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Abstract
We present version 3.0 of our publicly available protein-protein docking benchmark. This update
includes 40 new test cases, representing a 48% increase from Benchmark 2.0. For all of the new
cases, the crystal structures of both binding partners are available. As with Benchmark 2.0, SCOP1

(Structural Classification of Proteins) was used to remove redundant test cases. The 124 unbound-
unbound test cases in Benchmark 3.0 are classified into 88 rigid-body cases, 19 medium difficulty
cases, and 17 difficult cases, based on the degree of conformational change at the interface upon
complex formation. In addition to providing the community with more test cases for evaluating
docking methods, the expansion of Benchmark 3.0 will facilitate the development of new algorithms
that require a large number of training examples. Benchmark 3.0 is available to the public at
http://zlab.bu.edu/benchmark.
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Introduction
In 2003 and 2005 we published two versions of a protein-protein docking benchmark.2,3 It
contains structures of proteins for which high-resolution crystal structures are available in both
the unbound and bound states. Our goal is to provide a wide variety of test cases so that the
protein docking community can evaluate the progress of docking methods. Our benchmark, in
its previous two editions,2,3 has been widely used for training and testing protein docking
algorithms,4-9 developing re-ranking algorithms,10 formulating energy functions,11 and
performing protein structure analysis.12

Since 2005, the number of protein structures in the Protein Data Bank13 (PDB) has increased
by more than 10,000, which allowed us to update the Benchmark to version 3.0. Although
manual curation of the data during some steps of the benchmark construction was inevitable,
we have constructed a semi-automated process to ensure that this update covers all available
test cases in the PDB. The new test cases are exclusively unbound-unbound, in that three crystal
structures are available, for the complex and each of the unbound proteins.
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Semi-automated Dataset Retrieval and Curation
To collect unbound-unbound benchmark cases, we parsed all PDB entries as described
previously.2,3 We first identified multi-protein x-ray structures with individual sequence length
longer than 30 amino acids and resolution better than 3.25 Å; these two cutoffs were used in
the two previous editions of the benchmark. The biological unit information provided by the
PDB was used to differentiate biologically relevant interactions from crystal contacts. We
filtered out obligate complexes manually, after consulting the literature.

For the remaining protein complexes, we utilized SCOP1 to examine protein family-family
pair redundancy within the new cases and against the existing cases from Benchmark 2.0. In
addition to the latest version of SCOP (1.71), which was released in Oct. 2006, we used its
pre-classification version, Pre-SCOP (http://www.mrc-lmb.cam.ac.uk/agm/pre-scop/), for the
structures deposited in PDB since the SCOP 1.71 release. Non-redundancy was set at the family
level of SCOP, i.e., no two test cases in Benchmark 3.0 are allowed to belong to the same
family-family pair. The users who are interested in developing statistical potentials with our
benchmark may also want to exclude test cases that belong to the same superfamily-
superfamily pairs. This would affect two pairs of test cases: 1EZU/1N8O, and 1GRN/1WQ1
(labeled with “*” in Table 1). To avoid this level of redundancy, one test case from each of
these pairs can be removed. We then eliminated the test cases for which the unbound structures
had less than 96% sequence identity to the corresponding bound structures, as defined by
BLAST.14 For the remaining test cases with multiple crystal structures of the unbound proteins,
we chose the unbound structure with the highest sequence similarity, highest structure
resolution and fewest missing residues. Finally, we discarded test cases that present unusual
difficulties for docking algorithms, e.g., three or more residues in the binding site were missing
in the unbound structure, or the bound and the unbound structures have different cofactors at
the binding site. The cofactors included in structures are listed in the table at the benchmark
website (http://zlab.bu.edu/benchmark).

Benchmark Test Cases and Classification
There are a total of 40 new test cases. They are listed in Table 1, along with the existing cases
from Benchmark 2.0. Six of these test cases are identical or homologous to CAPRI targets,
indicated in the legend of Table 1. To assign difficulty levels of the test cases, we used the
degree of conformational changes, as measured by Interface Cα-RMSD (I-RMSD18) and
fraction of non-native residue contacts (fnon-nat

16), of the unbound structures fitted onto the
bound structures. Specifically, the rigid-body cases are cases with I-RMSD ≤ 1.5 Å and
fnon-nat ≤ 0.4, the difficult cases are cases with I-RMSD > 2.2 Å, and the medium cases are all
remaining cases (i.e., with 1.5 Å < I-RMSD ≤ 2.2 Å, or I-RMSD < 1.5 Å and fnon-nat > 0.4).
We used Cα RMSD instead of backbone RMSD (the latter is used in the CAPRI evaluation)
because we have been using Cα RMSD since the creation of the Benchmark, which predates
CAPRI.

We use this difficulty classification to quantify the extent of conformational change around
the binding interface, which broadly affects most docking methods. For Benchmark 2.0 we
assigned difficulty level based on the number of possible high-quality hit predictions (as
measured by the CAPRI criteria16) attainable using rigid-body docking on a grid. To remove
possible bias due to this method and to simplify the classification, we opted to utilize the I-
RMSD and fnon-nat metrics for the new cases, selecting cutoffs to maintain consistency among
the new cases and those from Benchmark 2.0. Besides conformational changes, other factors
such as the size and hydrophobic/electrostatic composition of the interface, as well as the
available experimental data on the complex, can also affect the difficulty of a test case.17,18
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In total, Benchmark 3.0 has 88 rigid cases, 19 medium cases and 17 difficult cases. There are
two difficult cases with large hinge movement (1E4K and 1IRA). Table 2 provides the average
values of the three classes in terms of I-RMSD and fnon-nat. We have also included the statistics
of the fraction of native residue contacts (fnat

16) even though it does not provide additional
values to the above two metrics, because it is used in CAPRI evaluation.

In addition to the difficulty assessment, we have classified the new test cases into three
biochemical categories: Enzyme-Inhibitor (E; 9 cases), Antigen-Antibody (A; 3 cases) and
Others (O; 28 cases), as with previous Benchmark versions.2,3 This information is provided
in Table 1. We corrected the category assignments for two Benchmark 2.0 cases (1IJK and
1FQ1) from O to E.

Comparison with DOCKGROUND
DOCKGROUND is a relational database of x-ray and simulated protein-protein complexes.
Its second release19 contains 99 test cases for which the x-ray structures of the complex and
the individual proteins are available. Among these, 30 cases are included in our Benchmark
3.0, based on the PDB IDs of the complexes. For an additional 20 cases, the unbound proteins
fall within the same SCOP family pairs as test cases in our Benchmark 3.0. The remaining 40
cases were rejected by our annotation pipeline because of redundancy or complications at the
interface (e.g. one or combinations of the following criterions: three or more missing contact
residues at binding site, cofactors at the binding site of the complex structure but not in the
unbound structure or vice versa, different numbers of protein chains at the interface between
the bound and unbound states, or dimerization of receptor or ligand or both in the complex but
no corresponding unbound structures). Note that antigen-antibody cases were kept although
they have multiple chains in interface. One difference between our curated benchmark and
automatically generated databases such as DOCKGROUND is that we provide the residue-
aligned and superposed structures of the unbound proteins, which greatly facilitates evaluation
of the RMSDs of docked structures. Because the bound and unbound molecules are often not
identical, this step requires non-trivial manual effort. The sequence alignments are accessible
by following the “Sequence Alignment” column of each test case and the cleaned-up PDB files
of the superposed structures can be downloaded as a single gzipped file
(http://zlab.bu.edu/benchmark). We suggest using randomly rotated configurations of the
superposed structures as the starting structures for docking, so that the results are not
biasedbecause a near-native conformation is sampled by default.

Summary
Benchmark 3.0 includes all possible test cases from the structures deposited in the PDB up to
May 2007, and represents a significant increase in cases over the previous versions. With 127
non-redundant test cases, this benchmark should enable the development and testing of
algorithms that require a large training set, in addition to those developed for a particular
biochemical category or difficulty level.
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Table 2
Statistics on the Three Difficulty Groups in Benchmark 3.0

I-RMSDa fnat
b fnon-nat

c Number

Rigid-body 0.83 0.79 0.22 88

Medium 1.70 0.62 0.41 19

Difficult 3.91 0.48 0.56 17

a
I-RMSD of Cα atoms of interface residues (in Å) calculated as described previously17 after finding the best superposition of bound and unbound

interfaces.

b
fnat, the fraction of native residue contacts in a predicted complex and fnon-nat, the fraction of non-native residue contacts in a predicted complex, were

calculated following Mendez et al.16 with the predicted complex obtained by minimizing the interface RMSD between bound and unbound structures.

c
fnat, the fraction of native residue contacts in a predicted complex and fnon-nat, the fraction of non-native residue contacts in a predicted complex, were

calculated following Mendez et al.16 with the predicted complex obtained by minimizing the interface RMSD between bound and unbound structures.
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