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Abstract—It is well known that computer-aided docking of
large ligands, with many rotatable bonds, is extremely difficult.
AutoDock is a widely used docking program that can dock
small ligands, with upto 5 or 6 rotatable bonds, accurately and
quickly. Docking of larger ligands, however, is not very accurate
and is computationally expensive. In this paper we present an
AutoDock-based incremental docking protocol which docks a
large ligand to its target protein in increments. A fragment of
the large ligand is first chosen and then docked. Best docked
conformations are incrementally grown and docked again, and
this process is repeated until all the atoms of the ligand are
docked. Each docking operation is performed using AutoDock.
However, in each docking operation only a small number of
rotatable bonds are allowed to rotate. We did a systematic
docking study on a dataset of 73 protein-ligand complexes
derived from the core set of PDBbind database. The number
of rotatable bonds in the ligands vary from 7 to 30. Docking
experiments were done to evaluate the docking performance
of the incremental protocol in comparison to AutoDock’s
standard protocol. Results from the study show that, on average
over the dataset, docking of large ligands using our incremental
protocol is 23-fold computationally faster than docking using
AutoDock’s standard protocol and also has comparable or
better accuracy. We propose that, for docking large ligands,
our incremental protocol can be used as an alternative to
AutoDock’s standard protocol.
Keywords-computer-aided docking; docking programs; fast
docking; large flexible ligands; AutoDock; PDBbind; drug
discovery; drug design; protein-ligand complexes; highdimensional conformation spaces

I. I NTRODUCTION
Computer-aided docking is an important tool for gaining
understanding of the binding interactions between a ligand
and its target receptor (mainly, a protein) [1], [2]. Over
the years, several docking programs have been developed
(see representative examples [3]–[11]). Typically, docking
programs explore the conformation space of the ligand to
generate a conformation bound to the target protein. A
conformation is usually defined by the torsional degrees of
freedom around the rotatable bonds of the ligand and the
translation and orientation degrees of freedom. In general,
the docking programs are fairly accurate and computationally fast when docking small ligands with 5 or 6 rotatable
bonds [12], [13]. However, accurate and fast docking of large
ligands with many rotatable bonds is still very challenging
mainly because of the high-dimensionality of the conforma-

tion spaces which need to be explored to dock such large
ligands.
Our strategy for docking large ligands derives inspiration from fragment-based docking methods. Some of the
fragment-based methods place several fragments of a ligand
in the binding cavity and then construct the full ligand from
the best placed fragments, while other methods anchor a
fragment of the ligand in the binding site and then build the
full ligand incrementally. Some common docking programs
that utilize such fragment-based approaches include LUDI
[14], FlexX [6], GROWMOL [15], HOOK [16], Q-fit [17],
and SURFLEX [8]. Multistep docking strategies have also
been employed for flexible ligand docking. For example,
in docking approach by Wang and coworkers [18], the
conformation space corresponding to the ligand’s rotatable
bonds and that corresponding to the rigid body (translation,orientation) degrees of freedom are explored separately.
The exploration of the conformation space corresponding
to the unbound ligand’s rotatable bonds is done using a
multistep approach where the ligand is explored a few
rotatable bonds at a time. Docking programs such as DOCK
[19] and MS-DOCK [20] use a similar multistep approach
for exploring the ligand conformations.
In this paper, we present an incremental protocol for
docking large ligands where at each increment the docking
operation is done using AutoDock [7], [21]. AutoDock
is an excellent non-commercial docking program that is
widely used. It employs a stochastic Lamarckian genetic
algorithm for computing ligand conformations and simultaneously minimizing its scoring function which approximates the thermodynamic stability of the ligand bound to
the target protein. AutoDock performs well when docking
small ligands [13]; it is accurate as well as computationally
fast. For docking large ligands, AutoDock recommends
increasing the limit on the maximum number of energy
evaluations (parameter called ga num evals). Increasing
the limit essentially amounts to a more exhaustive search
for the docked conformation in the conformation space. For
the large ligands considered in this paper, docking with the
recommended parameter settings results in modest gains in
the accuracy while significantly increasing computational
time. In our docking protocol, instead of exploring a very
high-dimensional conformation space of the large ligand,

we harness the strengths of AutoDock in a way such
that it always explores low-dimensional subspaces of the
conformation space.
Starting from an initial fragment of the ligand, our protocol repeatedly docks and grows fragments of the ligand.
Each docking operation is done using AutoDock. First an
initial fragment of the ligand, composed of a small number
of rotatable bonds and atoms that are directly rotated by
them, is chosen and all the rotatable bonds are set active.
Only the active bonds are allowed to rotate in each docking operation which ensures that only the low-dimensional
subspaces of the full conformation space of the ligand are
explored. The initial fragment is docked and the lowestscoring docked conformations are selected. The selected
docked conformations are then grown by adding a few
more rotatable bonds and corresponding atoms. The grown
fragments are then docked but only a few of the rotatable
bonds are set active. The best docked conformations are
grown and docked again until all the atoms of the ligand are
docked. We present the details of our incremental docking
protocol in the Methods section.
Using our protocol, we performed a systematic docking
study on a dataset of 73 protein-ligand complexes (7 to 30
rotatable bonds in the ligands) from the core set of the
PDBbind database [22]. Docking experiments were done
using our protocol and AutoDock’s standard protocol in
recommended parameter settings. The docking performance
was mainly evaluated on the basis of docking accuracy and
computational cost. Through the study we show that our
protocol results in a significantly faster docking performance
as compared to AutoDock’s standard protocol and the
average docking accuracy is comparable or better.
II. I NCREMENTAL DOCKING PROTOCOL
We present an incremental protocol for docking large
ligands using AutoDock [7], [21]. In a typical docking
operation done using AutoDock’s standard protocol, the
conformation space of the ligand is explored to generate a
docked conformation that is bound to the target protein and
has minimum binding energy (computed using AutoDock’s
scoring function). The conformation space is defined by
the set of torsion angles corresponding to all rotatable
bonds in the ligand and the translation and orientation
degrees of freedom of the ligand. Therefore, in the
case of a large ligand, with many rotatable bonds, the
exploration of the conformation space for the minimumenergy docked conformation becomes very challenging.
AutoDock recommends docking the large ligand by using
the standard protocol with parameter setting that results in
a more exhaustive exploration of the conformational space.
Our protocol, on the other hand, docks the large ligand
incrementally such that, at each increment, only a subspace
of the conformation space is explored. We present a brief
overview of our incremental docking protocol followed by

a detailed description.

INPUT
ligand, protein, parameters

Step 1

Build torsion tree
of the ligand
Rotatable bonds
ranked from 1 to N

Choose initial fragment (f) of the ligand
Set all bonds active, F={f}

Step 2

Dock all fragments in F
Ct={docked conformations}

Step 3

Step 5

OUTPUT
Docked conformations (Ct)
and corresponding scores

Yes

Step 4

All atoms
of the ligand docked
?
No

Step 6

Select a few conformations
C={selected conformations}

Step 7

Grow conformations in C
Set few rotatable bonds
in each new fragment active
F={new fragments}

Figure 1. The flowchart shows the steps involved in our incremental
docking protocol.

Overview Given a large ligand and a target protein, first an
initial fragment of the ligand, composed of a small number
of rotatable bonds and atoms directly rotated by the bonds,
is chosen. All rotatable bonds in the initial fragment are set
active. Only the active bonds are allowed to rotate and the
fragment is docked to the target protein using AutoDock.
Some of the docked conformations are then selected and
grown by adding a few more bonds as well as atoms that
are directly rotated by the new rotatable bonds. A small
number of rotatable bonds in each grown conformation are
set active and the conformations are docked. The docked
conformations are grown and docked again, until all the
atoms in the ligand are docked. Note that, in each docking
operation, AutoDock explores a small number of rotatable
bonds as well as the translation and orientation degrees of
freedom, i.e., a subspace of the conformation space.
Description Our incremental protocol consists of several
steps as shown in Figure 1. The protocol accepts as input:
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Figure 2. The top figure shows the ligand from a protein-ligand complex
deposited in the PDB (1NDZ). The ligand has 10 rotatable bonds shown
as green sticks. The torsion tree shown in the bottom figure is rooted at the
carbon atom C6 (green sphere). An edge of the tree represents a rotatable
bond and a node represents a list of the atoms that are directly rotated by
the bond. The tree is traversed in a breadth-first fashion and the edges are
ranked (circled numbers) by the order in which they were visited.

(a) a ligand structure with bonds labeled as rotatable and
non-rotatable,
(b) a target protein structure to which the ligand has to be
docked,
(c) the center and dimensions of the AutoDock grid that
encompasses the binding pocket in the protein,
(d) ga run, number of conformations that are output after
a docking operation done using AutoDock,
(e) ga num evals, maximum number of energy evaluations that are permitted by AutoDock when searching
for the minimum of the binding energy,
(f) ns (maxrot size), maximum number of rotatable bonds
that are allowed to rotate and are, therefore, explored in
each docking operation of our protocol, and
(g) k, number of docked conformations that are selected
after a docking operation.
Note that the parameters (c)-(e) are required by AutoDock
for a standard docking operation and the parameter names

are thus borrowed from AutoDock user guide [23]. The
details of the steps in the incremental protocol that we
propose are as follows.
Step 1 A torsion tree is constructed where a node represents
a list of atoms and an edge represents a rotatable bond of
the ligand. The tree is used for ranking the rotatable bonds,
and the ranked bonds and the tree nodes are utilized in the
next steps of the protocol. To construct the tree, first a root
atom is selected. The root atom is selected from the set of
all heavy atoms in the ligand such that the initial fragment
derived from the torsion tree has the largest number of
hydrogen bond donors and acceptors. The idea is to identify
an initial fragment of the ligand that is likely to be involved
in many binding interactions, thereby increasing its docking
accuracy. The root atom can also be selected such that the
initial fragment contains atoms that are involved in already
known binding interactions, or it can be selected randomly.
In the docking study described later, we show the impact
of the choice of the root atom on the docking performance
of our protocol. Let S1 be a set that contains the root atom
and atoms in the ligand that are connected to the root atom
through a sequence of non-rotatable bonds. Let S2 be a set
that contains any atom that is not contained in S1 and is
bonded to at least one atom in S1 . All atoms in S1 and
S2 are inserted into the root node. For each rotatable bond
connected to the root atom, an edge and a node is added to
the tree. The edge corresponds to the rotatable bond and the
new node corresponds to the list of atoms that are directly
rotated by the bond.
The leaf nodes of the tree are recursively expanded,
until all atoms and rotatable bonds in the ligand have been
appended to the tree. Figure 2 shows the torsion tree for
the ligand from a protein-ligand complex deposited in the
PDB (1NDZ). Suppose there are N edges in the torsion tree.
Starting from the root node, the torsion tree is traversed in
a breadth-first fashion and the edges are ranked from 1 to
N in the order that they were visited.
Step 2 The initial fragment (say, f ), first to be docked with
our protocol, is composed of the atoms in the torsion tree
nodes that are connected by the edges ranked from 1 to ru ,
where ru = min(ns , N ), and ns is the input maxrot size.
All the rotatable bonds in the initial fragment are set active
and a set F is initialized such that F = {f }.
Step 3-5 AutoDock energy grid maps are computed as
is typical in docking using AutoDock. A map contains,
for each grid point location, values of interaction energies
between the protein and the various atom types in the
fragment. The atom types are assigned by AutoDock. Since
each fragment in F contains atoms of the same atom types,
the maps are computed only once in this step.
Each fragment in F is then docked to the target protein.
Note that, by default, at the start of a docking operation
AutoDock assigns random values to all the active rotatable
bonds and the translation and orientation degrees of freedom.

A specified number (ga run) of docked conformations
and their AutoDock scores are obtained in each docking
operation. If all the atoms in the ligand are docked, then the
set of all docked conformations (say, Ct ) and corresponding
scores are returned as the output of our docking protocol.
While all the atoms in the ligand are not docked, then Steps
6-7 are performed.
Step 6-7 The docked conformations in Ct are ranked by their
AutoDock scores such that a conformation with lower score
is ranked higher. The k top-ranked docked conformations are
selected and each conformation is grown by adding rotatable
bonds ranked from ru + 1 to min(ru + bns /2c, N ) and
all the atoms (derived from the torsion tree nodes) that are
directly rotated by the added bonds. In each new fragment
that is created by growing the docked conformations, the
newly added rotatable bonds are set active. Few (dns /2e)
of the already explored bonds are also set active because
re-exploration of the bonds improves the docking accuracy.
Thus, the rotatable bonds ranked from ru − dns /2e + 1
to min(ru + bns /2c, N ) are set active, and all the other
rotatable bonds are set non-active. The set F and parameter
ru are updated such that F = {new fragments}, and
ru = min(ru + bns /2c, N ). Steps 3-7 are repeated.
The incremental growth of the ligand from a proteinligand complex deposited in the PDB (1NDZ) is shown in
Figure 3. Since our protocol involves selecting k docked
conformations at each increment, and then growing and
docking them again, it lends itself very easily to a parallel
implementation. Each of the k conformations in Step 6-7
are, therefore, docked in parallel.
III. D OCKING STUDY
The purpose of our docking study is twofold: (a) to
determine how the selection of the root atom and the
maxrot size (ns ) affects docking performance of our
protocol, and (b) compare the docking performance of
our incremental protocol with the docking performance of
AutoDock’s [7], [21] standard protocol. Here we establish
a dataset of protein-ligand complexes for our docking
study and describe various docking experiments. In each
docking experiment, all of the ligands in the dataset were
computationally docked to their target proteins.
Dataset The dataset is derived from the core set of PDBbind (v2007) database [22] that contains 210 protein-ligand
complexes in total. For each complex, the structures of
the protein and the ligand, as well as the experimentally
measured binding affinity is available. In each complex, the
bonds in the ligand are labeled as rotatable or non-rotatable.
Any bond that is an amide bond, or is in a cycle, or rotates
only hydrogen atoms is labeled non-rotatable, and the rest of
the bonds are labeled rotatable. Out of the 210 complexes, 73
complexes have greater than 6 rotatable bonds in the ligand.
We consider ligands in the 73 complexes as large ligands for

A

B

C

Figure 3. After the construction of the torsion tree (Figure 2), the ligand is
incrementally grown and docked. For this illustration, the maxrot size (ns )
is set to 6. (A) The first fragment has atoms that are contained in the nodes
connected by the edges ranked from 1 to 6. Bonds corresponding to these
edges are set active and the fragment is docked. Active bonds are shown as
green sticks. (B) The docked conformations of the fragment are grown by
adding atoms that are contained in the nodes connected by the edges ranked
from 7 to 9. The 3 newly added bonds and the 3 bonds corresponding to
the edges ranked from 4 to 6 are set active. The new fragments are docked
again. (C) The fragment is grown again by adding atoms that are contained
in the node connected by the edge ranked 10. The newly added bond and
the bonds corresponding to the edges ranked from 7 to 9 are set active.
The fragment is docked and we obtain docked conformations of the full
ligand.

the purpose of our study and these 73 complexes form our
dataset. The distribution of the number of rotatable bonds in
the dataset is shown in Figure 4.
Each protein and ligand in the dataset is processed in
the following manner. The ligand atoms are assigned atom
types and Gasteiger charges [24]. All non-polar hydrogen
atoms and lone-pair charges are removed. The charge of
each removed non-polar hydrogen is added to the carbon
atom to which it is bonded and the charge of each lone
pair is added to the atom it is associated with. The protein
atoms are also assigned atom types and Gasteiger charges.
The non-polar hydrogen atoms and lone-pairs of the protein
are processed in the same way as those of the ligand.
Waters and non-standard residues are removed as well.
Similar to some other docking studies [13], [25] that use
the PDBbind database, structural optimization of the ligand
and the protein was not performed.
Root atom selection mode and maxrot size For examining

Table I
ROOT ATOM SELECTION MODE AND MAXROT SIZE (ns ).
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Figure 4. Distribution of number of rotatable bonds in the dataset that
was used for the docking experiments.

the robustness of our proposed protocol, two different
modes for the selection of the root atom, required for the
construction of the torsion tree in our incremental protocol,
were tested: (a) a heavy atom was picked such that the tree
rooted at that atom results in the initial fragment with the
largest number of hydrogen bond donors and acceptors (std
mode), and (b) a heavy atom was picked randomly (rand
mode). We also tested various maxrot sizes, ns = 4, 6, and
8. Using all combinations of selection modes and maxrot
sizes, we performed six docking experiments using our
protocol. The input parameter ga num evals was set to
250000, and ga num was set to 50 for the first docking
operation and to 20 for subsequent docking operations. The
input parameter k was set to 5.
Docking performance comparison For comparing the
docking performance of our protocol and AutoDock’s
standard protocol, we did two docking experiments. ADinc
refers to the docking experiment done using our incremental
protocol with ns = 6 and std mode for the selection of the
root atom. Other input parameters to ADinc were same
as in the six docking experiments discussed above. AD
refers to the experiment with ga num evals set to 25
million and ga run set to 50. The settings in AD are the
recommended settings for AutoDock’s standard protocol
when docking large ligands and have been used previously
for docking performance comparison [11].
In dockings done with AutoDock, the AutoDock grid was
centered on the average coordinates of the atoms of the
input ligand structure (obtained from the dataset) and the
dimensions of the grid were chosen such that the grid box
fully encompasses the input ligand structure. The size of
each dimension of the grid box was extended by 15Å. The
size of any dimension, if it was less than 60Å, was set to 60Å

Mode

ns

avg
SCS
(kcal/mol)

avg
RCS
(Å)

avg
SCR
(kcal/mol)

avg
RCR
(Å)

DT avg
(h)

std
rand
std
rand
std
rand

4
4
6
6
8
8

-8.93
-8.99
-9.04
-8.84
-8.34
-8.27

5.50
5.73
5.06
5.44
5.73
5.76

-6.84
-6.79
-6.51
-6.56
-6.17
-6.21

3.49
3.39
3.01
2.99
3.15
3.01

41.57
42.02
31.70
31.58
25.26
24.88

avg
avg
This table lists average AutoDock scores (SCS
, SCR
), average RMSD
avg
avg
avg
values (RCS , RCR ), and average total docking times (DT avg ). SCS
avg
avg
and RCS
correspond to the Top-scoring docked conformations. SCR
and
avg
RCR
correspond to the Top-RMSD docked conformations. In selection
mode std, the root atom is selected using a heuristic and in random mode it
is selected randomly from the set of all heavy atoms in the ligand. Different
maxrot sizes are represented by ns .

Table II
D OCKING PERFORMANCE COMPARISON .
Experiment

avg
SCS
(kcal/mol)

avg
RCS
(Å)

avg
SCR
(kcal/mol)

avg
RCR
(Å)

DT avg
(h)

ADinc
AD

-9.04
-9.66

5.06
5.17

-6.51
-8.44

3.01
2.92

31.70
725.85

avg
avg
This table lists average AutoDock scores (SCS
, SCR
), average RMSD
avg
avg
avg
values (RCS
, RCR
), and average total docking times (DT avg ). SCS
avg
avg
and RCS
correspond to the Top-scoring docked conformations. SCR
and
avg
RCR
correspond to the Top-RMSD docked conformations. ADinc refers
to the experiment done using incremental protocol (ns = 6, std selection
mode) and AD (ga num evals = 25 million, ga run = 50) refer to
the experiments done using AutoDock’s standard protocol.

[11]. The rest of the parameters of AutoDock, that are not
explicitly mentioned, were set to their default values. Since
AutoDock employs a stochastic algorithm, all experiments
were repeated 5 times. Version 4.2 of AutoDock was used
in all of the docking experiments. The docking study was
done on a cluster at Rice University that has 192 computing
nodes and 2304 (in total) processor cores, with each core
running at 2.83 GHz.
IV. R ESULTS
Here we present the results from the various docking
experiments described in Section III. Each docking of a
ligand to its target protein produced multiple docked conformations of the ligand and corresponding docking scores.
We computed root mean squared distance (RMSD) between
the docked conformations and the input conformation of the
ligand that is obtained from the structure of the proteinligand complex in the dataset. The RMSD values were
computed using only the heavy atoms of the ligand. We
identified two docked conformations of each ligand: (a)
a Top-scoring conformation (CS), and (b) a Top-RMSD
conformation (CR). CS is the docked conformation that
has the minimum score and the CR is the one with the
lowest RMSD value. It is to be noted that since the dataset

Six docking experiments were performed to determine the
effect of root atom selection mode (rand, std) and maxrot
size on the docking performance (ns = 4, 6, 8) of our
incremental protocol. The results from the six experiments
are presented in Table I. The values of SCS , SCR , RCS ,
and RCR were obtained for the 73 (number of protein-ligand
complexes in the dataset) dockings done in each experiment.
Average of the values over the 73 dockings were computed
for each experiment. Each experiment was repeated 5 times
and Table I lists the average (over the 5 experiments) of the
avg
avg
avg
avg
average values, denoted by SCS
, SCR
, RCS
, and RCR
.
avg
DT
represents the total computational expense of the 73
dockings averaged over the 5 repeated experiments.
avg
was
Most accurate docking performance, i.e., lowest RCS
obtained in the experiment done with std selection mode
and maxrot size ns = 6. Experiments with ns = 8 were
done in the lowest docking time (DT avg ). The maxrot size
determines number of docking operations that are performed
in each docking using our protocol. A bigger maxrot size
thus results in fewer docking operations per docking which
means experiments with bigger maxrot size require lower
docking times. Similarly, experiments with smaller maxrot
size require higher docking times as in the case of experiments with ns = 4.
The Top-scoring conformations were, in general, less
avg
avg
accurate (RCS
> RCR
in all experiments) than Top-RMSD
conformations. The docked conformation with the lowest
score is not necessarily the one with the lowest RMSD
value because the use of approximate scoring functions in
docking programs results in inaccurate estimation of the
thermodynamic stabilities of the complexes. Comparison of
avg
avg
scores (SCR
> SCS
) re-emphasizes that the conformations
with the lowest RMSD values do not necessarily have the
lowest scores.
B. Docking performance comparison
To compare the performance of our incremental protocol,
we did docking experiments using AutoDock’s standard
protocol as described in the Methods section. For each
avg
avg
avg
avg
experiment, values of SCS
, SCR
, RCS
, RCR
, and DT avg
were computed as above. The results from the experiments
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Ligand count

A. Root atom selection mode and maxrot size

are listed in Table II. The experiment done using our
protocol took, on average, 31.70 hours to finish. It is to be
noted that this is the total CPU time spent. Due to the parallel
implementation of our protocol (see Methods section), the
real time spent was much lower. Comparison of docking
times DT avg in Table II reveals that the docking time spent
in the experiment done using our protocol (ADinc ) is much
lower than experiment AD. The Top-scoring conformations
computed in ADinc were overall more accurate (lower
avg
RCS
value) than those computed in AD. As expected, in
avg
avg
both experiments, RCR
values were lower and SCR
values
avg
avg
were higher than corresponding RCS and SCS values, thus
emphasizing the limitations of the scoring functions. For
experiments ADinc and AD, the medians of the 73 RCS
values, corresponding to the 73 protein-ligand complexes in
our dataset, were 4.66Å and 4.88Å respectively. The median
values also reflected the better docking performance of our
protocol.
Figures 5 and 6 show similar distribution of RCS and
RCR RMSD values obtained in ADinc and AD. In eval-
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Figure 5. Distribution of RCS RMSD values obtained in AD and ADinc .
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contains structures of the ligands bound to their respective
proteins, it is possible to compute the RMSD values. In
the general case of ligands for which the structures of the
bound conformations are not known, only the Top-scoring
conformation of each ligand can be identified. The docking
performance is, therefore, evaluated on the basis of the score
(SCS ) and RMSD value (RCS ) associated with CS of each
ligand, and the computational expense of docking (DT ).
Better docking performance means lower values of RCS
and DT . We also analyze the score (SCR ) and RMSD value
(RCR ) associated with CR of each ligand.
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Figure 6. Distribution of RCR RMSD values obtained in AD, ADinc
and a docking experiment that combined docking results from 2 runs of
ADinc .

uation of docking performances, a docked conformation
that has a RMSD value of less than 2.0Å is considered
accurate. The count of protein-ligand complexes for which
RCS is less than 2.0Å is low. However, in comparison, the
count of protein-ligand complexes for which RCR is less
than 2.0Å is significantly higher which again demonstrates
that AutoDock’s scoring function has limited success in
picking the lowest RMSD conformation from a set of docked
conformations.
The incremental docking protocol is clearly superior over
the standard protocol as it requires 23-fold lower docking
time to achieve accuracy that is comparable to the standard
protocol. An advantage of faster docking time is that multiple runs of incremental docking protocol can be combined
to increase the exploration of the conformation space of
large ligands. For example, after combining the set of final
docked conformations from 2 runs of incremental docking
protocol, the count of protein-ligand complexes with RCR <
2.0Å increased by 32%. Figure 6 shows the improvement in
the distribution of the RCR values obtained after combining
the set of final docked conformations from the 2 runs. Not
only was there an improvement in the docked conformations,
but the total docking time for the 2 runs was also an order
of magnitude lower than the standard protocol.
V. D ISCUSSION
AutoDock is a popular non-commercial docking program
that docks a ligand to its target protein and performs well
(accurate and computationally fast) when the number of
rotatable bonds in the ligand is small. Increase in the number
of rotatable bonds in the ligand, however, severely affects the
docking performance of AutoDock.
In this paper we propose an incremental docking protocol
for docking large ligands that utilizes AutoDock for docking
operations. Instead of searching for the docked conformation
in the high-dimensional conformation space of a large ligand, the search is done in the subspaces of the conformation
space. Starting from a carefully chosen initial fragment, the
ligand is incrementally docked and grown until all of its
atoms are docked. At each increment a few bonds are set
active and are allowed to rotate. By limiting the number
of active bonds (termed as maxrot size) to a small value,
we ensure that in all the docking operations, the search
for the docked conformation is done in a subspace of the
conformation space.
We performed a systematic docking study with docking
experiments on a dataset of 73 protein-ligand complexes (7
to 30 rotatable bonds in the ligands) from the core set of
the PDBbind database. Six different experiments were done
using our protocol to determine the effect of the choice of
the root atom and maxrot size on the docking performance.
The choice of the root atom leading to an initial fragment of
the ligand with highest number of hydrogen bond donors and
acceptors, and maxrot size of 6 resulted in the best docking

performance. To compare our protocol with AutoDock’s
standard protocol, we did experiments using our protocol
and AutoDock’s standard protocol in recommended parameter settings.
From the results of our docking study, it is clear that
the accuracy of docking using our protocol is comparable
to or better than the accuracy of docking using AutoDock’s
standard protocol. The docking experiments demonstrate that
our protocol is computationally fast, it is 23-fold faster than
docking using AutoDock’s standard protocol. The parallel
implementation of the protocol makes docking even more
fast. Each docking operation in our protocol explores a subspace of the conformation space and is, therefore, fast. Even
though our protocol consists of multiple docking operations,
less computational time is spent in each individual operation
and this results in lower docking time overall.
The average (over the dataset) RMSD value of the Topscoring conformations computed in the experiment done
using our protocol is 5.06Å. As shown in Figure 6, in
the case of many protein-ligand complexes, our protocol
computed conformations with RMSD < 2.0Å. Comparison
with Figure 5, however, shows that the Top-scoring conformations, as identified by AutoDock’s scoring function, are
not necessarily the conformations with lowest RMSD. The
need for improved scoring function is, thus, evident.
To further improve the docking protocol, we are investigating different root atom selection modes and ways of
selecting conformations in Step 6 of the protocol, e.g.,
selecting a combination of conformations with lowest scores
as well as conformations representing the biggest clusters.
The docked conformations computed by the protocol can
be further refined. Molecular dynamics based refinement
studies are under way and the strength of our protocol is
that docked conformations required for the refinement can be
quickly computed. Consensus docking programs [10], [26]
that utilize multiple docking programs, such as AutoDock
and others, can also benefit from the quick computation of
docked conformations using our protocol. Such consensus
docking programs can probably further improve the accuracy
of docking large ligands. Thus, for docking large ligands, our
incremental protocol can provide an excellent alternative to
AutoDock’s standard protocol.
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