
This solution cannot be easily found by simple “lowest energy” crite-
rion, but can be identified by a researcher, based on his experience or
a priori knowledge of the particular receptor.

On the other hand this 20% gap between the number of top scoring
and the lowest RMSD solutions clearly shows that there is still some
space for the further improvement of the AutoDock force field. Avail-
ability of a large number of very good quality structural and experi-
mental affinity data should allow to create a force field that will be
more sensitive to the specific ligand-receptor interactions.
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Fig. 6. ROC curves plotted for the results of docking with the original AD4.1_bound
force field (blue) and recalibrated one (green). Enrichment factors are calculated for the
top 10% of the data set. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)
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