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Abstract

Background: Molecular docking studies on protein-peptide interactions are a challenging and time-consuming
task because peptides are generally more flexible than proteins and tend to adopt numerous conformations. There
are several benchmarking studies on protein-protein, protein-ligand and nucleic acid-ligand docking interactions.
However, a series of docking methods is not rigorously validated for protein-peptide complexes in the literature.
Considering the importance and wide application of peptide docking, we describe benchmarking of 6 docking
methods on 133 protein-peptide complexes having peptide length between 9 to 15 residues. The performance of
docking methods was evaluated using CAPRI parameters like FNAT, I-RMSD, L-RMSD.

Result: Firstly, we performed blind docking and evaluate the performance of the top docking pose of each
method. It was observed that FRODOCK performed better than other methods with average L-RMSD of 12.46 Å.
The performance of all methods improved significantly for their best docking pose and achieved highest average L-
RMSD of 3.72 Å in case of FRODOCK. Similarly, we performed re-docking and evaluated the performance of the top
and best docking pose of each method. We achieved the best performance in case of ZDOCK with average L-
RMSD 8.60 Å and 2.88 Å for the top and best docking pose respectively. Methods were also evaluated on 40
protein-peptide complexes used in the previous benchmarking study, where peptide have length up to 5 residues.
In case of best docking pose, we achieved the highest average L-RMSD of 4.45 Å and 2.09 Å for the blind docking
using FRODOCK and re-docking using AutoDock Vina respectively.

Conclusion: The study shows that FRODOCK performed best in case of blind docking and ZDOCK in case of re-
docking. There is a need to improve the ranking of docking pose generated by different methods, as the present
ranking scheme is not satisfactory. To facilitate the scientific community for calculating CAPRI parameters between
native and docked complexes, we developed a web-based service named PPDbench (http://webs.iiitd.edu.in/
raghava/ppdbench/).
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Background
Protein-peptide interactions are essential in various bio-
logical processes involving signaling, cellular localization,
immune system, and apoptotic pathways. Such interac-
tions serve as structural components in approximately
40% of all macromolecular interactions [1, 2]. Peptides
can be used to prevent diseases involving malfunctioning
of proteins due to undesirable protein-protein interac-
tions [3, 4]. Many databases and algorithms have been
developed in the past specifically in the field of
peptide-based therapeutics [5–15]. There are more than
200 therapeutics peptides, approved by FDA for the
treatment of various diseases [16, 17]. Peptides are more
flexible than proteins and tend to adopt numerous con-
formations. Thus, modeling protein-peptide interactions
is a challenging and time-consuming task [18].
Numerous docking methods have been developed in

the past for structural determination of protein-peptide
complexes. Broadly, these methods can be classified into
the following 3 categories; i) protein-peptide docking, ii)
protein-protein docking and iii) protein-small molecule
docking. Protein-peptide docking methods [19–28] have
been specifically developed to dock peptide on protein
like pepATTRACT, FlexPepDock, HADDOCK,
PEP-SiteFinder, etc. Though protein-protein docking
methods [28–39] have been developed for docking two
proteins; some of these methods, for example, ZDOCK,
Hex can also be used to dock peptide on a protein. Simi-
larly, some of the software developed for docking
small-molecules on a protein [40–48] can also be used
to dock peptide on a protein, for example, AutoDock
and AutoDock Vina. In summary, a wide range of dock-
ing methods have been developed in past that can be
used directly or indirectly for docking peptide on a
protein.
Prediction of peptide interaction with receptor protein

is highly desirable to design peptide-based therapeutics.
However, utility of any prediction is entirely dependent
on the accuracy of the prediction. All the above docking
methods can be used to predict the interaction between
protein and peptides, thus evaluating the performance of
these methods is essential to understand their pros and
cons. Also, benchmarking is required to develop highly
accurate docking methods that can overcome the limita-
tion of the existing methods. There are a number of
benchmarking studies on protein-protein [49, 50],
protein-ligand [51, 52] and nucleic acid-ligand [53]
docking interactions. Comparatively, limited attempts
had been made to benchmark docking method on
protein-peptide complexes. Spoel and coworkers evalu-
ated the capability of AutoDock for docking studies of a
set of 8 protein-peptide complexes without having the
prior knowledge of the binding site [54]. Rentzsch and
Renard assessed the performance of AutoDock Vina on

a meta-data set of 47 protein-peptide complexes [55].
Recently, Hauser and Windshugel developed a
LEADS-PEP dataset to evaluate the performance of pep-
tide docking methods [56]. The major limitation of exist-
ing benchmarking studies is that they evaluated only a
limited number of docking methods, as well as dataset
used for evaluation contain small number of
protein-peptide complexes. In addition, there is no plat-
form or web server where users can benchmark or
evaluate the performance of their newly developed dock-
ing method.
In order to facilitate scientific community and to com-

plement previous benchmarking studies, we made a sys-
tematic attempt to benchmark docking methods on a
large set of protein-peptide complexes. The main aim of
this study is to evaluate the performance of major dock-
ing methods, as well as evaluation of scoring function
used by docking methods. We also perform a wide range
of analysis to understand the impact of the absence of
the binding site information, type of secondary structure,
and other molecular properties on the performance of
docking method. It is not practically possible to evaluate
all docking methods. Thus we select those methods,
which broadly satisfy following conditions; i) available
free for public use, ii) standalone version is available, iii)
widely used by scientific community and iv) performed
well in the Critical Assessment of PRediction of Interac-
tions (CAPRI) competition. CAPRI is an international
competition which provides a framework for evaluating
protein-protein interactions/docking and refinement
methods by blind testing on the set of unpublished tar-
gets [30, 36, 57–61]. Finally we select following 6 soft-
ware for benchmarking; ZDOCK 3.0.2, FRODOCK 2.0,
Hex 8.0.0, PatchDock 1.0, ATTRACT and pepAT-
TRACT. ZDOCK 3.0.2 is a rigid body docking method
based on the Fast Fourier Transform algorithm, and its
scoring function is a combination of pairwise shape
complementarity, desolvation and electrostatic energy
[62–64]. ATTRACT is a flexible protein-protein docking
method based on randomized search algorithm and em-
ploys Lennard-Jones potential and electrostatic energy as
a scoring function [30, 39]. Hex 8.0.0 is another popular
method which uses Spherical Polar Fourier (SPF) corre-
lations algorithm rather than Fast Fourier Transform
(FFT) based search [65, 66]. FRODOCK 2.0 is a rigid
body docking algorithm and is based on the principle of
3D grid-based potentials with knowledge-based potential
and spherical harmonics (SH) properties which help in
improving docking success rate more significantly [35,
36]. pepATTRACT is a flexible protein-peptide docking
algorithm which performs a rapid coarse-grained global
search on the protein surface and model peptide simul-
taneously during docking [67]. PatchDock 1.0 is also a
rigid body docking software which considers surface
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variability or flexibility implicitly marked through liberal
intermolecular penetration. Its scoring function is based
on geometry fit and atomic desolvation energy [47]. The
standalone versions of ZDOCK 3.0.2, Hex 8.0.0 and
PatchDock 1.0 docking methods are available for use on
the local machine. FRODOCK 2.0 provides an online
web service where a user can upload their docking part-
ner for docking. ATTRACT, and pepATTRACT pro-
vides a ready-to-use script, which can be downloaded
from their web-based service for performing docking of
each complex. The main dataset created and used in this
study comprises of highly annotated 133 protein-peptide
complexes; Table 1 shows detailed information about
these complexes. Also, methods were evaluated on data-
sets used in previous studies.

Results and discussion

In this study, a dataset called PPDbench has been used
to evaluate the performance of 6 docking methods. This
dataset contains 133 non-redundant complexes of
protein-peptides at 40%, it means no two proteins have
more than 40% sequence similarity. We removed redun-
dancy using commonly used software CD-HIT; detail
procedure is given in the Material and Method section.
In total, 117 clusters were obtained out of which similar-
ity among the proteins was present only in 12 clusters.
Detail information of the clustering result is provided in
Additional file 1: S1. We used CAPRI parameters (e.g.,
FNAT, I-RMSD, and L-RMSD) and the following 3 steps
for evaluating the performance of the methods. In the
first step, the structure of a protein-peptide complex is
obtained from PPDbench. In the second step, docking
methods use structures of protein and peptide to predict
the structure of the protein-peptide complex. Finally, the
performance of docking methods is determined by com-
paring the predicted and actual structure of a
protein-peptide complex. Overview of the PPDbench al-
gorithm has been shown in Figure 1.

Shifting Cartesian coordinates of peptide structure for

blind docking

Docking method requires structural coordinates of the
protein and peptide for docking peptide on the protein.
As we are providing structure coordinates of both pep-
tide and protein from the original complex, it means we
are giving actual docking pose to the docking software.
This docking pose information may affect the perform-
ance of a docking method. In order to avoid biasness in
the evaluation, we shifted Cartesian coordinate of the
structure without changing the structure of the peptide,
i.e. dihedral angles of both original and modified (shifted
Cartesian coordinates) peptide remains the same (see
Material and Methods). We compute the backbone
RMSD (B-RMSD) between the actual and modified

structure to verify that shifting of coordinates does not
affect peptide structure too much. It was observed that
B-RMSD value ranges from 0.067 to 0.827 for 133 pep-
tides with 123 peptides showing value ≤0.5 Å. In order
to understand the shifting of peptide structure from the
original position, we compute the distance between ac-
tual and modified peptide. As shown in Additional file 1:
S2, the modified peptide shifted/moved drastically from
its original position. It means modified peptide does not
maintain original docking position so it will not affect
the performance of docking methods in blind docking.

Blind docking ability of methods

Blind docking of two structures is one of the major chal-
lenges in the field of docking. We used default parameters
for blind docking and generated 20 docking poses for each
complex. In order to compute the performance of a
method on a protein-peptide complex, we compared its
top 20 poses one by one with original docking pose. The
average performance of different methods on the
PPDbench dataset is shown in Table 2. The pose which is
ranked first by the respective scoring function of method
is termed as “Top pose” while the pose for which we ob-
tain the lowest L-RMSD value among all the generated
poses is termed as “Best pose”. In the case of top docking
pose, FRODOCK performs better than any other method
and achieve average L-RMSD of 12.46 Å. It was noted that
the performance of different methods in term of I-RMSD
and FNAT also follow the same trend. The performance of
different methods on individual complexes is shown in
Additional file 1: S3-S5. The performance of best docking
poses out of top 20 poses generated by various methods,
also shows the similar trend; FRODOCK with average
L-RMSD of 3.72 Å performed better than other methods.

Re-docking ability of methods

Re-docking is preferred over blind docking if one knows
the binding site of peptide/ligand on protein/receptor.
Binding site information reduces searching space dras-
tically; thus, re-docking is fast and more precise. In
order to evaluate re-docking ability of methods, we per-
form re-docking on the PPDbench dataset. In this study,
we used default parameters for re-docking using instruc-
tions provided by different docking method (See Mater-
ial and Methods Section for detail). It is important to
note that we used the original structure of the peptide in
the case of re-docking instead of the modified structure
since we are already providing information of binding
site in the case of re-docking. We were unable to per-
form the re-docking experiment using FRODOCK, as
there is no provision for re-docking in this software.
Similarly, ATTRACT also didn’t perform re-docking, as
the server does not take the input of active residue infor-
mation. Thus, we performed re-docking only using 4
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Table 1 The list of all the considered complexes along with their PDB-IDs
Sr. No. PDB-ID Classification Protein Chain Peptide Chain Peptide Length PDB Resolution (Å)

1 1CJR Hydrolase B A 15 2.30

2 1CKA Oncogene protein A B 9 1.50

3 1D4T Signaling protein A B 11 1.10

4 1EG4 Structural protein A P 13 2.00

5 1H6W Structural protein A B 10 1.90

6 1HC9 Toxin protein A C 13 1.80

7 1JBU Hydrolase H X 15 2.00

8 1MFG Signaling protein A B 9 1.25

9 1NLN Hydrolase A B 11 1.60

10 1NQ7 Transcription A B 10 1.50

11 1NTV Signaling protein A B 10 1.50

12 1NX1 Hydrolase inhibitor A C 11 2.00

13 1OAI Nuclear transport A B 9 1.55

14 1OJ5 Transcriptional activator A B 14 2.21

15 1OW6 Transferase A D 12 2.35

16 1PZL Transcription A B 14 2.10

17 1QKZ Immune system H P 10 1.95

18 1RXZ Replication A B 11 2.00

19 1SFI Hydrolase A I 14 1.65

20 1SSH Contractile protein A B 11 1.40

21 1 T08 Cell cycle protein A C 15 2.10

22 1T4F Ligase M P 9 1.90

23 1T7R Growth factor protein A B 10 1.40

24 1TFC Transcription A C 11 2.40

25 1 U00 Chaperone protein A P 9 1.95

26 1UJ0 Signaling protein A B 9 1.70

27 1X2R Transcription A B 9 1.70

28 1XOC Transport protein A B 9 1.55

29 1YMT Transcription A B 10 1.20

30 1YUC Transcriptional Regulation A C 14 1.90

31 1YWO Signaling protein A P 10 1.81

32 2A31 Transferase A B 12 1.25

33 2AQ9 Transferase A X 12 1.80

34 2B9H Transferase A C 12 1.55

35 2BBA Signaling protein A P 14 1.65

36 2CCH Cell cycle protein D F 12 1.70

37 2D0N Signaling protein C D 9 1.57

38 2DRK Contractile protein A B 10 1.42

39 2FFF Transferase B A 15 2.23

40 2FKA Signaling protein A B 10 2.00

41 2FMF Signaling protein A B 13 1.99

42 2FTS Structural protein A P 13 2.41

43 2FVJ Signaling protein A B 10 1.99

44 2HO2 Protein binding A B 10 1.33

45 2HT9 Oxidoreductase A X 12 1.90

46 2O02 Toxin protein A P 14 1.50

47 2O4J Growth factor protein A C 12 1.74

48 2O9V Signaling protein A B 10 1.63

Agrawal et al. BMC Bioinformatics 2019, 19(Suppl 13):426 Page 108 of 242



Table 1 The list of all the considered complexes along with their PDB-IDs (Continued)
Sr. No. PDB-ID Classification Protein Chain Peptide Chain Peptide Length PDB Resolution (Å)

49 2P0W Transferase A P 15 1.90

50 2P1O Hydrolase B C 13 1.90

51 2P1T Hormone receptor A B 10 1.80

52 2P54 Transcription A B 12 1.79

53 2PEH Protein binding A C 10 2.11

54 2PUX Hydrolase B C 13 2.00

55 2PUY Transcription B E 10 1.43

56 2QBX Signaling protein B D 11 2.30

57 2QOS Immune System C A 11 1.81

58 2QSE Transcription B D 11 1.85

59 2R7G Transcription repressor C D 10 1.67

60 2V8Y Translation A B 14 2.10

61 2VR3 Cell adhesion protein B D 13 1.95

62 2VWF Signaling A B 14 1.58

63 2W2U Hydrolase A C 11 2.20

64 2WHX Hydrolase A C 14 2.20

65 2XRW Transcription A B 12 1.33

66 2XU7 Transcription B C 12 1.90

67 2XVC Cell cycle protein A B 13 2.15

68 2ZJD Apoptosis protein A B 10 1.56

69 3AWR Transport protein A C 12 2.00

70 3AYU Hydrolase A B 10 2.00

71 3BFQ Structural G F 15 1.34

72 3C3R Transport A B 13 2.02

73 3D32 Transport A C 12 1.30

74 3DS4 Viral protein A T 12 1.12

75 3FDO Cell cycle protein A B 12 1.40

76 3G2S Signaling protein A C 11 1.70

77 3GYT Transcription A B 10 2.40

78 3H1Z Transferase A P 15 1.83

79 3KMR Transcription A C 10 1.80

80 3KUJ Protein binding A B 15 1.40

81 3KUS Protein binding A C 11 1.40

82 3L0E Transcription A B 12 2.30

83 3LLZ Sugar binding A B 14 1.55

84 3OLF Hormone protein A B 11 1.90

85 3P72 Clotting protein A B 11 1.90

86 3P8F Hydrolase A I 14 2.00

87 3PTL Hydrolase A B 10 1.30

88 3QIS Hydrolase A B 13 2.30

89 3RQG Protein binding C E 12 2.50

90 3SFJ Signaling protein A B 10 1.24

91 3SO6 Protein binding A Q 13 1.37

92 3TZY Transferase B C 10 2.20

93 3UP3 Transcription A P 13 1.25

94 3V2X Protein binding A B 11 1.85

95 3VTC Transcription A B 11 1.50

96 3W1B Ligase A B 10 2.40
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methods (ZDOCK, Hex, PatchDock, and pepAT-
TRACT) and generated top 20 docking poses for each
complex and compute the performance of the methods.
We observed that the performance of all the docking
methods improved during the re-docking study (Table 3).
ZDOCK performed better than other docking methods
for the top pose as well as for the best pose; followed
by Hex. In the case of ZDOCK, L-RMSD improved
from 15.85 Å to 8.60 Å for top docking pose and
from 7.53 Å to 2.88 Å for the best pose. FNAT,
L-RMSD and I-RMD values for all the individual

complexes are given separately in Additional file 1:
S6-S8.

Ranking ability of methods

Ideally top pose assigned by a docking method should
have the best performance, but in reality, it is not always
correct. Thus, the docking method faces two major chal-
lenges, (i) how to generate the best docking poses and
(ii) ranking these docking poses based on their perform-
ance. In order to rank docking poses, the different
method uses different scoring functions. Thus, the

Table 1 The list of all the considered complexes along with their PDB-IDs (Continued)
Sr. No. PDB-ID Classification Protein Chain Peptide Chain Peptide Length PDB Resolution (Å)

97 3ZQH Transcription A C 12 1.60

98 4B4N Viral protein A B 15 1.81

99 4DCB Hydrolase A F 11 2.03

100 4E34 Transport B D 10 1.39

101 4EIK Protein binding A B 11 1.60

102 4ERY Transcription A D 14 1.30

103 4F14 Actin binding A B 11 1.20

104 4F1Z Cell adhesion protein A Q 14 2.30

105 4GQ6 Transcription A B 12 1.55

106 4GXL Protein binding A B 11 2.02

107 4GYW Transferase A B 14 1.70

108 4H4F Hydrolase A Q 10 1.90

109 4HOM Hydrolase A B 11 1.90

110 4HTP Hydrolase A C 10 2.25

111 4IIM Endocytosis A C 12 1.80

112 4J8S Protein binding A B 12 1.55

113 4K0U Protein transport A B 15 2.15

114 1CVU Oxidoreductase B F 9 2.40

115 1K5N Immune system A C 9 1.09

116 1OU8 Transport A C 11 1.60

117 1RST Signaling B P 9 1.70

118 2A25 Ligase A B 9 2.20

119 2 CE8 Transcription A X 9 2.03

120 2DYP Immune system A C 9 2.50

121 2FFU Transferase A P 9 1.64

122 2OEI Protein binding A B 9 1.35

123 2R9Q Hydrolase B Y 9 2.20

124 2VKN Membrane protein A C 9 2.05

125 3ASL DNA binding protein A B 9 1.41

126 3ERY Immune system A P 9 1.95

127 3I5R Protein binding A B 9 1.70

128 3IVV Ligase A D 10 1.25

129 3LL8 Protein binding A E 11 2.00

130 3OBQ Transport A B 9 1.40

131 3RM1 Protein binding A B 9 1.24

132 3TJV Hydrolase A B 9 2.40

133 3U9Q Transcription A B 9 1.52
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scoring function plays a crucial role in ranking docking
poses particularly in the identification of top/best pose
out of many poses generated by a method. We tested
the scoring function of all the 6 docking methods on the
PPDbench dataset using blind docking. We analysed top
3, 5, 10 and 20 poses generated by the different software
and computed performance of best poses (Table 2). The
sequential improvement was observed with the increase
of the number of selected poses in all the docking
methods. However, Hex, ZDOCK, PatchDock and AT-
TRACT docking methods show a higher deviation in
the results as clear from Table 2. The scoring function
of FRODOCK seems better for docking studies of pep-
tides compared to other docking methods. Percent of
success rate in reproducing the docked poses within
2.0 Å L-RMSD with the original pose is also presented
in Table 2. ZDOCK show the success rate of 32.33% on
considering the top pose whereas FRODOCK shows a
success rate of 39.09% Docking method pepATTRACT
performed worst among all the docking methods. It
takes the sequence of the peptide instead structure of
the peptide. The method itself predicts the structure of
the peptide from its sequence, and it is possible that pre-
dicted structure of the peptide is not correct.
In order to understand the limits of blind docking, for

each complex we analyse top 20 docking poses

generated by different methods. We identify best dock-
ing pose for a given peptide-complex generated by any
method and compute the performance of best pose. This
process is repeated for all complexes in PPDbench data-
set, and average performance is computed. We achieved
an average performance of 92.92% in term of FNAT,
which is better than the performance achieved by any in-
dividual method. Similarly, we calculated the perform-
ance in term of L-RMSD and achieved an average
L-RMSD value of 1.55 Å. This analysis shows that the
combination of all 6 docking methods can dock almost
all the peptides to their proteins with reasonably high
accuracy (Additional file 1: S9-S10).

Fig. 1 Schematic representation of the workflow of
PPDbench algorithm

Table 2 The performance of best docking pose generated by
different docking methods using blind docking on the
PPDbench dataset

Docking methods FNAT L-RMSD I-RMSD % Success

ATTRACT-20a 66.51 6.16 6.12 54.13

ATTRACT-10 57.44 8.86 8.75 48.87

ATTRACT-5 53.01 10.38 10.23 42.10

ATTRACT-3 48.95 11.74 11.53 39.09

ATTRACT-1 40.86 15.59 15.30 34.58

Hex-20 30.92 25.73 25.64 18.04

Hex-10 26.62 27.85 27.82 17.29

Hex-5 21.33 30.37 30.31 15.03

Hex-3 17.88 31.77 31.70 12.78

Hex-1 13.06 35.64 35.55 10.52

ZDOCK-20 69.67 7.53 7.40 63.90

ZDOCK-10 61.79 9.42 9.27 53.38

ZDOCK-5 57.16 10.87 10.78 48.87

ZDOCK-3 54.14 11.97 11.84 42.85

ZDOCK-1 42.88 15.85 15.74 32.33

PatchDock-20 55.99 7.98 7.79 26.31

PatchDock-10 48.01 9.93 9.78 21.05

PatchDock-5 39.78 12.45 12.30 18.79

PatchDock-3 34.55 14.61 14.39 17.29

PatchDock-1 21.83 19.97 19.71 11.27

pepATTRACT-20 27.25 13.76 13.57 1.50

pepATTRACT-10 22.70 16.04 15.84 1.50

pepATTRACT-5 18.67 18.24 18.07 1.50

pepATTRACT-3 16.22 19.55 19.31 0.75

pepATTRACT-1 12.32 22.12 21.88 0.00

FRODOCK-20 71.44 3.72 3.69 55.63

FRODOCK-10 70.79 4.06 3.94 55.63

FRODOCK-5 64.16 6.04 5.92 50.37

FRODOCK-3 62.92 6.79 6.69 50.37

FRODOCK-1 48.40 12.46 12.21 39.09
aNumber indicate number of top docking poses generated by method

Agrawal et al. BMC Bioinformatics 2019, 19(Suppl 13):426 Page 111 of 242



Figure 2(a-b) shows the deviation in the success rate
with the increase in the L-RMSD values. The success
rate is calculated as the percentile of the success in
obtaining the docked poses within the specified
L-RMSD values. In our study, we observed that the suc-
cess rate is not much affected by a slight increase in the
L-RMSD for most of the considered docking methods.
Considering the top 20 solutions, FRODOCK repro-
duced around 82.00% complexes within 4.0 Å L-RMSD.
Thus, the performance of FRODOCK is much better as
compared to other 5 docking methods. Figure 2(a-b) also
shows the complete failure of docking of all the docking
methods (more than 30 Å L-RMSD) for some of the
complexes. It is clear from Additional file 1 S11, devi-
ation in the success rate with the increase in the
I-RMSD values follow the same trend as the deviation in
the success rate with the increase in L-RSMD values.
Any successful scoring function should either produce
the top score pose as the best pose or should show the
minimum deviation between these two poses. In order
to understand the difference between top pose and best
pose generated by each method, we calculate the percent
of complexes having L-RMSD (difference in best and
top pose) in a different range (Table 4). In most of the
cases (~ 56.00%), top and best pose generated by

FRODOCK have no difference with L-RMSD 0.00. As
shown in Table 4, the scoring function of FRODOCK,
ATTRACT and ZDOCK are better than other methods.

Reproducibility of docking poses

Ideally, docking pose generated by a method and ranking
of docking poses should be same every time for a given
protein-peptide complex. In order to check reproducibil-
ity, we generate docking pose using blind docking for
each complex two times called “First docking” and “Sec-
ond Docking” for each docking method. Then we com-
pute the performance of each method for “First
Docking” and “Second Docking” as well as the difference
in the performance. As shown in Table 5, for most of
the methods, the difference was either zero or negligible.
It means the results of docking methods are reprodu-
cible (Table 5).

Molecular analysis

Resolution analysis

The quality of structure of a complex depends on the
resolution of the crystal structure. The quality of bench-
marking depends on the quality of the complex struc-
ture as it is used as a standard of truth or reference for
measuring quality docking pose. Thus, we divide
protein-peptide complexes into two groups having the
resolution between 1 and 2 Å and between 2 and 3 Å.
Then we compute performance in term of L-RMSD of
all methods using blind docking for above two group of
complexes. In case of top pose, the performance of all
method except FRODOCK improves for complexes hav-
ing resolution 1–2 Å (Figure 3(a)). In case of best pose,
the performance of all methods except Hex improves for
complexes having resolution 1–2 Å than complexes hav-
ing resolution 2–3 Å (Figure 3(b)). This is expected as
the quality of evaluation also depend on the resolution
of complex structures. Average value of FNAT and
I-RMSD was also analysed for the top pose (Add-
itional file 2:(a-b)) and best pose (Additional file 3:(a-b)).

Rotatable bonds

We group protein-peptide complexes based on rotat-
able bonds in the peptide to understand the effect of
rotatable bonds on quality of docking pose generated
by different methods (Tables 6, 7, 8). Considering
average L-RMSD, we found the different behaviour of
software in docking results with respect to the num-
ber of rotatable bonds. When the top pose was con-
sidered, FRODOCK and ATTRACT were found to
perform better for complexes either having a smaller
number of rotatable bonds or larger bonds while
other software showed a decline in the performance
with the increasing number of rotatable bonds. In
case of best pose, the situation was a little different.

Table 3 The performance best docking pose generated by
different docking methods using re-docking on the PPDbench
dataset

Docking methods FNAT L-RMSD I-RMSD % Success

Hex-20a 78.66 4.55 4.44 69.17

Hex-10 75.73 5.25 5.18 66.17

Hex-5 71.24 6.50 6.41 65.41

Hex-3 66.76 7.74 7.66 61.65

Hex-1 59.44 10.63 10.49 56.39

ZDOCK-20 89.61 2.88 2.81 85.71

ZDOCK-10 84.55 3.85 3.76 78.95

ZDOCK-5 80.77 5.14 5.04 75.19

ZDOCK-3 79.06 5.67 5.56 69.92

ZDOCK-1 68.44 8.60 8.44 55.64

PatchDock-20 63.14 5.14 5.05 32.33

PatchDock-10 55.64 6.73 6.63 29.32

PatchDock-5 48.30 8.22 8.08 24.81

PatchDock-3 43.25 9.46 9.27 23.31

PatchDock-1 29.03 13.36 13.13 18.80

pepATTRACT-20 39.07 8.21 8.07 3.76

pepATTRACT-10 34.82 9.17 9.02 2.26

pepATTRACT-5 30.32 10.03 9.83 2.26

pepATTRACT-3 27.20 10.87 10.70 2.26

pepATTRACT-1 21.11 12.32 12.07 1.50
aNumber indicate number of top docking poses generated by method
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ZDOCK and FRODOCK were found to perform bet-
ter than other software (Tables 6, 7, 8).

Secondary structure analysis

We divide protein-peptide complexes into two groups
based on the secondary structure of the peptides. The first
group contains peptides dominated by regular secondary
structure (e.g., Helix, Sheet). The second group is

dominated by the peptide structure comprising coils. We
compute performance of the docking methods using blind
docking on both groups of complexes separately. The per-
formance in term of L-RMSD for two group is shown in
Figure 4. In case of top pose, all methods except Hex per-
formed better on protein-peptide complex dominated by
the coil in comparison (Figure 4(a)). A similar trend was
observed for best docking pose, where most of the method

Fig. 2 L-RMSD values obtained for all the docking methods on the PPDbench dataset for the (a) Top poses and (b) Best pose

Table 4 Percentile of success rate where ‘Top pose’ and ‘Best pose’ are same or within the range of some specified differences

(Best – Top) RMSD (Å) ATTRACT Hex ZDOCK PatchDock pepATTRACT FRODOCK

0.00 24.81 14.28 24.81 18.04 12.03 55.63

0.00–1.00 18.79 0.75 14.28 1.50 12.03 0.75

1.00–2.00 0.75 9.77 6.76 3.00 8.27 0.75

2.00–5.00 11.27 15.78 14.28 9.77 16.54 5.26

5.00–10.00 10.52 16.54 10.52 13.53 13.53 5.26

> 10.00 33.83 42.85 29.32 54.13 37.59 32.33
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perform better for peptides dominated by the coils (Figure
4(b)). Average value of FNAT and I-RMSD was also ana-
lysed for the top pose (Additional file 4(a-b)) and best
pose (Additional file 5(a-b)). This analysis indicates that
docking peptides having regular secondary structure is
more difficult than peptides having no regular secondary
structure. One of the possible explanation for this result
could be the flexible nature and high degree of freedom of
coiled peptides in comparison to helical peptides which is
more rigid and possess a lesser degree of freedom. Coiled
peptide might adapt better conformational change during
docking to find the near-native pose. Also, in previous
studies, it has shown that the formation of coiled-coil in
peptide help in better docking with the receptor molecule
[68, 69]. Similarly, in another study, it was shown that the
docking method performed better on coiled peptides [70].

Categorization of PPDbench dataset and the performance

of the method

When we analysed the classification of the PPDbench
dataset (Table 1), we found that most of the complexes
belong to the enzymatic class, for example, hydrolase,
ligase, oxidoreductase, transferase (around 27%), tran-
scription (~ 17%) or to signaling proteins (~ 12%). Rest
of the complexes were present in other classes like
structural proteins, membrane proteins, binding pro-
teins, etc. Overall, a good amount of diversity was
present in the dataset. Based on the blind docking result
and considering the top pose with lowest L-RMSD value,
we analysed the group of complexes preferred by each
software (Table 9). FRODOCK performed best on 42
complexes out of 133 which belongs majorly to Tran-
scription and Signaling protein class. ATTRACT
achieved 2nd position by performing best on 35

complexes where most of them belong to the Enzymatic
class, Immune system class or Signaling protein class.
ZDOCK performed best on 30 complexes, and during
analysis, we didn’t find any specific class which is pre-
ferred over another. Likewise, PatchDock performed best
on 15 complexes in total, and the class diversity was a
mix. However, it didn’t cover complexes belonging to
Signaling proteins or Structural proteins class. Hex
showed lowest L-RMSD only for 8 complexes, belonging
to class Signaling proteins or Transcription and lastly,
pepATTRACT was found best only on 3 complexes.

Performance on benchmarking data used in previous

studies

Rentzsch and Renard evaluated the performance of
AutoDock Vina on a dataset of 47 protein-peptide com-
plexes, where the length of peptide varies from 2 to 5.
Rentzsch and Renard also generated 20 docking poses
and compute performance of top pose as well as the per-
formance of best docking pose. We also evaluated our
methods on this dataset; unfortunately, few methods fail
on certain PDB IDs, or there were certain issues due to
which we didn’t involve them in our study. For example,
pepATTRACT failed on PDB files 1PAU, 8GCH, 1JQ9
and 5SGA, ATTRACT failed on IDs 1PAU and 1BE9,
FRODOCK failed on 1PAU and 5SGA. After analysing
these files, we found that one potential reason for the
failure of different docking methods is the presence of
non-natural residues (example ACE, ACY) in the pep-
tide of these complexes. Likewise, we didn’t get any con-
tacts for the IDs 1BHX and 3TPI as per our criteria
(mentioned in Material and Methods) during re-docking
studies. Therefore, we excluded these 7 IDs and pro-
ceeded with 40 peptide-protein complexes instead of 47

Table 5 The performance of best docking pose generated by different methods and difference in performance of docking poses
generated in two events on the PPDbench dataset

Docking
Method

First Docking Second Docking Difference (First-Second)

FNAT L-RMSD I-RMSD FNAT L-RMSD I-RMSD FNAT L-RMSD I-RMSD

ATTRACT-20a 66.51 6.16 6.12 66.51 6.16 6.12 0.00 0.00 0.00

ATTRACT-1 40.86 15.59 15.30 40.86 15.59 15.30 0.00 0.00 0.00

Hex-20 30.92 25.73 25.64 30.60 25.77 25.72 0.32 0.04 0.08

Hex-1 13.06 35.64 35.55 12.33 35.39 35.38 0.73 0.25 0.17

ZDOCK-20 69.67 7.53 7.40 69.68 7.53 7.40 0.01 0.00 0.00

ZDOCK-1 42.88 15.85 15.74 42.86 15.85 15.74 0.02 0.00 0.00

PatchDock-20 55.99 7.98 7.79 56.00 7.98 7.79 0.01 0.00 0.00

PatchDock-1 21.83 19.97 19.71 21.87 19.97 19.71 0.04 0.00 0.00

pepATTRACT-20 27.25 13.76 13.57 27.26 13.76 13.57 0.01 0.00 0.00

pepATTRACT-1 12.32 22.12 21.88 12.33 22.12 21.88 0.01 0.00 0.00

FRODOCK-20 71.44 3.72 3.69 71.44 3.72 3.69 0.00 0.03 0.00

FRODOCK-1 48.40 12.46 12.21 48.39 12.46 12.21 0.01 0.00 0.00
aNumber indicate number of top docking poses generated by method
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for benchmarking methods used in this study. We re-
ferred this dataset (40 protein-peptide complex struc-
tures) as Vina dataset. We performed blind docking
using 7 docking methods including AutoDock Vina and
evaluate the performance of all methods (Table 10). In
the case of top docking pose, PatchDock got the average
L-RMSD value of 12.21 Å; performing better than other
methods. Similarly, FRODOCK achieved an average
L-RMSD value of 4.45 Å in case of best docking pose;
performing better than other methods. We also evaluate
the re-docking ability of four docking methods only as
some of the methods do not have provision for
re-docking. In the case of re-docking, we have not
evaluated the re-docking ability of AutoDock Vina in-
stead we have taken performance reported by authors
for these complexes. As shown in Table 10, AutoDock

Vina performed better than other methods. The per-
formance of different docking methods in detail is de-
scribed in Additional file 1: S12-S13.
Recently, Hauser and Windshugel used LEADS-PEP

dataset for benchmarked re-docking ability of four dif-
ferent protein-ligand docking software AutoDock, Auto-
Dock Vina, Surflex, and GOLD. We compare three
datasets (LEADS-PEP dataset, with our dataset of 133
complexes and 40 complexes of dataset created by
Rentzsch and Renard) and found 10 common
protein-peptide complexes (8 complexes from the
PPDbench dataset and 2 complexes from Vina dataset).
On these 10 common complexes, we evaluate the per-
formance of top and best docking pose generated by
docking methods used in our study. We have taken the
performance of other methods as reported by their

Fig. 3 The performance of different docking methods on the PPDbench dataset with resolution 1–2 Å and 2–3 Å for (a) Top pose and (b) Best
pose based on average L-RMSD value
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authors (Table 11). Z-DOCK achieved an average
L-RMSD value of 4.87 Å and 2.14 Å for the top and best
docking pose respectively, which is better than other
methods.

Platform for benchmarking

In order to facilitate the scientific community, we devel-
oped a web server or portal called PPDbench for bench-
marking docking methods. This web server consists of
following modules: (i) Single: This module is developed
to provide a tool to calculate FNAT, I-RMSD and
L-RMSD values for a single docked protein-peptide
complex. (ii) Batch: This module is designed to calculate

the above parameters for more than one complex. The
user needs to submit the original and their respective
docked poses separately in zip format for batch mode. A
complete dataset used in this study with all the recep-
tors, ligands and their respective complexes are available
in the web server for downloading. PPDbench web ser-
vice is freely accessible at http://webs.iiitd.edu.in/
raghava/ppdbench/.

Conclusions

In this study, we selected 133 protein-peptide complexes
to rigorously validate the applicability of 6 widely used
docking methods for studying protein-peptide interac-
tions. We generated 20 docked poses for each
protein-peptide complex using different docking
methods to evaluate their performance. The study shows
that in the case of blind docking FRODOCK performed
best among all methods whereas, in the case of
re-docking, ZDOCK performed best. One of the possible
explanation for this result is that ZDOCK is a FFT based
docking algorithm and its scoring functions comprise of
pairwise shape complementarity with desolvation and
electrostatics. When binding site information is not
present the method performs a complete search over the
protein surface for locating the ligand binding site. How-
ever, when the binding site information is known, it re-
stricts the search to the complementarity region and
hence probability of obtaining near-native pose is much
higher. This could be one of the reasons why ZDOCK
performs better in re-docking in comparison to blind
docking. However, FRODOCK is an initial stage rigid
body docking algorithm which optimizes different inter-
actions such as van der Waals interactions, electrostatic
interaction and desolvation potentials using a new fast

Table 6 The performance of best docking poses having
different number of rotatable bonds in term of FNAT; poses
generated by different methods on the PPDbench dataset

Docking
methods

Rotatable bonds

0–40 41–60 > 60

ATTRACT-20a 62.90 63.85 79.91

ATTRACT-1 40.93 38.55 48.25

Hex-20 31.96 29.78 33.08

Hex-1 08.12 15.06 13.58

ZDOCK-20 78.51 65.30 71.41

ZDOCK-1 41.15 42.98 44.83

PatchDock-20 55.09 59.25 46.95

PatchDock-1 27.00 22.02 14.37

pepATTRACT-20 43.60 21.69 22.41

pepATTRACT-1 22.03 09.26 08.70

FRODOCK-20 73.42 69.47 75.08

FRODOCK-1 49.78 46.17 53.75
aNumber indicate number of top docking poses generated by method

Table 7 The performance of best docking poses having
different number of rotatable bonds in term of L-RMSD; poses
generated by different methods on the PPDbench dataset

Docking methods 0–40 41–60 > 60

ATTRACT-20a 6.00 6.76 4.49

ATTRACT-1 11.78 17.03 16.21

Hex-20 23.55 26.07 27.63

Hex-1 33.56 35.72 38.21

ZDOCK-20 4.76 8.26 8.98

ZDOCK-1 11.96 16.97 17.62

PatchDock-20 9.16 7.28 8.51

PatchDock-1 16.54 20.16 24.05

pepATTRACT-20 9.44 15.61 13.81

pepATTRACT-1 16.64 22.80 27.48

FRODOCK-20 2.75 4.28 3.25

FRODOCK-1 10.25 13.97 10.70
aNumber indicate number of top docking poses generated by method

Table 8 The performance of best docking poses having
different number of rotatable bonds in term of I-RMSD; poses
generated by different methods on the PPDbench dataset

Docking methods 0–40 41–60 > 60

ATTRACT-20a 5.99 6.73 4.42

ATTRACT-1 11.33 16.77 16.11

Hex-20 23.35 25.99 27.66

Hex-1 33.42 35.65 38.13

ZDOCK-20 4.74 8.09 8.85

ZDOCK-1 11.73 16.92 17.49

PatchDock-20 8.93 7.09 8.39

PatchDock-1 16.32 19.84 23.93

pepATTRACT-20 9.31 15.34 13.79

pepATTRACT-1 16.49 22.47 27.40

FRODOCK-20 2.73 4.22 3.29

FRODOCK-1 9.97 13.70 10.53
aNumber indicate number of top docking poses generated by method
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Fig. 4 The performance of different docking methods on the PPDbench dataset with different secondary structure for (a) Top pose and (b) Best
pose based on average L-RMSD value

Table 9 Clustering result of docking method showing the PDB IDs for which it performed best during blind docking when top
pose was considered

Sr.
No.

Docking
Method

Number of
Complexesa

PDB ID

1 ZDOCK 30 1CJR, 1CKA, 1H6W, 1YMT, 2AQ9, 2CCH, 2D0N, 2DRK, 2FTS, 2HO2, 2P1T, 2VWF, 2WHX, 2XU7, 2ZJD, 3G2S, 3H1Z,
3KMR, 3KUS, 3V2X, 3VTC, 4F1Z, 4J8S, 4K0U, 1RST, 2DYP, 3ASL, 3I5R, 3IVV, 3LL8,

2 ATTRACT 35 1D4T, 1JBU, 1NLN, 1PZL, 1QKZ, 1RXZ, 1SFI, 1SSH, 1UJ0, 2A3I, 2B9H, 2BBA, 2FKA, 2HT9, 2O4J, 2PUY, 2V8Y,
3AYU, 3BFQ, 3D32, 3KUJ, 3OLF, 3P8F, 3QIS, 3SFJ, 3SO6, 4E34, 4EIK, 4ERY, 4F14, 4GXL, 4H4F, 2 CE8, 2VKN, 3ERY

3 FRODOCK 42 1MFG, 1NTV, 1NX1, 1OJ5, 1OW6, 1 T08, 1T4F, 1T7R, 1TFC, 1 U00, 1YUC, 1YWO, 2FFF, 2FMF, 2O9V, 2P0W, 2P1O,
2P54, 2PEH, 2PUX, 2QOS, 2QSE, 2R7G, 2W2U, 2XRW, 2XVC, 3C3R, 3FDO, 3GYT, 3L0E, 3TZY, 3UP3, 3W1B, 4GYW,
4HTP, 1K5N, 1OU8, 2FFU, 2R9Q, 3OBQ, 3RM1, 3TJV

4 PatchDock 15 1HC9, 1X2R, 1XOC, 2O02, 2VR3, 3DS4, 3P72, 3PTL, 3RQG, 4B4N, 4DCB, 4GQ6, 4HOM, 1CVU, 2A25

5 Hex 8 1EG4, 1NQ7, 2FVJ, 2QBX, 3AWR, 3LLZ, 4IIM, 3U9Q

6 pepATTRACT 3 1OAI, 3ZQH, 2OEI
aNumber of complexes for which software performed best
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rotational algorithm based on spherical harmonics (SH).
In the previous studies, SH has been shown to enhance
the docking efficiency [65, 71] and inspired by these
studies, FRODOCK implemented the same in their algo-
rithm for enhancing the docking efficiency. This ap-
proach increased the searching by accelerating the 3
rotational degrees of freedom. This novel approach
could be one of the main reason for the better perform-
ance of FRODOCK over the other methods in case of
blind docking. Also, the procedural differences (such as
the use of search constraints, the definition of interface

residues in the evaluation, statistical differences in the
number of runs and different sampling sizes) and differ-
ent approximations probably facilitates FRODOCK to
provide better results compared to ZDOCK in blind
docking [35]. Therefore, based on our study we pro-
posed FRODOCK for performing blind docking and
ZDOCK for re-docking.
It was observed that most of the docking method fails

to rank their docking pose successfully, as the perform-
ance of their best pose is much better than the top pose
(Table 2). Thus, there is a need to develop new scoring
functions which can rank docking poses with high preci-
sion. We combine docking pose generated by different
methods for a protein-peptide complex and compute
performance of best pose. It has been observed that the
performance of best pose obtained from different
methods collectively is much better than the perform-
ance of pose generated by any individual method. This
observation suggests the need for a universal scoring
function that can rank pose generated by any method.
Our study also suggests the utilization of high-resolution
protein-peptide complex structures for benchmarking.
In order to facilitate scientific community, we develop a
web-based platform that provides benchmarking dataset
as well as tools to evaluate the performance of docking
poses.

Material and methods
Dataset for benchmarking

We created a dataset of 133 protein-peptide complexes
by combining peptiDB dataset and ACCLUSTER dataset.
The peptiDB [72] and ACCLUSTER [73] datasets consist
of 103 and 251 protein-peptide complexes respectively.
We removed all those complexes having more than 1
protein chain or where the length of the peptide was less
than 9 or more than 15 residues. We also removed com-
plexes containing any modified residue and complexes
corresponding to obsolete PDB entry. After applying the
above filters, we were left with 44 protein-peptide com-
plexes from the peptiDB dataset and 115 from
ACCLUSTER dataset. We combined both the datasets
and selected unique protein-peptide complexes since
there were some common PDB IDs in both the datasets.
Finally, we were left with unique 133 protein-peptide
complexes, and this dataset is referred as PPDbench or
main dataset. The detail information of all the selected
complexes is given in Table 1. We processed the pro-
teins and peptide chains before docking. All heteroatoms
(for example metal ions, water molecules) were re-
moved, if an atom has alternative locations (coordinates)
then the only ‘A’ coordinates were considered, and rest
were removed, missing atoms (if any) in the PDB file
were modeled and completed using Modeller software
[74]. We also calculated redundancy among the 133

Table 10 The performance of different docking methods on
Vina dataset (40 protein-peptide complexes) in terms of average
L-RMSD

Docking methods Blind docking Re-docking

Autodock Vina-20a 9.80 2.09

Autodock Vina-1 17.13 4.25

Hex-20 23.70 3.50

Hex-1 30.16 9.98

ZDOCK-20 11.16 11.48

ZDOCK-1 17.76 18.25

PatchDock-20 4.54 3.49

PatchDock-1 12.21 8.96

pepATTRACT-20 7.28 4.31

pepATTRACT-1 13.57 7.89

FRODOCK-20 4.45 NA#

FRODOCK-1 13.77 NA

ATTRACT-20 8.13 NA

ATTRACT-1 14.43 NA
aNumber indicate number of top docking poses generated by method; #NA

re-docking provision is not available

Table 11 The performance of different docking methods on
common 10-protein-peptide complexes, in term of their re-
docking ability

Docking
Method

L-RMSD

Top pose Best pose

AutoDock 8.31 5.77

Autodock Vina 8.37 4.57

Surflex-Dock 8.02 4.96

GOLD (ASP)a 8.52 4.65

GOLD (CP)a 9.59 5.51

GOLD (CS)a 9.86 4.99

GOLD (GS)a 6.39 3.95

Hex 12.27 9.55

ZDOCK 4.87 2.14

PatchDock 11.98 4.22

pepATTRACT 13.07 7.66
aASP, CP, CS and GS are different scoring functions
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proteins using CD-HIT software [75]. The redundancy
was calculated at 40% sequence similarity at default pa-
rameters (−c = 0.4, −n = 3, and -M = 400) since it is a
well-established standard approach [76, 77].
Complexes present in the PPDbench or main dataset

contain long peptides with the number of residues be-
tween 9 to 15 residues, in contrast to previous studies
where small peptides were used. To provide a compre-
hensive picture, we also evaluated the performance of
the above docking methods on protein-peptide com-
plexes used in previous studies. The first dataset is of 47
protein-peptide complexes having peptide length up to 5
residues, used in a study by Rentzsch and Renard. In this
study, authors evaluated the performance of AutoDock
Vina on a meta-data set of 47 protein-peptide complexes
based on existing 11 publications, with peptide length
up to 5 residues. Re-docking and Semi-blind docking
were performed with the maximum number of poses set
to 20, energy range to 10 and exhaustiveness level-up to
1024. At the end of the study, authors concluded that in-
creased sampling made the result more reproducible and
improved the primary rigid docking result however no
change in the case of flexible docking was observed.
Also, there was no correlation present in between the
ranked pose and the native pose. The overall perform-
ance of AutoDock Vina performance was case
dependent and poor for peptides with more than 4 resi-
dues [55]. However, in our study, we used only 40 com-
plexes out of 47 which are suitable for docking (reason
for excluding 7 complexes is explained in the results sec-
tion). We referred this dataset as Vina dataset.
The other dataset was the LEADS-PEP dataset, used

for benchmarking different docking methods in a study
by Hauser and Windshugel [56]. The dataset comprises
53 protein-peptide complexes with peptide length 3–12.
Authors evaluated the performance of four docking
methods namely AutoDock, AutoDock Vina, Surflex and
GOLD with different scoring functions. The result
showed that all the software were able to reproduce con-
formations of the peptides up to 4 residues. However,
performance declined with increasing peptide length.
Author also concluded that implementing the scoring
function, the performance of the methods improved in
identifying near-native pose. Overall the performance of
GOLD:ASP in combination with CS rescoring was the
method of choice in this study.

Shifting Cartesian coordinates of peptides for blind

docking

In order to evaluate blind docking ability of a docking
method, one should not provide any information related
to peptide binding site. The Cartesian coordinate of pep-
tide structure already has information of binding site
since we have taken the peptide from the

protein-peptide complex. Thus, it is important to change
the Cartesian coordinates of a peptide without changing
the structure of the peptides. In this study, we converted
the Cartesian coordinates to Internal coordinates and
back from Internal to Cartesian coordinates using the
following approach. The Cartesian coordinates of 133
peptides were converted to internal coordinates using
“dihed.pl”, a perl script of MMTSB toolkit [78]. All dihe-
dral angles of ligand were calculated and using these di-
hedral angles, the structure of the ligands was
reconstructed using “tleap” module of AMBER [79]. In
this way, original information of peptide coordinates is
lost in the new structure.

Re-docking on PPDbench dataset

Re-docking is preferred over blind docking if one knows
the binding site of peptide/ligand on protein/receptor
[80]. We also performed re-docking to generate docking
pose using different methods on the PPDbench dataset
of 133 protein-peptide complexes. In order to perform
re-docking, we obtained information about all interact-
ing residues, which were in contact with any of the pep-
tide heavy atom within range of 5 Å using the script
from pdbtools [81]. This binding site information was
provided to all docking methods for performing
re-docking. In the case of re-docking, we used original
peptides instead of a modified structure with shifted
coordinates.

Docking protocol

Detail description of all the 6 docking methods along
with the parameters used for running the experiment is
given below.

Attract

The method is based on the randomized search algo-
rithm. It performs a systematic docking based on energy
minimization of the protein in the translational and ro-
tational degree of freedom. This docking approach
adopts the protocol where each amino acid of a protein
is represented by up to three pseudo-atoms. This reduc-
tion of protein helps in faster energy minimization and
also helps in finding docking energy minima on the pro-
tein surfaces. Scoring function used in this program is
Lennard-Jones type effective potentials and electrostat-
ics. It is relatively simple and distinguishes between
hydrophobic and hydrophilic side chains. Here,
residue-residue potential has been used which ranks
amount of surface complementarity, hydrophilic or
hydrophobic nature of contracting protein regions dur-
ing docking experiment. This docking approach was
built to provide fast docking method that can account
for side-chain conformational flexibility. The program is
written in Python and C++ and is part of the
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object-oriented PTools library. This library consists of
several routines to manipulate the structure of proteins,
to prepare and perform docking and to analyze the re-
sults obtained after docking.

For blind docking, we uploaded the receptor and lig-
and file onto the “Partners” tab of the server with Gener-
ate Harmonic Mode and RMSD calculation option off.
No files were loaded in the “Sampling” tab. In “Energy
and Interaction” tab, grid-accelerated docking option
was checked but not the iATTRACT refinement [82].
The number of poses was set to 20 in “Analysis” tab and
lastly in computation 1 processor core was used. In AT-
TRACT we can provide grid size but in our case soft-
ware itself calculated it. After providing this information,
we download the ready-to-use script. The script was fur-
ther run on the local machinery. ATTRACT performs
1000 minimization steps on each starting structure by
default since the grid option was provided. No provision
of re-docking is available in the ATTRACT, and hence
re-docking study was not performed.

Hex 8.0.0

Hex 8.0.0 is another popular and widely used method
for protein-protein docking. This program uses Spherical
Polar Fourier (SPF) correlations rather than Fast Fourier
Transform (FFT) based search. In SPF search, 5 rota-
tional and 1 translational degree of freedom is present
which reduces the execution time to few minutes
whereas in FFT based search 3 rotational and 3 transla-
tional degrees of freedom is there. This SPF algorithm of
Hex has been validated in CAPRI blind docking ex-
periment [34]. Hex uses the strategy of densely sam-
pling the search space and then cluster the solutions
showing similar orientation. In its scoring scheme,
Hex calculates shape complementarity excluded vol-
ume with an optimal in vacuo electrostatic contribu-
tion. The Hex docking algorithm has also been
implemented in the form of a web server known as
HexServer. This server takes PDB files as an input
and provides high-quality docking predictions for fur-
ther refinement. In recep.mac file (which is a macros
file) we set the docking receptor samples to 492,
docking ligand sample to 492, docking alpha samples
to 128, receptor range angle to 30, Ligand range
angle to 30, twist range angle to 30, R12 range as 31,
R12 step to 0.75, grid size to 0.6, docking main scan
to 16 and docking main search to 25. These values
are macros value, and we have taken it from the Hex
manual pdf. These values were common for both
blind and re-docking. The only difference was that in
blind docking we used ‘nopos’ option in the script
file, whereas during re-docking we used ‘pos’ option
because this option position ligand near receptor dur-
ing docking.

PatchDock 1.0

PatchDock 1.0 is a molecular docking method, which is
based on shape complementarity theory. The algorithm
of PatchDock is inspired by the technique of object rec-
ognition and image segmentation. Surfaces of the two
given molecules are divided into different patches on the
basis of their shape. These patches are matched with the
corresponding generated patterns. Once the identifica-
tion of patches is completed, they are mapped using the
shape-matching algorithm. The patches identified
retained the “hot spot” residues. For surface-patch map-
ping, PatchDock implies hybrid of the Geometric Hash-
ing and Pose-Clustering machine algorithms. Complexes
are ranked according to their geometric shape comple-
mentarity score. PatchDock algorithm is available as a
web server for docking. Here in this study, option “drug”
was given as complex type during blind docking with
the default clustering RMSD parameter of 4 Å. The
‘drug’ option is given when docking is performed for the
small molecules like peptide, drug, etc. However, in the
case of re-docking, we provided additional information
about residues involved in receptor active site which was
used during docking.

ZDOCK3.0.2

ZDOCK3.0.2 is one of the widely used protein-protein
docking method developed at Weng lab and is based on
rigid-body Fast Fourier Transform docking algorithm.
The scoring function of ZDOCK is a combination of
pair-wise shape complementarity (PSC) with desolvation
(DE) and electrostatics (ELEC) where desolvation is the
main component of the ZDOCK’s competitive function.
The algorithm performs the global search over the pro-
tein rotational and translational space in the absence of
binding site information. Chen and Weng benchmarked
these scoring functions individually and in combination
and showed that the overall combination of PSC + DE +
ELEC performed best and is responsible for the better
performance of ZDOCK. ZDOCK web server has also
been developed for the docking purpose to help
researchers.
In case of blind docking, receptor and ligand file were

processed using “mark_sur” and “uniCHARMM” binary
files as mentioned in the README file of the software.
ZDOCK generate the grid size according to the size of
the protein. The default spacing between the grid cells
was constant of 1.2 Å, and by default, the receptor was
fixed during docking with the initial rotation of the lig-
and with Euler angle 0. However, during the re-docking
study, we blocked those residues which were not present
in the receptor active site using perl script ‘block.pl’
given in the software along with the above-mentioned
default parameters.
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pepATTRACT

pepATTRACT is a recently developed docking approach
specifically for docking peptide and protein. This pro-
gram is a part of ATTRACT and is quite flexible in na-
ture. pepATTRACT takes the sequence of the peptide as
an input and generates its own peptide models. pepAT-
TRACT performs rapid coarse-grained ab-initio global
docking onto protein surfaces. This docking method se-
lects top models on the basis of ATTRACT ranking
score and performs atomistic refinement using iAT-
TRACT [82]. After the refinement, top 1000 models are
selected and refined using molecular dynamics simula-
tions with AMBER14. Finally, models are clustered using
the fraction of common residue contacts and are ranked
on the basis of the average energy value of the top 4
ranking members.
In case of blind docking, receptor and ligand file were

uploaded onto the “Partners” tab of the server with
RMSD calculation option off. In the case of pepAT-
TRACT, no “Sampling” tab is there. In “Energy and
Interaction” tab, grid-accelerated docking and iAT-
TRACT refinement options were checked. Number of
poses were set to 20 in “Analysis” tab and lastly in com-
putation 1 processor core was used. It performs 1000
minimization steps on each starting structure by default
since grid option was provided. After providing this in-
formation, we download the ready-to-use script with the
above-mentioned information. The script was further
run on the local machinery. In case of re-docking, in
addition to the above-mentioned parameters, we provide
the list of active residues directly involved in the inter-
action in the Protein section of Partner tab.

FRODOCK 2.0

FRODOCK is one of the popular and widely used servers
for protein-protein docking. It was ranked 4th among the
18 docking/scoring function tested. Earlier version of FRO-
DOCK was based on the principle of 3D grid-based poten-
tials with spherical harmonics (SH) properties. However,
recently developed version FRODOCK 2.0 includes an
extra knowledge-based potential, which helps in improving
docking success rate more significantly. It combines 3 bind-
ing energy van der Waals, desolvation, and electrostatics
interaction and optimizes it by using new fast rotational
docking algorithm based on spherical harmonics which is
coupled with systematic translational search. The scoring
function was improved by adding complementary
coarse-grained knowledge-based protein-protein docking
potential [83]. FRODOCK allows the user to predict
protein-protein complexes using unbound components in a
few minutes. Scoring function in the server has been opti-
mized for 3 different types of interactions, i.e.
enzyme-substrate, antigen-antibody and others.

Web server was used in the case of FRODOCK for
performing docking studies. Files were uploaded onto
the server with the type of interaction “Unknown” which
is the default case. Web server methodology section tells
that in case of FRODOCK electrostatic contribution is
calculated in the range of ±10 Kcal/mol e. buried surface
area of receptor and ligand is calculated using a generic
probe of radius 1.7 Å at the grid points near to the cor-
responding surface. In the case of FRODOCK, there is
no provision of re-docking. Therefore, only blind dock-
ing study was performed using this method.

Performance evaluation parameters

In order to measure the performance of docking poses gen-
erated by the different method, we used parameters namely
FNAT, I-RMSD, and L-RMSD adopted in worldwide com-
petition CAPRI (Critical Assessment of PRedicted Interac-
tions). Mendez et al. proposed “A pair of residues on
different sides of the interface was considered to be in con-
tact if any of their atoms were within 5Å” [84, 85]. FNAT is
the fraction of correct (native) residue-residue contact in
predicted complex divided by residue–residue contacts in
the original complex. We computed L-RMSD and I-RMSD
for measuring the overall geometric fit between the original
complex and predicted complex tertiary structure.
L-RMSD is the backbone root-mean-square deviation of
the ligands in the original and predicted complexes based
on superpositioning of backbone atoms. I-RMSD is the
root-mean-square deviation of the backbone atoms of the
interface (contact) residues in the original and predicted
complexes. In our study, Ptools [86] (an open source mo-
lecular docking library) is used for calculating FNAT and
I-RMSD values and PyMol for calculating L-RMSD values.

Grouping of complexes for molecular analysis

We divided our dataset into two categories based on the
resolution of the structure. In the first group, we put all
those structures whose resolution was in between 1 and
2 Å (89 complexes out of 133 complexes), and the other
group consists of structures whose resolution was in be-
tween 2 and 3 Å (44 complexes out of 133 complexes).
We evaluated the performance of docking methods each
group of complexes. We calculated the number of rotat-
able bonds present in the peptides using PADEL soft-
ware [87]. All 133 complexes were divided into three
groups based on the number of rotatable bonds present
in the peptides (i) peptides having a number of rotatable
bonds in between 0 and 40 (ii) peptides having a number
of rotatable bonds in between 41 and 60 and (iii) pep-
tides having a number of rotatable bonds above 60.
Similarly, we group complexes based secondary struc-

ture of peptides. We assign secondary structure of all
peptides in complexes using DSSP software [88, 89]. We
made two groups of protein-peptide complexes (i)
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regular secondary structure and (ii) coil. Regular second-
ary structure was assigned to that complex whose sum
of helix and sheet content is 60% or more. Rest of the
complexes were assigned to coil category. We also ana-
lysed the class of 133 complexes present in PPDbench
dataset to observe the class preference of different dock-
ing methods. For this, we considered blind docking re-
sult obtained for the top pose. Method which showed
the lowest L-RMSD value for the complex was consid-
ered best for that particular complex.

Additional files

Additional file 1: S1. Sequence similarity at 40% between the proteins
of PPDbench dataset using CD-HIT software. S2. Distance between the
original peptides and the peptides with changed coordinates. S3 (a-f).

FNAT values of 133 complexes obtained for all 6 docking methods by
blind docking. S4 (a-f). L-RMSD values of 133 complexes obtained for all
6 docking methods by blind docking. S5 (a-f). I-RMSD values of 133
complexes obtained for all 6 docking methods by blind docking. S6
(a-d). FNAT values of 133 complexes obtained for 4 docking methods by
re-docking. S7 (a-d). L-RMSD values of 133 complexes obtained for 4
docking methods by re-docking. S8 (a-d). I-RMSD values of 133
complexes obtained for 4 docking methods by re-docking. S9 (a-c).

FNAT, L-RMSD and I-RMSD values for the top poses of all the considered
docking methods obtained by blind docking. S10 (a-c). FNAT, L-RMSD
and I-RMSD values for the best poses of all the considered docking
methods obtained by blind docking. S11. Deviation in the success rate
with the increase in the I-RMSD values obtained by blind docking. S12.
(a-g). L-RMSD values of 40 complexes obtained for 7 docking methods
by blind docking. S13 (a-d). L-RMSD values of 40 complexes obtained for
docking methods which perform re-docking. (DOCX 1777 kb)

Additional file 2: Performance of different docking method on the
PPDbench dataset with resolution 1–2 Å and 2–3 Å for top pose based
on average (a) FNAT value and (b) I-RMSD respectively. (JPG 349 kb)

Additional file 3: Performance of different docking method on the
PPDbench dataset with resolution 1–2 Å and 2–3 Å for best pose based
on average (a) FNAT value and (b) I-RMSD respectively. (JPG 352 kb)

Additional file 4: Performance of different docking methods on the
PPDbench dataset with the different secondary structure for top pose
based on (a) FNAT and (b) I-RMSD value respectively. (JPG 362 kb)

Additional file 5: Performance of different docking methods on the
PPDbench dataset with the different secondary structure for best pose
based on (a) FNAT and (b) I-RMSD value respectively. (JPG 274 kb)

Abbreviations

CAPRI: Critical Assessment of PRedicted Interactions; I-RMSD: Interface RMSD;
L-RMSD: Ligand RMSD; RMSD: Root Mean Square Deviation; SH: Spherical
Harmonics

Acknowledgements

Authors are thankful to Department of Science and Technology (DST),
Department of Biotechnology (DBT) and Council of Scientific and Industrial
Research (CSIR), Government of India, for fellowships. Open Source Drug
Discovery, GENESIS, BSC0121, and BTISNET are acknowledged for the
financial support.

Funding

Publications cost were funded by J.C. Bose National Fellowship, Department
of Science and Technology (DST), Government of India.

Availability of data and materials

Dataset is freely available and can be downloaded from the webserver.

About this supplement

This article has been published as part of BMC Bioinformatics Volume 19

Supplement 13, 2018: 17th International Conference on Bioinformatics (InCoB

2018): bioinformatics. The full contents of the supplement are available online
at https://bmcbioinformatics.biomedcentral.com/articles/supplements/
volume-19-supplement-13.

Authors’ contributions

PA, HS, and SS collected and compiled the dataset. PA, HKS, HS, and SS
performed the experiments. PA, HS, and GK developed the web interface.
HKS, PA, HS, SS, and GPSR analysed the data and prepared the manuscript.
GPSR conceived the idea and coordinated the project. All authors read and
approved the final paper.

Ethics approval and consent to participate

This study does not require any ethical clearance or any consent to
participate.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 24 May 2018 Accepted: 29 October 2018

Published: 4 February 2019

References

1. Petsalaki E, Russell RB. Peptide-mediated interactions in biological systems:
new discoveries and applications. Curr Opin Biotechnol. 2008;19:344–50.
https://doi.org/10.1016/j.copbio.2008.06.004.

2. Neduva V, Russell RB. Peptides mediating interaction networks: new leads at
last. Curr Opin Biotechnol. 2006;17:465–71. https://doi.org/10.1016/j.copbio.
2006.08.002.

3. De Saint-Maur P. Is malignant mesenchymoma a mildly aggressive tumor?
Ann Pathol. 1992;12:146 http://www.ncbi.nlm.nih.gov/pubmed/1599577.
Accessed 15 Aug 2018.

4. Nevola L, Giralt E. Modulating protein–protein interactions: the potential of
peptides. Chem Commun. 2015;51:3302–15. https://doi.org/10.1039/
C4CC08565E.

5. Kumar V, Agrawal P, Kumar R, Bhalla S, Usmani SS, Varshney GC, et al.
Prediction of cell-penetrating potential of modified peptides containing
natural and chemically modified residues. Front Microbiol. 2018;9:725.
https://doi.org/10.3389/fmicb.2018.00725.

6. Nagpal G, Chaudhary K, Agrawal P, Raghava GPS. Computer-aided
prediction of antigen presenting cell modulators for designing peptide-
based vaccine adjuvants. J Transl Med. 2018;16:181. https://doi.org/10.1186/
s12967-018-1560-1.

7. Agrawal P, Bhalla S, Chaudhary K, Kumar R, Sharma M, Raghava GPS. In silico
approach for prediction of antifungal peptides. Front Microbiol. 2018;9:323.
https://doi.org/10.3389/fmicb.2018.00323.

8. Mathur D, Singh S, Mehta A, Agrawal P, Raghava GPS. In silico approaches
for predicting the half-life of natural and modified peptides in blood. PLoS
One. 2018;13:e0196829. https://doi.org/10.1371/journal.pone.0196829.

9. Agrawal P, Bhalla S, Usmani SS, Singh S, Chaudhary K, Raghava GPS, et al.
CPPsite 2.0: a repository of experimentally validated cell-penetrating
peptides. Nucleic Acids Res. 2016;44:D1098–103. https://doi.org/10.1093/nar/
gkv1266.

10. Xiao X, Wang P, Lin W-Z, Jia J-H, Chou K-C. iAMP-2L: a two-level multi-label
classifier for identifying antimicrobial peptides and their functional types.
Anal Biochem. 2013;436:168–77. https://doi.org/10.1016/j.ab.2013.01.019.

11. Singh S, Chaudhary K, Dhanda SK, Bhalla S, Usmani SS, Gautam A, et al.
SATPdb: a database of structurally annotated therapeutic peptides. Nucleic
Acids Res. 2016;44:D1119–26. https://doi.org/10.1093/nar/gkv1114.

12. Mathur D, Prakash S, Anand P, Kaur H, Agrawal P, Mehta A, et al. PEPlife: a
repository of the half-life of peptides. Sci Rep. 2016;6:36617. https://doi.org/10.
1038/srep36617.

Agrawal et al. BMC Bioinformatics 2019, 19(Suppl 13):426 Page 122 of 242

https://doi.org/10.1186/s12859-018-2449-y
https://doi.org/10.1186/s12859-018-2449-y
https://doi.org/10.1186/s12859-018-2449-y
https://doi.org/10.1186/s12859-018-2449-y
https://doi.org/10.1186/s12859-018-2449-y
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-19-supplement-13
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-19-supplement-13
https://doi.org/10.1016/j.copbio.2008.06.004
https://doi.org/10.1016/j.copbio.2006.08.002
https://doi.org/10.1016/j.copbio.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/1599577
https://doi.org/10.1039/C4CC08565E
https://doi.org/10.1039/C4CC08565E
https://doi.org/10.3389/fmicb.2018.00725
https://doi.org/10.1186/s12967-018-1560-1
https://doi.org/10.1186/s12967-018-1560-1
https://doi.org/10.3389/fmicb.2018.00323
https://doi.org/10.1371/journal.pone.0196829
https://doi.org/10.1093/nar/gkv1266
https://doi.org/10.1093/nar/gkv1266
https://doi.org/10.1016/j.ab.2013.01.019
https://doi.org/10.1093/nar/gkv1114
https://doi.org/10.1038/srep36617
https://doi.org/10.1038/srep36617


13. Waghu FH, Barai RS, Gurung P, Idicula-Thomas S. CAMPR3: a database on
sequences, structures and signatures of antimicrobial peptides. Nucleic
Acids Res. 2016;44:D1094–7. https://doi.org/10.1093/nar/gkv1051.

14. Wei L, Xing P, Su R, Shi G, Ma ZS, Zou Q. CPPred-RF: a sequence-based predictor
for identifying cell-penetrating peptides and their uptake efficiency. J Proteome
Res. 2017;16:2044–53. https://doi.org/10.1021/acs.jproteome.7b00019.

15. Thakur N, Qureshi A, Kumar M. AVPpred: collection and prediction of highly
effective antiviral peptides. Nucleic Acids Res. 2012;40(Web Server issue):
W199–204. https://doi.org/10.1093/nar/gks450.

16. Usmani SS, Bedi G, Samuel JS, Singh S, Kalra S, Kumar P, et al. THPdb:
database of FDA-approved peptide and protein therapeutics. PLoS One.
2017;12:e0181748. https://doi.org/10.1371/journal.pone.0181748.

17. Fosgerau K, Hoffmann T. Peptide therapeutics: current status and future
directions. Drug Discov Today. 2015;20:122–8. https://doi.org/10.1016/j.
drudis.2014.10.003.

18. London N, Raveh B, Schueler-Furman O. Modeling peptide-protein
interactions. Methods Mol Biol. 2012;857:375–98. https://doi.org/10.1007/
978-1-61779-588-6_17.

19. Zhou P, Jin B, Li H, Huang S-Y. HPEPDOCK: a web server for blind peptide-
protein docking based on a hierarchical algorithm. Nucleic Acids Res. 2018;
46:W443–50. https://doi.org/10.1093/nar/gky357.

20. de Vries SJ, Rey J, Schindler CEM, Zacharias M, Tuffery P. The pepATTRACT
web server for blind, large-scale peptide-protein docking. Nucleic Acids Res.
2017;45:W361–4. https://doi.org/10.1093/nar/gkx335.

21. Donsky E, Wolfson HJ. PepCrawler: a fast RRT-based algorithm for high-
resolution refinement and binding affinity estimation of peptide inhibitors.
Bioinformatics. 2011;27:2836–42. https://doi.org/10.1093/bioinformatics/btr498.

22. Trabuco LG, Lise S, Petsalaki E, Russell RB, et al. Nucleic Acids Res. 2012;
40(Web Server issue):W423–7. https://doi.org/10.1093/nar/gks398.

23. Lee H, Heo L, Lee MS, Seok C. GalaxyPepDock: a protein-peptide docking
tool based on interaction similarity and energy optimization. Nucleic Acids
Res. 2015;43:W431–5. https://doi.org/10.1093/nar/gkv495.

24. Blaszczyk M, Kurcinski M, Kouza M, Wieteska L, Debinski A, Kolinski A, et al.
Modeling of protein-peptide interactions using the CABS-dock web server
for binding site search and flexible docking. Methods. 2016;93:72–83.
https://doi.org/10.1016/j.ymeth.2015.07.004.

25. Saladin A, Rey J, Thévenet P, Zacharias M, Moroy G, Tufféry P. PEP-
SiteFinder: a tool for the blind identification of peptide binding sites on
protein surfaces. Nucleic Acids Res. 2014;42 Web Server issue:W221–W226.
doi:https://doi.org/10.1093/nar/gku404.

26. Raveh B, London N, Schueler-Furman O. Sub-angstrom modeling of
complexes between flexible peptides and globular proteins. Proteins. 2010;
78:2029–40. https://doi.org/10.1002/prot.22716.

27. London N, Raveh B, Cohen E, Fathi G, Schueler-Furman O. Rosetta
FlexPepDock web server—high resolution modeling of peptide-protein
interactions. Nucleic Acids Res. 2011;39(Web Server issue):W249–53. https://
doi.org/10.1093/nar/gkr431.

28. Trellet M, Melquiond ASJ, Bonvin AMJJ. A unified conformational selection
and induced fit approach to protein-peptide docking. PLoS One. 2013;8:
e58769. https://doi.org/10.1371/journal.pone.0058769.

29. Lyskov S, Gray JJ. The RosettaDock server for local protein-protein docking. Nucleic
Acids Res. 2008;36(Web Server issue):W233–8. https://doi.org/10.1093/nar/gkn216.

30. Zacharias M. ATTRACT: protein-protein docking in CAPRI using a reduced
protein model. Proteins. 2005;60:252–6. https://doi.org/10.1002/prot.20566.

31. Pierce BG, Wiehe K, Hwang H, Kim B-H, Vreven T, Weng Z. ZDOCK server:
interactive docking prediction of protein-protein complexes and symmetric
multimers. Bioinformatics. 2014;30:1771–3. https://doi.org/10.1093/
bioinformatics/btu097.

32. Tovchigrechko A, Vakser IA. GRAMM-X public web server for protein-protein
docking. Nucleic Acids Res. 2006;34(Web Server issue):W310–4. https://doi.
org/10.1093/nar/gkl206.

33. Comeau SR, Gatchell DW, Vajda S, Camacho CJ. ClusPro: a fully automated
algorithm for protein-protein docking. Nucleic Acids Res. 2004;32(Web
Server issue):W96–9. https://doi.org/10.1093/nar/gkh354.

34. Macindoe G, Mavridis L, Venkatraman V, Devignes M-D, Ritchie DW.
HexServer: an FFT-based protein docking server powered by graphics
processors. Nucleic Acids Res. 2010;38(Web Server issue):W445–9. https://doi.
org/10.1093/nar/gkq311.

35. Garzon JI, Lopéz-Blanco JR, Pons C, Kovacs J, Abagyan R, Fernandez-Recio J, et
al. FRODOCK: a new approach for fast rotational protein-protein docking.
Bioinformatics. 2009;25:2544–51. https://doi.org/10.1093/bioinformatics/btp447.

36. Ramírez-Aportela E, López-Blanco JR, Chacón P. FRODOCK 2.0: fast protein-
protein docking server. Bioinformatics. 2016;32:2386–8. https://doi.org/10.
1093/bioinformatics/btw141.

37. Pierce B, Tong W, Weng Z. M-ZDOCK: a grid-based approach for Cn
symmetric multimer docking. Bioinformatics. 2005;21:1472–8. https://doi.
org/10.1093/bioinformatics/bti229.

38. Jiménez-García B, Pons C, Fernández-Recio J. pyDockWEB: a web server for
rigid-body protein-protein docking using electrostatics and desolvation
scoring. Bioinformatics. 2013;29:1698–9. https://doi.org/10.1093/
bioinformatics/btt262.

39. de Vries SJ, Schindler CEM, Chauvot de Beauchêne I, Zacharias MA. web
interface for easy flexible protein-protein docking with ATTRACT. Biophys J.
2015;108:462–5. https://doi.org/10.1016/j.bpj.2014.12.015.

40. Cross SSJ. Improved FlexX docking using FlexS-determined base fragment
placement. J Chem Inf Model. 2005;45:993–1001. https://doi.org/10.1021/
ci050026f.

41. Friesner RA, Banks JL, Murphy RB, Halgren TA, Klicic JJ, Mainz DT, et al. Glide:
a new approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy. J Med Chem. 2004;47:1739–49. https://doi.
org/10.1021/jm0306430.

42. Jones G, Willett P, Glen RC, Leach AR, Taylor R. Development and validation
of a genetic algorithm for flexible docking. J Mol Biol. 1997;267:727–48.
https://doi.org/10.1006/jmbi.1996.0897.

43. Venkatachalam CM, Jiang X, Oldfield T, Waldman M. LigandFit: a novel
method for the shape-directed rapid docking of ligands to protein active
sites. J Mol Graph Model. 2003;21:289–307 http://www.ncbi.nlm.nih.gov/
pubmed/12479928. Accessed 15 Aug 2018.

44. Korb O, Stützle T, Exner TE. Empirical scoring functions for advanced
protein-ligand docking with PLANTS. J Chem Inf Model. 2009;49:84–96.
https://doi.org/10.1021/ci800298z.

45. Jain AN. Surflex: fully automatic flexible molecular docking using a
molecular similarity-based search engine. J Med Chem. 2003;46:499–511.
https://doi.org/10.1021/jm020406h.

46. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. J
Comput Chem. 2010;31:455–61. https://doi.org/10.1002/jcc.21334.

47. Schneidman-Duhovny D, Inbar Y, Nussinov R, Wolfson HJ. PatchDock and
SymmDock: servers for rigid and symmetric docking. Nucleic Acids Res.
2005;33(Web Server issue):W363–7. https://doi.org/10.1093/nar/gki481.

48. Forli S, Huey R, Pique ME, Sanner MF, Goodsell DS, Olson AJ. Computational
protein-ligand docking and virtual drug screening with the AutoDock suite.
Nat Protoc. 2016;11:905–19. https://doi.org/10.1038/nprot.2016.051.

49. Janin J. Assessing predictions of protein-protein interaction: the CAPRI
experiment. Protein Sci. 2005;14:278–83. https://doi.org/10.1110/ps.041081905.

50. Kastritis PL, Moal IH, Hwang H, Weng Z, Bates PA, Bonvin AMJJ, et al. A
structure-based benchmark for protein-protein binding affinity. Protein Sci.
2011;20:482–91. https://doi.org/10.1002/pro.580.

51. Bohari MH, Sastry GN. FDA approved drugs complexed to their targets:
evaluating pose prediction accuracy of docking protocols. J Mol Model.
2012;18:4263–74. https://doi.org/10.1007/s00894-012-1416-1.

52. Plewczynski D, Łaźniewski M, Augustyniak R, Ginalski K. Can we trust docking
results? Evaluation of seven commonly used programs on PDBbind database. J
Comput Chem. 2011;32:742–55. https://doi.org/10.1002/jcc.21643.

53. Yan Z, Wang J. SPA-LN: a scoring function of ligand-nucleic acid
interactions via optimizing both specificity and affinity. Nucleic Acids Res.
2017;45:e110. https://doi.org/10.1093/nar/gkx255.

54. Hetényi C, van der Spoel D. Efficient docking of peptides to proteins
without prior knowledge of the binding site. Protein Sci. 2009;11:1729–37.
https://doi.org/10.1110/ps.0202302.

55. Rentzsch R, Renard BY. Docking small peptides remains a great challenge:
an assessment using AutoDock Vina. Brief Bioinform. 2015;16:1045–56.
https://doi.org/10.1093/bib/bbv008.

56. Hauser AS, Windshügel B. LEADS-PEP: a benchmark data set for assessment
of peptide docking performance. J Chem Inf Model. 2016;56:188–200.
https://doi.org/10.1021/acs.jcim.5b00234.

57. Pagadala NS, Syed K, Tuszynski J. Software for molecular docking: a review.
Biophys Rev. 2017;9:91–102. https://doi.org/10.1007/s12551-016-0247-1.

58. Wodak SJ, Janin J. Modeling protein assemblies: Critical Assessment of
Predicted Interactions (CAPRI) 15 years hence.: 6TH CAPRI evaluation
meeting April 17–19 Tel-Aviv, Israel. Proteins. 2017;85:357–8. https://doi.org/
10.1002/prot.25233.

Agrawal et al. BMC Bioinformatics 2019, 19(Suppl 13):426 Page 123 of 242

https://doi.org/10.1093/nar/gkv1051
https://doi.org/10.1021/acs.jproteome.7b00019
https://doi.org/10.1093/nar/gks450
https://doi.org/10.1371/journal.pone.0181748
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.1007/978-1-61779-588-6_17
https://doi.org/10.1007/978-1-61779-588-6_17
https://doi.org/10.1093/nar/gky357
https://doi.org/10.1093/nar/gkx335
https://doi.org/10.1093/bioinformatics/btr498
https://doi.org/10.1093/nar/gks398
https://doi.org/10.1093/nar/gkv495
https://doi.org/10.1016/j.ymeth.2015.07.004
https://doi.org/10.1093/nar/gku404
https://doi.org/10.1002/prot.22716
https://doi.org/10.1093/nar/gkr431
https://doi.org/10.1093/nar/gkr431
https://doi.org/10.1371/journal.pone.0058769
https://doi.org/10.1093/nar/gkn216
https://doi.org/10.1002/prot.20566
https://doi.org/10.1093/bioinformatics/btu097
https://doi.org/10.1093/bioinformatics/btu097
https://doi.org/10.1093/nar/gkl206
https://doi.org/10.1093/nar/gkl206
https://doi.org/10.1093/nar/gkh354
https://doi.org/10.1093/nar/gkq311
https://doi.org/10.1093/nar/gkq311
https://doi.org/10.1093/bioinformatics/btp447
https://doi.org/10.1093/bioinformatics/btw141
https://doi.org/10.1093/bioinformatics/btw141
https://doi.org/10.1093/bioinformatics/bti229
https://doi.org/10.1093/bioinformatics/bti229
https://doi.org/10.1093/bioinformatics/btt262
https://doi.org/10.1093/bioinformatics/btt262
https://doi.org/10.1016/j.bpj.2014.12.015
https://doi.org/10.1021/ci050026f
https://doi.org/10.1021/ci050026f
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm0306430
https://doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/12479928
http://www.ncbi.nlm.nih.gov/pubmed/12479928
https://doi.org/10.1021/ci800298z
https://doi.org/10.1021/jm020406h
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1093/nar/gki481
https://doi.org/10.1038/nprot.2016.051
https://doi.org/10.1110/ps.041081905
https://doi.org/10.1002/pro.580
https://doi.org/10.1007/s00894-012-1416-1
https://doi.org/10.1002/jcc.21643
https://doi.org/10.1093/nar/gkx255
https://doi.org/10.1110/ps.0202302
https://doi.org/10.1093/bib/bbv008
https://doi.org/10.1021/acs.jcim.5b00234
https://doi.org/10.1007/s12551-016-0247-1
https://doi.org/10.1002/prot.25233
https://doi.org/10.1002/prot.25233


59. Vreven T, Pierce BG, Borrman TM, Weng Z. Performance of ZDOCK and IRAD in
CAPRI rounds 28-34. Proteins. 2017;85:408–16. https://doi.org/10.1002/prot.25186.

60. Schindler CEM, Chauvot de Beauchêne I, de Vries SJ, Zacharias M. protein-
protein and peptide-protein docking and refinement using ATTRACT in
CAPRI. Proteins. 2017;85:391–8. https://doi.org/10.1002/prot.25196.

61. Mashiach E, Schneidman-Duhovny D, Peri A, Shavit Y, Nussinov R, Wolfson
HJ. An integrated suite of fast docking algorithms. Proteins. 2010;78:3197–
204. https://doi.org/10.1002/prot.22790.

62. Chen R, Li L, Weng Z. ZDOCK: an initial-stage protein-docking algorithm.
Proteins. 2003;52:80–7. https://doi.org/10.1002/prot.10389.

63. Mintseris J, Pierce B, Wiehe K, Anderson R, Chen R, Weng Z. Integrating
statistical pair potentials into protein complex prediction. Proteins. 2007;69:
511–20. https://doi.org/10.1002/prot.21502.

64. Pierce BG, Hourai Y, Weng Z. Accelerating protein docking in ZDOCK using
an advanced 3D convolution library. PLoS One. 2011;6:e24657. https://doi.
org/10.1371/journal.pone.0024657.

65. Ritchie DW, Kozakov D, Vajda S. Accelerating and focusing protein-protein
docking correlations using multi-dimensional rotational FFT generating
functions. Bioinformatics. 2008;24:1865–73. https://doi.org/10.1093/
bioinformatics/btn334.

66. Ritchie DW, Venkatraman V. Ultra-fast FFT protein docking on graphics
processors. Bioinformatics. 2010;26:2398–405. https://doi.org/10.1093/
bioinformatics/btq444.

67. Schindler CEM, de Vries SJ, Zacharias M. Fully blind peptide-protein docking with
pepATTRACT. Structure. 2015;23:1507–15. https://doi.org/10.1016/j.str.2015.05.021.

68. Rabe M, Aisenbrey C, Pluhackova K, de Wert V, Boyle AL, Bruggeman DF, et
al. A coiled-coil peptide shaping lipid bilayers upon fusion. Biophys J. 2016;
111:2162–75. https://doi.org/10.1016/j.bpj.2016.10.010.

69. Daudey GA, Zope HR, Voskuhl J, Kros A, Boyle AL. Membrane-Fusogen
distance is critical for efficient coiled-coil-peptide-mediated liposome fusion.
Langmuir. 2017;33:12443–52. https://doi.org/10.1021/acs.langmuir.7b02931.

70. Raveh B, London N, Zimmerman L, Schueler-Furman O. Rosetta
FlexPepDock ab-initio: simultaneous folding, docking and refinement of
peptides onto their receptors. PLoS One. 2011;6:e18934. https://doi.org/10.
1371/journal.pone.0018934.

71. Ritchie DW, Kemp GJ. Protein docking using spherical polar Fourier
correlations. Proteins. 2000;39:178–94 http://www.ncbi.nlm.nih.gov/pubmed/
10737939. Accessed 15 Aug 2018.

72. London N, Movshovitz-Attias D, Schueler-Furman O. The structural basis of
peptide-protein binding strategies. Structure. 2010;18:188–99. https://doi.
org/10.1016/j.str.2009.11.012.

73. Yan C, Zou X. Predicting peptide binding sites on protein surfaces by
clustering chemical interactions. J Comput Chem. 2015;36:49–61. https://doi.
org/10.1002/jcc.23771.

74. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen M-
Y, et al. Comparative protein structure modeling using Modeller. Curr Protoc
Bioinforma. 2006;Chapter 5:Unit-5.6. https://doi.org/10.1002/0471250953.
bi0506s15.

75. Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large
sets of protein or nucleotide sequences. Bioinformatics. 2006;22:1658–9.
https://doi.org/10.1093/bioinformatics/btl158.

76. Mishra NK, Raghava GPS. Prediction of FAD interacting residues in a protein
from its primary sequence using evolutionary information. BMC Bioinformatics.
2010;11(Suppl 1):S48. https://doi.org/10.1186/1471-2105-11-S1-S48.

77. Chauhan JS, Mishra NK, Raghava GPS. Identification of ATP binding residues
of a protein from its primary sequence. BMC Bioinformatics. 2009;10:434.
https://doi.org/10.1186/1471-2105-10-434.

78. Feig M, Karanicolas J, Brooks CL. MMTSB tool set: enhanced sampling and
multiscale modeling methods for applications in structural biology. J Mol
Graph Model. 2004;22:377–95. https://doi.org/10.1016/j.jmgm.2003.12.005.

79. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and
testing of a general amber force field. J Comput Chem. 2004;25:1157–74.
https://doi.org/10.1002/jcc.20035.

80. Hetényi C, van der Spoel D. Blind docking of drug-sized compounds to
proteins with up to a thousand residues. FEBS Lett. 2006;580:1447–50.
https://doi.org/10.1016/j.febslet.2006.01.074.

81. Rodrigues J, Trellet M, Bonvin A. CunliangGeng haddocking/pdb-tools:
Second stable release. 2017. https://doi.org/10.5281/ZENODO.569903.

82. Schindler CEM, de Vries SJ, Zacharias M. iATTRACT: simultaneous global and
local interface optimization for protein-protein docking refinement. Proteins
Struct Funct Bioinforma. 2015;83:248–58. https://doi.org/10.1002/prot.24728.

83. Tobi D. Designing coarse grained-and atom based-potentials for protein-protein
docking. BMC Struct Biol. 2010;10:40. https://doi.org/10.1186/1472-6807-10-40.

84. Méndez R, Leplae R, Lensink MF, Wodak SJ. Assessment of CAPRI
predictions in rounds 3-5 shows progress in docking procedures. Proteins.
2005;60:150–69. https://doi.org/10.1002/prot.20551.

85. Méndez R, Leplae R, De Maria L, Wodak SJ. Assessment of blind predictions
of protein-protein interactions: current status of docking methods. Proteins.
2003;52:51–67. https://doi.org/10.1002/prot.10393.

86. Saladin A, Fiorucci S, Poulain P, Prévost C, Zacharias M. PTools: an
opensource molecular docking library. BMC Struct Biol. 2009;9:27. https://
doi.org/10.1186/1472-6807-9-27.

87. Yap CW. PaDEL-descriptor: an open source software to calculate molecular
descriptors and fingerprints. J Comput Chem. 2011;32:1466–74. https://doi.
org/10.1002/jcc.21707.

88. Kabsch W, Sander C. Dictionary of protein secondary structure: pattern
recognition of hydrogen-bonded and geometrical features. Biopolymers.
1983;22:2577–637. https://doi.org/10.1002/bip.360221211.

89. Touw WG, Baakman C, Black J, te Beek TAH, Krieger E, Joosten RP, et al. A
series of PDB-related databanks for everyday needs. Nucleic Acids Res. 2015;
43(Database issue):D364–8. https://doi.org/10.1093/nar/gku1028.

Agrawal et al. BMC Bioinformatics 2019, 19(Suppl 13):426 Page 124 of 242

https://doi.org/10.1002/prot.25186
https://doi.org/10.1002/prot.25196
https://doi.org/10.1002/prot.22790
https://doi.org/10.1002/prot.10389
https://doi.org/10.1002/prot.21502
https://doi.org/10.1371/journal.pone.0024657
https://doi.org/10.1371/journal.pone.0024657
https://doi.org/10.1093/bioinformatics/btn334
https://doi.org/10.1093/bioinformatics/btn334
https://doi.org/10.1093/bioinformatics/btq444
https://doi.org/10.1093/bioinformatics/btq444
https://doi.org/10.1016/j.str.2015.05.021
https://doi.org/10.1016/j.bpj.2016.10.010
https://doi.org/10.1021/acs.langmuir.7b02931
https://doi.org/10.1371/journal.pone.0018934
https://doi.org/10.1371/journal.pone.0018934
http://www.ncbi.nlm.nih.gov/pubmed/10737939
http://www.ncbi.nlm.nih.gov/pubmed/10737939
https://doi.org/10.1016/j.str.2009.11.012
https://doi.org/10.1016/j.str.2009.11.012
https://doi.org/10.1002/jcc.23771
https://doi.org/10.1002/jcc.23771
https://doi.org/10.1002/0471250953.bi0506s15
https://doi.org/10.1002/0471250953.bi0506s15
https://doi.org/10.1093/bioinformatics/btl158
https://doi.org/10.1186/1471-2105-11-S1-S48
https://doi.org/10.1186/1471-2105-10-434
https://doi.org/10.1016/j.jmgm.2003.12.005
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1016/j.febslet.2006.01.074
https://doi.org/10.5281/ZENODO.569903
https://doi.org/10.1002/prot.24728
https://doi.org/10.1186/1472-6807-10-40
https://doi.org/10.1002/prot.20551
https://doi.org/10.1002/prot.10393
https://doi.org/10.1186/1472-6807-9-27
https://doi.org/10.1186/1472-6807-9-27
https://doi.org/10.1002/jcc.21707
https://doi.org/10.1002/jcc.21707
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1093/nar/gku1028

	Abstract
	Background
	Result
	Conclusion

	Background
	Results and discussion
	Shifting Cartesian coordinates of peptide structure for blind docking
	Blind docking ability of methods
	Re-docking ability of methods
	Ranking ability of methods
	Reproducibility of docking poses
	Molecular analysis
	Resolution analysis
	Rotatable bonds
	Secondary structure analysis
	Categorization of PPDbench dataset and the performance of the method

	Performance on benchmarking data used in previous studies
	Platform for benchmarking

	Conclusions
	Material and methods
	Dataset for benchmarking
	Shifting Cartesian coordinates of peptides for blind docking
	Re-docking on PPDbench dataset
	Docking protocol
	Attract
	Hex 8.0.0
	PatchDock 1.0
	ZDOCK3.0.2
	pepATTRACT
	FRODOCK 2.0

	Performance evaluation parameters
	Grouping of complexes for molecular analysis

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

