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Chapter 18

Information-Driven Structural Modelling  
of Protein–Protein Interactions

João P.G.L.M. Rodrigues, Ezgi Karaca, and Alexandre M.J.J. Bonvin

Abstract

Protein–protein docking aims at predicting the three-dimensional structure of a protein complex starting 
from the free forms of the individual partners. As assessed in the CAPRI community-wide experiment, the 
most successful docking algorithms combine pure laws of physics with information derived from various 
experimental or bioinformatics sources. Of these so-called “information-driven” approaches, HADDOCK 
stands out as one of the most successful representatives. In this chapter, we briefly summarize which 
experimental information can be used to drive the docking prediction in HADDOCK, and then focus on 
the docking protocol itself. We discuss and illustrate with a tutorial example a “classical” protein–protein 
docking prediction, as well as more recent developments for modelling multi-body systems and large 
conformational changes.

Key words Biomolecular interactions, Information-driven docking, Conformational changes,  
Multi- body docking, HADDOCK, Molecular modelling

1 Introduction

Docking is defined as the modelling of the three dimensional (3D) 
structure of a molecular complex from its known unbound 
 constituents. It was developed to aid in the structural elucidation 
of transient or weak interactions, which can be challenging to char-
acterize experimentally due to, for example, difficulties in crystal-
lization or because the molecular weight rules out a thorough 
classical NMR analysis. The advent of explicit treatment of molec-
ular flexibility, together with better and more efficient algorithms 
for both sampling and scoring, has earned docking a solid reputa-
tion amongst experimentalists. In turn, this attention brought new 
challenges such as the prediction of large molecular assemblies, 
protein–nucleic acid complexes, high-throughput predictions of 
entire metabolic pathways, or understanding the molecular origins 
of binding affinity and specificity [1, 2].
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Docking predictions rely usually on a combination of shape 
complementary and some energy functions to define the confor-
mational landscape of the interacting molecules and identify near- 
native models, respectively. Since most of these functions are 
borrowed from molecular dynamics and structure prediction 
software, they suffer from the same limitations due to their approx-
imate character [3]. To gain the upper hand, available (experimental) 
information was incorporated into the algorithms to greatly 
enhance their accuracy. In fact, this approach—information-driven 
docking—has become the most reliable and successful in the dock-
ing community, as shown in the latest assessment of the community- 
wide docking assessment experiment (CAPRI) [4, 5].

Traditionally, information was incorporated in docking predic-
tions as a post-sampling filter. This filter approach is simple and 
straightforward: it first blindly generates a large pool of models and 
then removes or penalizes models that do not agree with the data. 
Its disadvantage lies in the need for a large number of solutions that 
should cover, ideally, the entire conformational search space. Often, 
as in the case of large or extremely flexible systems, the computa-
tional cost associated with exhaustive sampling of the search space is 
prohibitively high. Therefore, an alternative is to incorporate the 
data directly during the sampling stage—the so- called information-
driven docking. This effectively biases the algorithm to visit only 
regions of the interaction space that respect the information contained 
in the data and thus enriches the pool of generated models with 
“correct” models, provided of course the information is correct 
(which can be a pitfall of data-driven approaches) [6].

HADDOCK is an information-driven docking software [7] 
that was originally adapted from the NMR automated structure 
determination approach ARIA [8]. It uses CNS (Crystallography 
and NMR System) [9, 10] as computation engine and, as such, has 
access to a variety of energy functions that allow inclusion of 
various NMR-derived parameters such as chemical shift perturba-
tions, NOE distances, residual dipolar couplings, and pseudo-
contact shifts to drive the docking prediction (please see the 
Chapter 16 by Vranken et al. for a description of the various NMR 
data). Throughout the years, HADDOCK has been extended to 
support other types of information commonly generated in the 
“wet-lab” such as mutagenesis, chemical cross-linking, and SAXS, 
as well as “dry-lab” interface predictions from bioinformatics 
methods [11–13]. How this information is incorporated into 
HADDOCK depends on its characteristics. For instance, informa-
tion such as NMR chemical shift perturbation (CSP), alanine scan-
ning mutagenesis, chemical cross-linking, or EPR distances are 
translated into distance restraints. These restraints can have differ-
ent levels of accuracy and ambiguity (one-to-many or one-to-one 
relationships, i.e., some highly ambiguous, e.g., from CSP, 
some very specific, e.g., EPR distances). These are generally 
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implemented as an additional term in the energy function used to 
describe the conformational landscape. Lower resolution sources 
of information such as SAXS, Cryo-EM, or collision cross-section 
data (CCS) from ion-mobility mass spectrometry are currently 
used only for scoring in HADDOCK; this is done by measuring 
the discrepancy between the structural properties back-calculated 
from the generated models and the experimentally measured  
values. Information about the radius of gyration of the molecule 
can also be extracted from SAXS data; this one-dimensional value 
can in principle also be restrained during the sampling.

In this chapter, we will focus on information-driven docking 
with HADDOCK and describe how different types of data can be 
used in the modelling. We will illustrate this in a protocol example 
making use of HADDOCK and NMR chemical shift perturbation 
data to model the phosphoryl transfer complex between the signal 
transducing proteins HPr and IIa(glucose) of E. coli (PDB entry 
1GGR) [14].

2 Theory

This section briefly discusses various useful information sources, 
how these can be used to drive docking predictions, and describes 
the HADDOCK strategy to produce structural models of biomo-
lecular complexes. Since HADDOCK uses CNS for its structure 
calculations, details on the implementation of particular restraint 
type is best found in the CNS Web site (http://cns-online.org/
v1.3) or related publications [9, 10].

The majority of data derived from NMR, such as NOE inter- proton 
distances, hydrogen bonds, residual dipolar couplings, relaxation 
diffusion anisotropy, pseudo-contact shifts and paramagnetic relax-
ation enhancements, can be applied directly to docking. Please refer 
to the Chapter 16 for a detailed explanation of these restraints.

Some NMR experiments and other techniques particularly 
useful for the structural elucidation of interactions are shortly 
described below.

Chemical Shift Perturbations are a simple strategy to identify 
regions of a protein that interact with the partner molecule. Atomic 
nuclei register changes in their chemical environment as small per-
turbations in their well-defined chemical shifts. By labelling one of 
the components of the complex and titrating the other partner 
unlabelled, it is possible to follow which chemical shifts are dis-
placed when compared to the spectra of the isolated partner, since 
the proximity of the partner will alter the chemical environment of 
those residues in the interface. The reverse experiment (first part-
ner unlabelled and second labelled) can be done to map the 

2.1 Sources 
of Information 
for Data-Driven 
Docking

2.1.1 Common NMR 
Structural Information 
Sources

2.1.2 NMR Chemical 
Shift Perturbations
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interface on the other partner. The downside of this technique is 
that it cannot distinguish between perturbations caused by the 
proximity of the partner molecule and those caused by allosteric 
effects, conformational changes upon binding, or solvent reshuf-
fling at the interface.

In cross-saturation experiments, one of the interacting partners is 
2H/15N uniformly labelled. The only observable protons are those 
that can exchange back with protons of water (e.g., amide pro-
tons). Upon irradiation with a radiofrequency pulse, the unlabeled 
protein protons become instantly saturated due to spin diffusion 
effects. Afterwards, cross-relaxation phenomena transfer this satu-
ration to neighboring interfacial protons on the labelled protein, 
reducing their peak intensity in a 15N HSQC spectrum. Reversing 
the labelling on the partners allows this experiment to pinpoint 
accurate information on the binding interface. Since this experi-
ment relies on direct through-space interactions, it is more reliable 
than chemical shift perturbation experiments, particularly for inter-
actions where large conformational changes occur upon binding.

H/D exchange provides information on the solvent accessible resi-
dues of a protein. In a deuterated medium, amide protons exposed 
to the solvent exchange rapidly while those buried by the protein 
structure do not. Upon interaction, the interface of the proteins 
also becomes inaccessible to solvent exchange. Following this event 
by either NMR with 15N HSQC spectra or by mass spectrometry 
reveals the solvent-accessible surface of the bound complex and, 
indirectly, the interfacial residues.

Pseudocontact shift (PCS) experiments require a paramagnetic ion 
attached to the protein, much like paramagnetic relaxation 
enhancement experiments, and are usually measured in 15N HSQC 
or 13C HSQC spectra [15]. When comparing a reference (diamag-
netic) spectrum with a paramagnetic spectrum recorded in the 
presence of, for example, a paramagnetic lanthanide ion, PCSs can 
be measured as the differences in the chemical shifts between both 
spectra. Intramolecular PCSs can be used to optimize the ΔΧ ten-
sor parameters of the protein to which the lanthanide is attached, 
while intermolecular PCSs can be used to obtain the anisotropic 
tensor ΔΧ parameters with respect to the second protein. Since 
both ΔΧ tensors are theoretically equal, they can be used to derive 
relative orientations between the two interacting proteins. 
Furthermore, given the distance-dependence of the PCS effect, 
this experiment also provides (long-range) distance information 
between the proteins.

Residual dipolar couplings (RDCs) are a chemical phenomenon 
manifested as an increase or decrease in the magnitudes of multi-
plet splittings that can be seen in undecoupled NMR spectra [16]. 

2.1.3 NMR 
Cross-Saturation

2.1.4 Hydrogen/
Deuterium Exchange

2.1.5 NMR 
Pseudocontact Shifts

2.1.6 Residual Dipolar 
Couplings
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These couplings can be measured in solution by inducing a weak 
alignment of the molecule, which can be done using a variety of 
methods [17]. RDCs provide information on the orientation of 
the internuclear vector of the two atoms for which the RDC is 
measured (e.g., N–C, N–H) with respect to the three global axes 
of the alignment tensor. This information can be used in the 
context of docking to orient the binding partners with respect to 
each other, thus reducing the number of degrees of freedom to be 
sampled during the docking calculation [18, 19].

NOE-derived distances are typically short, below 5–6 Å. Larger 
distances can be reported by other experimental sources, such as 
chemical cross-linking detected by mass spectrometry (the distance 
depends on the linker length and flexibility), EPR (20–80 Å), 
FRET (~50 Å). These can be used to define upper limits in the 
docking predictions. These techniques been used, for instance, in 
the characterization of very large molecular assemblies that are not 
amenable to NMR [20–22].

Low-resolution information obtained through Cryo-EM, SAXS, 
and CCS experiments provide overall shape information that can 
be used either to limit the conformational space search in sampling 
stages, or to filter “incorrect” models after the sampling. Cryo-EM 
information is often simpler and faster to obtain compared to 
NMR experiments, in particular for very large multi-body assem-
blies like chaperonins or the nuclear pore complex, since there are 
less requirements for sample preparation and there is no peak 
assignment step to be carried out, although it still requires plenty 
of manual intervention and can become challenging when confor-
mational heterogeneity is present. The resulting electron density 
maps allow, depending on the resolution, the identification and 
positioning of the interacting partners in the density map. SAXS 
provides a scattering curve and allows the calculation of the radius 
of gyration of the assembly. It can also be used to generate molecu-
lar envelopes that can be used in a similar manner as Cryo-EM 
maps. Collision Cross Section (CCS) data from ion mobility mass 
spectrometry provides a rotationally averaged two-dimensional 
projection of the molecules. Currently, HADDOCK implements 
SAXS (and CCS data) as a filter [23]. These can be best used after 
the rigid-body energy minimization step, and only for complexes 
whose components show asymmetry in their molecular shapes.

In the absence of experimental data, there is a wealth of information 
stored in sequence and structure databases that can be manipu-
lated to provide predictions on the interface of the complex [11]. 
Of the many algorithms and Web servers available to predict pro-
tein interfaces, one is routinely used in tandem with HADDOCK: 
CPORT [24]. This server makes use of the structure of the free 
proteins to search for possible interfacial residues by sequence and 

2.1.7 Long Distance 
Information

2.1.8 Low-Resolution 
Shape Information 
(Cryo-EM, SAXS, CCS)

2.1.9 Bioinformatics 
Predictions
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structure homology. Other approaches based on correlated mutation 
from evolutionary records have been proposed that predict 
unambiguous contacts between interacting partners [25, 26].

Docking and flexible refinement in HADDOCK are performed in 
three successive stages:

 – it0: Rigid-Body Energy Minimization (RBEM).
 – it1: Semi-Flexible Simulated Annealing (SA) in Torsion Angle 

Space (TAD/SA).
 – water: Restrained Molecular Dynamics in Explicit Solvent.

These are preceded by a structure/topology generation stage 
that rebuilds missing atoms if necessary and a post-processing stage 
in which various energy terms, restraint violations, and intermo-
lecular contact are analyzed.

In the initial docking stage, the interacting partners are first separated 
in space and each is randomly rotated around its center of mass to 
remove any orientational bias. They are then subjected to a rigid-
body energy minimization protocol, where first only the orientation 
of the partners is optimized, and then both rotations and translations 
are allowed, effectively resulting in the docking of the molecules. 
Given the fast calculation of each docking model at this stage, it is 
typically worth generating a large number of models to cover the 
interaction space. By default, 1,000 are written to disk, although 
10,000 are sampled—each model is the result of five internal docking 
trials with, for each, the 180°-rotated solution around the normal to 
the interface being sampled as well. These models are then ranked 
according to the HADDOCK score (see below), and a fraction of 
these is selected for further flexible refinement—typically 200.

The second stage of the HADDOCK protocol fine-tunes each com-
plex by flexible refinement of its interface. This second stage starts 
with a rigid-body SA step to optimize the orientation of the compo-
nents. Then, the side chains of the interface—automatically defined 
for each docking model as all residues within 10 Å of a partner 
molecule—are allowed to move in a second SA stage. A third and 
final SA stage optimizes both backbone and side-chains of the inter-
face residues to allow for some conformational rearrangements. 
Finally, a short energy minimization in Cartesian space relaxes the 
models. A new ranking of the models is produced at this step, but, 
usually, all models are allowed to undergo the third and final 
refinement step in explicit solvent.

By default, both the RBEM and TAD/SA stages do not include 
any explicit description of the solvent (see Note 1). The docking is 
performed in vacuum with a dielectric constant (ε) of 10 for the 
electrostatic Coulomb energy term (should be set to 78 in case of 

2.2 Protein–Protein 
HADDOCKing

2.2.1 Docking Protocol

Rigid-Body Energy 
Minimization (RBEM, 
it0)

Semi-flexible 
Simulated Annealing 
in Torsion Angle Space 
(TAD/SA, it1)

Restrained Molecular 
Dynamics in Explicit 
Solvent (Water)
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protein–DNA docking). To improve the network of hydrogen 
bonds and electrostatic interactions at the interface, as well as 
increase the realism of the prediction, the third and final step of the 
HADDOCK protocol is a short restrained molecular dynamics 
simulation in Cartesian space in a shell of explicit solvent, either 
TIP3P (water, 8 Å shell) or DMSO (lipid-mimic, 12.5 Å shell).

All structure calculations in HADDOCK are bound to a set of 
energetics terms, which together form the HADDOCK score. 
This score is a weighted sum of terms whose weights depend on 
the stage of the HADDOCK protocol:

 – (it0) E = 0.01 EvdW + 0.1 Eelec + 1.0 Edesolv – 0.01 BSA + 0.01 EAIR

 – (it1) E = 1.0 EvdW + 1.0 Eelec + 1.0 Edesolv – 0.01 BSA + 0.1 EAIR

 – (water) E = 1.0 EvdW + 0.2 Eelec + 1.0 Edesolv + 0.01 EAIR

where the van der Waals and electrostatic energy terms, EvdW and 
Eelec, are represented by Lennard–Jones and Coulomb potentials, 
Edesolv is an empirical desolvation term developed by Fernandez-
Recio et. al. [27], BSA is the buried surface area of the model in 
Ångstrom, and EAIR is the energy reflecting the accordance of the 
model to the input restraints (the distance-based ones). Other 
terms might be included, such as Esym for symmetry restraints or 
ERDCs for residual dipolar coupling, depending on the application.

HADDOCK models are not analyzed on a per model basis. Instead, 
it is assumed that groups of structurally similar models with overall 
low HADDOCK score are the best representatives of the near- 
native conformation. To form these groups, HADDOCK offers 
two clustering algorithms. The default choice in HADDOCK2.2 is 
a contact-based algorithm that groups models based on the simi-
larity of their contact networks at the interface—fraction of com-
mon contacts (FCC) [28]. This is particularly efficient for large 
molecules, multi-body assemblies, and symmetrical complexes. 
The other choice is a standard RMSD-based clustering algorithm 
[29] that uses the backbone interface-ligand RMSD as a distance 
measure. The backbone interface-ligand RMSD is calculated by 
first fitting the models on the interface of the first component of 
the complex (which should be the largest). Then, the RMSD is 
computed on the interface of the remaining components. The 
defaults cutoffs for each algorithm are 0.75 for FCC clustering and 
7.5 Å for backbone interface-ligand RMSD.

Several experimental techniques provide information on residues 
that are potentially involved in the interaction, but fail to report on 
the specificity of the residue pair interactions (i.e., they produce 
surface patches but not the specific pairwise residue contacts). 
HADDOCK implements this information as Ambiguous Interaction 
Restraints (AIRs). This concept, similar to ambiguous NOEs [30], 
is designed to create an attraction between the interfaces during the 

2.2.2 HADDOCK Score

2.2.3 Clustering of Final 
Solutions

2.3 Restraints 
Implemented 
in HADDOCK

2.3.1 Ambiguous 
Interaction 
Restraints (AIRs)
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docking without favoring a particular orientation. To support this 
implementation, HADDOCK divides interacting residues in two 
classes—active and passive—that differ in their contribution to the 
binding event. Active residues are usually those involved directly in 
the interaction, for which there is strong experimental or predictive 
information, while passive residues comprise those that are surface 
accessible neighbors of active residues. Active residues will be forced 
to be at the interface, otherwise generating a restraint violation, 
while passive residues may or may not be at the interface (if not, no 
violation is generated). AIRs are generated between each active 
residue on one partner and all active and passive residues on the 
other partner(s). The total number of AIRs is equal to the sum of 
active residues. False negatives (missing information) are dealt with 
usually by automatic definition of passive residues, while false posi-
tives can be minimized by randomly removing a fraction (50 %, by 
default) of the restraints for each docking trial. Internally, 
HADDOCK (or rather CNS) uses lists of active and passive residues 
for each interacting partner to define an effective distance for each 
active residue. This distance is defined between an active residue i 
of protein A and all active and passive residues of protein B as,
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where NA atom indicates all atoms of residue i on protein A, NresB 
indicates each active and passive residue on protein B, NB atom indi-
cates all atoms of the residue k on protein B, and d is the Euclidean 
distance between atoms miA and nkB. The effective distances are 
restrained to a target value by a flat bottom harmonic potential 
with upper and lower bounds. This potential switches to a linear 
potential beyond the upper bound to avoid large forces that could 
cause the calculations to fail. By default, HADDOCK sets the 
effective upper bound to 2 Å and the lower bound to 0 Å (the van 
der Waals energy term prevents potential atom overlap), meaning 
that if an effective distance deff greater than 2 Å separates pair of 
restrained residues, these feel an attractive force. This seemingly 
small distance is a by-product of the mathematical formula  
(it grows smaller with the number of distances entering the sum), 
and in reality translates to real distances of 3–5 Å between atoms of 
the active/passive residues in the model.

When the information is sufficiently accurate to allow unambigu-
ous pairing of atoms or residues between partner molecules, it is 
possible to incorporate it in HADDOCK as unambiguous distance 
restraints. These use the same functional form of the distance 
restraining potential as the AIRs (flat bottom harmonic potential 
with upper and lower bounds transitioning to a linear potential 

2.3.2 Unambiguous 
Distance Restraints
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after the upper bound to avoid large forces). In practice,  ambiguous 
and unambiguous boils down to the syntax in which the restraints 
are written: either with multiple atom selections linking one resi-
due or group of atoms to many in the partner molecule, or just to 
one specific pair of atoms. The main difference is that unambigu-
ous restraints are never randomly discarded while ambiguous 
restraints are by default. Ambiguous and unambiguous distance 
restraints can therefore be combined and written in any of the two 
types of distance restraint files. Next to these two types, HADDOCK 
also allows the definition of a third class of restraints as hydrogen 
bond restraints. These are treated in a similar manner as unambigu-
ous restraints. Each restraint file can be activated or deactivated at 
various stages of the protocol.

If there is a priori information that hints or determines that the 
complex assumes a symmetrical arrangement, it is possible to 
incorporate this in the docking prediction and thus restrict quite 
substantially the conformational search space. HADDOCK sup-
ports several types of cyclic and dihedral symmetries, implemented 
through combinations of symmetrical distance restraints [31, 32]: 
C2, C3, C4, D2, and C5. Next to the symmetry restraints, 
non- crystallographic symmetry restraints (NCS restraints) can also 
be defined: these ensure that two molecules are similar without 
imposing any symmetry operation between them, equivalent to 
restraining the RMSD between the two molecules to be zero.

To ensure compactness of solutions, for example when using sym-
metry restraints without experimental information, HADDOCK 
allows the definition of distance restraints between the geometric 
centers of mass of the molecules (based only on CA atoms). These 
so-called center of mass restraints can also be used when there is no 
information about the binding interface (ab initio docking), albeit 
with a lower chance of success since the only factor in play are the 
physical terms of the scoring function.

Next to the distance-based restraints defined above, HADDOCK 
supports a variety of orientational restraints from NMR, including 
residual dipolar couplings [19] and relaxation anisotropy data that 
are useful in defining the relative orientation of the molecules, and 
pseudo-contact shifts that provide both distance and orientational 
information [33]. For details refer to the Chapter 16.

3 Materials

The following Subheading 4 describes an example protocol on 
the usage of HADDOCK to model the interaction between two 
proteins by using experimental information. In order to follow the 
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Restraints
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Restraints
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example, the reader must have a number of software programs 
installed on his/her computer, together with the data provided in 
the Extra Materials (extras.springer.com). The protocol should be 
run on a GNU/Linux system (or under Mac OSX).

HADDOCK can be obtained free of charge for academic users at 
http://nmr.chem.uu.nl/haddock. In principle, little is required to 
install and configure HADDOCK (detailed instructions are pro-
vided with the software). Also, a mailing-list is available to all cur-
rent and potential users to provide advice and troubleshooting for 
any problem(s) encountered during installation and usage (http://
groups.yahoo.com/group/haddock-discuss). Furthermore, the 
WeNMR project provides several tutorials, tips, and a help center 
related to HADDOCK and might also be of interest to all users 
(http://www.wenmr.eu/wenmr/support/documentation/nmr- 
services/haddock). Finally, a Web server version of HADDOCK is 
also available, free of charge for academic users that offers a user- 
friendly interface to all the powerful features of this docking soft-
ware (http://www.haddocking.org).

CNS can be obtained free of charge for academic users at http://
cns-online.org/v1.3. The usage of particular experimental informa-
tion to drive the docking, such as pseudo-contact shifts (PCS) 
requires the installation of an additional module and recompilation of 
CNS. Otherwise, the binaries provided at the Web address are suffi-
cient to run HADDOCK. HADDOCK v2.2 is designed for CNS 
v1.3, so ensure that the versions of the software are appropriate.

The ProFit software calculates the root mean square deviation of 
atomic coordinates between molecules. It is designed to “be the 
ultimate protein least squares fitting program” and it supports a 
powerful zone selection syntax. It can be obtained free of charge 
for academic users at the author’s Web site (http://www.bioinf.
org.uk/software/profit/).

NACCESS is a software program that uses the Lee & Richards 
method [34] to calculate the solvent accessible area of a molecule 
from its three-dimensional PDB coordinates. It is available free of 
charge to academic and nonprofit organizations (http://bioinf.
manchester.ac.uk/naccess/).

PyMOL is an open-source molecular visualization system offering 
a large number of features and extensible through Python scripts. 
It is available in several formats depending on the affiliation and 
needs of the user at www.pymol.org.

3.1 HADDOCK v2.2

3.2 Crystallography 
and NMR Suite (CNS) 
v1.3

3.3 ProFit

3.4 NACCESS

3.5  PyMOL
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Grace is a simple 2D plotting software program that can be 
obtained free of charge here: http://plasma-gate.weizmann.ac.il/
Grace.

4 Methods

We describe here the use of the HADDOCK2.2 package for the 
modelling of a protein–protein complex using chemical shift per-
turbation data. We will use data from the haddock2.2/exam-
ples/e2a-hpr directory. You should first copy this directory to 
the directory you are working in (see Note 2):

 

Make sure that your input models are compliant with the PDB 
format, particularly, the presence of an END statement as the last 
line of the file. Furthermore, the segment identifier (characters 
73–76 in each ATOM statement) and chain identifier fields (charac-
ter 22 in each ATOM statement) should be empty strings (i.e., filled 
with spaces). If you use a crystal structure, make sure that there are 
no double occupancies or residue insertions. If you are using an 
ensemble of models, split the file in individual files that contain 
only one structure (see Note 3).

As input data, you should combine chemical shift perturbation 
data (or other data indicating residues at the interface) and solvent 
accessibility data calculated with NACCESS: use only those 
residues that have both a high enough chemical shift perturbation 
(see Note 4) and a high enough relative accessibility. In the exam-
ple, the residue solvent accessibilities calculated with NACCESS 
are already provided in the files e2a_1F3G.rsa and hpr/hpr_
rsa_ave.lis (the latter containing the average for the 10 start-
ing models for hpr). From these files you can select the residues 
with high enough (e.g., >~40 %) accessibility (see Note 5). You 
could calculate the accessibility values yourself using the following 
command:

 

Passive residues are defined as the solvent accessible surface neigh-
bors of active residues. To define and visualize them you can use a 
molecular visualization program, for example PyMOL,

 

3.6 Grace (xmgrace)

4.1 Modelling 
of Complexes with 
HADDOCK

4.1.1 Preparation of PDB 
Files and Input Data

4.1.2 Definition of Active 
and Passive Residues
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Start by coloring the active residues, for example in red. Then, 
filter out the residues with a low solvent accessibility, using either 
the output of NACCESS, recommended, or an embedded tool of 
the visualization program (e.g., get_area command in PyMOL). 
Next, select all surface neighbors within a certain cutoff radius (e.g., 
5 Å), and that are solvent accessible, to define the passive residues 
and color them for example in green. In the e2a-hpr example, 
several PyMOL scripts are provided with the respective residues 
already colored according to this scheme: e2a_pymol_active.
pml, e2a_pymol_active_passive.pml and similar for hpr. 
You can load these scripts in PyMOL using the following 
commands:

 

You will use the active and passive residues for both molecules 
to generate Ambiguous Interaction Restraints (AIRs); for this go 
to the HADDOCK GenTBL service (http://haddock.chem.
uu.nl/services/GenTBL/) and follow the instructions. You should 
save the resulting file as ambig.tbl in the working directory; 
note that, in the e2a-hpr example directory, an example file 
named e2a- hpr_air.tbl is already present and can be used for 
comparison (see Note 6).

To set up a new run, go to the project setup page on http://www.
nmr.chem.uu.nl/haddock, click on “start a new project” and fol-
low the instructions. Depending on the experimental data you 
have available, you can input various data files such as ambiguous 
restraints, unambiguous restraints, RDCs etc. PCS restraints are 
not yet supported in the Web site, but an example case is provided 
with the HADDOCK software. After saving the new.html file to 
disk, type haddock2.2 in the same directory. This will generate a 
run directory containing all necessary information to run haddock. 
An example of a new.html file can be found in the e2a-hpr 
directory as new.html-refe. (see Note 7) and is displayed 
below. Such a file can in principle also be created by manual 
editing.

4.1.3 Setup of a New 
Run: new.html
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The next step is to define all parameters to perform the docking 
run. For this, enter the newly created directory:

 

You will find a file called run.cns containing all the parame-
ters to run the docking, which deserves special attention. You need 
to edit this file and define a few parameters such as the location of 
the CNS executable and the queue command to use. Other options 
such as the semi-flexible segments at the interface, or fully flexible 
segments (see Note 8), the number of models to generate at each 
stage, the clustering algorithm and cutoff, and the force constants 
for the several energy terms are also defined there. You can edit 
your run.cns file manually or via “Project Setup” on http://
www.nmr.chem.uu.nl/haddock. More information is available via 
the “run.cns” option in the manual section on http://www.nmr.
chem.uu.nl/haddock.

4.1.4 Run.cns
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To actually start the docking run with HADDOCK type in the 
directory containing the run.cns file (see Note 9).

 

As more extensively explained in Subheading 2 before and 
“the docking” section in the HADDOCK manual, the entire pro-
tocol consists of three stages. An initial topology and structure 
generation step validates and builds the structure files to be used in 
the docking. The initial models as provided by the user are written 
to data/sequence/.

●● Topology and model generation. The resulting topologies  
(*.psf) and coordinates (*.pdb) files are written to the 
begin/directory (see Notes 10 and 11). There is one output 
file per chain—generate_X.out, where X is the segment 
identifier given in run.cns—that must be checked for errors 
if there is a problem at this stage (see Note 12).

●● Randomization and rigid body energy minimization. The 
docked models are written to structures/it0/. When all 
models have been generated, HADDOCK will write the PDB 
files with names sorted according to the HADDOCK score 
(weights defined in the run.cns) to file.cns, file.list, 
and file.nam in the same directory. The number of trials 
(ntrials, by default 5) and the sampling of 180° rotated 
solutions (rotate180_0, by default true) can be modified in 
run.cns.

●● Semi-flexible simulated annealing. The best models after rigid 
body docking (defined at structures_1 in run.cns  
and by default 200) will be subjected to a semi-flexible simu-
lated annealing (SA) in torsion angle space. The temperatures 
and number of steps for the various stages are also defined in 
run.cns. The resulting refined models are written into 
structures/it1. The numbering of the file names reflects 
their rank from the previous step (e.g., complex_1.pdb is 
the refined best ranked structure in it0 according to the 
HADDOCK score). At the end of the calculation, HADDOCK 
generates the file.cns, file.list, and file.nam files as 
in the previous stage (see Note 13). At the end of this stage, 
the models are analyzed and the results are placed in the 
structures/it1/analysis directory (see the analysis 
sections below).

●● Flexible explicit solvent refinement. The choice of the solvent in 
which to refine the models is defined in run.cns (solvent) 
and can be either water or dmso. The resulting models are 
written in the structures/it1/water directory. The 
numbering in the files here matches that of the previous stage 
(e.g., complex_1w.pdb is the water refined complex_1.

4.1.5 Docking Run
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pdb of it1). At the end of the explicit solvent refinement, 
HADDOCK generates the file.cns, file.list, and file.
nam files. Finally, the models are analyzed and the results are 
placed in the structures/it1/water/analysis direc-
tory (see the analysis sections).

A number of analysis scripts are automatically run after the semi- 
flexible and explicit solvent refinement stages and the results placed 
in structures/it1/analysis and structures/it1/
water/analysis, respectively. Here we discuss a few of the 
most relevant output files.

 – e2a-hpr_fcc.disp: contains the pairwise FCC matrix; this 
file is used as input for FCC clustering. If the clustering algo-
rithm is RMSD, then the filename is e2a-hpr_rmsd.disp. 
The FCC measure, unlike RMSD, is asymmetric (FCC(AB) 
≠ FCC(BA)) so it produces a full matrix.

 – cluster.out: contains the clusters generated from the 
abovementioned matrix. The clusters are numbered according 
to their size (number of models in the cluster) and not accord-
ing to their HADDOCK score. This is related to the algorithm 
used to cluster the models.

 – noe.disp: contains the number of distance restraints viola-
tions per structure and averaged over the ensemble over all 
distance restraint classes and for each class (unambiguous, 
ambiguous, hbonds) separately. Similar files are generated 
when you have RDC (sani.disp), relaxation anisotropy 
(dani.disp), or PCS (pcs.disp) restraints.

 – energies.disp: contains the various energy terms per 
model and averaged over the ensemble.

 – ana_*.lis: there is a set of files called ana*.lis where * can 
be dihed_viol, dist_viol_all, hbond_viol, hbonds, nbcontacts, 
noe_viol_all, noe_viol_ambig, noe_viol_unambig. The “viol” 
refers to violations, and those files contain listings of violations 
including the number of times a restraint is violated as well as 
the average distance and violation per restraint. In addition, 
ana_hbonds.lis gives a listing of hydrogen bonds, and 
ana_nbcontacts.lis a listing of non-bonded contacts.

 – ene-residue.disp: contains intermolecular energies for all 
interface residues.

 – nbcontacts.disp: contains non-bonded contacts.

An important part of the analysis needs to be performed manually. 
A number of analysis scripts and programs are provided in the 
tools directory. These allow you to collect various statistics on the 
generated models and more importantly to perform re-clustering of 
solutions and their analysis on a per-cluster basis.

4.1.6 Automatic Analysis

4.1.7 Manual Analysis
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 – Collecting statistics of the models with ana_structure.csh: This 
script should be run once the file.list file has been created. 
It extracts various energy terms, violation statistics, and the 
buried surface area from each PDB file and calculates the 
RMSD of each structure compared to the lowest energy one (if 
the location of ProFit is defined (see installation and software 
links on http://www.nmr.chem.uu.nl/haddock)). The output 
are several files named “structures*.stat” that contain 
the same information sorted in different ways. Usually, the 
most important file is structures_haddock- sorted.
stat. From this file, you can generate a plot of the HADDOCK 
score as a function of the RMSD to the lowest energy model 
and investigate if the run produces an “energy funnel,” mean-
ing that the low energy models should have small RMSD val-
ues and the high energy models should have large RMSD 
values (see Fig. 1). A script called make_ene-rmsd_graph.
csh is provided in $HADDOCKTOOLS and it produces a Grace 
compatible plot file. Specify two columns to extract data from 
and a filename:

This will generate a file called ene_rmsd.xmgr, which 
you can display using xmgrace:

 

Fig. 1 Plot of HADDOCK scores versus interface RMSD from the lowest energy model for the three stages of 
the docking protocol (blue, green, and red, for it0, it1, and water refinement, respectively). One can clearly see 
a funnel at low RMSD values becoming more apparent after flexible refinement
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 – Clustering of solutions: The clustering is run automatically in it1/
analysis and it1/water/analysis, based on the criteria 
defined in the run.cns file. However, try using different cutoffs 
for the clustering since it is difficult to know a priori the best 
RMSD/FCC cutoff. This value depends on the system under 
study and the number of experimental restraints used to drive the 
docking (see Note 14). For FCC clustering, the script to use it 
cluster_fcc.py, while for RMSD clustering, use the C pro-
gram cluster_struc (this should have been compiled during 
the installation of HADDOCK). The scripts read the appropriate 
e2a-hpr_*.disp file containing the pairwise matrix and gen-
erate clusters. The usage is (in the analysis directory):

 
 or

 

Here cutoff indicates the FCC/RMSD cutoff to deter-
mine if two models belong in the same cluster. For FCC clus-
tering, there are several options that can be modulated (type 
python cluster_fcc.py –h for the list and their expla-
nation). In the RMSD clustering script, min_size is the min-
imum number of models in a cluster (typically a number like 4) 
and -f is an optional full-linkage clustering algorithm.
In either case, the output looks like the following:

 

The numbers after the arrow correspond to the rank in 
file.nam. The “sorted” models are also in the analysis 
directory. For example, 2 corresponds to the second model in 
the analysis directory, which is the second structure listed in 
file.list in it1 or it1/water.

 – Analysis of the clusters with ana_clusters.csh: This script takes 
the output of the clustering script, by default analysis/
cluster.out, to perform an analysis of the various clusters, 
calculating average energies, RMSDs, and buried surface area 
per cluster. The  following runs the analysis on all clusters:

The -best # is an optional argument to generate addi-
tional files with cluster averages calculated only on the best (#) 
ranked models of a cluster according to their HADDOCK 
score. This recommended option allows removing the depen-
dency of the cluster averages on the size of the respective clus-
ters (see Note 15). The ana_clusters.csh script analyses 
the clusters in a similar way as the ana_structures.csh 
script, but in addition generates average values over the models 
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belonging to one cluster. It creates a number of files for each 
cluster containing the cluster number clustX in the name. It 
also creates files containing various averages over the clusters, 
cluster_xxx.txt; these contain the average and standard 
deviation of various terms such as intermolecular energy 
(xxx=ene) etc. Also, files combining all the above informa-
tion and sorted based on various criteria are provided: clus-
ters.stat that contains the various cluster averages and 
clusters_xxx-sorted.stat where xxx is the energy 
term according to which the values are sorted (e.g., xxx=ene 
for intermolecular energy, etc.). Again, the most relevant out-
put file is clusters_haddock-sorted.stat, or rather 
clusters_haddock- sorted.stat_bestX.

●● Rerunning the HADDOCK analysis on a cluster basis: Having 
performed the cluster analysis, you can now rerun the 
HADDOCK analysis for the best models of each cluster to 
obtain violation and energetics details and statistics. To run 
this analysis, we need the cluster-specific file.nam_clust#, 
file.list_clust# and file.cns_clust# files. A script in 
the tools/directory called make_links.csh will move the 
original file.nam, file.list and file.cns files to file.
nam_all, file.list_all, file.cns_all and the same 
with the analysis directory. It will then create links to the 
appropriate files (file.nam_clust#, …) and to a new 
analysis_clust#/directory.

For example, to rerun the analysis for the best 10 models of 
the first cluster type in the water directory:

 

The cd command brings you back into the main run directory 
from where you start again HADDOCK. Only the analysis of the 
best 10 models of the first cluster in the water will be run. Once 
this is finished, go to the respective analysis directory and inspect 
the various files. The RMSD from the average models should now 
be low (check rmsave.disp).

Having run the HADDOCK analysis on a cluster basis for each 
cluster, you should now have new directories in the water direc-
tory, called analysis_clustX_best10. Each of these analysis 
directories contains now cluster specific statistics. You can also 
visualize the clusters, using for example PyMOL. We provide a Perl 
script in the tools/directory, joinpdb, which allows concatena-
tion of the various PDB files into one single ensemble file:
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In general, the top ranked models of the cluster with the lowest 
HADDOCK score are considered the representatives of the bio-
logical system. However, scoring in docking remains a difficult 
problem and we do recommend, if possible, using additional inde-
pendent information to validate the results (e.g., mutagenesis 
data). The selected model should explain as much as possible all 
what is known about the system (see Fig. 2).

Although the previous example illustrates a canonical dimer docking, 
HADDOCK also supports more advanced protocols. Users can 
model large macromolecular complexes, address substrate- induced 
conformational changes, and deal with extremely flexible peptides. 
These protocols are briefly explained below.

HADDOCK allows users to include up to six molecules and dock 
them simultaneously [31]. Multi-body HADDOCKing, as this 
protocol is called, follows the same rules of the original pairwise 
docking protocol requiring only that each molecule is restrained to 

4.2 Other Docking 
Scenarios

4.2.1 Multi-body 
Docking

Fig. 2 Superimposition of the top model of the best scoring cluster onto the native 
structure (PDB ID 1GGR). The molecules were superimposed on backbone atoms 
of E2A, which is shown in white surface representation with the phosphorylated 
histidine colored according to the atom types (blue, red, and orange, for nitrogen, 
oxygen, and phosphorous, respectively). The HPR molecules are shown in cartoon 
representation (the model in blue and the native in peach) and the histidine resi-
due involved in the phosphate transfer in ball-and-stick. The model is in excellent 
agreement with the native structure (interface RMSD = 0.97 Å). The proximity of 
the two histidines across the interface, which was not defined as a restraint in 
HADDOCK, is consistent with the biological function of this phosphotransferase 
complex
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at least another one of the system. The restraints between the 
different molecules are defined with the same syntax described in 
the case of dimer docking, and can be generated via the Web server 
indicated before: http://haddock.chem.uu.nl/services/GenTBL/. 
Here, we recommend the user to also turn on center of mass 
restraints, in order to ensure the compactness of the resulting models. 
If there is any cyclic and/or dihedral symmetry present, the user can 
activate the built-in symmetry restraints and impose them between 
and/or within each molecule (see Subheading 2.3.3).

Modelling binding-induced large conformational changes is a 
major challenge of the docking community, since it requires sam-
pling a vast and intricate conformational space. Unfortunately, 
addressing such a number of degrees of freedom is often out of 
reach for most of the current sampling methods, including the one 
of HADDOCK. To tackle this challenge, we developed a special 
application of the multi-body docking protocol [35] that divides 
to conquer: the flexible partner is cut at hinge regions, and thus 
dissected into rigid domains that allow HADDOCK to sample a 
wider range of motions during rigid-body energy minimization.

The identification of the hinge regions can be carried out using 
normal mode analysis, such as that provided by the Web server 
HingeProt (see Note 16). To ensure molecular integrity and bio-
logical realism, we define connectivity restraints (in the form of 
distance restraints) between the separated domains. These are first 
defined with a maximum distance of 10 Å, to allow sampling of 
large range of motions. They are then shortened to a peptide bond 
distance (1.3 Å) at the water refinement step. Imposing different 
connectivity restraints is possible by submitting both unambig.
tbl and hbonds.tbl restraint files (a copy except for the con-
nectivity distance), and changing the stages when these are active 
in run.cns (options unambig_firstit (0), hbond_firstit 
(2) and unambig_lastit (1), hbind_lastit (2)). It is 
also necessary to define the artificial termini as uncharged and the 
first three residues starting from the “cut” hinge as fully flexible.

Albeit the other end of the size spectrum, small systems such as 
peptides are also challenging regarding sampling. Their extreme 
flexibility and the many conformations they can adopt upon bind-
ing makes them challenging to model and require usually long 
molecular dynamics simulations or other advanced sampling 
methods, none of which is possible or feasible, time-wise, for use 
in HADDOCK.

To cover the conformational landscape of peptides, we devel-
oped a shortcut approach. In this custom-tailored protocol, 
the peptide is provided as an ensemble of three most common 
conformations: α-helical, β-strand, and polyproline II (see Note 17). 
Additionally, the number of MD steps in the flexible refinement 

4.2.2 Flexible Multi- 
domain Docking

4.2.3 Protein–Peptide 
Docking

João P.G.L.M. Rodrigues et al.

http://haddock.chem.uu.nl/services/GenTBL/


419

stage needs to be increased fourfold to improve sampling efficiency 
(from 500/500/1000/1000 to 2000/2000/4000/4000). 
Finally, the peptide is defined entirely as fully flexible and the clus-
tering algorithms are adapted for small molecules (see Note 14).

5 Notes

 1. HADDOCK has a special feature—solvated docking—that 
allows water molecules to be introduced at the interface of the 
complex for entire duration of the docking protocol. This fea-
ture should only be used when the experimental information is 
accurate enough to drive the docking and the interface is 
expected to be “wet.” In short, solvated docking starts by sur-
rounding each molecule by a shell (approximately 4 Å wide) of 
water molecules, optimized via a short MD simulation, prior to 
the RBEM stage. After the minimization, all water molecules 
that are not at the interface are removed. At the interface, only 
a fraction of the molecules is kept (by default 25 %), with the 
removal being carried out via a biased Monte Carlo sampling 
method whose criteria is based on a statistical potential of amino 
acid–water contact propensities. Finally, energetically unfavor-
able water molecules (those with a positive intermolecular 
energy) are removed, which might lead to a complete desolva-
tion of the interface, and another round of RBEM is performed 
to optimize the final complex. The remaining of the HADDOCK 
protocol remains unchanged, with the difference that interfacial 
water molecules might be included in the further refinement. 
We refer the reader to the following references for an in-depth 
explanation of solvated docking in HADDOCK: [36–39].

 2. HADDOCK must be correctly installed for the $HADDOCK 
environment variable to be defined. Check the installation 
instructions provided with the software.

 3. If your input PDBs contains missing segments, this might lead 
to domains drifting away during the refinement stage. To avoid 
this, simply define a few unambiguous distance restraints 
between CA atoms from the various “sub-domains,” setting 
the actual measured distance as a target distance and the 
bounds to 0.0. The same can be done to ensure that an ion 
coordination geometry is properly maintained. Missing resi-
dues at the interface or in hinge regions must be handled with 
extreme care not to compromise the biological integrity of the 
models. Missing atoms, on the other hand, are not problem-
atic since HADDOCK rebuilds them based on the topology 
files of the force field, as long as the residue name is defined in 
them. Also, termini charges are very important for the docking 
protocol, as they can lead to artificial interactions. By default, 
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termini are charged but they can be neutralized by using an 
appropriate linkage file (protein-allhdg5-4-*.link 
files in the toppar/directory). For example, to have both ter-
mini of molecule A uncharged, simply add in run.cns (option 
prot_link_A) the appropriate linkage file (protein-all-
hdg5-4-noter.link). Another important point concerns 
ions; if proper care is not taken, they can be problematic dur-
ing the torsion angle dynamics stage. HADDOCK has an in-
built mechanism that defines artificial bonds to “chelate” the 
ion to the protein but it relies on proper ion naming. Check 
these names in the covalions.cns script and add yours if 
necessary. Also, make sure that their name in the PDB file 
matches the ion names defined in the ion.top file in the 
toppar/directory. To avoid that a N- or C-terminal patch be 
applied to them, they should also be defined in the 
topallhdg5.4.pep file (look for the "first IONS" and 
"last IONS" statements).

 4. We have developed an automated method to discriminate the 
significant CSP—SAMPLEX [40]. It compares two sets of 
chemical shifts from two different samples (e.g., bound/
unbound), and using the three-dimensional structure of the 
molecules, returns the confidence for each residue to be in a 
perturbed or unperturbed state.

 5. The accessibility cutoff is not a hard limit; check the accessibili-
ties and possibly include residues with lower accessibilities but 
with functionally important groups.

 6. The syntax of the restraints is what determines their (un)
ambiguous character, not the filename where they are stored: 
ambig.tbl, unambig.tbl, or hbonds.tbl. This allows 
for  example to mix unambiguous and ambiguous restraints in 
the same file. The difference lies in the random removal option 
(noecv = true), which is applied only to ambig.tbl. In 
principle, ambig.tbl; unambig.tbl and hbonds.tbl 
could be used concurrently, for example, to provide extra 
NOEs or other data (e.g., FMD connectivity restraints) for 
which one wants to use different force constants or for which 
there is exceptional certainty.

 7. An important setting in new.html is the value of N_COMP. 
This should be set equal to the number of components of the 
complex (2 in case of a dimer, 3 for a trimer, etc.). Note that it 
can also be set to 1, in which case HADDOCK can be used for 
refinement instead of docking.

 8. HADDOCK allows the definition of fully flexible regions: 
these are treated as fully flexible throughout all stages, except 
the initial rigid-body docking. This should be useful for cases 
where part of a structure are disordered or unstructured or 
when docking small flexible molecules onto a protein.
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 9. This command causes HADDOCK to run in the background 
and all output to be redirected to the haddock.out file. If at 
some stage HADDOCK stops producing new models and the 
run is not yet finished, unzip and search for error messages in 
the output files: 

 xxx.out.gz is a particular output file, in which you should 
look for ERR. Also, kill the current HADDOCK process:

 

Here id is the process id that is returned by the ps –ef 
command.

You can restart a HADDOCK run, but before doing that, 
make sure to delete any *.out file from the run directory (see 
Note 12). HADDOCK will proceed from where it was in the 
calculations.

 10. The OPLS force field used by HADDOCK is a mixed united/
all-atom force field. This means that protons do not have van 
der Waals parameters of their own. Instead these are accounted 
for in the heavy atom parameters to which they are attached. In 
HADDOCK, by default, nonpolar hydrogen atoms are deleted 
in order to speed up the calculation. This does not affect the 
resulting models significantly since the missing hydrogen 
atoms are actually accounted for in the united atoms parame-
ters. You can change this behavior by setting delenph=true 
in run.cns. This should be done in case classical NOE dis-
tance restraints are used, or in situations where the hydrogen 
atoms are extremely relevant (e.g., small molecule docking).

 11. Topology generation is often the most problematic stage in 
HADDOCK. While most amino acids and their most common 
modifications are supported in HADDOCK, small ligands and 
exotic modifications to amino acids or nucleic acid bases that 
are not described in the force field will give an error and halt 
the docking protocol. A list of the supported modified amino 
acids is given here: http://haddock.science.uu.nl/services/
HADDOCK/library.html. For those molecules not in the list, 
the user is left to generate their own parameterization scheme, 
using for example PRODRG [41], ACPYPE [42], or ATB 
[43], and provide the necessary files (topology and parameters 
in CNS format) in the toppar/directory: ligand.top and 
ligand.par. Molecule parameterization is not simple 
though, and must be approached and carried out with extreme 
care and expertise (for a “best-practices” guide for parameter-
ization, although under a different force-field, check the fol-
lowing reference: [44]).
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 12. If a particular stage of HADDOCK fails, in case of a model not 
being generated, the run being stopped accidentally, etc., 
reissuing the command haddock2.2 might not be enough. 
HADDOCK makes use of the output files to control the flow 
of the docking run. When a particular step is initiated, 
HADDOCK write a.job file and a.out file, and when it is 
completed, the .out file is compressed to a.out.gz file. To 
safely restart a HADDOCK run, remove all.out files prior to 
the issuing of the haddock2.2 command.

 13. A typical error at this stage is that a couple of models in it1 
are not successfully generated. Often, this can be solved by 
changing the random seed in run.cns (iniseed, by default 
917) and restart HADDOCK (see Note 12). Otherwise, try to 
decrease the timestep (e.g., 0.001 instead of 0.002) and/or 
the temperature of the first two SA stages (e.g., 1,000 or 500 K 
instead of 2,000). HADDOCK, by default, tries this automati-
cally in case a model fails. If none of this works, simply copy 
the missing models from the it0 directory so that the run can 
proceed. This can be done using the copy-missing.csh 
script provided in the tools directory with as arguments the 
file root name and the number of the missing model.

 14. If only a small fraction of the models do fall into clusters, try 
decreasing the cutoff in case of FCC clustering, or increasing it 
in case of RMSD clustering. If all models fall in one single 
cluster, and the restraints are not that restrictive, try the reverse. 
This is particularly relevant for protein–small molecule dock-
ing, for which a tailored FCC clustering algorithm using small 
molecule atoms–protein residue contacts is available. For the 
RMSD clustering, due to the nature of interface-ligand RMSD, 
the resulting RMSD values are larger than would be obtained 
by fitting on all chains of the complex, which explains the large 
cutoff value that is used by default (7.5 Å).

 15. It is better to use matching number of models (e.g., 4) to com-
pare the cluster statistics in order to remove cluster size effects. 
In our experience, the size of a cluster does not always corre-
late with its quality/score and as such cannot be used as an 
indicator of the quality of the cluster.

 16. The choice of the hinge region(s) where to “cut” the mole-
cules should be made with the structural integrity of the mol-
ecule in mind. As such, hinges are favored if located at the end 
of α-helices and β-strands, or in loops. The experimental tem-
perature factors should also be taken into account when decid-
ing between possible hinges. The molecule should then be cut 
at the first peptide bond following the predicted hinge region.

 17. The peptide conformations can be generated using PyMOL 
and setting the φ/ψ dihedral angles according to the desired 
secondary structure: −57° and −47° for α-helix, −139° and 
−135° for β-strand, and −78° and −149° for polyproline II.
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