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ABSTRACT: Molecular docking plays a major role in academic and industrial drug screening and
discovery processes. Despite the availability of numerous docking software packages, there is a lot of
scope for improvement for the docking algorithms in terms of becoming more reliable to replicate the
experimental binding results. Here, we propose a combinatorial or consensus docking approach where
complementary powers of the existing methods are captured. We created a meta-docking protocol by
combining the results of AutoDock4.2, LeDock, and rDOCK programs as these are freely available,
easy to use, and suitable for large-scale analysis and produced better performance on benchmarking
studies. Rigorous benchmarking analyses were undertaken to evaluate the scoring, posing, and
screening capability of our approach. Further, the performance measures were compared against one
standard state-of-the-art commercial docking software, GOLD, and one freely available software,
PLANTS. Performances of MetaDOCK for scoring, posing, and screening the protein−ligand
complexes were found to be quite superior compared to the reference programs. Exhaustive molecular
dynamics simulation and molecular mechanics Poisson−Boltzmann and surface area-based free energy
estimation also suggest better energetic stability of the docking solutions produced by our meta-approach. We believe that the
MetaDOCK approach is a useful packaging of the freely available software and provides a better alternative to the scientific
community who are unable to afford costly commercial packages.

■ INTRODUCTION
Molecular docking has become an integral tool and technique
and plays a major role in the efficacy of the high-throughput
virtual screening protocols implemented in academic and
industrial drug screening and discovery processes. In recent
years, significant improvement in high-performance computing,
optimized software and environmental platforms, and enriched
publicly accessible compound libraries have aided the computa-
tional screening methods to become more accurate, effective,
and useful.
Over the last few decades, numerous docking software

packages have been developed for both academic and
commercial purposes. Similarly, a number of publications in
the last 20−25 years involving “docking” have also increased
exponentially. A large number of excellent review articles and
comparative studies have enriched the theoretical knowledge
and practicability of the available programs.1−7 Among themany
freely available docking programs, DOCK,8 AutoDOCK,9

AutoDock Vina,10 rDOCK,11 OEDOCKING,12,13 SWISS-
DOCK,14 UCSF DOCK,15 iGEMDOCK,16 HADDOCK,17

LeDock,18−20 and PLANTS21 are quite popular, user-friendly,
and successful. Similarly, many commercial software like
GOLD,22,23 Glide,24−26 LigandFit,27 molecular operating
environment (MOE) Dock,28,29 Surflex-Dock,30 FlexX,31,32

and ICM33 are used quite regularly by both academic and
industrial communities.
Most of the programs incorporated two important aspects of

the docking protocol: an algorithm to search/sample different
conformations and an objective scoring function to rank the

probable docking solutions. Various sampling algorithms like
matching algorithm,34−36 incremental construction,37−39 multi-
ple copy simultaneous search,40−42 Monte Carlo (MC)
methods,43,44 genetic algorithms (GAs),45−47 and swarm
optimization methods48−51 have been developed to implement
three different approaches like shape matching, systematic
search, and stochastic search. On the other hand, scoring
functions involve estimating the binding affinity between the
protein and ligand. Scoring functions can be divided into force-
field-based, empirical-, and knowledge-based assumptions and
approximations.52−62 However, another important factor that
differentiates various docking programs is the flexibility of the
ligand and protein. Initial docking programs, like DOCK15 and
FTDOCK,63 considered both the ligand and the receptor as
rigid entities. However, most of the recently developed and/or
updated programs implement flexible ligand and rigid receptor
body docking approach, while a handful of programs
GOLD,22,23 AutoDock,9 FlexX,31,32 ICM,33 and so forth
managed to adopt flexibility for both ligand and protein
receptor.
Hence, it is essential to understand the advantages and

limitations of the available programs in order to be able to utilize
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the most compatible programs for a specific class of ligands and/
or receptors. Rigorous and objective benchmarking studies
enable us to assess the specific strength and limitation of the
docking methodologies5−7,64−68 and subsequently can provide
guidelines to improve the overall docking accuracy via
complementary combinatorial approaches. Some of the recent
and most exhaustive benchmarking studies5,6,69 showed that no
single docking program has dominative advantages with regard
to sampling and scoring power than other programs and
individual programs have a lot of scope for improvement to
become ideal choice for general docking experiments. Asmost of
the current docking programs implement different search
algorithms and scoring functions, their output usually turns
out to be quite different. Thus, some of the docking programs
can accurately predict the high-affinity compounds for a given
receptor or ligand, while other programs may fail to perform at
the same level. Hence, it is logical to believe that effective
combination of different docking tools with varying sampling
algorithms and scoring functions into a single platform may be a
practical approach to achieve better predictions for docking-
based virtual screening.
Combinatorial or consensus docking approaches have been

used previously by some research groups which advocated
reasonable success in limited dataset as well for specific
targets.66,70−76 All these studies generally showed that consensus
docking/scoring via a meta-docking approach was more
effective than single docking programs or scoring function.
Similarly, the results also suggested that combination of
particular types of programs and/or scoring functions was less
crucial as most of the double or triple combinations yielded
similar performance results.
Commercial docking programs are very efficient and have

served the drug industry and academic community very well.
However, their prices are becoming quite steep day by day,
whereas their accuracies are not getting significantly better
compared to freely available programs. Hence, we thought of
undertaking a consensus docking approach where we can utilize
freely available software and combine their output in an efficient
way so that the final predicted solution becomes much better
compared to the individual programs and commercial programs.
Here, we have used three popular freely available docking
programs, AutoDock4.2,77 LeDock,18−20 and rDOCK,11 to
create a meta-docking approach. The selection of the programs
was done based on their ease of use, suitability for large-scale
analysis, and performance on previous benchmarking studies.
However, more programs can easily be added to the framework
in order to complement the existing ones. Top ranked solutions
from each program are pooled together and rescored before
implementing a clustering filter based on root-mean-square
deviation (rmsd) less than or equal to 2.5 Å between any two
docking poses to be clustered together. Highest scored (rescore)
solution from the largest cluster was selected as the most likely
docking solution. Comprehensive and curated datasets (“re-
fined” and “core” sets, respectively) from the PDBbind
database78,79 were used following the standard docking
benchmarking procedures. Scoring, posing, and screening
capability of our approach, named MetaDOCK, were verified
using rigorous benchmarking, and subsequently the perform-
ance measures were compared against one standard state-of-the-
art commercial docking software, GOLD.22,23 Performances of
MetaDOCK for scoring, posing, and screening the protein−
ligand complexes were found to be quite superior compared to
the GOLD program. Further, exhaustive molecular dynamics

(MD) simulation followed by free energy estimation of 130
docking complexes using molecular mechanics Poisson−
Boltzmann and surface area (MM-PBSA) method also showed
much more stabilized fraction of the complexes derived by
MetaDOCK than that produced by GOLD. We also present a
simple, user-friendly web-based platform available at http://
www.hpppi.iicb.res.in/metadock/index.html for the users to
execute the MetaDOCK package and receive probable docking
solutions. We believe that the MetaDOCK approach is a useful
packaging of the freely available software and its benchmarking
performance supports its usage for the scientific community who
are unable to afford costly commercial alternatives.

■ MATERIALS AND METHODS
Dataset. Docking Dataset. The PDBbind database78,79

provides a comprehensive collection of experimental binding
affinity data for the biomolecular complexes deposited in the
Protein Data Bank (PDB).80 PDBbind provides experimentally
measured binding affinity data (i.e.,Kd,Ki, or IC50 values) along
with processed structural files of the protein and ligand
molecules of each protein−ligand complex. In this study, we
have used both the “refined set” and “core set” data from
PDBbind v.2019 consisting of 4854 and 285 complexes,
respectively.
Docking Decoy. Directory of Useful Decoys-Enhanced

(DUD-E) database81,82 was used to generate ligand sets
containing active and decoy ligands for 10 proteins, which are
also part of the PDBbind dataset. For 10 protein targets, 10
active and 500 decoy ligands were collected from the DUD-E
database. Overall, a total of 510 ligands were screened by the
docking programs.
Meta-docking Approach. We implemented a meta-

docking approach where three freely available programs,
AutoDock4.2,77 LeDock,18−20 and rDOCK,11 were used to
create the “MetaDOCK” package. The five best docking
solutions from each of the three programs were pooled together
and were rescored using AutoDock Vina10 program. Rescored
solutions were clustered based on the similarity of the docking
poses where any two docked complexes having rmsd less than or
equal to 2.5 Å were clustered together. Highest scored (rescore)
solution from the largest cluster was selected as the most likely
docking solution. Only those complexes were considered for
further analysis where at least 5 docking solutions each were
produced by AutoDock4.2, LeDock, and rDOCK. Thus, out of
the 4854 and 285 complexes from the “refined” and “core”
datasets, MetaDOCK solutions were obtained for 3661 and 165
complexes, respectively.
To compare the results of MetaDOCK, we have also

generated docking solutions using a well-known commercially
available program calledGOLD.22,23 GOLDscore was utilized to
rank the docked solutions, and the top/highest rank solution was
chosen for further comparison (GOLD_TS approach).
Similarly, GOLD solutions were clustered based on the
similarity of the docking poses, and top solution from the
largest cluster was selected as the most likely solution
(GOLD_LCTS approach). An rmsd cutoff of 2.5 Å was also
implemented to cluster the docked solutions. Similarly, another
non-commercial docking program, PLANTS,83 was also used to
compare the performance of MetaDOCK. 3661 and 165
complexes from the “refined” and “core” sets were found to be
common among the MetaDOCK, GOLD, and PLANTS
methods.
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Figure 1 provides a flowchart and pictorial overview of the
MetaDOCK and reference approaches.
Molecular Docking Programs. Autodock v4.2,77 which

employs a Lamarckian GA, was used to score protein−ligand
complexes. Population size and the number of energy assess-
ments were set to 150 and 2 500 000, respectively. All other
default parameters were used to calculate the docking scores.
LeDock18−20 is based on simulated annealing and evolu-

tionary optimization of the ligand poses (position and
orientation). Default options were used to generate docking
solutions.
rDOCK11 implements GA-based search techniques followed

by MC and simplex minimization (MIN) stages to generate low
energy ligand poses. Default parameters were used to generate
docking poses.
The GOLD software22,23 also utilizes GA for optimizing the

fitness score of possible docking. The following parameters were
used in the docking cycles: population size (100), selection
pressure (1.100000), number of operations (100,000), number
of islands (5), niche size (2), crossover weight (95), mutate
weight (95), and migrate weight (10). The docking poses were
ranked based on the GOLDscore of GOLD software.
PLANTS83 was also used as a reference docking program.

PLANTS is based on a class of stochastic optimization
algorithms called ant colony optimization. The default settings
were used while docking the proteins and ligands from the
PDBbind datasets.

Performance Analysis. The performance of the Meta-
DOCK approach was evaluated using three different criteria:
scoring, posing, and screening power analysis.
Scoring Power Analysis. Scoring power of the docking

approaches was evaluated by calculating correlation coefficient
between the docking score of the best solution with respect to
the experimentally derived binding affinity of the original
complex (log Kd) extracted from the PDBbind dataset (refined
and core sets). Correlation coefficients were calculated for the
docking scores of the most likely solutions from MetaDOCK,
GOLD, and PLANTS approaches.
Posing Power Analysis. Posing power of the docking

algorithms was testified by calculating the rmsd between the
poses of the docked and experimentally derived crystal
complexes. Docking result was considered to be a success if
the resultant rmsd between the corresponding docked and
experimentally solved complexes becomes equal or less than 2 Å.
Cumulative frequencies of the docking solutions below a specific
rmsd value were calculated using in-house perl codes.
Screening Power Analysis. The capability of distinguish-

ing the docking of true or active ligands from false or decoy
ligands for a given receptor protein was testified via screening
analysis. As mentioned before, for 10 protein targets, 10 active/
true and 500 decoy/false ligands were collected from the DUD-
E database. Overall, a total of 510 ligands were screened by the
docking programs. For each of the 10 proteins, active and decoy
ligands were docked via MetaDOCK and GOLD protocols and
the docking scores for each selected complex were ranked and

Figure 1. Schematic overview of the MetaDOCK and the reference docking protocols employed in this study.
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further utilized to generate the receiver operating characteristic
(ROC) curve and area under the curve (AUC) statistics.
Ligand and Binding Pocket-Specific Performance

Estimation. Performance and success of the docking protocols
were evaluated based on the ligand and binding pocket-specific
properties. For example, ligands were categorized based on the
number of atoms and rotatable bonds. Similarly, ligand binding
pockets of the receptor proteins were also categorized based on
their surface area. The success rate of the docking protocols was
evaluated for each category.
Molecular Dynamics-Based Energy Estimation. Molec-

ular Dynamics Analyses. The three-dimensional (3D)
structures of docked complexes derived from MetaDOCK and
GOLD_LCTS protocols were subjected to MD simulation
using the GROMACSv4.5.3 simulation package.84 Coordinates
and topology files of the receptor and ligand molecules were
generated with Amberff99sb85 and ACPYPE (AnteChamber
PYthon Parser interface),86 respectively. Steepest-descent87 and
conjugate-gradient88 MIN algorithms were used for complexes
embedded within TIP3P water89-filled simulation box. Equili-
bration was done under NVT (constant number of particles,
volume, and temperature) and NPT (constant number of
particles, pressure, and temperature) conditions. Trajectories
were saved at the interval of 0.02 ps, and a total of 500 000
snapshots were recorded from 10 ns simulation at a temperature
of 300 K and a pressure of 1 atm. In total, 2600 ns or 2.6 μs of
MD simulations was run for 260 (MetaDOCK: 130,
GOLD_LCTS: 130) protein−ligand complexes.
Estimation of the Free Energy of Binding of Small

Molecules. Estimation of the free energy of the docking

complexes can be performed using end-point binding free
energy calculation approaches such asMM-PBSA andmolecular
mechanics generalized Born surface area (MM-GBSA)
methods.90 In this study, MM-PBSA was used considering the
force field (Amberff99sb) compatibility and duration of the
simulation.91 The gmx_MMPBSA tool was used to estimate the
binding affinity of the receptor−ligand complexes derived from
MD simulation-based ensemble structures.92 Binding free
energies were calculated from 50 snapshots extracted at the
interval of 200 ps from the 10 ns simulation trajectory. Thus, in
total, 13 000 intermediate snapshot complex structures were
used to calculate binding free energies of the complexes derived
from MetaDOCK and GOLD_LCTS docking protocols.
Interaction entropy (IE) module was used for the calculation
of entropic component of the binding free energy.93

Construction of the MetaDOCK Server. A web-based
server platform is created (URL: http://www.hpppi.iicb.res.in/
metadock/index.html) where the MetaDOCK approach is
implemented into a PHP-based front end and a python-based
back end wrapper package.

Server Input Option. Users need to provide their receptor
protein in PDB format, while the ligand 3D conformation needs
to be submitted in MOL2 format. Additionally, the binding
pocket information needs to be submitted in the prescribe
format. Example input files are provided at the MetaDOCK
server site for reference.

Server Output Option. The most likely solution of the given
docked complex is represented in a 3D graphical view window.
Additionally, coordinate files of the top three ranked docked
complexes are provided for download option. Along with this, a

Figure 2. Scoring power analysis and comparison. Scatter plots of the docking scores and the experimental binding free energies (log Kd) for the core
(A−D) and refined sets (E−H), respectively. Trend line is colored in black, while the correlation coefficients between docking scores and experimental
binding free energies are represented by R2 values. A−E, B−F, C−G, andD−H show data forMetaDOCK, GOLD_LCTS, GOLD_TS, and PLANTS,
respectively. LCTS: largest cluster top score; TS: top score.
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dendrogram plot generated using the rmsd matrix for the largest
cluster solutions is also displayed on the result page.

■ RESULTS
Assessment of Scoring. Assessment of scoring power of

the docking approaches was evaluated via drawing correlation
between docking scores of most likely solutions and
experimentally derived binding affinity values represented as
logarithm of dissociation constant (log Kd). Figure S1 shows the
correlation between the docking scores of complexes derived
from MetaDOCK component programs (AutoDock4.2, Le-
Dock, and rDOCK) and experimentally derived binding affinity
of the original complex. Similarly, Figure 2 provides scatter plots
of docking score versus log Kd value for each docking complex
resulted by MetaDOCK, GOLD, and PLANTS. Interestingly,
MetaDOCK-derived docking scores correlate much better (R2 =
0.37 and 0.05) with experimental affinities than that derived by
the GOLD- and PLANTS-based approaches.
Assessment of Posing. In order to test the efficacy of the

docking solutions predicted by the MetaDOCK, GOLD, and
PLANTS approaches, posing similarity between the docked and
native crystal ligand was evaluated via calculating the rmsd
values. Lower rmsd values indicate better similarity and
reproduction of the original crystal posing by the docking
approaches. Posing efficacies of the individual programs were
also tested and compared. Overall, LeDock performs slightly

better than other two programs. However, the combination of
the three programs in the form of MetaDOCK results similar or
better posing efficacy (Figure S2). Figure 3 plots cumulative
fractions of the docked complexes with respect to the rmsd
values between docked and native complexes. It is evident that
MetaDOCK outperforms the GOLD and PLANTS approaches
for both refined and core dataset (Figure 3A,B), respectively.
Almost 72% of MetaDOCK complexes from the core dataset
(165 complexes) fall on or below 2.0 Å cutoff, which determines
the success of the docking protocol, whereas only 36, 42, and
49% GOLD (derived from largest cluster and higher scoring
approaches) and PLANTS docking solutions are found to be
successful. For the refined set (3661 complexes), even higher
success (73%) is achieved by MetaDOCK compared to GOLD-
and PLANTS-based approaches (60, 63, and 45%, respectively)
(Figure 3B). Figure 3C,D also shows that MetaDOCK-derived
solutions possess overall lower rmsd with respect to the native
complex than that achieved by the GOLD and PLANTS
approaches for core (165 complexes) and refined datasets
(3661complexes), respectively.
Assessment of Screening. Screening capability of the

MetaDOCK approach was evaluated by utilizing a dataset that
contains active or native ligand for a receptor protein along with
several inactive or decoy ligands that possess similar two-
dimensional or 3D properties with respect to the native ligand.
For 10 randomly selected protein targets, 10 active/true and 500

Figure 3. Posing power analysis and comparison. Cumulative fractions of the docking complexes at each rmsd threshold are plotted in (A,B) for the
core and refined datasets, respectively. Accuracy of the poses on or below 2 Å rmsd is marked by black dotted lines. Average rmsd of the docked
complexes with respect to their corresponding original complexes is shown in (C,D) for the core and refined datasets, respectively. Error bars indicate
standard error. *** = p-value ≤ 0.001.
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decoy/false ligands were collected from the DUD-E database.
Overall, a total of 510 ligands were screened by the docking
programs (Table S1). Docking scores were ranked, and ROC
curve and AUC statistics were generated. Figure 4 shows the

AUC values extracted from the corresponding ROC plots.
Overall, for these 10 cases, MetaDOCK approach-based
screening between true and false ligands achieved better
performance as compared to the GOLD approach (Figure 4).
Ligand and Binding Pocket-Specific Performance

Estimation. In order to check if the performance of the
MetaDOCK is biased for specific types of ligands, we further
compared the success of docking for ligands categorized into
groups based on their size and rotatable bonds. Ligands were

categorized into four groups based on the number of atoms they
possess. Categories of ligand size (LS) with 18 atoms or less (LS
≤ 18), 19 to 25 (18 < LS≥25), 26 to 35 (25 < LS ≥ 35), and
greater than 35 (LS≥ 35) contained similar number complexes.
Figure 5A shows a higher number of MetaDOCK-derived
complexes having lower rmsd (≤2 Å) compared to that achieved
by the GOLD docking complexes for all the size categories.
However, complexes with more than 2 Å rmsd are found to be
consistently higher in GOLD results compared to the
MetaDOCK. Figure 5B−E suggests much lower average rmsd
for MetaDOCK-derived complexes categorized into various size
bins of the ligands.
We have also investigated whether MetaDOCK performs

specifically better for ligands with higher or lower rotatable
bonds. The numbers of MetaDOCK complexes having lower
rmsd (≤2 Å) compared to that achieved by the GOLD
approaches are found to be markedly higher (Figure 6A), while
complexes with ≥2 Å rmsd are found to be higher in GOLD
docking approaches. Average rmsd for MetaDOCK docking
complexes is found to be consistently lower for all the ligands
having lesser or higher number of rotatable bonds (Figure 6B−
E).
A similar trend is also observed when the performance of the

docking protocols was examined for smaller (<4000 Å2) and
larger (≥4000 Å2) binding pockets of the receptor proteins
(Figure S3). In both categories, much higher numbers of
MetaDOCK complexes having better rmsd values were obtained
compared to that achieved by the GOLD docking protocols.
Estimation of Energy of the Docking-Derived Com-

plexes ViaMM-PBSA. Stability and the binding energies of the
docked complexes were further estimated via utilization of the
MD-based ensemble conformer generation followed by the IE
module of MM-PBSA analysis. 130 MetaDOCK and 130
GOLD-derived receptor−ligand docked complexes from the
core dataset were successfully undergone MD simulation, and

Figure 4. Screening power analysis and comparison. AUC values
extracted from the ROC plots generated by calculating the true positive
rate (TPR) and false positive rate (FPR) are plotted. TPR and FPR
were calculated based on the docking scores of active and decoy ligands
for each of the 10 randomly selected target proteins provided in the
DUD-E database. PDB codes for the target proteins are marked in the
X-axis.

Figure 5. Ligand size (LS)-based docking performance analysis and comparison. (A) Plot of the number of successful docking complexes (rmsd≤ 2 Å)
and complexes with rmsd > 2 Å for four categories of ligand size, LS ≤ 18, 18 < LS ≤ 25, 25 < LS < 35, LS ≥ 35. (B−E) Plot of average rmsd of the
docked complexes with respect to their corresponding original complexes for various ligand size categories. Ligand size is categorized based on the
number of atoms. *** indicates p-value ≤ 0.001.
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subsequent ensembles of intermediate complexes were utilized
to estimate the binding energy of the initial complex. The
gmx_MMPBSA package was used to calculate the binding free
energy (see Methods). Table S2 provides the binding free
energy (ΔG) and its enthalpy (ΔH) and entropy (TΔS)
components of the 260 docked complexes for which the MD-
based MM-PBSA analysis results could be obtained. Figure 7A
plots the gain/loss of binding free energies (ΔΔG; ΔG of
MetaDOCK complex minus ΔG of GOLD complex) of the
docked complexes derived by MetaDOCK with respect to
complexes obtained via GOLD docking. 66% of the complexes
that underwent MD-based binding energy estimation show
binding free energy gain by the MetaDOCK approach (Figure
7A) compared to 34% obtained by the GOLD approach. Figure
7B plots the distribution of MD-derived binding free energies of
the docked complexes with respect to their rmsd values when
compared to the native complex. Interestingly, 78%MetaDOCK
complexes obtained negative (favorable) binding free energies
(ΔGs) compared to 72% of the GOLD docking complexes.
However, 63% of theMetaDOCK complexes with negativeΔGs
were found to be successful (rmsd≤ 2 Å) compared to only 40%
of the GOLD-derived complexes with negative ΔGs after MD
simulations.
MetaDOCK Web Server. MetaDOCK server provides a

simple front end to upload structures of input protein and ligand
along with the binding pocket information. The back end of the
server runs the programs in the background and displays the
most likely complex solution in an interactive 3D graphical
window. The coordinate file of the docked complex is given for
download. Figure S4 provides a snapshot of the MetaDOCK
server input and output options.

■ DISCUSSION
Contribution of molecular docking to structure-based drug
design, virtual screening, and optimization of lead compounds
has become even more prominent during the recent COVID-19
pandemic time where the modeling community has been

employed to study a wide range of potential pharmaceutical
molecules and/or repurposed existing drugs against the SARS-
CoV2 proteins using molecular modeling and docking
approaches.
However, still, there is a lot of scope of improvement for the

docking algorithms to successfully simulate and replicate the
experimental binding results. In addition to mechanistic and
algorithmic improvements, several additive meta-approaches
have been associated with molecular docking protocols to
improve the overall accuracy.94−101 Here, we propose a
combinatorial or consensus docking approach where comple-
mentary power of the existing methods is captured and most
likely docking solution was extracted utilizing posing similarity-
based statistics. We created a meta-docking protocol by
combining the results of AutoDock4.2, LeDock, and rDOCK
programs as these are freely available, easy to use, and suitable
for large-scale analysis and produced better performance on
benchmarking studies. Docking solutions from each program are
pooled together and rescored before implementing a clustering-
based posing similarity filter. PDBbind database was used to
evaluate the scoring, posing, and screening capability of our
approach. Further, the performance measures were compared
against one standard state-of-the-art commercial docking
software, GOLD, and one freely available program, PLANTS.
We also implemented an exhaustive MD simulation and MM-
PBSA-based free energy estimation to investigate the energetic
stability of the docking solution produced by our meta-
approach. This MetaDOCK approach is made freely available
at http://www.hpppi.iicb.res.in/metadock/index.html for the
users to perform docking experiments.
Rigorous comparison and benchmarking analyses have been

performed to check the efficacy of the MetaDOCK approach. A
well curated and reliable dataset is very important to add the
reliability of the benchmarking process. Hence, we have used the
curated protein−ligand docking complexes from the PDBbind
database where a reasonably large number of dataset (refined
set) as well as highly curated core set are also available for testing

Figure 6. Rotatable bond count (RBC)-based docking performance analysis and comparison. (A) Plot of the number of successful docking complexes
(rmsd≤2 Å) and complexes with rmsd > 2 Å for four categories of RBC of the ligands, RBC < 4, 4≤RBC< 6, 6≤RBC< 10, RBC≥ 10. (B−E) Plot of
average rmsd of the docked complexes with respect to their corresponding original complexes for various RBC categories. RBC is categorized based on
the number of rotatable bonds. *** indicates p-value ≤ 0.001.
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molecular docking efficiencies. Protein and ligands 3661 and
165 complexes from the “refined” and “core” set were
successfully re-docked by the MetaDOCK component docking
software, namely, AutoDock4.2, LeDock, and rDOCK. We
employed three pronged evaluation criteria using scoring,
posing, and screening power analysis to test the performance
of the MetaDOCK approach. Scoring power analysis showed
much better correlation between docking scores derived from
the MetaDOCK method with experimental affinities compared
to that derived by the GOLD- and PLANTS-based approaches.
More importantly, posing power comparison clearly showed
much better performance of the MetaDOCK approach in
capturing the original/native pose. This finding is definitely
exciting and advocates the utilization of combinatorial or
consensus docking approaches over state-of-the-art, expensive,
and expertise-dependent software packages. It must be noted
that no special criteria was considered in the selection of the
individual component algorithms in the MetaDOCK approach.
However, it was noticed that LeDock generally performs best
among the three followed by rDOCK and AutoDock4.2.
Combinations with other freely available algorithms may yield
better or worse performance although previous benchmarking
studies have suggested that most of the double or triple
combinations yielded similar performance results.1 Similarly,

there was no specific reason to choose GOLD as a reference
commercial program. We selected GOLD based on its
popularity, credibility, and availability with us as a standalone
version. Unfortunately, we could not procure other commercial
software like Glide,24−26 MOE,28,29 ICM,33 and so forth to
include them in the comparison study.
Capability of distinguishing an active ligand from inactive

(decoy) ligands by the docking programs was testified using
screening power analysis. DUD-E database is an extremely
useful resource, which is designed to help benchmarking of
molecular docking programs by providing challenging decoys.
For 10 protein targets, 10 active and 500 decoy ligands were
screened by the docking programs. AUC values derived from the
ROC statistics suggest better performance of MetaDOCK
compared to GOLD approaches.
Finally, the stability of the docked complexes was evaluated by

estimating the binding free energies of the ensemble complex
structures derived from MD simulation runs followed by MM-
PBSA analysis. An exhaustive MD protocol was implemented
where 130 docked complexes each from MetaDOCK and
GOLD were subjected to MD run followed by energy
estimation. In total, 13 000 intermediate snapshot complex
(50 from each MD run) structures were extracted from the MD
simulation runs with a combined simulation time of 2600 ns.

Figure 7.Molecular dynamics (MD) simulation andMM-PBSA analysis-based energy estimation of the docked complexes. 130 + 130 receptor−ligand
docked complexes produced by MetaDOCK and GOLD_LCTS, respectively, were subjected to MD simulations, and ensembles of intermediate
complexes were utilized to estimate the binding energy of the initial complex using the MM-PBSA analysis. (A) Plot of the gain/loss of binding free
energies (ΔΔG; ΔG of MetaDOCK complex minus ΔG of GOLD complex) of the docked complexes derived by MetaDOCK with respect to
complexes obtained viaGOLD docking. Gain of binding free energies byMetaDOCK is colored by green, while loss is marked in red color. (B) Plot of
the fraction of docking complexes with negative/positive binding free energies (ΔG or DG) along with docking success cutoff represented by rmsd≤2
Å.
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More than 66% of the docked complexes derived by
MetaDOCK approach showed a gain in stability represented
by gain of binding free energies. This result further ascertains
better efficacy of the MetaDOCK approach. However,
comparison of the binding free energy with respect to the
original, experimentally solved complex is warranted. Hence, a
subset consisting randomly selected 25 complexes from the 130
complexes was further utilized to check whether MetaDOCK-
derived docked complexes gaining similar or better binding
energies with respect to the original complex. Figure S5 indeed
shows that more MetaDOCK complexes possess better binding
energy profile with respect to the original complex than that
achieved by the GOLD docking complexes.
TheMetaDOCKwebserver platform provides an opportunity

for the users to run their docking experiments on the fly and
receive a reasonably reliable docking solution for further analysis
and verifications. Although it does not include any novel docking
algorithm, careful combination of existing programs and
statistical analysis enables MetaDOCK to be a useful software
for the scientific community who are unable to afford costly
commercial alternatives.
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