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ABSTRACT

Protein–protein and protein–DNA/RNA interactions

play a fundamental role in a variety of biological pro-

cesses. Determining the complex structures of these

interactions is valuable, in which molecular docking

has played an important role. To automatically make

use of the binding information from the PDB in dock-

ing, here we have presented HDOCK, a novel web

server of our hybrid docking algorithm of template-

based modeling and free docking, in which cases

with misleading templates can be rescued by the

free docking protocol. The server supports protein–

protein and protein–DNA/RNA docking and accepts

both sequence and structure inputs for proteins. The

docking process is fast and consumes about 10–

20 min for a docking run. Tested on the cases with

weakly homologous complexes of <30% sequence

identity from five docking benchmarks, the HDOCK

pipeline tied with template-based modeling on the

protein–protein and protein–DNA benchmarks and

performed better than template-based modeling on

the three protein–RNA benchmarks when the top

10 predictions were considered. The performance

of HDOCK became better when more predictions

were considered. Combining the results of HDOCK

and template-based modeling by ranking first of the

template-based model further improved the predic-

tive power of the server. The HDOCK web server is

available at http://hdock.phys.hust.edu.cn/.

INTRODUCTION

Proteins and nucleic acids are the twomost important types
of biological macromolecules in the cell. Their interactions
are crucial for many biological processes such as signal
transduction, cell regulation, protein synthesis, DNA repli-
cation and repair, RNA transcription, etc. Therefore, deter-
mination of their complex structures is valuable to under-
stand the biological process at the atomic level and thus de-
velop therapeutic interventions or drugs targeting these in-

teractions. Given the high cost and technical dif�culties in
experimental methods, molecular docking, which compu-
tationally predicts the complex from individual structures,
has been playing an important role in the determination of
complex structures (1,2).

Docking is a process of sampling and scoring (2,3). Given
two individual structures, docking tries to sample all possi-
ble binding modes of one structure related to the other. A
scoring function is then used to rank the sampled binding
modes during and/or after sampling. Due to lack of infor-
mation about binding sites, which is often the case for many
protein–protein and protein–DNA/RNA interactions, ab
initio global docking is normally needed to sample puta-
tive binding modes in six degrees (three rotations plus three
translations) of freedom (2). With the fast development in
structural proteomics, more and more experimental com-
plex structures are becoming available. The interface infor-
mation from the complex structures has greatly promoted
the development of macromolecular docking in both al-
gorithm and accuracy, as observed in the community-wide
Critical Assessment of Prediction of Interactions (CAPRI)
(4). Accordingly, protein–protein docking has signi�cantly
evolved from initially ab initio docking (5–7) to interface-
guided docking (8,9) in the past decade. Nevertheless, in-
corporation of homologous complex information into tra-
ditional ab initio docking is still challenging, especially for
non-expert users (2).

For years, a number of docking algorithms and their
web servers such as ClusPro (10), HADDOCK (11), Roset-
taDock server (12), GRAMM-X (13), 3D-Garden (14),
HEX server (15), SwarmDock (16), ZDOCK server (17),
PatchDock (18), ATTRACT (19), pyDockSAXS (20), In-
terEvDock (9) and NPDock (21), have been developed and
made available for public access. However, these servers ex-
cept NPDock were all originally developed for protein–
protein docking, although they were then adapted to accept
nucleic acids. In addition, all current web servers only ac-
cept structures as input. However, many proteins and nu-
cleic acids do not have an available structure. It is a chal-
lenge for non-expert users to model structures from se-
quences for docking, as the variation in starting structures
can make a signi�cant difference to docking results (22).
This will become more complicated when interface infor-
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mation about binding needs to be incorporated, as shown
in template-based docking for an example (23).

To ef�ciently utilize available homologous complexes in
the protein data bank (PDB) (24), we have developed a
hybrid docking strategy to automatically incorporate the
binding interface information into traditional global dock-
ing. With the interface information, our algorithm has
ranked within the top-performed groups in recent CAPRI
sessions (23,25,26), although part of our success was at-
tributed to our iterative knowledge-based scoring function
(27,28). Given the good performance of our docking algo-
rithm, here we have presented theHDOCK server, a general
framework for protein–protein and protein–DNA/RNA
docking that is similar to our hybrid docking pipeline used
for CAPRI. Compared to current docking servers, our
HDOCK server accepts not only structures but also se-
quences as input for proteins and can automatically inte-
grate the binding information from the PDB (24). HDOCK
uses intrinsic scoring functions for both protein–protein
and protein–DNA/RNA docking. The docking process is
fully automated and the results are presented interactively
to users by a web page and through an email noti�cation if
a valid email is provided.

MATERIALS AND METHODS

Work�ow of the HDOCK server

HDOCK is an integrated package of multiple components
including several third-party programs, our docking algo-
rithm and scoring functions, and a set of tools developed
in our group. The work�ow implemented in the HDOCK
server is shown in Figure 1.

The �rst step of the work�ow is data input that accepts
both sequences and structures for proteins. Only structure
input is currently supported for DNAs/RNAs, as it is still a
challenge to model DNA/RNA structures from sequences.
There is also an option for users to provide binding site in-
formation.
The second step of the work�ow is sequence similarity

search. Given the sequences from input or converted from
structures, a sequence similarity search is conducted against
the PDB sequence database to �nd the homologous se-
quences for both receptor and ligand molecules. For pro-
teins, the HHSuite package is used for sequence search (29),
as it is well known for its ef�cient detection of remote ho-
mologs. ForDNA/RNA, the FASTA (version 3.6) program
is used, as FASTA is a robust and easy-to-use program for
both protein and DNA/RNA sequence search (30). Thus,
this step will yield two sets of homologous templates (one
for receptor and the other for ligand), respectively.
Then, it goes to the third step by comparing two sets of

templates to see if they have common records with the same
PDB codes. If there are such PDB codes, a common tem-
plate will be selected for both receptor and ligand. If there
is no overlap between two sets of homologous templates,
the best templates will be selected for the receptor protein
and/or the ligand protein from two sets of templates, re-
spectively. If multiple templates are available, the one with
the highest sequence coverage, the highest sequence simi-
larity and the highest resolution will be selected. Priority
is also given to the template from a complex over an apo

structure during the template selection if the differences be-
tween two templates are within 10% in sequence coverage,
similarity and resolution.With the selected templates, mod-
els are built usingMODELLER (31), in which the sequence
alignment is conducted using ClustalW (32,33).
With the structures modeled by the server or uploaded

by users, the work�ow now enters the last step, traditional
global docking. Here, HDOCKlite, a hierarchical FFT-
based docking program developed in our group, is used
to globally sample putative binding orientations (25). The
docking process will also incorporate the binding site in-
formation if users have provided such information at the
time of submission. The docking models by HDOCKlite
and template-based model by MODELLER are interac-
tively provided to users for download through a web page
and an email noti�cation if an email address has been pro-
vided. On the result page, users can also view the top 10
binding models through a Jmol web interface (34).
For the sake of computational ef�ciency and least in-

terruption of service, a local copy of the PDB database
is maintained on the HDOCK web server and updated
monthly. It should be noted that although users can submit
either sequences or structures as input for proteins, there are
some differences for sequence and structure inputs during
the HDOCK pipeline. With structure inputs, the HDOCK
pipeline will perform a template-based docking if a com-
plex template is found through sequence similarity search;
otherwise, the server will do free docking with the input
structures. With sequence inputs, the server will search their
homologous templates and then build the structures from
monomer or complex templates for docking. If no template
is found, docking will not be conducted. Nevertheless, se-
quence inputs should be good enough for most of real ap-
plications given the capability of HHSuite and FASTA for
remote homology detection.

Docking and scoring methods

An FFT-based global docking program developed in our
group, referred to asHDOCKlite, is used to globally sample
putative binding modes in the HDOCK server, in which an
improved shape-based pairwise scoring function has been
used (35). The key point of our new scoring function is that
during sampling the score for a ligand grid will take into
account the contributions not only from its nearest neigh-
boring receptor grids but also from other receptor grids by a

form of ∼ e−1/r2 , where r is the distance between the ligand
grid and the receptor grids. An angle interval of 15◦ is used
for rotational sampling, and a spacing of 1.2 Å is adopted
for FFT-based translational search. For each rotation, the
top 10 translations with best shape complementarities from
the FFT search are optimized by our iterative knowledge-
based scoring functions (27,28). The same scoring function
is used for both protein–DNA and protein–RNA interac-
tions as DNA is similar to RNA in terms of residue and
atom types.One bindingmode, that corresponds to the best-
scored translation, is kept for each rotation. Given the angle
interval of 15◦, there are around 4392 evenly distributed ro-
tations in the Euler space. Thus, we have a total of 4392 sam-
pled binding modes for a docking run. The ranked binding
modes are clustered with an rmsd cutoff of 5 Å as used in
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Figure 1. The work�ow of the HDOCK web server that is divided into four stages: (1) data input, (2) sequence similarity search, (3) structure modeling
and (4) FFT-based global docking in which priority is given to user-input structures.

other docking studies (2), where the RMSD is calculated
using backbone atoms. If two binding modes have a lig-
and rmsd of ≤5 Å, the one with the better score is kept.
By default, the top 100 binding models are pre-generated
for users, though users can download the docking output
�le including all the 4392 binding solutions and generate
their own bindingmodels with the program provided on the
server help page.

Input

To best facilitate the use of the HDOCK server by normal
users, especially for non-expert users, the server is designed
to accept both sequence and structure inputs for proteins.
Figure 2 shows the web interface of the HDOCK server.
For each molecule, the server accepts four types of inputs
for proteins, two for structures and two for sequences, as
follows:

i) Upload your pdb �le in PDB format.
ii) Provide your pdb �le in PDB ID:ChainID (e.g.

1CGI:E).

iii) Copy and paste your protein sequence below in FASTA
format.

iv) Upload your protein sequence �le in FASTA format.

Only one type of input is needed for each molecule.
Currently, the server only supports structure inputs for
DNAs/RNAs, as automatic modeling of DNA/RNA
structures from sequences is still challenging. For structure
input, users can upload their own pdb �les or provide the
PDB: chain ID(s). Since the server is now designed tomodel
single-chain protein structures from sequences, users are
recommended to upload their own structures for better ac-
curacy if their protein contains multiple chains.
In addition, users also have an option to provide bind-

ing site information in two forms. One is the residue infor-
mation of the binding site on one molecule. The other is
the residue distance constraint at the binding interface be-
tween two molecules. The binding site information if pro-
vided will be used during the docking process as well as the
post-docking clustering stage as a �lter. A few residue infor-
mation about the binding site is good enough to constrain
correct binding modes.
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Figure 2. HDOCK server job submission, that includes: PDB �le/sequence input �elds (1), optional user email address and job name (2), optional binding
site residues (3) and distance restraints (4) and the ‘submit’ button (5).

Test sets

Although a docking algorithm similar to that in HDOCK
has been well tested in CAPRI experiments (23), more eval-
uations were also done here on public benchmarks to show
the robustness and ef�cacy of our HDOCK algorithm as a
server.
If a highly homologous complex template can be found

in the PDB, free docking is not needed as a reliable com-
plex structures may be directly constructed by just using
template-based modeling techniques. However, in real ap-
plications, only weakly homologous complexes might be
available, as shown in CAPRI experiments. These weakly
homologous templates may not necessarily have similar
binding interfaces. Therefore, template-based modeling for
such cases may result in misleading predictions. This is just
the issue that our HDOCK algorithm is trying to address.
As such, we have selected those cases in the twilight zone
that have weakly homologous complexes of<30% sequence
identity during the preparation of datasets.
The test set for protein–protein docking was from the

protein–protein docking benchmark 4.0 developed by the
Weng group (36). We have selected those cases that have
weakly homologous templates and whose proteins are

single-chain structures, resulting in a total of 54 protein–
protein complexes (Supplementary Table S1).
The dataset for protein–DNA docking was taken from

the protein–DNA docking benchmark created by the Bon-
vin group (37). Similarly, we have selected those cases with
single-chain proteins and weakly homologous templates.
This yielded a total of 23 test cases (Supplementary Table
S2).
The test sets for protein–RNA docking included three

published benchmarks. They were the protein–RNA dock-
ing benchmark v1.1 from the Fernandez-Recio group (38),
the protein–RNA docking benchmark version 2 from the
Bahadur group (39), and the protein–RNA docking bench-
mark 1.0 by the Zou group (40), respectively. We have used
the similar way to select the test cases, and obtained a to-
tal of 33 cases for the Fernandez benchmark (Supplemen-
tary Table S3), 33 cases for the Bahadur benchmark (Sup-
plementary Table S4) and 25 cases for the Zou benchmark
(Supplementary Table S5).

RESULTS

HDOCK server

The HDOCK server is hosted on a Linux server of two In-
tel(R) Xeon E5-2690 v4 2.60GHz CPUs with 28 cores and
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256 GB of Memory. A maximum of 20 jobs can be running
at the same time while hundreds of jobs can be queued in
the background. The docking process is fast and the aver-
age running time for a docking calculation is about 10–20
min. The web server is based on Apache HTTP, HTML,
PHP and the JSmol web applet for the docking pipeline and
binding model visualization. The web service does not re-
quire registration and is freely available.
After users submit input data, the HDOCK server will

create a docking job and put it in queue immediately. At
the same time, the web interface will be redirected to a web
page showing the job id and running status. The job sta-
tus including ‘QUEUED’, ‘RUNNING’ and ‘RESULTS’
will be updated every 10 s on the status page. The job sta-
tus also shows how soon the job will be �nished if the job
is running. The URL to the docking results is something
like http://hdock.phys.hust.edu.cn/date/jobid, where ‘jobid’
is a unique job id shown on the status web page. Users can
bookmark the job status page for access to the docking re-
sults at a later time. Users will also be noti�ed by an email
once the job is �nished if a valid email address has been pro-
vided at the time of submission.

Output

Once a job is �nished, the job status page will be automati-
cally redirected to the result page, as shown in Figure 3. The
docking results include three basic �les:

i) Receptor PDB �le uploaded by users or constructed by
the server from the FASTA sequence provided by users.

ii) Ligand PDB �le uploaded by users or constructed by
the server from the FASTA sequence provided by users.

iii) HDOCK Output that include 4392 ligand binding
modes represented by their transformations.

In addition, the result page also shows the template in-
formation for receptor and ligand on the top and a docking
summary of the top 10 models on the bottom. The server
pre-generates the top 100 binding models for each job. In
addition, the template-based model if available, ranking
#0, is also provided for viewing and download. Users can
download any of the top 20 binding models individually, or
choose to download all the top 10 predictions or the top 100
predictions as a package. Users may also download all the
results in a single package that includes the Receptor PDB
�le, Ligand PDB �le, HDOCKOutput and the top 100 pre-
dictions.
Users who want to get more than 100 binding models

may download our binding model generation program and
follow the instruction on the help page to construct a spec-
i�ed number of binding models.
As the top 10 binding models are normally deemed as the

most important models, the result page also provides the in-
teractive view of the top 10 models using the Jmol software
(34). Users can choose to view any of the top 10 models or
all together by different representations and styles.

Performance of the HDOCK server

Performance for CAPRI. A docking approach similar to
that in HDOCK has been used for CAPRI experiments

as a predictor and ranked one of the top-performed al-
gorithms in recent CAPRI sessions (25,26). In the recent
CAPRI-CASP11 experiment for symmetric oligomer mod-
eling, a template-based docking pipeline similar to that in
HDOCK obtained correct complex structures of accept-
able accuracy or better for 16 out of the total 25 targets,
ranking #1 as a predictor based on the number of tar-
gets for which at least one acceptable solution was reached
(23,41). When evaluated on the 20 targets of the CAPRI-
CASP11 challenge for which we have identi�ed a weakly
template, HDOCK obtained a success rate of 75%, com-
pared to 50% for template-based modeling (Supplementary
Table S6) (23). Our docking algorithm also performed well
on general protein–protein docking and ranked #6 in latest
CAPRI challenges (42).

Performance on �ve public benchmarks. During the evalu-
ations for HDOCK sever, those homologous complexes of
≥30% sequence identity with the test cases were excluded.
For protein–protein docking, the sequences of unbound
structures were used as input for both receptor and ligand.
For protein–nucleic acid docking, sequences were input for
proteins and the unbound structure if available or the bound
structure from the benchmark was provided as input for
nucleic acid. For comparison, we have also performed free
unbound docking with HDOCKlite by using the unbound
structures when provided or the bound structures in the
benchmark. During the assessment, a success was de�ned
as that the predicted binding mode has an acceptable ac-
curacy or better according to the CAPRI criteria (4). The
success rate was de�ned as the number of cases with at least
one correct model divided by the total number of cases in
the test set when a speci�c number of predictions were con-
sidered.
Figure 4A–E showed the success rates of HDOCK server

as a function of the number of top predictions in bind-
ing mode prediction for those cases with weakly homolo-
gous complexes on �ve benchmarks, respectively. The suc-
cess rates for template-based modeling and traditional free
unbound docking were also shown in the �gures. The de-
tailed docking results and used weakly complex templates
for the �ve benchmarks were listed in Supplementary Ta-
bles S1–5.
For protein–protein docking (Figure 4A), although

template-based modeling obtained a better performance
with a success rate of 38.9% when the top prediction was
considered, compared to 24.1% for HDOCK, the success
rate for HDOCK increased with more predictions consid-
ered. When the top 10 predictions were considered, the
HDOCK server tied with template-based modeling at the
success rate of 38.9%. After top 10 predictions, the success
rate of HDOCK server became higher than pure template-
based modeling and obtained the success rates of 59.3 and
72.2% for top 100 and 1000 predictions, respectively. Com-
pared to template-basedmodeling andHDOCK server, free
unbound docking had the worst performance and obtained
the success rates of 11.1 and 29.6% for top 1 and 10 predic-
tions, respectively (Figure 4A).

An example of the protein–protein binding models pre-
dicted by HDOCK server and template-based modeling for
target 1OPH is shown in Figure 5. As shown in the �g-
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Figure 3. HDOCK server output page. At the top of the page is the unique job ID (1), and under it are the template information for receptor and ligand
molecules (2) and the �les for download (3). Optional buttons on the right can control Jmol to choose which model to view and how to view (4) on the left
(5). A docking summary of the top 10 models is shown on the bottom (6).

ure, due to the different binding interfaces between the tar-
get 1OPH and the template 3H5C, template-based model-
ing generated an incorrect prediction that is far away from
the native structure. However, with the docking step, the
HDOCK server was able to obtain a binding mode of ac-
ceptable accuracy at rank #5, suggesting a rescuing capa-
bility in obtaining correct models for cases with misleading
templates.
For protein–DNA docking (Figure 4B), similar trends to

the performances for protein–protein docking were also ob-
served. When the top prediction was considered, template-
based modeling performed the best with a success rate of
26.1%, compared to 17.4% forHDOCK server and 4.3% for
free unbound docking (Figure 4B). When the top �ve pre-
dictions were considered, the HDOCK server reached the
success rate of template-based modeling, compared to 8.7%
for free unbound docking. When the top 100 predictions
were considered, the HDOCK server had the highest suc-
cess rate of 47.8%, compared to 26.1% for template-based
modeling and 34.8% for free unbound docking.

For protein–RNA docking (Figure 4C–E), the perfor-
mances of three approaches depended on speci�c bench-
marks. For example, when the top prediction was consid-
ered, the HDOCK server performed better than template-
based modeling on the Fernandez and Zou benchmarks,
but slightly worse than template-based modeling on the Ba-
hadur benchmark. Speci�cally, on the Fernandez bench-
mark, the HDOCK server obtained the success rates of 33.3
and 54.5% when the top 1 and 10 predictions were consid-
ered, compared to 21.2 and 42.4% for free unbound dock-
ing and 24.2% for template-basedmodeling (Figure 4C). On
the Bahadur benchmark, the HDOCK server obtained the
success rates of 33.3 and 51.5% when the top 1 and 10 pre-
dictions were considered, compared to 18.2 and 45.5% for
free unbound docking and 36.4% for template-based mod-
eling (Figure 4D). On the Zou benchmark, the HDOCK
server obtained the success rates of 52 and 64% when the
top 1 and 10 predictions were considered, compared to 52
and 64% for free unbound docking and 40% for template-
based modeling (Figure 4E).
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Figure 4. The success rates ofHDOCKserver and template-basedmodeling aswell as their combination for those caseswithweakly homologous complexes
from the protein–protein docking benchmark by the Weng group (A), the protein–DNA docking benchmark by the Bonvin group (B), the protein–RNA
docking benchmark v1.1 by the Fernandez group (C), the protein–RNA docking benchmark version 2 by the Bahadur group (D), and the protein–RNA
docking benchmark 1.0 by the Zou group (E). For reference, the success rates of free docking with unbound structures from the benchmark were also
shown in the �gure. The �gure legend in panel (F) applies to all other panels.

Figure 5. Comparison of the crystal structure (blue), HDOCK server pre-
diction (yellow) and template-based model (green) for the protein–protein
complex 1OPH after the receptor structures (red) were superimposed,
where the server prediction, ranking #5, has an acceptable accuracy ac-
cording to the CAPRI criteria (see Supplementary Table S1).

The overall better performance of the HDOCK pipeline
than template-based modeling and traditional free un-
bound docking for top 10 predictions on the �ve bench-
marks demonstrated the functionality and ef�cacy of the
HDOCK server in utilizing the binding information from
the PDB for protein–protein and protein–DNA/RNA

docking. From Figure 4, one can also see that both
HDOCK server and template-based modeling performed
the best on some of the �ve test sets when the top predic-
tion was considered. Therefore, we have combined the re-
sults from template-based modeling and HDOCK by rank-
ing �rst of the template-based model. As shown in the �g-
ure, the HDOCK + modeling combination performed the
best among the four approaches when the top 10 predictions
were considered.

CONCLUSIONS AND FUTURE DEVELOPMENT

The HDOCK server provides a user-friendly web access
to our robust hybrid algorithm of template-based mod-
eling and free docking for protein–protein and protein–
DNA/RNA complexes. The docking server accepts both
sequences and structures as input for proteins. It ef�-
ciently integrates various components including sequence
search, template selection, model building and global dock-
ing. With homologous complexes excluded, overall the
HDOCK server obtained a signi�cantly better performance
in binding mode prediction than template-based modeling
and traditional free unbound docking for protein–protein
and protein–DNA/RNA docking on �ve public bench-
marks when the top 10 predictions were considered, demon-
strating the ef�cacy of HDOCK in incorporating the bind-
ing interface information from the PDB. The predictive
power of the HDOCK server can be further improved by
ranking �rst of the template-based model.
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Despite the good performances of HDOCK with weakly
homologous complex templates in CAPRI and on the �ve
benchmarks, real docking applications like CAPRI experi-
ments is still challenging, as high-quality homologous com-
plex templates are often not available for new targets. How-
ever, with more and more complex structures determined,
template-based hybrid docking is expected to play an in-
creasing role in modern docking development. In addi-
tion, evaluations are also being done to assess the reli-
ability of automatic modeling of DNA/RNA structures
from sequences, aiming to include sequence input option
for DNA/RNA in the future development of the HDOCK
server.
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