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Protein-protein complexes play key roles in many cellular processes. Therefore, knowledge of
the 3D structure of protein-complexes is of fundamental importance. A key goal in proteinprotein docking is to identify near-native protein-complex structures using an appropriate
scoring function. In this work, we tested our recently developed knowledge-based approach
DrugScorePPI (I) for identifying hotspots in protein-protein interfaces, (II) as a scoring function
for rescoring a large dataset of pre-generated protein-protein docking decoys, and (III) as an objective function in combination with a fast spherical harmonics-based protein-protein docking
tool for predicting 3D structures of protein-protein complexes.
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Introduction

Protein-protein interactions have important implications in most cellular signaling processes. Therefore, protein interfaces become more and more important as drug targets1 .
Several studies were published addressing the properties of binding sites in protein surface areas and small molecule inhibitors targeting these protein interaction sites2, 3 . From
these, it is known that protein-protein complex formation frequently relies on a few interface residues (hotspots) that account for most of the binding free energy. Various proteinprotein docking algorithms have been developed during the last years that allow predicting the binding mode of two protein complex partners4, 5 . There are two main aspects in
protein-protein docking: (I) Searching for possible docking configurations and (II) assessing each predicted configuration with a scoring function. For the latter, a fast and accurate
scoring function is required that identifies a (the) pose that comes close (the closest) to the
native structure on the first (on one of the first) scoring rank(s). Despite many advances
in the field of protein-protein docking in the past years, the results are still not satisfying: Whereas the generation of several thousands of docking solutions is just a question of
computational resources available, the identification of near-native complex structures by
a scoring function is still challenging.
In this work, we present a fast and accurate computational approach to predict proteinprotein interactions. The approach is based on DrugScorePPI , a knowledge-based scoring
function for which pair potentials were derived from 851 complex structures and adapted
against 309 experimental alanine scanning results. In our hands, the DrugScore approach
has been proven successful already for scoring and predicting protein-ligand and proteinRNA complexes6, 7 . In part, this has been attributed to the implicit, well-balanced consideration of several different types of interactions. Obtaining such a delicate balance is
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also considered crucial for successfully predicting protein-protein complexes8 . To the best
of our knowledge, an aspect that has never been addressed is whether these scoring functions are able to predict the change in binding free energy upon single alanine mutations
(alanine scanning). Currently, there are only a few computational approaches that address
the prediction of hotspots in protein interfaces. Three well-known approaches, FoldX9 ,
MM/PBSA10 and the recently published CC/PBSA11 method, were used for comparison
to our QSAR-adapted scoring function DrugScorePPI 12 .

2
2.1

Results and Discussion
In silico Alanine-scanning

DrugScorePPI was used for computational alanine-scanning on a dataset of 18 proteinprotein complexes with a total of 309 mutations to predict changes in the binding free
energy upon mutations in the interface12 . Computed and experimental values showed a
correlation of r2 = 0.58. To improve the predictive power, a QSAR-model was built based
on 24 residue-specific atom types. This improves the correlation to r2 = 0.73, with a root
mean square deviation of 1.23 kcal/mol. A Leave-One-Out analysis yields a correlation
coefficient of q 2 = 0.64. For further validation, alanine-scanning with DrugscorePPI was
performed on two pharmaceutically important systems, Ras and Raps, which signal to a
number of distinct pathways by interacting with diverse downstream effectors. We note
that these two systems were not included in the QSAR training set. The results (Tab. 1)
demonstrate that DrugscorePPI outperforms other state-of-the-art methods not only with
respect to predictive power but also in terms of computational times of 3 seconds per
residue on a standard CPU12 .
Method
DrugScorePPI
MM-PBSA
FoldX
CC/PBSA

Ras/RalGDS
0.62
0.46
0.52
0.23

Raps/Raf
0.45
n.a.
0.07
0.22

Table 1. Correlation coefficients of predicted vs. experimental relative binding free energies for the two external
test datasets.

Based on these findings, we developed the DrugScorePPI webserver12 , accessible at http://cpclab.uni-duesseldorf.de/dsppi, which allows identifying
hotspot residues in protein-protein interfaces and performing computational alanine scanning of a protein-protein interface within a few minutes.
2.2

Rescoring of Protein-protein Docking Decoys

When used as a scoring function to evaluate decoys of a non-redundant dataset of 54
protein-protein complexes for which ”unbound perturbation” solutions have been generated5 , funnel-shaped DrugScorePPI score vs. rmsd curves were obtained for the majority
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Figure 1. (A) Energy funnel for rescoring docking decoys generated for protein-protein complexes of porcine
kallikrein A / bovine pancreatic trypsin inhibitor. (B) Comparison of decoy quality from docking a ribonuclease
inhibitor to ribonuclease A. The RMSD is given with respect to the native structure (blue).

of cases (Fig. 1). Accordingly, DrugScorePPI was able to rank a near-native solution, i.e.
rmsd < 10 Å, in the top ten (five) in 94.1% (64.8%) of the cases. When applied to a dataset
of ”unbound docking” solutions, DrugScorePPI was able to rank a near-native solution in
the top ten (five) in 100% (73.3%) of the cases. These results compare favorably with those
obtained by Baker et al.5 .
2.3

Protein-protein Docking

Finally, DrugScorePPI was applied as an objective function in FRODOCK4 in order to predict 3D structures of protein-protein complexes. For this, precalculated knowledge-based
potential grids by DrugScorePPI were used to sample protein-protein configurations and
to identify near-native complex configurations (Fig. 1). When applied to a subset of 97
bound-bound test cases of the ZDOCK benchmark 3, convincing results were obtained
(docking success rate for complexes in the top ten with rmsd < 10 Å: 69.1%). When comparing the docking results obtained for 76 cases of the ZDOCK benchmark 2 to ZDOCK
version 2.3, version 3.0, and the original FRODOCK docking procedure13, 14 , our approach
outperforms the other methods (Tab. 2).
IRMSD
DrugScorePPI a
DrugScorePPI b
ZDOCK2.3
ZDOCK3.0
FRODOCK

<=10.0 Å
Top10
69.1
61.8
-

<=2.5 Å
Top20
65.6
61.8
18.4
25.0
17.1

<= 2.5 Å
Top100
76.0
69.7
31.6
30.3

< 4 Å
Top100
80.2
72.4
50.0
50.0

Table 2. Protein-protein docking results. Success rates in %.
Results achieved for a 97 cases of ZDOCK benchmark 3 and b 76 cases of ZDOCK benchmark 2.
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