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Abstract

The CAPRI experiment (Critical Assessment of Predicted Interactions) simulates realistic and
diverse docking challenges, each case having specific properties that may be exploited by docking
algorithms. Motivated by the different CAPRI challenges, we developed and implemented a
comprehensive suite of docking algorithms. These were incorporated into a dynamic docking
protocol, consisting of four main stages: (1) Biological and bioinformatics research aiming to
predict the binding site residues, to define distance constraints between interface atoms and to
analyze the flexibility of molecules; (2) Rigid or flexible docking, performed by the PatchDock or
FlexDock method, which utilizes the information gathered in the previous step. Symmetric
complexes are predicted by the SymmDock method; (3) Flexible refinement and re-ranking of the
rigid docking solution candidates, performed by FiberDock; and finally, (4) clustering and
filtering the results based on energy funnels. We analyzed the performance of our docking
protocol on a large benchmark and on recent CAPRI targets. The analysis has demonstrated the
importance of biological information gathering prior to docking, which significantly increased the
docking success rate, and of the refinement and re-scoring stage that significantly improved the
ranking of the rigid docking solutions. Our failures were mostly a result of mishandling backbone
flexibility, inaccurate homology modeling, or incorrect biological assumptions. Most of the
methods are available at http://bioinfo3d.cs.tau.ac.il/.

INTRODUCTION

Protein-protein interactions play a major role in cellular function. Thus, revealing the three-
dimensional structure of a protein-protein complex can help understand how the complex
functions in the cell, and guide the design of drugs that can either prevent the formation of
the complex or increase its stability. Computational docking methods aim to predict the
atomic resolution three-dimensional (3D) structure of a complex, given the coordinates of
the unbound conformations of the molecules from which it is assembled. The CAPRI
experiment simulates realistic docking challenges and reveals strengths and weaknesses of
current docking methods!-4. Motivated by the different CAPRI challenges, we have
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developed over the years a comprehensive suite of docking algorithms. These algorithms
were incorporated into a dynamic docking protocol that can be used for predicting the
structure of many different types of molecular complexes. In this study, we examined our
docking protocol performance on CAPRI targets in rounds 13-19 and on a large docking
benchmark. The analysis demonstrated the importance of collecting reliable biological
information on the binding site residues and contacts, the significant contribution of flexible
refinement methods and the significant difficulty that still exists in docking homology
models and flexible proteins.

Over the years our group has developed a set of efficient and practical docking algorithms.
These methods were integrated into a comprehensive docking suite that can be used for
predicting many types of molecular complexes with different properties (hinge motion,
flexible loops, symmetric interactions, etc.) and restraints (biological information about the
binding site location, distance constraints, etc.). Our docking protocol consists of four main
stages, detailed below.

1. Biological and bioinformatics research of the interacting proteins

The goal of this preliminary stage is to define restraints that will reduce the search space of
the docking. The methods we use in the following stage can receive as an input potential
binding site residues and pair-wise atomic distance constraints. Reduction of the search
space can be achieved by analysis of the biological function of the interaction. For example,
if one of the proteins performs a modification in a certain site of the interacting molecule,
then a distance constraint can be defined between the active site and the modified site.
Information about the binding site can be obtained from different sources, such as mutations
that decrease the binding affinity, sites that are known not to be in the interface (eg.
functional sites that are active during the interaction) and bioinformatics conservation
analysis®, which predicts conserved surface patches that often imply the binding site
location. Multiple sequence and structure alignment (e.g. BLASTS, MultiProt’) often help in
finding homologous proteins that might form similar interactions.

Flexibility analysis determines the docking strategy. Hinges can be indentified using
HingeProt® and flexible loops can be recognized by B-factors, NMR and structural
comparison of different X-ray structures of the same or homologous proteins. Search space
reduction dramatically increases the docking success rate. However, if incorrect information
is used, or the results of the research are misinterpreted, the docking is highly likely to fail.
Therefore, only high confidence information should be used.

2. Rigid or hinge bent flexible docking

Rigid docking is performed by the PatchDock method®1°, which is an efficient, geometry-
based technique. The method can explicitly reduce the search space based on the data
collected in the previous step, eg. interface and non-interface residues and distance
constraints. Hinge movement is handled by the FlexDock algorithm! and if the target
complex is a symmetric multimer, the SymmbDock method®12 is used.

Our rigid and flexible docking methods are very efficient and are probably the fastest
techniques available. Thousands of candidate complexes can be generated within minutes on
a standard PC computer. To deal with unbound real-life cases a small amount of steric
clashes is allowed at the interface. In order to rank the candidate complexes with energy
based scoring function, the interface is optimized and the clashes are removed by a
refinement method.
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3. Flexible refinement and re-ranking

In this stage the top 1000-5000 solutions from the rigid/flexible docking stage are refined
and re-scored. Here we use the FiberDock method?3 that optimizes the side-chain
conformations in the interface, models backbone movements, minimizes the relative rigid-
body orientations of the molecules, and ranks the refined solutions by a binding-energy
scoring function. The FiberDock method is based on our previously developed FireDock
method14:1° that also models side-chain movements, but keeps the backbone rigid. In the
CAPRI experiment, we have used FireDock up to target 40, from which we started to use
FiberDock in the refinement stage. The refinement process results in a drastic improvement
in the ranking and accuracy of the predicted models (see the RESULTS section).

For refining models of symmetric complexes, we developed a new refinement method called
SymmRef. Similarly to FireDock!®, this method optimizes the side-chain conformations in
the interfaces and minimizes the rigid-body orientations of the symmetric units. However,
unlike FireDock, here the refinement preserves the symmetry of the complex.

4. Clustering and filtering

In the final stage we try to identify the near native solutions from the top 50-100 refined
models. First, we cluster the top ranked models and leave only the lowest energy model
from each cluster as a representative. Then, we search for energy-score funnels around the
remaining candidate docking solutions. Here we use our recently developed ValiDock server
(http://bioinfo3d.cs.tau.ac.il/ValiDock/) that randomly samples rigid-body perturbations
around each candidate solution, refines each perturbation by FiberDock and draws a graph
of energy-score vs. RMSD from the candidate solution. Energy funnels are known to be a
reliable indicator of near-native docking solutions16:17  although in many cases energy
funnels are also found in false docking solutions.

CAPRI participation—In the CAPRI challenge we participated as predictors, using three
different docking protocols: (1) PatchDock webserver?
(http://bioinfo3d.cs.tau.ac.il/PatchDock/) — rigid docking without human intervention. In
cases of symmetric docking we used the SymmDock webserver? instead
(http://bioinfo3d.cs.tau.ac.il/SymmDock/) (2) FireDock#/FiberDock webserver
(http://bioinfo3d.cs.tau.ac.il/FireDock/, http://bioinfo3d.cs.tau.ac.il/FiberDock/) - rigid
docking by the PatchDock server followed by refinement of the top 1000 solutions by the
FireDock/FiberDock server. (3) Human prediction — here we performed the full, four stage
docking protocol described above. In addition, we participated in the scoring challenges?,
where we used FireDock/FiberDock to refine and re-rank the uploaded models.

RESULTS

In recent CAPRI rounds (13-19) we were among the best performing predictor teams by
submitting near native models in 6 out of the 13 targets. In 4 targets, a near native model
was also submitted by our automatic webservers (PatchDock, SymmDock, FireDock or
FiberDock). In this section we briefly describe our successes and failures in these CAPRI
rounds. For 6 of the targets, in which we failed, we identified failure causes, repeated the
interactions prediction and in 3 of them we were able to obtain a near native model in the
top 10 solutions (Table 1). Additionally, we tested the performance of our docking protocol
in “blind” docking on protein-protein docking benchmark 3.018 cases with limited
flexibility. Our analysis demonstrates the significant contribution of the refinement and re-
ranking stage in the docking protocol.
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Target 29: Trm8/Trm82 tRNA guanin-N(7)-methyltransferase

The docking challenge in target 29 was to predict the structure of Trm8 complexed with
Trm82 tRNA guanin-N(7)-methyltransferase (PDB 2VDV and 2VDU). Trm82 was given in
the bound conformation and Trm8 in the unbound conformation. In this challenge we failed
to predict the structure of the complex but succeeded in the scoring stage, where we
identified two acceptable solutions with FireDock. The input structure of Trm8 was
truncated at the N-terminal (residue 73). In the rigid-docking stage of our protocol, we
blocked the site of this residue, since we assumed that the missing N-terminal segment is
occupying this area. This was a wrong assumption since in the native structure of the
complex!? residue 73 is interacting with Trm8. This assumption prevented PatchDock from
generating any near native solution. In addition, Trm8 has a flexible loop in the interface
that could have been easily identified by the fact that part of it was missing in the X-ray
structure. We repeated the docking experiment and ran PatchDock without blocking any site
and after removing the flexible loop from the Trm8 structure. The first acceptable solution
of PatchDock was ranked 2123 (LRMSD of 4.88A and IRMSD of 2.60A). After refining
and re-ranking the top 5000 PatchDock solutions by FiberDock the same solution was
ranked in the 3™ place and its LRMSD decreased to 4.33A and IRMSD to 1.90A.

Target 30: Rnd1-GTP bound to RBD dimer

In this target the challenge was to predict the structure of the complex of Rnd1-GTP and
RBD (PDB 2R20), given their unbound structure. Based on the literature we correctly
identified residues in the interface for both proteins29-22, However, in the CAPRI prediction
we used only the suspected binding site of Rnd1 and not of RBD and we did not get an
acceptable solution in the top 10 models of FireDock. This was probably due to the flexible
loop in the binding site of Rnd1 that decreased the shape complementarity of near native
solutions. We repeated the experiment using the binding site information for both proteins
and obtained an acceptable solution in the 51 place.

Target 32: Protease savinase bound to Bi-functional inhibitor BASI

In this challenge, the goal was to predict the structure of Protease savinase bound to its
inhibitor23 (PDB 3BX1) given their unbound structures. In the literature we found a
description of a homologous complex of proteinase K and its inhibitor (the coordinates of
the complex were not available)24. Based on this description, we identified the interface of
Protease savinase and the active loop of the inhibitor. This information was given to
PatchDock and the results were refined and re-ranked by FireDock. The active loop of the
inhibitor was suspected to be flexible. Therefore, we re-modeled it in the top solutions of
FireDock using ModLoop2° and refined these solutions again by FireDock. This process
resulted in two high accuracy, two medium and two acceptable models in our 10 submitted
predictions.

Targets 33-34: Methyl transferase bound to its RNA substrate

Target 33 presented a challenge of modeling protein-RNA interaction. The unbound
structure of a methyl-transferase protein (structure not yet published) was given, while for
the RNA molecule only a homologous structure was available. The RNA molecule contains
three hairpins. We predicted hinge-movements between the hairpins, and therefore tried to
dock them separately. First, we docked the third hairpin with a distance constraint between
the active site of the methyl-transferase and the methylated nucleotide (distance of up to
6A). Then we docked the remaining two hairpins together to the top 10 results from the
previous step. We were not able to produce a correct model for this target. An alignment
between the modeled and the bound structure of the RNA molecule revealed a significant
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difference in the conformation of the third hairpin. This structural difference prevented
PatchDock from generating a near native model in the first step of the docking process.

In target 34 we were given the bound structure of the RNA molecule. Here we used the
same distance constraint and obtained two acceptable solutions in the top 10 models of the
PatchDock server. However, they were disqualified due to low sequence identity that
resulted from the fact that we docked the homologue protein of the methyl-transferase and
not its model. As human predictors we suspected that the active-site of the protein can
slightly open in the direction of the first normal mode. Therefore, we created an “open” form
of the protein and used it in addition to the original “closed” form in cross-docking with
PatchDock and FireDock and got 4 acceptable solutions in the top 10.

Targets 35-36: Xylanase Xyn10B

In target 3526 (PDB 2WS5F) the goal was to predict the structure of a covalently linked
molecule with two domains: Polysaccharide binding module CBM22 and the catalytic
module GH10. The two domains had to be modeled by homologues. In target 36 the bound
structure of CBM22 was given. Like the vast majority of the predictors, we failed to predict
the structure of the two-domain protein in both targets, due to inaccurate homology
modeling.

Target 37: G-protein Arf6 bound to Leucine zipper of JIP4

In this target?’ (PDB 2W83) we had to model the structure of a Leucine Zipper domain and
dock it to the G-protein Arf6. In the biological analysis stage of our docking protocol, we
identified a conserved surface patch on one of the proteins (Arf6), by using ConSurf®. We
used this patch as the location of the interface. In addition, we blocked the location of the
GTP binding site in Arf6. These constraints were used in the rigid docking stage. After
refining and rescoring the solutions by FireDock we were able to get an acceptable solution
among the 10 submitted models. In the scoring challenge we also used FireDock and got
plausible results: one medium and two acceptable solutions. The submitted medium
accuracy model and one of the acceptable models were disqualified due to the high number
of clashes they had. These clashes could have been resolved by a second FireDock
refinement.

Targets 38-39: Centaurin-al bound to FHA domain of KIF13B

The goal in target 38 was to predict the structure of the complex of Centaurin-a; and the
FHA domain of KIF13B, using the unbound structure of Centaurin-a; and a homology
model of the FHA domain. In target 39 the bound structure of the FHA domain was given.
In the docking of both targets we relied on published biological experiments?® that showed
that the FHA domain of KIF13B binds to the GAP domain of Centaurin-a;. According to
the published complex structure2® (PDB 3FMB8), this information was incorrect, and hence
we failed in both targets. We retried to dock the two targets without any binding site
information. We used PatchDock and refined and re-ranked the top 5000 results by
FiberDock. In target 38, we did not have a near native solution in the top 5000 results of
PatchDock due to a flexible loop in the interface of KIF13B. However, in target 39
PatchDock produced a near-native solution, with LRMSD of 3A and IRMSD of 2.18A,
which was ranked 3059. FiberDock brought this model to the 6t place with LRMSD of
1.71A and IRMSD of 1.01A.

Target 40: A complex of Trypsin and protease inhibitor

In target 403C the goal was to predict the structure of Bovine Trypsin bound to the protease
inhibitor (PDB 3E8L). We were given the unbound structure of the Trypsin molecule and
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the bound structure of the inhibitor. Our FiberDock server obtained one high accuracy
solution and one acceptable solution in the top 10 models. During this round, after
submitting the webserver results, information on the location of the active sites of the
inhibitor was published. The active sites were located on two different loops. We used this
information when running PatchDock and FireDock, and validated the solutions by the
existence of binding energy funnels. In addition, we found two known structures of Trypsin
with peptide inhibitors (PDB 1YF4 and 3BTG). Using these structures, we structurally
aligned the active loops of our inhibitor with the peptides from these structures. The two
approaches resulted in similar results of high accuracy. As human predictors we submitted
three high accuracy and three acceptable models. In the scoring stage, we used our new
FiberDock method and submitted five high accuracy, two medium accuracy and one
acceptable models.

Target 41: Colicin E9 bound to Im2

In this target the goal was to predict the structure of Colicin E9 DNase domain in complex
with the Im2 protein3! (PDB 2WPT). Both proteins were given in their unbound structure.
By running BLAST we indentified a high quality homologous complex of Colicin E9 DNase
domain in complex with Im9 (PDB 1BXI). The PDB file of Im2 contained 60 NMR
structures which we structurally superimposed’ on the Im9 structure in the homologue
structure. We refined these 60 models by the FiberDock webserver. The first solution was of
high accuracy and the remaining nine were medium accuracy models. As human predictors
we randomly sampled 100 perturbations, for each NMR structure, and refined these 6000
models by FiberDock. Now the top 10 submitted models contained seven medium accuracy
and three acceptable models. This case shows that increasing the number of solution
candidates is not always beneficial, since the scoring function is not accurate enough to
reliably differentiate between high, medium and acceptable accuracy models.

Target 42: Designed TPR oligomer

In this target we had to predict the structure of a designed protein3? (PDB 2WQH). We
modeled the structure of the protein by a known homologous structure of TPR (PDB 1NAO).
The sequence of the two proteins is identical, except for three amino acids in the TPR. Three
Aspartates in the homologue were changed to Tyrosines. For the webserver submission, we
ran the SymmDock server® and refined the results by our new SymmRef method, in order to
resolve the clashes in the solutions. The submitted models included one high accuracy result.
As human predictor we suspected that the mutations might be in the interface and stabilize
the interaction. Hence, we repeated the SymmDock and SymmRef runs with the information
that the mutated Tyrosines are in the interface. This assumption was correct, and in our top
10 submitted models we had one high accuracy model and one acceptable model.

Blind docking experiment

We tested our automated docking protocol (docking by PatchDock and refinement and re-
ranking by FiberDock) on the 88 “rigid-body” cases (with IRMSD<1.5A) from the protein-
protein benchmark3.018, The experiment showed the importance of the refinement and re-
ranking stage of the protocol (Figure 1). For each case we ran PatchDock and refined and re-
ranked the top 1000 solutions by FiberDock, which modeled backbone flexibility in the
receptor and side-chain movements in both proteins. PatchDock produced a near native
solution (LRMSD < 10A or IRMSD<4A) among the top 1000 results in 71.6% of the cases.
However, after dividing the cases into three categories, Antibody-Antigen (AA), Enzyme
Inhibitor (El) and Others (O) we noticed that PatchDock produced acceptable results in the
top 1000 solutions in 95.2% of the AA cases, 85.2% of the EI cases, and 50% of the other
cases. In only 10.2% of the 88 cases PatchDock ranked an acceptable solution in the top 10
results. However, after refining, re-scoring and re-ranking the solutions by FiberDock, in
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28.4% of the cases an acceptable solution was present in the top 10 results. When the top 50
models are considered, FiberDock achieves an acceptable solution in around 70% of the AA
and EI cases. The superior results of the AA and EI cases stems from the fact that
PatchDock and FiberDock were optimized to handle these types of complexes, and further
improvement should be done for general protein-protein complexes.

DISCUSSION

Recent CAPRI challenges have emphasized two key issues. The first is the importance of
gathering information on the specific target prior to docking, which significantly increases
the success rate of the docking. The second point is our limited ability to handle docking of
unbound molecules with significant backbone flexibility in the interacting area or docking of
homology models, which often have inaccurate backbone conformation.

In recent CAPRI rounds (13-19) we succeeded in our docking predictions in 6 out of 13
targets. In all of these cases we used biological information and bioinformatics analysis. For
targets 32 and 40 we found biological information on the interface of both interacting
proteins, which drastically reduced the docking search space. In target 40, however, we also
achieved a high accuracy result by our automatic FireDock server# without binding site
information. In target 34 we used a distance constraint between the active site of the methyl
transferase and the methylated nucleotide in the RNA molecule. In target 37 we detected a
conserved surface patch on one of the proteins and used it as the location of the interface.
On the other hand, in targets 29, 38 and 39 we used wrong biological assumptions that
prevented us from predicting the correct structure of the complexes. When these wrong
assumptions were eliminated we obtained correct docking solutions in two out of these three
targets.

Docking targets with homology models or with significant backbone movements in the
interacting molecules were the most difficult. In target 30 we indentified the correct
interface prior to docking, but a flexible loop in the interface prevented us from docking the
proteins correctly. Target 33 required homology modeling of an RNA molecule. Since the
modeled conformation of one of its hairpins was inaccurate, the rigid-docking stage failed.
In three other targets (35, 36, 38) we also failed due to inaccurate homology modeling.

Each CAPRI target reveals strengths and weaknesses of the methods we use, and guides us
in developing new methods to face similar challenges more successfully. In the initial
rounds of CAPRI, when our major tool was the PatchDock algorithm, we were quite
successful in detecting acceptable solutions, but were less successful in detecting high and
medium quality solutions33 34, This motivated the development of the FireDock refinement
algorithm, which proved its efficacy in the currently reported rounds. As for now, the major
obstacle in the docking field is to handle backbone conformational changes that occur in the
interface. Motivated by this challenge, we recently developed the FiberDock method that
mimics an induced-fit process and models backbone movements during the refinement of
rigid docking solutions. FiberDock showed superior results over FireDock in cases with
interface backbone flexibilityl3, and we hope to see its contribution in the next CAPRI
rounds. All our docking methods are rapid and efficient and most of them are publicly
available as webservers on our website: http://bicinfo3d.cs.tau.ac.il/.
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The fraction of cases with correct docking prediction
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Figure 1.

Blind docking experiment. We tested our “blind” docking protocol on the 88 benchmark
cases with IRMSD < 1.5A. For each case we ran PatchDock and refined and re-ranked the
top 1000 solutions by FiberDock. The graphs show the fraction of cases where a near native
solution was present in the top 10, 50, 200 and 1000 solutions of PatchDock (shades of blue)
and FiberDock (shades of red). The dark red/blue bars show the fraction of cases with
medium accuracy solutions (LRMSD < 5A or IRMSD < 2A) and the light bars show the
fraction of the additional cases with acceptable solutions (LRMSD < 10A or IRMSD < 4A).
The top-left graph shows the results of all the 88 cases, the top-right graph shows the results
of the Antibody-Antigen (AA) cases, the bottom left shows the Enzyme-Inhibitor (EI) cases,
and the bottom right the other cases. This experiment demonstrates the importance of the
refinement and re-ranking stage by FiberDock.
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