Please cite this article as: Saponaro et. al., (2020). Understanding Docking Complexes of Macromolecules Using HADDOCK: The Synergy between
Experimental Data and Computations,Bio-protocol 10 (20): e3793. DOI: 10.21769/BioProtoc.3793.

Bio-protocol 10(20): e3793.

\v.' i
blO-pI’OtOCOl www.bio-protocol.org/e3793 DOI:10.21769/BioProtoc.3793

Understanding Docking Complexes of Macromolecules Using HADDOCK: The Synergy
between Experimental Data and Computations

Andrea Saponaro” *, Vincenzo Maione? 3, Alexandre M. J. J. Bonvin* and Francesca Cantini® 3 *

'Department of Biosciences, University of Milan, Milan, ltaly; 2Department of Chemistry, University of
Florence, Florence, ltaly; 3Magnetic Resonance Center, University of Florence, Florence, ltaly;
4Computational Structural Biology group, Bijvoet Center for Biomolecular Research, Faculty of Science
Chemistry, Utrecht University, Utrecht, Netherland

*For correspondence: andrea.saponaro@unimi.it; cantini@cerm.unifi.it

[Abstract] This protocol illustrates the modelling of a protein-peptide complex using the synergic
combination of in silico analysis and experimental results. To this end, we use the integrative modelling
software HADDOCK, which possesses the powerful ability to incorporate experimental data, such as
NMR Chemical Shift Perturbations and biochemical protein-peptide interaction data, as restraints to
guide the docking process. Based on the modelling results, a rational mutagenesis approach is used to
validate the generated models. The experimental results allow to select a final structural model best
representing the bona fide protein-peptide complex. The described protocol can also be applied to model
protein-protein complexes. There is no size limit for the macromolecular complexes that can be
characterized by HADDOCK as long as the 3D structures of the individual components are available.

Keywords: HADDOCK, Molecular docking, Integrative Modelling, Biomolecular interactions,
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[Background] Proteins function in most cases not as single molecules, but rather as part of networks
by interacting with a variety of other biomolecules. Therefore, the description at atomic level of the
macromolecular complexes they form is an essential milestone in the understanding of molecular
mechanisms at the basis of physiological and/or pathophysiological processes, and, most importantly,
for the rational design of pharmacologically relevant drugs.

Here, we present a computational protocol to predict the three dimensional (3D) structure of a protein-
peptide complex, whose quality is comparable to that of structures derived from conventional
experimental methods such as X-ray, NMR and recently cryo-EM.

The described protocol may overcome several limitations of the experimental methods, such as, for
instance, low binding affinities of the protein partners. Indeed, many macromolecular interactions are
often weak at physiological conditions, as they mediate transient/highly dynamic processes. There may
be also intrinsic limits of the protein sample, which preclude the use of one or more experimental
methods.

In this context, computational approaches offer valuable alternatives, opening the possibility to

describe, at atomic level, physiologically relevant macromolecular complexes (Saponaro et al., 2018)
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and concomitant conformational rearrangements induced by the interaction (WeilRgraeber et al., 2017,
Grol et al., 2018; Porro et al., 2019), otherwise elusive to the conventional structural biology methods.

Among the docking software used for modelling macromolecular complexes, HADDOCK, an
integrative modelling platform, possesses the powerful advantage of being able to implement
experimental data directly into the docking process to guide the computations (Dominguez et al., 2003).
Indeed, HADDOCK is specifically designed as a data-driven docking program, although it has two ab-
initio docking modes for cases when no information is available.

Docking calculations in HADDOCK are driven by ambiguous interaction restraints (AIRs). Those are
derived from experimental and/or bioinformatics data and are integrated into the docking calculations in
order to restrain the conformational search space (Dominguez et al., 2003) and satisfy the a priori
information about the protein-protein interaction. AlRs are defined through a list of residues that fall
under two categories: Active and passive. Active residues are defined as the solvent exposed residues
directly involved in the interaction between the two proteins (typically defined based on the available
experimental data). Passive residues correspond to the solvent exposed ones, which are close to the
active residues. Passive residues are introduced in order to account for the fact that often the
experimental data are scarce and not fully covering the true binding interface. The main difference
between those two types of residues is that active residues are “forced” to be at the interface, while
“passive” residues can be at the interface, but are not penalized if not.

A flowchart highlighting the main steps of HADDOCK docking program is shown in Figure 1. The
process consists of three successive stages, each of them possessing a specific aim:

1) Initial docking by rigid body energy minimization (it0)

In this initial docking stage, the interacting molecules are treated as rigid bodies. They are separated

in space and randomly rotated for each docking trial. The docking step is a rigid body energy

minimization during which AIRs, based on the experimental data, are included in the energy function
in order to restrict the sampling of the conformational space and guide the docking.

2) Semi-flexible simulated annealing in torsion angle space (it1)

This is a refinement stage during which flexibility is introduced stepwise, first along the side chains

and then along both side chains and backbone of the interfacial residues. Those are automatically

defined for each model based on their proximity to the partner molecule. The flexible refinement
protocol is based on simulated annealing using torsion angles molecular dynamics.

3) Final refinement in explicit solvent (water)

In this final refinement stage the complexes are typically solvated in a layer of water and subjected to

a short restrained molecular dynamic in Cartesian space. The final solutions are clustered and the

resulting clusters are ranked based on the average score of their top 4 members (4 is the minimum

number of models required to define a cluster).
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Figure 1. Flowchart of the HADDOCK protocol

HADDOCK, by default, randomly discards a percentage (50%) of the AIRs for each docking trial to
account for possible false positives in the data. The percentage of discarded AIRs can be turned off, or
even increased. The latter option is typically performed in the case AIRs derived from bioinformatics
interface prediction data.

This protocol aims at providing a detailed description of the procedure for generating a 3D model
structure of a protein-peptide complex using HADDOCK guided by experimental data. We illustrate the
protocol by modelling the structure of the complex formed by the Cyclic Nucleotide Binding Domain
(CNBD) of the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels bound to the
TRIP8bnano peptide. This peptide represents the minimal portion of the brain protein TRIP8b, a regulative
subunit of HCN channels, that binds to HCN CNBD (Saponaro et al., 2018). Solution NMR data are
used to guide the modelling and the resulting models are then validated following rational
mutagenesis/biochemical assays.

Equipment

1. A computer with internet access and a web browser (preferably Chrome, Safari or FireFox)

2. Avisualization program such as UCSF Chimera, or PyMOL

Software

1. HADDOCK 2.2
HADDOCK 2.2 (High Ambiguity Driven protein-protein DOCKing) is freely available to non-profit
users via its web interface here (van Zundert et al., 2016).
Access does however require registration, which is free for non-profit users.

2. Program for protein solvent accessibility calculation
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The NACCESS program is freely available here for researchers at academic and non-profit-
making institutions. NACCESS is used to identify solvent accessible residues. It is worth noting
that Naccess program requires Linux/Unix systems. Afree alternative to NACCESS is freeSASA,

freely available here.

Data requirements

1.

3D coordinates of the two components of the protein complex, preferably in the bound
conformation, provided in PDB or mmCIF format.

Note: The 3D coordinates in PDB format of HCN2 CNBD and TRIP8ban, are available from the
following link: (LINK TO THE PDB). Those structures were solved by solution NMR as described
in Saponaro et al., 2018. For docking purposes, the unfolded regions of both CNBD and
TRIP8bnano Structures, which are not involved in the binding, were removed. This allows to
simplify the docking calculation and avoids spurious interactions between the disordered
regions of CNBD and TRIP8bpano. In the case of TRIP8bnano the unfolded C-terminal tail was
removed (1272-N275), whereas in the case of CNBD the unfolded N-terminal region was
removed (E521-F533).

Definition of Active and Passive residues

Active residues can be identified by using a large variety of experimental data, including solution
state NMR and biochemical protein-protein interaction data, as described in this protocol.
Passive residues can be manually assigned by the operator, as performed in this protocol, or
automatically defined by HADDOCK. Indeed, the program uses a 6.5 A distance cutoff from the
heavy atoms of the active residues to define the passive ones. Active and Passive residues are
incorporated in the input page as comma-separated list of residue numbers (see Procedure).

Note: In the representative case described in this protocol, we define the following active and

passive residues for CNBD and TRIP8bano respectively:

CNBD:
Active residues: A546, N547, R650, E653, T654, 1657, D658, R659, R662, 1663, K665.
Passive residues: P543, D549, P646, R649, G664 and K666. Manually defined by the operator.

The above residues are defined based on the NMR Chemical Shift Perturbations (CSP) analysis.
CSP highlights the residues of the interacting protein whose HN NMR signal features a
significant chemical shift perturbation upon interaction with the peptide. A necessary
prerequisite to conduct CSP is the availability of the assignment of the NMR backbone signals

of the protein of interest.

The CSP (AHN) is given by the following equation:

Creative Commons Attribution License



http://www.bio-protocol.org/e3793
https://creativecommons.org/licenses/by/4.0/
http://wolf.bms.umist.ac.uk/naccess/
https://ssbio.readthedocs.io/en/latest/instructions/freesasa.html
https://ssbio.readthedocs.io/en/latest/instructions/freesasa.html
http://os.bio-protocol.org/attached/file/20200830/CNBD.rar

Please cite this article as: Saponaro et. al., (2020). Understanding Docking Complexes of Macromolecules Using HADDOCK: The Synergy between
Experimental Data and Computations,Bio-protocol 10 (20): e3793. DOI: 10.21769/BioProtoc.3793.

Bio-protocol 10(20): e3793.

\v.' i
blO-pI’OtOCOl www.bio-protocol.org/e3793 DOI:10.21769/BioProtoc.3793

AHN = {((HNfree — HNbound)? + (((Nfree — Nbound)/5)%)/2)} ">

Where HNfree, Nfree and HNbound, Nbound, are the chemical shift of amide protons (HN)
and amide nitrogen (N) in the peptide-free and bound state respectively. In order to select a
meaningful set of residues involved in the binding to the peptide, a cutoff which corresponds to
the average CSP value plus one standard deviation should be selected.

While more residues might be affected by the binding, we assume that only solvent-expose
residues will form contacts. Accordingly, the residues identified by CSP need to be filtered based
on their solvent accessibility (either main chain or side chain relative accessibility should be
typically > 40-50%). Solvent accessibility can be calculated with the program NACCESS.
Passive residues are defined as the residues close in space to active residues and with at least
50% of solvent accessibility. The same procedure here reported is also valid for protein-protein

docking calculations and can be applied for both interacting proteins.

TRIP8bnano:

Active residues: we initially define as active residues a solvent exposed (= 50% of solvent
accessibility) stretch of four residues (E239, E240, E241, F242, E243) previously identified as
crucial for the binding to the CNBD (Santoro et al., 2011).

Passive residues: Since TRIP8bnano is a small peptide (40 amino acids), all other solvent
accessible (= 50% of relative solvent accessibility) residues of the peptide are defined as

passive.
3. Experimental data (rational mutagenesis and protein-protein interaction assay). Experimental
data can be used to validate the HADDOCK output.
Procedure

Submitting a HADDOCK calculation:

1.

HADDOCK calculation can be launched from the web-sever available at:
https://haddock.science.uu.nl/servicessfHADDOCK2.2.

Note: In the representative case described in this protocol, the “Guru interface” is used to run

HADDOCK since it allows to specify/modify more parameters to fine tune the docking settings.
Access to this interface does require “guru” level, which can be requested by users in their own

registration page.

2. Fillin the HADDOCK input page (Figure 2):

a. Provide a name for the job.
b. Provide the input data, i.e., the 3D coordinates and the lists of the active and passive
residues as a comma-separated list of residue numbers for each components of the

complex.
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c. ltis possible also to personalize the docking run by modifying several default parameters,
if needed:
i. Histidine protonation state for each component.
i. Semi-Flexible and Fully Flexible segments.
ii. Additional restraints such as, for example, distance restraints, dihedral and hydrogen
bonds restraints, noncrystallographic symmetry restraints, residual dipolar coupling
iv. Sampling parameters.
v. Parameters for clustering.
vi. Energy and interaction parameters.
vii. Scoring parameters.
viii. Advanced sampling parameters.
ix. Solvated docking parameters.

X. Analysis parameters.

home >> HADDOCK2.2

HADDOCK2.2

@BonvinLab

OWERFIT PRODIGY SPO 3D-DA WHISCY BONVIN LAB

WELCOME TO THE UTRECHT BIOMOLECULAR INTERACTION WEB PORTAL >>

This is the guru interface to the HADDOCK docking program. This interface provides full control over HADDOCK parameters and supports a wide range of experimental restraints. Unfold
the menus by clicking on the double arrows. Submit your job by providing your username and password and press submit.

For questions about the use of the HADDOCK portal please refer to: ask.bioexcel.eu

You may supply a name for your docking run (one word)
Name

First molecule

«

Structure definition

Where is the structure provided?
Which chain cf the structure must be used? v]

PDE structurs to submit Browse... | No file selected.

or: PDB code to download ]

Restraint definition
Data to drive the docking

Please supply residues as comma-separated lists of residue numbers

Active residues (directly involved in the interaction) 7
Passive residues (surrounding surface residues) ]
Define passive residues automatically around the active residues (]

Segment ID to use during the docking
What kind of molecule are you docking? Protein/peptide/figand

Histidine protonation states

Semi-flexible segments

Fully flexible segments

The N-terminus of your protein is positively charged O
The C-terminus of your protein is negatively charged O

D>

Second molecule

Figure 2. Example view of an input page of the HADDOCK2.2 web-server

Note: A detailed description of the various parameters of the HADDOCK scoring function
and of the details about the HADDOCK molecular docking process can be found in the
online manual here.

d. By default, HADDOCK generates 1,000 models in the initial rigid body docking. This
parameter can be changed by unfolding the tab named “Sampling parameters” (Figure 3).
Note: In the specific case of CNBD-TRIP8bnano complex the number of structures is

increased by a factor of five.
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e.

The default number of structures further subjected to the semi-flexible simulated annealing
(it1) and final refinement in water (itw) is 200.
Note: In the specific case of CNBD-TRIP8bnano complex this parameter is increased by a

factor of two (Figure 3, “Sampling parameters” tab).

The final water-refined models are clustered and ranked based on HADDOCK score value.
Clustering is performed based on pairwise Root Mean Square Deviations (RMSD, the
default value is set to a 7.5A cutoff) and a minimum number of members to define a cluster
(default value is set to four) (Figure 3, “Parameter for clustering” tab). The clusters are then
ranked based on the average HADDOCK score of their top four members. The RMSD cut-
off value is crucial for a proper clustering of the structures and different clustering cutoffs
might be tried.
Note: In the specific case of the CNBD-TRIP8bnano complex the RMSD cut-off was kept to
the default value.
Sampling parameters N\

Number of structures for rigid body docking 5000

Number of trials for rigid body minimisation 5

Sample 180 degrees rotated solutions during rigid body EM

Number of structures for semi-flexible refinement 400

Sample 180 degrees rotated solutions during semi-flexible SA ]

Solvent to use for the last iteration water ~

Number of structures for the explicit solvent refinement 400

Epsilon constant for the electrostatic energy term

Note that for explicit solvent refinement cdie with epsilon=1 is used

Epsilon 10.0

Solvated docking mode

Perform solvated docking m]

Parameters for clustering N\

Clustering method (RMSD or Fraction of Common Contacts (FCC)) RMSD ~

RMSD Cutoff for clustering (Recommended: 7.5A for RMSD, 0.60 for FCC) 7.5

Minimum cluster size 4

Chain-Agnostic Algorithm (used for FCC clustering in symmetrical complexes)

fcc_igne m]

Figure 3. The sampling parameters and the parameters for clustering can be changed by

the user in the Guru Interface level

@

It is recommended to set the “Advanced sampling parameters” (Figure 4) according to the
specific protein-peptide docking calculation following the settings reported in Trellet et al.,
2013.

Note: In the representative case described in this protocol, we have quadrupled the default
number of molecular dynamics integrations steps for the rigid body dynamics at high
temperature and the subsequent cooling stages with flexibility at the interface (from
500/500/1,000/1,000 to 2,000/2,000/4,000/4,000) (Figure 4, ‘Advanced sampling
parameters” tab). The decision to increase the values is based on the fact that for one of
the two component of the complex, TRIP8bnano, the number of the active residues was
significantly limited (4 residues out of 40 forming TRIP8bnano). This can affect the sampling
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of the conformational space during the rigid body docking calculation phase. Furthermore,
because CNBD contains a disordered C-terminal tail, which is necessary for the binding
(Saponaro et al., 2014), the number of MD steps is also increased to allow the protein to

adapt its conformation during the flexible refinement stage.

Advanced sampling parameters v

Do you want to cross-dock all combinations in the ensembles of starting structures?

Turn off this option if you only want to dock structure 1 of ensemble A

to structure 1 of ensemble B, structure 2 to structure 2, etc.

Perform cross-docking

Enable this option to multiply the number of structures in all iterations by the number of starting structure combinations.
The number of combinations depends on the cross-docking parameter.

If cross-docking is 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 ensembles multiplied.

Multiply the number of calculated structures by all combinations a
Randomize starting orientations
Perform initial rigid body minimisation
Allow translation in rigid body minimisation
initial seed for random number generator 917
it1 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-chain at the P
inferface 1000
final temperature after second cooling step 750
initial temperature for third TAD cooling step with fully flexible interface 1000
final temperature after third cooling step 50
time step 0.002
factor for timestep 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-chains at interface 4000
number of MD steps during third cooling stage with fully flexible interface 4000
final solvated 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) [m]

Figure 4. Advanced sampling parameters used for CNBD-TRIP8bnano complex

3. Provide both username and password to submit a job.

Data analysis

1. Submission data
Once all data have been uploaded and the run submitted, the web-server offers the option to
download a parameter file and provides a link to the results page. This link is also e-mailed to
the user.
2. Analysis of the docking results
a. The result page of a successful docking run presents the statistics for the top10 clusters
ranked by HADDOCK. Those are ranked based on the average HADDOCK score of the
top4 member of each cluster, which is a weighted sum of electrostatics, van der Waals,

restraints energy, buried surface area and empirical desolvation energy terms (Fernandez-
8
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Recio et al., 2004). The page indicates how many water-refined models could be clustered
and displays at the bottom a graphical overview of the results.
Note: For the specific case of CNBD-TRIP8bn.ano complex calculation, seventeen clusters
are obtained and ranked according to their HADDOCK score.

b. For each cluster, detailed statistics are displayed, representing the average values
calculated over the top four best-scoring structures within each cluster. The clusters require
to be also manually screened for the relative orientation of the two components of the
complex on the basis of available experimental data.

Note: In the specific case of CNBD-TRIP8byano, Double Electron-Electron Resonance
(DEER) data are available (DeBerg et al., 2015). They provide nanometer-scale distances
between unpaired electrons in paramagnetic systems or tagged with paramagnetic probes.
DEER data were used to screen the relative orientation of TRIP8bnano and CNBD and select
two out of the seventeen clusters obtained (Figure 5). The two selected clusters lay within
the 30% top ranked clusters. Table 1 summarizes the HADDOCK statistics of the two

selected clusters.

Cluster 1 Cluster 2

CNBD /o

E “E241
E240

TRIP8b,

TRIP8b,

nano nano

Figure 5. Representative poses of cluster families obtained from the first docking
calculation. CNBD is colored in gray; TRIP8bnano is colored in light blue in cluster 1 and in green
in cluster 2. Residues forming cluster-specific contacts are shown and labeled (modified from

Saponaro et al., 2018 with permission).
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Table 1. HADDOCK Score and energetic values for the selected clusters

Cluster 1 Cluster 2
HADDOCK Score (AU) -120+5 -134 £ 4
RMSD from the overall lowest-energy structure (A) 1.5+0.9 1.6+0.9
Number of structures 18 49
Buried surface area (A?) 1817+ 110 2,033 £ 117
Restraints violation end energy 367 59 + 20
Intermolecular binding energy -296 + 67 -393 + 34
non bonded interaction energy -332 + 31 -452 + 40
Van der Waals energy -54 + 6 -59 + 3

3. Validation of the generated models by mutagenesis
Rational mutagenesis studies, coupled with an appropriate protein-peptide assay, can be used
to validate a cluster-specific contact and eventually perform a second round of modelling

introducing as active those residues whose mutations abolish the interaction.

Note: This approach was used for determining the structural model of CNBD-TRIP8bnano

complex.

In order to select residues for mutagenesis we examine the intermolecular contacts formed in

each of the two selected clusters. This reveals that:

a. Residues E264 or E265 of TRIP8bnano are found to interact with residues K665 or K666 of
CNBD in both clusters (see Figure 5).

b. Incluster 1, TRIP8bnano is oriented in such a way that allows E239-E243 residues to interact
with R650 of CNBD; whereas, in cluster 2, TRIP8bnano is oriented, in almost all the
conformers of the cluster, in such a way that CNBD R650 cannot developed contacts with
TRIP8bnano.

Rational mutagenesis is performed to validate the above mentioned cluster-specific protein-

peptide contacts a posteriori. The effect of the mutations on the complex formation was tested

by means of Isothermal Titration Calorimetry (ITC) assay (Saponaro et al., 2017 and 2018).

Reverse charge mutations K665E or K666E of CNBD, and E264K or E265K of TRIP8bpan €ach

significantly reduced the binding affinity between the two proteins, thus indicating that this set

of residues are involved in the CNBD - TRIP8bnano complex formation. Moreover, the reversion
of the charge of R650 (R650E) causes a significant reduction in binding affinity for TRIP8bnano

(for details see Saponaro et al., 2018).

4. Refining the model by a second round of docking
On the basis of the experimental observations described above, we performed a second
molecular docking calculation including E264 and E265 as additional active residues for
TRIP8bnano. The docking setup was similar to the first docking calculation described above.

10
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From this second HADDOCK calculation fourteen clusters are obtained. Four of these are
consistent with the DEER and mutagenesis data (Figure 6). In order to validate these models,
we performed a second round of mutagenesis based again on identified unique contacts. In
particular, in cluster 1 D252 of TRIP8bnano, located at the junction between helix N and helix C,
contacts residue N547 of the CNBD, while this contact is absent in the other clusters.

Cluster 1 Cluster 2

é252 lk/_t %‘

TRIPSb,,,,

CNBD

TRIP8D, 510

TRIP8b

nano

Figure 6. Representative poses of cluster families obtained from the second docking
calculation. CNBD is colored in gray in all the four poses; TRIP8bnano is colored in blue in cluster
1, in magenta in cluster 2, in green in cluster 3 and in yellow in cluster 4. D252 of TRIP8bnano is
shown in all the four poses; N547 of CNBD is shown in the pose representing cluster 1 as in
this cluster N547 contacts D252. Helices N and C of TRIP8bnano are labeled.

N547 in CNBD was mutated into aspartate (N547D) to generate an electrostatic repulsion with
the supposed partner residue D252, while the carboxyl group in D252 of TRIP8bnano Was
removed by mutating it into an asparagine (D252N). Both mutations reduced binding to TRIP8b
(for details see Saponaro et al., 2018). These results suggest that Cluster 1 can be chosen as
the bona fide model for the CNBD-TRIP8bnano complex.

It is worth noting that cluster 1 represents also the top-ranking cluster for energetic, scoring
function and number of structures populating the cluster (Table 2). This is explained by the fact
that the second docking calculation was further implemented with more ambiguous interaction
restraints, which significantly improved HADDOCK results.
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Table 2. HADDOCK Score and energetic values for the selected clusters

Cluster 1 Cluster 2 Cluster 3 Cluster 4
HADDOCK Score (AU) -130£7 11727 -108 £ 13 -80+8
RMSD from the overall lowest-
energy structure (A) 1.8+0.9 26+1.0 1.8+0.6 1.8+0.7
Number of structures 71 30 14 15
Buried surface area (A?) 1,968 + 106 1,817 +£110 1,852+ 175 1,625+ 143
Restrai nts violation energy 30.5+£15.2 60.4+23.3 424+21 134 + 14
Intermolecular binding energy -398 + 50 -302 + 55 -315+78 -1.94 + 33
non-bonded interaction energy -431+ 46 -364 + 67 -358 + 73 -137 + 28
Van der Waals energy -57 + 11 -54 £+ 6 -49+ 8 -54 £ 6

Notes

Tutorials and video describing HADDOCK program and its use for various scenarios can be found

at http://www.bonvinlab.org/education.
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