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Information-Driven Modeling of Protein-Peptide Complexes
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Abstract

Despite their biological importance in many regulatory processes, protein-peptide recognition mechanisms
are difficult to study experimentally at the structural level because of the inherent flexibility of peptides and
the often transient interactions on which they rely. Complementary methods like biomolecular docking are
therefore required. The prediction of the three-dimensional structure of protein-peptide complexes raises
unique challenges for computational algorithms, as exemplified by the recent introduction of protein-
peptide targets in the blind international experiment CAPRI (Critical Assessment of PRedicted
Interactions). Conventional protein-protein docking approaches are often struggling with the high flexi-
bility of peptides whose short sizes impede protocols and scoring functions developed for larger interfaces.
On the other side, protein-small ligand docking methods are unable to cope with the larger number of
degrees of freedom in peptides compared to small molecules and the typically reduced available informa-
tion to define the binding site. In this chapter, we describe a protocol to model protein-peptide complexes
using the HADDOCK web server, working through a test case to illustrate every steps. The flexibility
challenge that peptides represent is dealt with by combining elements of conformational selection and
induced fit molecular recognition theories.

Key words Biomolecular interactions, Information-driven docking, Conformational changes,
Flexibility, HADDOCK, Molecular modeling

1 Introduction

A large variety of methods are available to scientists to investigate
the 3D structure of biomolecular complexes. Experimental deter-
mination of protein-peptide complexes is, however, often nontriv-
ial due to the dynamic nature of the transient interactions they
mediate. While X-ray crystallography is struggling with the high
flexibility of peptides, hybrid approaches that rely on an experi-
mental characterization of the binding site (NMR, cross-linking
mass spectrometry ...) and /or NMR-derived restraints to limit the
conformational space of the peptide (e.g. dihedral angle restraints),
in combination with computational modeling, have demonstrated
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their accuracy for various protein-peptide systems [ 1-6]. Structural
characterisation of low affinity interactions remain unfortunately
out of reach for most experimental methods. There is therefore a
need for improving existing computational methods.

Modeling of protein-protein complexes has a long-standing
history that started back in the late 1970s with the first automated
computer analysis of protein-protein interactions [7]. Macro-
molecular docking made its first proof of concept with the success-
tul prediction of the binding of a beta-lactamase inhibitory protein
to TEM-1 beta-lactamase in 1996 [8]. Protein-peptide interac-
tions, in contrast, have only been studied computationally recently.
The recognition mechanisms underlying their assembly are still
debated [9-12]. Flexibility is a key characteristic of peptides, which
are short polypeptidic chains ranging from 5 to 30 amino acids
and, in most cases, do not adopt a well-defined conformation when
unbound, i.e., in their free state. This represents a major challenge
for classical docking algorithms where both constituents are usu-
ally treated as rigid in first instance, to be refined at later stages,
allowing some degrees of flexibility at the interface.

Over the last years, a number of new algorithms or adaptations
of existing docking methods have been released to address the
unique challenges raises by protein-peptide interactions [13-21].
Based on the HADDOCK framework [22], we have developed an
original approach that combines ensemble docking and enhanced
flexibility to improve the sampling of peptides [23]. HADDOCK
is an information-driven docking software [24] using CNS
(Crystallography and NMR system) [25, 26] as computational
engine and the OPLS united atom force field [27] to calculate the
non bonded interactions (with a cutoff of 8.5 A). It allows the
integration of a variety of experimental data to drive the docking
process, such as NMR chemical shift perturbation and mutagenesis
data. HADDOCK also introduces flexibility into the subunits dur-
ing the docking process, ending with a final refinement of the
models in explicit solvent. Currently, HADDOCK s one of the most
cited docking software [28], counts a large community of 3,700+
users worldwide, and ranks among the best performing docking
methods based on CAPRI (Critical Assessment of PRediction of
Interactions) [29], a community wide experiment where partici-
pants have a limited time to predict the structure of a complex
given only the structures, sometimes even only the sequences, of
its free constituents.

We have recently optimized HADDOCK’s protocol for pro-
tein-peptide docking against a benchmark of 101 protein-peptide
complex structures, achieving a remarkable overall performance
when starting from unbound structures [23]. In this chapter, we
describe step by step this protocol using the HADDOCK web
server.
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2 Theory

2.1 Peptide
Gonformation
Sampling

2.2 Interface
Restraints

2.3 Protein-Peptide
HADDOCKing

2.3.1  Docking Protocol

This section describes the different steps and their background in
order to perform a protein-peptide docking run and achieve the
overall best performances with HADDOCK.

Unlike protein-protein docking, we usually do not have access either
to the free form of the peptide or to any structural template that
could be used to generate a reliable starting 3D model of the struc-
ture of the peptide. To solve this problem, we have proposed a spe-
cific protocol for flexible docking of short peptides (5-15 amino
acids) that starts from an ensemble of three different conforma-
tions of the peptide (a-helix, polyproline-II, and extended—see
Subheading 3 for more details about how to generate this ensemble).
This canonical ensemble does not aim at discretizing the conforma-
tional space sampled by the free peptide, but rather represents confor-
mations often observed in protein-peptide complexes. Indeed, taken
together, these three conformations cover about 80 % of the observed
peptide-bound structures in the Protein Data Base [30]. Building
onto the ensemble docking capability of HADDOCK, protein-pep-
tide docking can start from these three distinct conformations and,
hopefully, select be best suited peptide conformation for the complex
under study, following a conformational selection mechanism.

HADDOCK uses ambiguous and unambiguous restraints through-
out the entire docking process to drive the complex formation
(see Subheading 2.3 for more details). These restraints can be
derived from various experimental information sources such as
NMR chemical shifts perturbations, hydrogen/deuterium
exchange, chemical cross-linking detected by mass spectrometry,
mutagenesis ... [31, 32]. All this information is usually translated
into distance or angle restraints used both for sampling and scoring.
In this protocol we describe a classical scenario in which no infor-
mation is available about which residues of the peptide are involved
in binding, treating it as fully “passive,” which means peptide resi-
dues can make contacts but no penalty will be paid if they do not.
One the protein side we define a large surface centred on the native
interface. For each docking trial, we randomly select half of the
so-called active residues that belong to this surface (making the
assumption that they are directly involved in the binding) and
define ambiguous restraints toward the peptide.

The docking protocol in HADDOCK consists of three successive
steps:
— 4t0: Rigid-body energy minimization (RBEM)

— tl: Semiflexible simulated annealing (SA) in torsion angle
space (TAD/SA)

—  Water: Final restrained molecular dynamics in explicit solvent
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Rigid-Body Energy
Minimization (RBEM, it0)

Semiflexible Simulated
Annealing in Torsion Angle
Space (TAD/SA, it1)

Restrained Molecular
Dynamics in Explicit
Solvent (Water)

2.3.2 Clustering of Final
Solutions

Pre- and post-processing steps are performed: (1) to build
missing atoms in the preliminary step and (2) to launch energetic,
intermolecular, and restraint analyses in the final step. For further
details please refer to [22, 24].

One critical aspect in protein-peptide recognition is the impor-
tance of long-range electrostatic interactions [17]. Therefore, the
user should specity charged Cter and Nter (default in HADDOCK)
when working with naturally occurring peptides or uncharged ter-
mini when the peptide is a fragment of protein or capped in the
experiment, this to avoid undesired interaction with the termini in
the latter case (sec Note 1).

In this initial docking stage, the interacting partners are first sepa-
rated in space and randomly rotated around their respective center
of mass. As a result, the starting positions of peptides adopt a
spherical distribution around the protein receptor. The number of
models generated in this step should typically be increased from
the default 1,000-6,000, to ensure that each of the three distinct
peptide conformations from the canonical ensemble is sampled
2,000 times. The resulting models are ranked according to
the HADDOCK score (see below), and the top ranking models
(here the top 400) are selected for further flexible refinement.

Four stages of SA are performed in 7¢I influencing, respectively, the
orientation of the components, the side chains at the interface, and
finally both side chains and backbone of the interface residues.
This semiflexible refinement stage is quite crucial in protein-
peptide binding since it allows the peptide to fold and adapt its
conformation to the protein binding site. To maximize the chance
of finding a correct conformation at this stage, the peptide is
treated as fully flexible over all four stages of the simulated anneal-
ing refinement. The protein is treated as default, with its interface
residues becoming flexible in the last two stages. Further, we
increase the number of simulation steps by a factor 4 for the suc-
cessive stages of the simulated annealing refinement (from the
default 500,/500,1,000,/1,000 to 2,000,/2,000,/4,000,/4,000)
to increase sampling. In order to avoid deformation of helical
models that may have been selected after itQ, dihedral angle
restraints are applied to these (see Note 2).

The structures obtained after simulated annealing are finally refined
in an explicit solvent layer to further improve their scoring. This is
done by molecular dynamics simulation in water, solvating the
complex in an 8 A shell of TIP3P water molecules [33].

The final models generated by HADDOCK are clustered based
on their interface-RMSD using a 5 A cutoff instead of the 7.5 A
cutoff used for clustering protein-protein poses (see Note 3).
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A smaller value is required in order to ensure conformational
homogeneity of the clusters due to the smaller size of the peptides
compared to full proteins.

To assess the quality of the generated models, we follow the CAPRI
standards [34, 35]. We will use mainly the interface-RMSD
(1-RMSD), which is calculated on backbone atoms of both protein
and peptide residues which are within 10 A from each other in the
reference crystal structures of the complex. The calculation of
i-RMSD between a model and a reference is done in two steps that
are illustrated in Fig. 1:

1. We fit the protein of the model onto the protein of the
reference.

2. We calculate the positional root-mean-square deviation between
the model and the reference structures for the backbone atoms
of the interface residues (protein + peptide).

To account for the small size of peptides, the standard CAPRI
acceptability thresholds need to be decreased:

e Not acceptable: i-RMSD>2 A.
e Near-native prediction: 1 A<i-RMSD<2 A.
*  High-quality (subangstrom) prediction: i-RMSD <1 A.

3 Methods

3.1 Modeling
of Complexes
with HADDOCK

In order to successfully run this protocol using the HADDOCK
web server, two software programs need to be installed locally.
First, the input ensemble of three conformations for the peptide
can be generated using the PyMOL script provided in the supple-
mentary material associated with this chapter from the Springer
extra web site (http://extras.springer.com). PyMOL [36] is a
molecular visualization system, free for educational use (http://
www.pymol.org). Secondly, the models are compared based on
RMSD values calculated using ProFit, a free program for protein
structure least squares fitting (http://www.bioinf.org.uk /soft-
ware /profit/index.html). Finally, a web browser, an internet con-
nexion and registration to the HADDOCK web server are the only
pre-requisites to access the HADDOCK web server.

In the following sections, we illustrate our protocol on a test
case taken from the benchmark dataset [11]. The protocol should
be run on a GNU /Linux system or under Mac OSX.

In this section, we model the peptide DAIDALSSDE'T, correspond-
ing to the disordered region of the calpastatin inhibitory domain
C, in complex with the calpain domain VI, a proteolytic enzyme
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Fig. 1 Overview of the HADDOCK web server Guru interface (accessible from http://haddock.science.uu.nl/
services/HADDOCK). A click on the right arrows will expand the associated sections to display HADDOCK param-
eters and/or input fields. In the current view, the First molecule and Second molecule and Sampling parameters
sections are expanded. Fields are filled with necessary input for the docking example provided in Subheading 3.1.2
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of PDB Files

3.1.2  Docking

the Capstatin Peptide onto
Capsain with the HADDOCK
Web Server
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involved in a number of cell functions such as cell mobility and cell
cycle progression. The coordinates of both the complex (PDBid:
INX1) and the unbound structure of the calpain domain VI
(PDBid: 1ALV) are available.

Each PDB provided to HADDOCK has to respect the PDB
format with proper syntax and clear chain identifiers (see Note 4).
The input ensemble for the peptide will be composed of three arti-
ficially generated models using PyMOL [36]. Each model corre-
sponds to a specific conformation of the peptide we want to dock
onto its associated protein receptor. A PyMol script adapted from
an original script of Robert L. Campbell (http://pldserverl.bio-
chem.queensu.ca/~rlc/work/pymol/) is provided to facilitate the
creation of the ensemble.

1. Open PyMol and execute the script to access its functions, in
the PyMol console, type:

> run 3c _build seq.py

2. Use the building function provided by the script. For instance,
to create the three conformations of the calpastatin peptide
required to start the docking run, we type in PyMol:

>bpuild seqg extended pept, DAIDALSSDFT, ss=extended
> build seq helical pept, DAIDALSSDFT, ss=helix
> puild seq polypro pept, DAIDALSSDFT, ss=polypro

3. You can now save the structure coordinates in the PDB format
via the Menu File->Save Molecule...

4. Once the three conformations (extended/helix/polyproline
IT) have been built and saved, the corresponding PDB files have
to be merged into a unique PDB file before we can use them as
input in HADDOCK. Each conformation must be defined as a
unique MODEL, just alike NMR ensemble, meaning that the
coordinates of each model must start with a MODEL statement
and end with an ENDMDL statements in the PDB coordinate
file. This can easily be done with a simple text editor.

The PDB file of the protein must be checked to avoid any
double occupancies or residue insertions. This can be done manu-
ally or using for example the PDB cleaner website (http:/www.
igs.cnrs-mrs.fr/Caspr2 /magicPDB.cgi) [37]. The input files for
both the protein and the ensemble of models for the peptides are
provided in supplementary material, respectively, named INXI
protein.pdband DAIDALSSDFT 3conformations.pdb.

For this docking, we will make use of the Guru interface of the
HADDOCK web server (http://haddock.science.uu.nl/services/
HADDOCK /haddockserver-guru.html). Note that the Guru inter-
face is available for registered users with appropriate access rights.
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1.

10.

Open an Internet browser and go to haddock.science.uu.nl/
services/HADDOCK. Choose the Guru interface. You will
find the page illustrated in Figs. 1 and 2.

. We advise to give a name to your docking run. Be aware that

«_”» «

or are allowed.

no space or special characters other than
We propose here to name the run 1NX1_modeling.

. The PDB file of the largest molecule, in this case the calpain

domain IV, has to be entered first (se¢ Note 5). Expand the
section First molecule. At the entry Where 1is the
structure provided? click on the drop-down menu next
to it and select T am submitting it.Set Which chain
of the structure must be used? to All (see Note 4).
Next to PDB structure to submit press the Browse..
button and move to the location where the tutorial data were
unpacked. Go to the pdbs/ directory and select the INXI
protein.pdb file.

Specify the interface by defining active and passive residues.
We listed the residues that are considered active in Table 1. Fill
in the numbers of the active residues in the textbox next to
Active residues.

. Specify the Segment ID to use during the docking

for the first molecule as A (see Note 4).

We leave the proteins flexibility settings to their defaults val-
ues: no residues will be considered as fully flexible and semi-

flexible segments will be determined automatically by
HADDOCK.

Both N-terminus and C-terminus of the protein will be
considered as charged, the default value (see Note 6).

. Expand the Second molecule section. The peptide will

require some specific settings, which we will explain in the fol-
lowing steps. If a parameter is not mentioned in the following
steps, its default value should be kept.

At the entry Where is the structure provided? click
on the dropdown menu next to it and select I am submit-
ting it.Set Which chain of the structure must
be used? to All (see Note 1). Next to PDB structure
to submit press the Browse... button and move to the loca-
tion where the tutorial data were unpacked. Go to the pdbs/
directory and select the DATIDALSSDFT 3conformations.
pdb file.

As explained before, the entire peptide will be considered as
passive during the docking process. For this, enter each residue
number present in the peptide PDB (for one model) separated
by a comma in the Passive residues textbox as indicated in
the Table 1 (see Note 10).
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The number of combinations depends on the cross-docking parameter.

If cross-docking s disabled, the number of combinations is the size of the first ensemble.

If cross-docking is enabled, the number of combinations is the sizes of all ensembiles multiplied.

Multiply the number of calculated structures by all combinations

Randomize starting orientations W
Perform initial rigid body minimisation o
Allow in rigid body v
initial seed for random number generator 917

itl parameters

temperature for rigid body high temperature TAD 2000
initial temperature for rigid body first TAD cooling step 2000
final temperature after first cooling step 500
initial temperature for second TAD cooling step with flexible side- 1000
chain at the inferface

final temperature after second cooling step 50
initial termperature for third TAD cooling step with fully flexible 500
interface

final temperature after third cocling step 50
time step 0.002
factor for imestep in TAD 8
number of MD steps for rigid body high temperature TAD 2000
number of MD steps during first rigid body cooling stage 2000
number of MD steps during second cooling stage with flexible side- 4000
chains at interface

number of MD steps during third cooling stage with fully flexible 4000
interface

final salvated refinement

number of steps for heating phase {100, 200, 300K) 100
number of steps for 300K phase 1250
number of steps for cooling phase (300, 200, 100K) 500

calculate explicit desolvation energy (note this will double the cpu
requirements)

Solvated docking parameters

||

Analysis parameters
Username and password

Username mikaeltr

Password

Valider

2008 © NMR Department. AY ights reserved. Webdesign by Mar: van Dk
MHTHL | 55

Fig. 2 Overview of the HADDOCK web server Guru interface. The expanded sections include input parameters
that need to be changed to perform a protein-peptide docking run. The sections concerned are Parameters for
clustering and Advanced sampling parameters
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Table 1

Input data used for the protein-peptide docking run

Protein (Calpain Domain VI)

Active residues

Passive residues
Fully flexible segments

6,9,12,13,28, 31, 32, 33, 35, 36, 38, 39, 69,
73,76,77, 80,81, 84,131

None

None

Peptide (Calpastatin inhibitory domain C)

Active residues

Passive residues

Fully flexible segments
C- and N-termini

None
1,2,3,4,5,6,7,8,9,10,11
11-Jan

Uncharged

11.

12.

13.

14.

15.

Here, the peptide corresponds to a disordered segment of the
capstatin protein and should thus be considered as noncharged
at the Cter and Nter. For this, uncheck the two boxes, respec-
tively, The C-terminus of your protein is nega-
tively charged and The N-terminus of your
protein is negatively charged (see Note 6).

In our example, no input data other than the list of active resi-
dues on the protein receptor will be used.

In the Sampling parameters section, we increase the
Number of structures for rigid body docking
(it0) from 1,000 to 6,000. In that way, each conformation is
sampled 2,000 times in the rigid body stage. We also increase the
Number of structures for semi-flexible refine-
ment (itl) and the Number of structures for the
explicit solvent refinement (water) to 400 structures.

Go to the Parameters for clustering section and
change the RMSD Cutoff for clustering from 7.5 to
5.0 to make up for the smaller size of protein-peptide
interfaces.

In the Advanced sampling parameters section, the
default numbers of MD steps are multiplied by a factor 4 to
increase the sampling. Therefore, the number of MD steps
for rigid body high temperature TAD,the number
of MD steps during first rigid body cooling
stage, the number of MD steps during second
cooling stage with flexible side-chains at
interface and the number of MD steps during
third cooling stage with fully flexible inter-
face are respectively set to 2,000,/2,000,/4,000,/4,000.
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You can now fill in your Username and Password at the
bottom of the submission page and click on the Submit
Query button. After few seconds you will be redirected to a
page reporting the status of your job, first the outcome of the
validation steps performed by the HADDOCK web server,
then a link to the result page and the possibility to download a
unique self-contained file to resubmit your job (provided here
with the default name haddockparam.web). On the result
page, you can monitor the progress of your docking run.
When finished, it will later display the final results, which con-
sist in generic analyses of the models. An email to confirm the
processing of your job is sent to your registration email address.

Within typically a couple of hours, depending on the web
server load, you will receive another email reporting the final
status of your job. If successful, a result page as depicted in
Fig. 3 will be available at the link given in the e-mail. On this
page, you will find the name of your docking run as well as a
link to download it as a gzipped tar file. A link to the unique
file containing input data and parameters is again provided.

In this page, you will find the number of clusters created by
HADDOCK and how many structures coming from the water
steps have been clustered. By default, only the 200 models
with the lowest HADDOCK scores are analysed, therefore
only half of the refined models are clustered. In our example,
15 clusters are created, gathering 66.5 % of the top 200 mod-
els. For an easier visualization of the results, only the ten best
clusters based on the average HADDOCK score of'its top four
models are displayed in the summary page. You can find infor-
mation and analyses of the last cluster in the gzipped tar file.
For each cluster, information relative to the HADDOCK score
of the top four models, the cluster size and different statistics
and energy values are reported (see Note 7).

At last, a graphical representation of different CAPRI assess-
ment criteria with respect to the HADDOCK score is provided
for the ten best clusters in the Results analysis section
as shown in Fig. 4. The first three plots show the HADDOCK
score versus the interface-ligand-RMSD (i-I-RMSD), the
i-RMSD and the I-RMSD, respectively (see Note 8). The next
plot displays the HADDOCK score versus the fraction of
common contacts (FCC) (see Note 9). The last three plots
show the van der Waals, electrostatics, and AIRs energy versus
i-RMSD.

It is possible to manually compare a reference structure with
the best models of each cluster generated by HADDOCK.
The 3D structures of these models are located in the root
of the docking run you downloaded as a gzipped tar file.
Their name follows the following syntax: cluster2 1.pdb.



WELCOME TO THE UTRECHT BIOMOLECULAR INTERACTION WEB PORTAL >>

HADDOCK server status for docking run /3117195252/1NX1_modeling

Status: FINISHED

Your HADDOCK run has successfully completed. The complete run can be downloaded as a gzipped tar file here. The file
containing your docking parameters is here.

Please cite the following paper in your work:

5.1, de Vries, M. van Dijk and A.M.1.]. Bonvin. The HADDOCK web server for data-driven biomolecular docking
Nature Protocols 5, B83-897 (2010)

doi:10.1038/nprot.2010.32

Summary

HADDOCK clustered 133 structures in 15 cluster(s), which represents 66.5 % of the water-refined models HADDOCK
Note that ¥ the i number of models considered for clustering is 200,

The statistics of the top 10 clusters are shown below. The top cluster is the most reliable according to HADDOCK. Its Z-
score indicates how many standard deviations from the average this cluster is located in terms of score (the more negative
the better).

A graphical representation of the results is alse provided at the bottom of the page.

CLusTER 1

HADDOCK score -100.7 +/- 10.6
Cluster size 30

RMSD from the overall lowest-energy structure 2.1 +/- 0.2

Van der Waals energy -34.3 +/- 6.0
Electrostatic energy -279.8 +/- 35.4
Desclvation energy -18.6 +/- 5.3
Restraints violation energy 81.7 +/- 24.52
Buried Surface Area 1199.3 4/- 92.1
Z-Score -2.3

View the docking solutions in a Jmol structure viewer. Your browser must be Java enabled:

Nr 1 best structure View structure Download structure
Nr 2 best structure View structure Download structure
Nr 3 best structure View structure Download structure

Nr 4 best structure View structure Download structure

CLusTEr 2
HADDOCK score -89.8 +/- 7.8
Cluster size 25

RMSD from the overall lowest-energy structure 1.8 +/- 0.2

Van der Waals energy -40.0 +/- 4.9
Electrostatic energy -267.9 +/- 67.1
Desclvation energy -2.8 +/- 10.1
Restraints violation energy 67.0 +/- 34.49
Buried Surface Area 1225.4 +/- 69.2
Z-Score -1.1

View the docking solutions in a Jmol structure viewer. Your browser must be Java enabled:

Nr 1 best structure View structure Download structure
Nr 2 best structure View structure Download structure
Nr 3 best structure View structure Download structure
Nr 4 best structure  View structure  Download structure

Fig. 3 Example view of a result page of the HADDOCK web server. Links toward the complete run and a
HADDOCK-formatted summary of your input parameters can be found. Moreover, a brief summary of the clus-
tering performances is shown with a focus on the first two clusters (according to HADDOCK score average of
the top-four structures) analytical information



RESULTS ANALYSIS

The results and graphics presented below are based on water-refined models generated by HADDOCK, The clusters
{indicated in color in the graphs) are calculated based on the interface-ligand RMSDs calculated by HADDOCK, with the
interface defined automatically based on all observed contacts. The various structural analysis (FCC, i-RMSD and |-RMSD)
are made with respect to the best HADDOCK model (the one with the lowest HADDOCK score).
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SUPPLEMENTARY INFORMATION:

i-RMSD -> i RMSD on the (CA,C,N,0,P) atoms of all residues involved in intermolecular
contact using a 104 cuteff

I-RMSD -> ligand-RMSD calculated on the backbone atoms (CA,C,N,0,P) of all (N>1) molecules after fitting on the
backbone atoms of the first (N=1) molecule

FCC -> Fraction of common contacts, The intermalecular contacts are defined based on the best HADDOCK model using a
5K cutoff (see Rodrigues et al, Proteins 2012)

a.u. - Arbitrary Units

The cluster ges and i are indi by colored dots with associated error bars. The average values
are cabculated on the best 4 structures of each clusters (based on the HADDOCK score).

Note that H. K results are after one week.
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Fig. 4 Results analysis section of a result page of the HADDOCK web server. Several graphics with the main
energetic parameters plotted with respect to the HADDOCK score are shown and separated according to the
cluster number of each structure
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This file is for instance the best model according to its
HADDOCK score in the second cluster given by HADDOCK.

You can use ProFit to get precise values of RMSD. PyMol is
useful as well since it has its own fitting algorithm and will give you
a RMSD value as well as a visual feedback of the differences between
the clustered models and the reference structure. Keep in mind
that your reference structure has to be formatted in the same way
that the PDB models generated by HADDOCK. ProFit considers
only structures with an identical number of atoms.

4 (Case Studies

The settings we described before have been used to test HADDOCK
against a large benchmark of 62 protein-peptide complexes for
which an unbound form of the protein was available. The chal-
lenge was then double here: model successfully the peptide’s con-
formation at the correct interface and reproduce the bound form
of the protein. We analysed the quality of the models generated by
HADDOCK but also our capacity to rank efficiently the correct
predictions among the top HADDOCK score models. HADDOCK
successfully generated acceptable models (see Subheading 2.3.3 for
definition of acceptable models) for about 70 % of the tested cases
(Fig. 5a). Among these (see Note 9), at least one acceptable model
or better is found in the top 20 models in 76 % of the cases. But
after clustering, 50 % of the cases contain at least an acceptable
structure in the best cluster and this quickly reaches 75 % if the top
three clusters are considered (Fig. 5b).

We illustrated the HADDOCK protein-peptide docking pro-
tocol in Subheading 3.1.2 with the modeling of the calpain/cal-
pastatin complex, starting from the unbound structure of the
calpain and an ensemble of three conformations for the disordered
region of the calpastatin. In the last step of HADDOCK protocol
(refinement water step), this docking run generated 25 final accept-
able models (i-RMSD <2 A), 18 of which ended in a cluster and 7
were not clustered. Among the 18 clustered models, 15 come from
the 2nd best cluster according to HADDOCK and two structures
are the 1st and 4th models based on their HADDOCK score. The
2nd best cluster given by HADDOCK is the cluster for which the
average HADDOCK score of its top four models is the second
lowest among all the clusters. To get a precise idea, the best cluster
has an average HADDOCK score for its four best models of
-100.7 £10.6, as opposed to —-89.8 +7.8 for the 2nd best cluster.
Considering the standard deviations those tow clusters are rather
close. The representative best four models of the top-ranking
cluster have, on average, an i-RMSD of 3.9+0.3 A when com-
pared to the crystal structure whereas the best four models of
the second best cluster have an average i-RMSD of 1.9+0.3 A.
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Fig. 5 (a) Success rate of unbound/unbound docking as a function of the number of top models considered.
(b) Clustering performance of HADDOCK in unbound/unbound docking onto acceptable cases (with at least one
acceptable model) as a function of the number of clusters considered

The peptide starting conformations and the resulting best model
in term of i-RMSD from the reference complex are shown in
Fig. 6. Statistics of the two clusters is presented in Table 2.
We voluntarily chose this case to illustrate that the correct solution
is not always on top and various clusters should be examined, espe-
cially when their scores are rather close. Ideally, it would be best to
have some independent data at hand to validate the generated
models. The models can also serve at starting point for the design
of experiments to test the predictions, for example by mutagenesis.
It is often the synergistic combination of modeling and experiment
that allows to answer challenging biological questions.
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Table 2

Fig. 6 Summary of HADDOCK protocol illustrated by the docking run between the
calpain domain VI and the calpastatin inhibitory domain C. In green, the three start-
ing conformations provided to HADDOCK. In white, the protein (calpain) rendered
as a surface, in black the crystal conformation of the peptide as found in the bound
complex PDB file and in purple, a near-native model corresponding to HADDOCK’s
third best ranked structure (here the first model of the second cluster)

Comparison of two best clusters from HADDOCK for 1NX1 modelling run

Cluster 1 Cluster 2
HADDOCK score (average) -100.7+10.6 -89.8+7.8
Cluster size 30 28
RMSD from the overall lowest-energy structure (A) 2.1+0.2 1.8+0.2
Z-score -2.3 -1.1
i-RMSD from reference structure for best four structures (A) 3.9+0.3 1.9+0.3
5 Notes

1. Note that the server does support N-acetylated and C-amino
termini. This can however not be specified in the web form,
but must be done by editing the coordinates file of the peptide
molecule and adding residues at the N- and C-termini, respec-
tively, named ACE/CTN (for example adding a GLY at the
termini and rename it to ACE /CTN, respectively; HADDOCK
will take care of removing/adding the necessary atoms).
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. This feature will be available in the next release of the web

server and is available in the local installation of HADDOCK
upon request.

For very short peptides, this value might be further decreased.

4. The PDB files provided to HADDOCK have to be correctly for-

10.

matted to avoid any issues during the simulation process. Any
chainID and/or segID should be removed from the input PDBs
and there should be no overlap in residue numbering. This can be
done for example using the PDB cleaner website (http://www.
igs.cnrs-mrs.fr/Caspr2 /magicPDB.cgi) [37]. Missing atoms in
the PDB files are not problematic since HADDOCK will rebuild
them based on the topology files of the force field.

. Defining the largest molecule as first molecule for docking is

important for the final clustering because the structures are
first fitted on the interface residues of the first molecule and
then the RMSD is calculated on the interface residues of the
second molecule. The interface residues are defined from an
analysis of contacts in the generated models (at it]l and water,
respectively). Defining the largest molecule first should thus
result in a better fitting.

The charge state of the termini has to be properly set depend-
ing on the system under study: naturally occurring peptide
with charged termini or peptide fragment extracted from a
protein (typically loop or intrinsically disordered region),
which should be uncharged ... (see also Note 1).

The Z-score indicates how many standard deviations from the
average a cluster is located in terms of its HADDOCK score.
So the more negative the better.

. All reported RMSDs are calculated with respect to the lowest

scoring model (the best model according to the HADDOCK
score). The i-1-RMSD, which is used for clustering, is calculated
on the interface backbone atoms of all chains except the first one
after fitting on the backbone atom of the interface of the first
molecule. The i-RMSD is calculated by fitting on the backbone
atoms of all the residues involved in intermolecular contacts
within a cutoff of 10 A. The I-RMSD is obtained by first fitting
on the backbone atoms of the first molecule and then calculat-
ing the RMSD on the backbone atoms of the remaining chains.

. The FCC stands for Fraction of Common Contacts and is calcu-

lated by comparing the lists of contacts at the interface between
the protein and the peptide chain in the reference structure and
the model structure. A contact is defined when two residues
from different chains of the complex are closer than 5 A from
each other. The FCC is then the percentage of common residue
pairs shared between a model and the reference structure.

We define a successtul case a case for which at least one accept-
able model is present in the final 400 models generated.


http://www.igs.cnrs-mrs.fr/Caspr2/magicPDB.cgi
http://www.igs.cnrs-mrs.fr/Caspr2/magicPDB.cgi
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