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ABSTRACT

Here we present version 2.0 of HAD-
DOCK, which incorporates consider-
able improvements and new features.
HADDOCK is now able to model not
only protein—protein complexes but
also other kinds of biomolecular com-
plexes and multi-component (N > 2)
systems. In the absence of any experi-
mental and/or predicted information
to drive the docking, HADDOCK now
offers two additional ab initio dock-
ing modes based on either random
patch definition or center-of-mass
restraints. The docking protocol has
been considerably improved, support-
ing among other solvated docking,
automatic definition of semi-flexible
regions, and inclusion of a desolva-
tion energy term in the scoring
scheme. The performance of HAD-
DOCK2.0 is evaluated on the targets
of rounds 4-11, run in a semi-auto-
mated mode using the original infor-
mation we used in our CAPRI sub-
missions. This enables a direct assess-
ment of the progress made since the
previous versions. Although HAD-
DOCK performed very well in CAPRI
(65% and 71% success rates, overall
and for unbound targets only, respec-
tively), a substantial improvement
was achieved with HADDOCK2.0.
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INTRODUCTION

In recent years, docking has emerged as an important method to model bio-
molecular complexes, which is complementary to experimental structural meth-
ods. Despite the considerable progress shown in the previous rounds of
CAPRL1=3 there still are major problems to be addressed, especially in dealing
with flexibility and binding-induced conformational changes, and in scoring.4—8
In the context of CAPRI rounds 6-11, which placed a heavy emphasis on
unbound docking, these issues have become more pronounced. Exploiting bio-
chemical data from literature to locate the interface has been shown to be of
major importance.$0 In the absence of such data, interface predictions can be
exploited as well.9~12 HADDOCK is among the very few methods in which these
data are used directly to drive the docking, rather than to filter pregenerated
structures (for details see Dominguez et al.13).

Here we present version 2.0 of HADDOCK, which has been considerably
extended, and evaluate its performance on the CAPRI targets of rounds 4-11,
comparing it to our original submissions. This enables a direct assessment of
the progress made since the previous versions.

HADDOCK2.0 NEW FEATURES

HADDOCK?2.0 has been modified to support docking of proteins, DNA, 14
RNA, oligosaccharides,!® and small ligands, up to a total of six separate mole-
cules (or domains) per docking. The new version allows the inclusion of anisot-
ropy restraints from NMR (both residual dipolar couplings and relaxation
data)16:17 and supports solvated docking, that is, allowing the explicit inclu-
sion of interfacial water molecules in the docking process.!8
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HADDOCK versus HADDOCK

HADDOCK defines ambiguous interaction restraints
(AIRs) between residues (or chemical groups) of the dif-
ferent molecules. A residue can be defined as active or
passive. For every AIR, the effective distance (d°) is
computed as follows:

_1
Natoms  Nres B Natoms 1 6
> > X%
mip=1 k=1 nkB:IdmrAnkB

where N,oms indicates all atoms of a given residue and
Nies the sum of active and passive residues for a given
protein.

A restraining potential is defined to minimize all effec-
tive distances to a maximum value of 2 A. This potential is
harmonic up to 1 A distance violation and then switches
within a 1 A window to a linear mode: the AIR forces
become thus constant for violations larger than 2 A19

In the absence of experimental and/or predicted data,
HADDOCK now offers two ab initio docking modes:

eff
diAB -

i. random patch definition: patches of active residues are
randomly defined on the surface or part of the surface
(e.g., CD-loop regions of an antibody) of each molecule

il. center-of-mass restraints: one distance restraint is
defined between the centers of mass of the molecules
with the distance automatically defined based on the
size and shape of the molecules

The docking protocol consists of three steps: rigid
body docking by energy minimization driven by the
interaction restraints (it0), semi-flexible refinement in
torsion angle space in which side-chains and backbone
atoms of the interface residues are allowed to move (itl),
and finally, Cartesian dynamics refinement in explicit sol-
vent, typically water, although DMSO is also supported.
The last two steps are referred to as the refinement stage.

HADDOCK2.0 now offers the following improvements:

i. Multibody docking: the docking can be performed for
up to six separate bodies representing different mole-
cules or molecular domains.

ii. Sampling of 180°rotated solutions: To deal with the
problem of symmetrical solutions (e.g., rotated con-
formations as was the case for targets 11 and 12) we
now implemented a systematic sampling of 180°
rotated solutions in it0 (and optionally in itl): each
solution generated can automatically be compared to
the same solution in which one protein is rotated by
180° around an axis perpendicular to the interface
and energy minimized again. The rotation axis is
automatically defined between the centers of masses
of interface residues (within 5 A of the partner mole-
cule). The best solution is kept for further refinement.

iii. Automatic definition of semi-flexible segments: Previ-
ously, the flexible parts of the protein had to be
defined manually. These can now be defined auto-
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matically, based on the residues that are in close
proximity (within 5 A) to a partner molecule.

iv. Improved scoring An empirical desolvation energy
term20 is now implemented. Moreover, the scoring has
been optimized for each stage of the docking protocol.

MATERIALS AND VMIETHODS

HADDOCK?2.0 was run on all targets using default pa-
rameters, including random removal of 50% of the data
for each separate docking trial, automatic definition of flex-
ibility, and sampling of 180° rotated solutions in it0, but
excluding solvated docking. Homology models were
obtained using various programs and servers.21=23 Wwe
usually presampled within HADDOCK to obtain an en-
semble of starting structures. The protonation state of his-
tidines residues was estimated using the WHATIF server.24
During all unbound-bound docking, the bound coordi-
nates were frozen. Cofactor and ions were explicitly
included in the docking. Co-factor parameters were
obtained from the PRODRG server.2> As in our previous
CAPRI submissions, HADDOCK was driven by data
derived from literature and/or interface predictions.”—12
The active and passive residues that were defined during
the docking and target specific modifications to the proto-
cols when applicable are given in Supplementary Tables S1
and S2. The HADDOCK parameter files and starting struc-
tures for individual targets are available upon request.

During the various stages of the docking protocols,
solutions were scored as follows:

e it0: 0.01%E,qy + 1.0*Eec + 0.01*Epp — 0.01*BSA +
1-())*Edesolv

e itl: 1.0*E,qw + 1.0%Ege + 0.1"Eym — 0.01*BSA +
1-O)(.Edesolv

o water: 1.0*E,qy + 0.2*Esec + 0.1"Earg + 1.0%Egecory

Earr is the ambiguous interaction restraint energy, BSA
the buried surface area and Epes, the desolvation
energy.20

After water refinement, structures were clustered using
a cut-off of 7.5 A 1-RMSD, only counting the interface
backbone atoms of the ligand. The clusters were ranked
according to the average energy of the four best struc-
tures in the cluster.

Assessment of the quality of the predictions was done
according to the CAPRI evaluation criteria20:

e One-star (acceptable) predictions:
[{(Fnat > 0.1) && (Fnat < 0.3)} && {(I-RMSD <
10.0) II (i-RMSD < 4.0)}]

e Two-star (medium quality) predictions:
[{(Fnat > 0.3) && (Fnat < 0.5)} && {(I-RMSD <
5.0) Il (i-RMSD < 2.0)}]

o Three-star (high quality predictions):
[(Fnat > 0.5) && {(I-lRMSD < 1.0) Il (i-RMSD <
1.0)}]
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Figure 1

Overlays of our best CAPRI submissions (those with the lowest i-RMSD values) and the reference crystal structures. Receptors are shown in surface representation with
the area defined by the active and passive residues shown in light blue. The ligands are shown in cartoon representation (HADDOCK best: pink, reference target: blue).
This figure was generated with PyMol.

Throughout the text, when the number of x-star pre-
dictions is mentioned, the number of x-star or better
predictions is meant. For target 27, only the second
interface (A—C’) was considered.

RESULTS

Among the different groups participating in CAPRI
rounds 6-11, HADDOCK performed well. Our best pre-
dictions (lowest i-RMSD; see Material and Methods) are
shown in Figure 1. Of the six targets,2’—33 four were
predicted successfully, with at least one one-star predic-
tion among our submissions. For two of the targets, two-
star predictions were submitted. Even for the two targets

T26 ** .
i-RMSD1.9A
‘mat  0.53

T27 # :
i-RMSD2.2A
Fnat  0.63

that were not successful, structures with high fractions of
native contacts (Fnat) could be generated.

During our participation in these rounds of CAPRI,
we used developmental versions of HADDOCK incorpo-
rating some of the features of HADDOCK?2.0, but never
all of them. In addition, the final selection of structures
was performed manually, based on HADDOCK and
other parameters such as DFIRE34 and FastContact.3% In
contrast, HADDOCK2.0 was tested in a mostly auto-
mated manner (see Material and Methods) on the CAPRI
targets of rounds 4-11, including the canceled targets for
which data and starting structures had already been
obtained. The same data (see Suppl. Table S1) and start-
ing conformations were used as for our original submis-
sions. The results of the HADDOCK2.0 redocking are
shown in Table I. After water refinement, the structures
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All Structures Best Cluster

Target (a) Total (B)  *(c)  **(c) ***(c) <Fnat>(d) Rank(e) I-RMSD (A) i-RMSD (A) Fnat Quality ()  Subm.(g)

12 it0 1,100 151 26 3 0.21

selected 200 22 7 3 0.29

it 200 23 7 5 0.31

water 200 26 7 5 0.34 1 1.4 0.64 0.91 el 0
13 it0 1,100 160 47 0 0.24

selected 200 79 40 0 0.31

it 200 83 1 3 0.34

water 200 85 4 1 0.37 1 1.83 1.15 0.59 ** HEE
14 it0 1,000 42 17 14 0.36

selected 200 25 14 14 0.42

it 200 27 14 1 0.43

water 200 27 14 10 0.44 1 1.37 0.80 0.63 e HEE
15 it0 2,000 73 8 1 0.31

selected 200 15 4 1 0.33

it1 200 13 4 1 0.32

water 200 16 9 2 0.37 1 1.78 0.98 0.64 HxE **
18 it0 2,000 118 96 0 0.69

selected 200 94 81 0 0.72

it1 200 94 10 0 0.29

water 200 94 18 0 0.36 1 5.30 1.67 0.78 ** 0
19 it0 10,000 80 9 0 0.23

selected 200 16 1 0 0.25

it1 200 15 1 0 0.23

water 200 17 1 0 0.24 1 5.82 1.13 0.56 ** 0

25 it0 2,200 129 43 0 0.34
selected 200 32 18 0 0.38
it 200 37 13 0 0.45
water 0 0.44

All (h) it0 45,540 2973 289 5 0.26
selected 3,000 594 87 4 0.29
it 3,000 648 94 9 0.33
water 2,800 676 103 8 0.36

Unbound targets are highlighted in gray. a — Various stages of the docking protocol: it0, initial rigid body docking; selected, the selection of structures after it0; itl, flexi-
ble refinement in torsion angle space; and water, refinement in explicit solvent (water). b — Total number of structures after each step in the protocol. ¢ — Number of
one-star or better, two-star or better, and three-star or better structures after each step in the protocol. d — Average fraction of native contacts, computed for all struc-
tures with i-RMSD < 4 A. e — Rank of the cluster with the highest number of stars among any structure in the top 4 structures of the cluster. If several clusters had the
same highest number of stars, the cluster with the better rank is shown. f — Statistics for the structure with the highest number of stars among the top 4 of the cluster.
If several structures had the same highest number of stars, the structure with the better rank is shown. g — The number of stars for our best submission in CAPRI. NP =
not performed due to the target being canceled. h — Complex 14 and 18 were excluded from the pooled statistics due to the fact that intermolecular interactions were
scaled down in it0 for those complexes to allow for more efficient inter penetration, resulting in a larger fraction of native (and non-native) contacts than for other
complexes.
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were clustered based on interface ligand-RMSDs and
ranked according to the average score of the top 4 mem-
ber of each cluster. The clusters with the highest-star pre-
diction in their top 4 are shown in the table.

For target 10,36 for which we had previously submit-
ted the only two-star prediction of all submissions,
redocking looked a bit disappointing: only one one-star
prediction was generated. However, the RMSD values are
well within the threshold of a two-star prediction and
only a slight deterioration of Fnat (0.27) caused the pre-
diction to drop to one-star. This may be due to the na-
ture of the target (a trimeric spike). Still, the one-star
cluster ranks at the top. Closer inspection showed that
one two-star prediction was generated in itl, which was
lost after the water refinement.

Target 11,37 only yielded one-star clusters, but the
top-scoring structure had an excellent Fnat of 0.5. This is
worse than our original submission, which included a
two-star prediction. A single two-star prediction was gen-
erated at it0, but not selected.

For target 12,37 the results improved dramatically. Pre-
viously, we did not submit any correct solution. This
time, the top-ranking structure of the top-ranking cluster
is a highly accurate three-star prediction (i-RMSD =
0.64 A; Fnat = 0.91).

HADDOCK?2.0 came very close to generating a three-
star prediction for target 1338 as well (i-RMSD = 1.15
10\, Fnat = 0.59). Actually, three three-star predictions
were generated during itl, but the best was ranked 51st;
after water refinement, a single structure was left, ranking
25th, which was not high enough to reach the top 4 of
the cluster. In CAPRI, we managed to submit a three-star
prediction, although, in that case, visual inspection
played an important role.

For target 14,39 the default protocol was modified
slightly. During it0, the non-bonded interaction energies
were scaled by a factor 0.01 to allow deeper penetration.
For this target, the largest number of three-star predic-
tions (14) was generated at it0. Although some of them
deteriorated during the refinement, the top-ranking
structure of the top-ranking cluster is a three-star predic-
tion. Note that our previous submission included a
three-star prediction as well.

A three-star prediction was also obtained for target
15,40 despite the fact that after water refinement only 2
out of 200 structures were three-star predictions, demon-
strating the strength of the HADDOCK2.0 scoring func-
tion. Our previous submissions for that target (which
was cancelled) were only two-star.

For target 18,41 the it0 interaction energies were scaled
down in the same way as for target 14. This was neces-
sary, because the binding groove of xylanase is in a
closed conformation, preventing the docking of the TAXI
inhibitor. A large number of two-star predictions were
generated; however, many of them contained clashes,
with as result that, during refinement, the inhibitor was
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often ejected from the binding site. Still, the top-scoring
structure of the top-scoring cluster was a two-star predic-
tion with an excellent Fnat (0.78). We did not submit
originally any correct solutions for this target. We note
though, that essential literature data were overlooked,
which were included in the redocking.

Target 19,42 an antibody-antigen complex, proved a
great challenge, as well as a great success of the HAD-
DOCK?2.0 scoring function. In the absence of data, HAD-
DOCK2.0 was run using random definition of patches
on the entire surface of the antigen and the CD-loop
region of the antibody. Out of 10,000 structures, 9 two-
star predictions were generated at it0. After water refine-
ment, the single two-star prediction was the second-best
ranking structure of the top-ranking cluster, ranking 16th
among all structures. This is a great improvement over
our original submission, which did not include any cor-
rect structures.

Target 2028 was an unbound target for which our best
submission was only at 4.6A i-RMSD, despite an Fnat of
0.21. The prediction was outside the acceptable range
due to a conformational change of the loop binding in
the active site of HemK in the complex. This time we
modified our protocol so that RF1 was cut into two mol-
ecules prior to docking; a three-body docking was
then performed with additional restraints to restore the
connectivity between the RF1 fragments. A large number
of one-star structures were generated and selected, but
only two of them resulted in refined two-star predictions.
The top cluster has an excellent Fnat (0.48 for the top
structure and 0.57 for the third-best), although the
RMSDs are not good enough for two stars designation.
The highest two-star prediction has a rank of 32 after
water refinement. This is a large improvement over our
submission, which did not yield any correct solutions.
We note though, that correct solutions could not have
been generated without the a-priori knowledge of
the loop conformational change. Predicting conforma-
tional changes occurring upon binding remains an open
challenge!

For target 21,30 another unbound target, only four
structures were refined into two-star predictions. How-
ever, in this case, one of these predictions is the top
structure of the top-ranking cluster (i-RMSD = 1.831&,
Fnat = 0.51). This is similar in quality to the best model
that we submitted.

Target 22,32 also presented an unbound target, but
was cancelled. This target, an antibody—antigen complex,
was a challenge because we did not find any reliable ex-
perimental data to drive the docking. Therefore, center-
of-mass restraints were used to drive the docking: 10,000
structures were generated, out of which 38 were one-star
and 5 were two-star predictions. Strikingly, 9 one-star
and 2 two-star predictions were among the top 200
structures. After water refinement, the third structure of
the top-ranking cluster had an excellent Fnat of 0.57,
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Ai-RMSD (water-flex) [A]

Histograms of the differences in the fraction of native contacts (Fnat) (left panel) and the interface RMSD (i-RMSD) (right panel) between (A) the flexible refinement
stage in vacuum (itl) and the rigid body docking (it0), and (B) between water refinement (water) and the flexible refinement stage in vacuum (itl). Statistics are shown
only for dimeric targets for which data and unbound structures were available for both proteins (targets 21, 26, 27).

although the RMSD statistics resulted in a one-star classi-
fication. The top-ranking two-star prediction had an
overall rank of 16, which did not bring it to the top 4.

Target 2427 consisted of a protein in the unbound form
and a protein that had to be homology-modeled. The
homology model proved inaccurate and only 20 one-star
structures were generated in it0, of which two were selected
after refinement. No two-star predictions were generated.
Still, the seventh-ranking cluster contains a one-star predic-
tion. This is an improvement over our submission, which
did not contain any correct predictions.

Target 2527 was the same complex as target 24, but
with the homology model replaced by the bound form of
the protein revealing a C-terminal a-helical region com-
pletely different from the homology model we used. This
region was added to the interface definition. We were
able to submit a one-star prediction. However, recalcula-
tion using HADDOCK 2.0 produced a two-star predic-
tion, ranked first in the second-ranked cluster.

For target 26,29 we submitted a two-star prediction,
ranked second in I-RMSD among all predictions. Using
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HADDOCK?2.0, the top structure from the third-ranking
cluster was again a two-star prediction, with a Fnat of 0.58.
While the RMSD values of this structure are worse than
our best submission, the Fnat is better, and the fourth-best
structure from the cluster has an overall better quality (I-
RMSD = 2.63 A, i-RMSD = 1.29 A, Fnat = 0.61).

Finally, for target 2733 experimental information was
available on the residues that should be in contact for
the sumoylation central to this target, namely Cys93 and
Lys14.43 However, in the crystal structure, it is not Lys14
but Lys10 which makes contacts. Despite this, we gener-
ated a large number of two-star predictions, although
only one-star predictions were submitted. Recalculation
using HADDOCK?2.0 placed a two-star prediction as the
second-ranking structure of the top-ranked cluster, even
though few two-star predictions were generated. This
again illustrates the strength of the HADDOCK2.0 scor-
ing function; however, the scoring proved not to be per-
fect, since in it0, a single three-star prediction was gener-
ated, but it only ranked 1765 among the 4000 structures
and therefore was further not refined.
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Considering only the unbound targets, it is interesting
to see the improvements that can be made in the refine-
ment step of our protocol by explicit inclusion of both
side-chain and backbone flexibility (Fig. 2): while a
mixed result is obtained in i-RMSD values with the most
improvement resulting from the semi-flexible refinement
(itl), a consistent improvement is observed for Fnat,
both in itl and after water refinement. In many cases,
this causes a one-star prediction to become two-star. The
largest improvements achieved are 0.3 for the fraction of
native contacts and 2.3 A for the interface-RMSD. We
also investigated how systematic sampling of 180° rotated
solutions improved our results (Supplementary Table S3):
on average over the CAPRI targets, the number of ac-
ceptable solutions after rigid-body docking increased by a
factor 2.5.

DISCUSSION

A direct comparison between the re-docking using
HADDOCK?2.0 and our submissions to CAPRI is unbal-
anced, since the former is semiautomated, whereas in the
latter case we made extensive use of combining different
docking runs, manual integration of different scoring
functions, and visual inspection. Still, HADDOCK2.0
compares favorably with our CAPRI predictions. HAD-
DOCK’s submissions to CAPRI contained at least a one-
star prediction in the top 10 for 65% of all targets, and
71% for unbound targets only. Now, with HAD-
DOCK?2.0, this is achieved for 100% of the targets. Note
that in some cases the manual submissions were actually
more accurate, and that in a few other cases the protocol
had to be slightly modified. Nonetheless, a major
improvement is achieved over the previous version of
HADDOCK considering that no manual intervention was
involved in the scoring. In particular, the scoring func-
tion performed much better in ranking correct solutions
at the top, even in cases were the data to drive the dock-
ing were fuzzy or incomplete, and where only few correct
solutions were obtained. We observed that in the large
majority (13/15) of the cases, the top-scoring cluster is
the one that is closest to the target structure. In most
cases, the selection and clustering performed optimally:
HADDOCK?2.0 ranked at the top the cluster with the
maximum number of stars that could be generated. In
the other cases, the number of those structures was usu-
ally very small.

We could also assess the rank of the first structure
with the maximum number of stars among all water-
refined structures, disregarding cluster statistics: it is
ranked first in 6/15 cases and in the top 10 in 11/15
cases. When the rank of the first structure with a number
of stars equal to that in column 11 of Table I is assessed,
it is rank 1 in 7/15 cases and in the top 10 in 14/15
cases. Usually, this is already the case after itl, however,
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if the first structure was outside of the top 10, the rank-
ing generally improved after water refinement (results
not shown). In particular, targets 19 and 22 illustrate the
strength of our scoring function. Since the docking was
done effectively ab initio, only a few one-star and two-
star structures were generated. Even though only 2-4%
of the structures were refined, those structures contained
20% or more of the one-star predictions. In both cases,
the best cluster was ranked at the top and for target 19
this cluster was even of two-star quality.

Special attention should be paid to the case of target
27. In this case a single three-star prediction was gener-
ated at it0, due to the exceptional specificity of the avail-
able data. We correctly assumed that the target, a sumoy-
lation complex, would transfer SUMO in a standard way.
However, experimental data from the literature43 indi-
cated that K14 would be the SUMO-accepting/donating
lysine, rather than K10, which was actually observed in
the target crystal structure. In a new docking run we
redefined the contacting lysine to be K10, which resulted
in 16 three-star predictions at it0. Four of these were
kept after water refinement, belonging to the top ranked
cluster. For HADDOCK, this is unique for any complex
that is docked from unbound structures alone.

In conclusion, we have shown that the combination of
new features in HADDOCK2.0 has led to a significant
improvement in both prediction and scoring capabilities.
We want here to acknowledge CAPRI, which is an im-
portant driving force in recognizing problems and foster-
ing new developments.

HADDOCK?2.0 is freely available to academic institu-

tions upon request (see http://www.nmr.chem.uu.nl/
haddock).
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