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Abstract
In CAPRI rounds 13–19, the most native-like structure predicted by RosettaDock resulted in two
high, one medium and one acceptable accuracy model out of 13 targets. The current rounds of
CAPRI were especially challenging with many unbound and homology modeled starting
structures. Novel docking methods, including EnsembleDock and SnugDock, allowed backbone
conformational sampling during docking and enabled the creation of more accurate models. For
Target 32, α-amylase/subtilisin inhibitor-subtilisin savinase, we sampled different backbone
conformations at an interfacial loop to produce five high-quality models including the most
accurate structure submitted in the challenge (2.1 Å ligand rmsd, 0.52 Å interface rmsd). For
Target 41, colicin-immunity protein, we used EnsembleDock to sample the ensemble of nuclear
magnetic resonance (NMR) models of the immunity protein to generate a medium accuracy
structure. Experimental data identifying the catalytic residues at the binding interface for Target 40
(trypsin-inhibitor) were used to filter RosettaDock global rigid body docking decoys to determine
high accuracy predictions for the two distinct binding sites in which the inhibitor interacts with
trypsin. We discuss our generalized approach to selecting appropriate methods for different types
of docking problems. The current toolset provides some robustness to errors in homology models,
but significant challenges remain in accommodating larger backbone uncertainties and in sampling
adequately for global searches.
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INTRODUCTION
Proteins are one of the most important classes of molecules in biology, and protein-protein
and protein-nucleic acid interactions are responsible for important cellular functions.
Advances in high-throughput proteomics allow identification of protein-protein complexes
with high binding affinities. Rational engineering of proteins to improve binding affinity or
alter binding specificities requires structural insights, but structure determining experimental
tools like x-ray crystallography and NMR are laborious, time consuming and expensive. In
the absence of experimentally obtained structures, the development of computational
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techniques for prediction of protein-protein interactions allows generation of structural
models, and steady advances in computational power enables increasingly more thorough
sampling of the available conformational space to generate physically realistic high
resolution structures. The Critical Assessment of PRotein Interactions (CAPRI),1 a blind,
community-wide challenge to computationally predict new experimentally solved structures
of protein complexes, serves as a testing platform for the effectiveness of docking protocols.
Our docking software, RosettaDock,2 has continually evolved by incorporating novel
scoring and sampling strategies, and it has been successful in all rounds of CAPRI.3–5

CAPRI has become more challenging, evolving from initial rounds where most targets
involved docking starting with bound protein partners, via intermediate rounds where the
starting monomers were unbound structures, to one of the most challenging docking
problems in the current rounds that require homology modeling of the starting monomers for
most targets. It is becoming increasingly clear that backbone flexibility during docking is the
logical next step for successful docking predictions.6,7 In CAPRI rounds 13–19, 7 of 13
targets required homology modeling, compared to 3 of 8 targets in the previous sets of
rounds.8 Homology models are imperfect, especially when the sequence identity of the
query sequence to the template sequence is poor. Correct docking solutions are precluded by
homology models that exhibit significant deviation of the binding patch from that in the
bound orientation. RosettaDock is meeting the increasingly complex docking challenge by
incorporating backbone flexibility during docking to sample conformations that bridge the
gap between the unbound/homology modeled structures and the bound structure.

Our early attempts at incorporating backbone flexibility in docking in the previous rounds of
CAPRI underscored the inherent challenges involved in both sampling realistic backbone
conformations and in energetically discriminating near-native structures with varying
backbone conformations.5 In Target 20, HemK plus eRF1, we pre-generated multiple loop
conformations along a flexible interface loop prior to docking but did not sample a near-
native loop conformation. In Target 24, Arf1-GTP plus ARHGAP10, we modeled a 15-
residue loop and sampled various backbone conformations of a 33-residue C-terminal tail
during docking, but found that the docking simulations resulted in non-compact and
unrealistic backbone conformations. In both cases all of our predictions were incorrect.

Since then we have developed two new techniques to more realistically capture backbone
conformational change. First, our recently developed EnsembleDock9 protocol follows the
conformer-selection model of binding by using a partition function-based selection of
candidate backbone conformations from an ensemble of NMR models or a set of refined
unbound structures. Second, SnugDock10 is a flexible docking protocol for docking of
antibody-antigen complexes that structurally optimizes the paratope during docking to
simulate an induced-fit. That is, SnugDock samples the relative orientation of the antibody
light and heavy chains and the backbone conformations of the complementarity determining
region loops while docking to the antigen. In local docking tests,9,10 recovery of models
created by SnugDock and EnsembleDock outperform rigid-backbone RosettaDock, and the
combination of EnsembleDock and SnugDock for docking homology modeled starting
structures approaches that as with crystal structures using standard RosettaDock. We were
eager to test the approaches in CAPRI. While there were no antibody targets in the rounds,
we were able to adjust the flexible loop building methods for Target 32, and EnsembleDock
was directly applied to Targets 29, 35–37 and 41.

TARGETS AND PREDICTIONS
In CAPRI rounds 13–19, RosettaDock with and without flexible docking generalizations
(EnsembleDock and SnugDock) predicted two high, one medium and one acceptable quality
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most native-like model according to the standard CAPRI criteria. All decoys were evaluated
using the ligand root mean square deviation (Lrmsd), interface rmsd (Irmsd) and fraction of
native contacts (fnat).11 Table I shows a summary of the docking techniques and the results
for all targets. We employed different strategies for each prediction, depending on the
available data. When no experimental information was available for the binding interface,
we performed a global docking simulation. For cases where experimental biochemical
information or sequence conservation bioinformatics data were available to identify the
binding patch, a local docking perturbation sufficed. When multiple structures were
available for either of the docking partners (e.g. a set of NMR structures), we used
EnsembleDock to dock the ensemble of structures (Target 41). For cases (Target 32) where
a loop at the binding surface was known to be important for binding, we applied SnugDock
methods for simultaneously optimizing the loop and docking. When an unbound structure
was provided, and evidence suggested that the protein does not change its conformation
upon binding, we applied standard RosettaDock involving rigid-body moves with side-chain
flexibility. Additionally, for some cases (Target 40) available biochemical information was
used as post-processing filters to eliminate low-scoring incorrect predictions (false-
positives).

Flexible Backbone Docking
Target 32: Barley α-Amylase/Subtilisin Inhibitor (BASI)-Subtilisin Savinase—
Target 32 required prediction of the BASI-subtilisin complex starting with the unbound
crystal structures of BASI (Protein Data Bank12 (PDB) ID: 1AVA:C)13 and subtilisin
(1SVN).14 A previous paper describes the complex structure of proteinase K inhibitor PK13
and proteinase K, which are similar to BASI and bacterial subtilisin respectively, suggesting
that the interaction complex may adopt a similar conformation.15 While a crystal structure
was not deposited in the PDB for the complex described previously, the paper identifies a
catalytic loop in the inhibitor (residues 84–94), and describes atomic interactions between
proteinase K and its inhibitor. The atomic interactions were used to align the starting
structures for a local docking perturbation. A modified version of the SnugDock protocol
was applied to optimize the backbone conformation of the inhibitor loop responsible for the
β-sheet formation and the C-terminus. The traditional SnugDock protocol, applicable to
antibody-antigen complexes, was modified to make the catalytic loop flexible instead of the
antibody complementarity determining region loops. Loop conformation was perturbed by a
combination of small and shear moves16 loop closure using cyclic coordinate descent,17 and
quasi-Newton minimization. As a post-processing step, decoys were scanned for the
hydrogen bonding ladder reported in the homologous complex structure.

The local docking perturbation incorporating backbone flexibility and biochemical
information resulted in five high quality, two medium quality and one acceptable model.
The top-ranked model was of high quality. The best high quality model is our second
prediction with 2.1 Å Lrmsd, 0.52 Å Irmsd and 0.75 fnat; this model was the best structure
submitted among all CAPRI participants. Figure 1(a) shows that SnugDock’s backbone
flexibility enabled the catalytic loop to move slightly closer to the bound conformation
(3BX1)18 by 0.1 Å Cα global rmsd to the bound structure solution. In the bound structure,
threonine 88 (in the catalytic loop), arginine 81, and aspartatic acid 99 have multiple
conformations suggesting a flexible loop. Such flexibility can be captured by loop
conformation diversity generated by SnugDock’s backbone conformational sampling as
shown in Figure 1(b). Both Figures 1(a) and 1(b) also show that the narrow C-terminus
conformational space sampled by the conservative perturbations of SnugDock does not span
the large deviation of the bound C-terminus conformation from the starting conformation.
More accurate docking predictions are precluded by the inability of the C-terminus to move
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significantly away, because the initial BASI C-terminus conformation clashes with serine
132 of the bound subtilisin savinase conformation.

Target 41: Colicin-Immunity Protein—In Target 41, we were provided unbound
coordinates of the DNase domain of colicin E9 (1FSJ)19 and an NMR ensemble for the IM2
immunity protein (2NO8).20 We found an x-ray crystal structure of the homologous
complex between the DNase domain of colicin E7 and immunity protein IM7 (7CEI)21 in
the PDB. This structure was used as a template for coarse structural alignment of the given
proteins. A local ensemble docking run was then carried out keeping the backbone of the
DNase domain of colicin E9 rigid while including all alternate backbone structures from the
NMR ensemble for the IM2 immunity protein. Because EnsembleDock samples backbone
conformations in the low-resolution stage of docking, the computational time is increased
2.2 fold over standard RosettaDock, which is very efficient sampling of the sixty NMR
models of the IM2 immunity protein monomer. Each of the ten lowest-scoring models
obtained by ensemble docking were subjected to local refinement involving high-resolution
rigid body docking to generate the final structures. This exercise resulted in seven
acceptable predictions and one medium prediction (1.7 Å Irmsd and 0.59 fnat). Structural
comparison cannot be performed because the coordinates of the bound structure (2WPT22)
have not yet been released.

Target 29: Trm8-Trm82—We were given the bound structure of Trm82 (2VDU:B)23 and
the unbound structure of Trm8 (2VDV).23 Inspection of a sequence alignment of Trm8
revealed a surface loop (residues 183–198) that was highly conserved across eukaryotes that
could potentially play a role in forming a complex with Trm82.24 This loop is largely
disordered in the unbound Trm8 structure, and we used a fragment-based Rosetta loop
building protocol25 to create a complete loop. The structure with the loop was then used as
an input for RosettaRelax,26 an optimization of the side-chain and backbone atomic co-
ordinates in full atomistic detail, as described in the original EnsembleDock paper. We used
an ensemble of ten relaxed structures and docked them with the bound conformation of
Trm82.

We selected the ten lowest-energy clusters of solutions from the global docking run to serve
as our final CAPRI predictions. Unfortunately, all models were incorrect. However,
retrospective analysis showed that although the loop apex is still unresolved in the bound
crystal structure,23 the loop-building and refinement methods were successful in recovering
the disorder-to-order transition of the stem regions of the highly conserved surface loop with
remarkable structural similarity to the bound conformation (Figure 1(c)). Although
ultimately unsuccessful, these results demonstrate the potential of combining loop modeling
and refinement with ensemble docking to overcome the challenges of flexible and
disordered regions in unbound structures. EnsembleDock simulations starting with multiple
loop conformations instead of multiple refined states of one loop may have helped recover
more native-like models.

Target 35–36: Xylanase-Xylan BD—In Target 35, we were given the amino-acid
sequences for xylanase and xylan BD and asked to find the quaternary structure of an end-
to-end fusion protein. We used the crystal structures of a related xylan binding domain
(1DYO,27 sequence identity 23%) to generate a homology model of xylan BD, and the
crystal structure of a related xylanase (1N82,28 sequence identity 33%), to generate a model
for xylanase. We used Robetta29 to generate five homology models for each partner and
modified Rosetta’s DomainInsertion protocol30 to incorporate ensemble docking in its low-
resolution phase. Our combination protocol alternated between rigid-body moves, selection
of xylanase and xylan BD conformers, and loop building steps to explore conformations of
the inter-domain linker. The algorithm generated structures of the covalently linked fusion
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protein of xylanase-xylan BD complex. In Target 36, we carried out the same procedure
with the bound structure of xylan BD. Unfortunately, in both cases the protocol failed to
achieve even an acceptable quality prediction.

Target 37: Arf6GTP-LZ2 JIF4—In Target 37 we were given the unbound crystal
structure of Arf6-GTP (2A5D)31 and the amino acid sequence of the leucine zipper 2 motif
of JIP. We received an ensemble of 16 homology models of LZ2 JIP from Alexandre
Bonvin32 created from the two symmetrical homodimer (coiled coil) templates (2ZTA,33

sequence identity 19%; 1GK6,34 sequence identity 20%). We carried out global ensemble
docking using these structures, clustered the low energy decoys, and submitted the largest
cluster centers as our predictions, but were unable to achieve an acceptable or better quality
prediction. Retrospectively, local docking using the unbound structures superimposed on the
released crystal structure of the complex (2W83)35 showed a relatively pronounced energy
funnel, however this was not found in global docking, perhaps due to the unusually extended
shape of the LZ2 motif of JIP.

Use of Biochemical Information
Target 40: Trypsin-Protease Inhibitor—In Target 40, we were given the unbound
structure of bovine trypsin (1BTY)36 and the bound coordinates for the double-headed
arrowhead protease inhibitor API-A (3E8L).37 We were informed that each molecule of
API-A binds two molecules of trypsin simultaneously with reactive sites at leucine 87 and
lysine 145. We carried out a global docking run using RosettaDock and subjected the
resulting lowest-scoring structure to a local docking perturbation leading to the prediction of
one of the binding modes (reactive site lysine 145) of the inhibitor.

To arrive at the second possible complex, we screened the interface of all the decoys
generated during the global docking run and filtered for decoys with leucine 87 at the
interface. The lowest-energy structure from the filtered list was then subjected to local
docking perturbations and the resulting structures were submitted along with the structures
generated for the first binding mode. This exercise resulted in nine high-quality predictions
(five for the first binding site and four for the second binding site). Figure 2 shows the
remarkable native-like successful high-quality predicted ternary complex structure by
superimposing the inhibitor molecule of the models with the lowest Lrmsd for the first
binding mode (Target 40.CA) with 2.3 Å Lrmsd, 0.6 Å Irmsd and 0.83 fnat, and the second
binding mode (Target 40.CB) with 1.8 Å Lrmsd, 0.6 Å Irmsd and 0.76 fnat.

Standard RosettaDock
T30: Rnd1-Plexin B1—We were given the unbound structure of Rnd1 (2CLS:A)38 and
one unbound NMR model of the Ras binding domain of plexin B1 (2R2O).39 Since we were
only given a single model of the NMR structure of plexin B1, we were unable to utilize our
ensemble docking method. Instead we used standard RosettaDock and carried out global
docking on the target and submitted eight of the largest low-energy clusters as our
predictions. Additionally, based on an alternate hypothesis that plexinB1 forms an extended
β-sheet structure with Rnd1 as in the related Cdc42/f-ACK complex,40 we used a modified
peptide docking algorithm and submitted the two lowest energy structures as our final
predictions. Our closest prediction came from global docking and was just short of
“acceptable” quality with 4.3 Å Irmsd and 0.27 fnat. The released complex structure of
Target 30 (2REX:AB)41 revealed a substantial loop conformation change along residues
1808–1814 of plexinB1 at the interface of the complex which likely precluded correct
prediction of the target.
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Targets33–34: Methyltransferase-RNA—In Target 33 we were given the unbound
structure of the 23S RNA and the sequence for Rlma2 methyltransferase. We used Robetta
to generate a homology model for Rlma2 based on the crystal structure of Rlma1 (1P91,
sequence identity 31%).42 We visually aligned the 23S RNA structure so that the substrate
nucleotide, guanine 748 of hairpin 35, was placed near the active site of Rlma2. We then
modified the RosettaDock algorithm to allow docking of RNA molecules using parameters
from RosettaLigand43 for the nucleotides and phosphate backbone. RosettaDock sampled
extensively using high-resolution local docking around this structure, but it failed to achieve
an acceptable prediction. In Target 34, we carried out the same procedure with the bound
structure of 23S RNA and achieved three predictions of acceptable quality. The closest
prediction had 4.6 Å Lrmsd, 2.3 Å Irmsd, and 0.21 fnat.

Target 38–39: Centaurin A1-KIF13B—In Target 38 we were given the unbound
structure of centaurin a1 (3FEH)44 and the amino acid sequence of the FHA domain of
KIF13β. We used SWISS-MODEL45 to generate a homology model of KIF13β using the
crystal structure of a related FHA domain protein (2G1L, sequence identity 38%).46

Previous experimental data47 that truncated various sections of centaurin a1 and observed its
binding with KIF13B suggested the minimal construct of centaurin a1 needed to interact
with KIF13B was residues 1–133, containing the GAP domain and N-PH domain, but not
the C-PH domain. Consequently, we included only the first two domains of centaurin a1 in
global docking. For Target 39, we were given the bound structure of KIF13B and carried out
the same procedure. In both cases RosettaDock failed to achieve an acceptable quality
prediction. The released crystal structure of the complex (3FM8)48 shows that, contrary to
the experimental data, the interaction occurs almost entirely through the C-PH domain that
we truncated.

Target 42: Designed Oligomer—Target 42 involved prediction of the structure of an
oligomeric TPR protein given the sequence of the protein and structure of a homologous
monomer (1NA3).49 For this challenge, we threaded the given sequence over a homologous
TPR protein x-ray crystal structure (2FO7).50 The resulting structural model was then used
in a global symmetry docking run wherein two monomers were simultaneously docked
maintaining an overall C2 symmetry for the complex.51 The resulting structures were then
sorted based on their total energies and the complexes with minimum free energy (calculated
by the Rosetta energy function) were submitted. Although our predicted conformation of the
TPR motif monomer was very close to the bound structure (2WQH52), RosettaDock scored
the non-native docked models with larger interfaces better (lower) than the native co-crystal
structure with its small binding interface.

DISCUSSION
Since CAPRI rounds 6–125 we have developed a number of new flexible docking methods,
including EnsembleDock, which allows simultaneous docking of multiple backbone
conformations, and SnugDock, which optimizes interface loops and backbone
conformations during docking. In CAPRI rounds 13–19 we have implemented these
methods over a wide range of docking targets, in both local and global docking, for both
bound and unbound crystal and NMR structures as well as homology models. Here we
outline a general approach to flexible backbone docking in RosettaDock that best utilizes
these new docking tools, based on our experiences in the present CAPRI rounds.

There are primarily four types of starting structures used in docking for CAPRI: bound
structures, unbound crystal structures, unbound NMR structures, and homology models.
Ultimately, the flexible docking strategy selected is dependent on the expected deviation of
the bound conformations of both partners from their given starting structures.
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Unsurprisingly, for a number of targets with bound starting structures, rigid-body docking
techniques are often sufficient for accurate structure prediction. Examples include Target 34
where we had a number of acceptable-quality predictions, and Target 40, where we had a
number of high-quality predictions, both using rigid-body docking. However, it is important
to consider the expected deviation from the bound conformation for both partners. In Target
40, we were confident that unbound structure of β-trypsin underwent minimal binding-
induced conformation changes based on existing structures of the enzyme in the PDB. By
contrast, in Target 29, we used flexible docking because even though we had the bound
structure of Trm82, the unbound structure of Trm8 contained a disordered loop that was
thought to be important for interaction.

Unbound crystal structures are generally the most accurate starting structures for truly blind
predictive docking, but they have two challenges which sometimes require the use of
flexible docking: binding induced conformation changes and disordered regions. For modest
binding-induced conformation changes, both EnsembleDock and SnugDock can be used. In
EnsembleDock, an ensemble of structures can be generated starting from the unbound
crystal structure9 and used for docking. If a particular interface loop is thought to change
conformation slightly upon binding, SnugDock can be used. In Target 32, the catalytic loop
of the enzyme subtilisin-savinase which was known to interact with the inhibitor BASI was
made flexible through SnugDock, leading to the most accurate predictions among all CAPRI
predictors. In many unbound crystal structures, there are disordered regions among surface
loops that may play a role in binding. In such cases it is advisable to rebuild a complete loop
using loop modeling in Rosetta25 prior to docking. In Target 29, we used loop-building to
rebuild a disordered loop in Trm8 thought to interact with partner Trm82. In this case, we
chose to use EnsembleDock for docking, but SnugDock could have been used as well.
Although we were unsuccessful in predicting a structure near the native, the structure of the
disorder-to-order transition of the loop in Trm8 was recovered with a remarkable degree of
accuracy, demonstrating the utility of this approach in accommodating disordered regions in
protein docking.

NMR structures constitute approximately 15% of the PDB, and are the given starting
structures for a number of CAPRI targets. Since NMR structures typically consist of a set of
structural models that best fit the NMR data, EnsembleDock is the natural choice of docking
method. We have previously demonstrated that using EnsembleDock with an NMR
ensemble outperforms rigid-body docking using a single NMR conformer.9 In Target 41, we
used the entire 60-conformer ensemble from the NMR structure of IM2 to dock with colicin
e9 using EnsembleDock and achieved a number of medium-quality predictions. In CAPRI
targets where the NMR starting structure has not yet been released into the PDB, we were
given only a single conformer, precluding the use of using EnsembleDock with an NMR
ensemble (e.g. Target 30); we hope that in the future, we will be able to access the entire
NMR ensemble or the primary NMR data from which an ensemble can be generated, to
more accurately reflect blind docking from available structure information.

Homology models have seen steadily increasing use in CAPRI targets; in the current rounds
more than half of the targets had a least one partner represented by a homology model.
Homology models often differ significantly from the bound conformation, making them the
single greatest challenge in flexible docking. Our general approach is to use EnsembleDock
with a set of multiple homology models, instead of rigid-body docking with a single
homology model, with the idea that an ensemble of models may overcome the structural
inaccuracies inherent in using a single model. Although in the present rounds our approach
did not achieve much success in homology model docking, we have recently conducted a
study systematically docking antibody homology models with antigen crystal structures
using a combination of EnsembleDock and SnugDock with promising results.10
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Despite the recent advances, significant challenges in blind predictive docking remain.
There are a number of possible reasons that could account for the inability to make
successful predictions. Often the homology models used are not accurate enough to provide
an accurate assessment of the interface between the two proteins, especially if there are
inaccuracies in the residues at the interface. When EnsembleDock is used, the ability of the
algorithm to predict the correct structure depends on both the accuracy of the structures in
the ensemble and the ability of the algorithm to assign lower scores to the complex
structures with the most bound-like monomer(s) in the ensemble.

The single most important determinant to successful docking is whether there is prior
experimental or homology information localizing the docking search. Among the five
targets in rounds 13–19 where information was available localizing the binding site of at
least one partner, acceptable-quality or better predictions were made in four cases. Among
the remaining nine targets where no such information was available, we failed to make a
single successful prediction. The failures suggest that work is needed to address sampling
issues in global searches. Eventual high-throughput interactome-scale protein-protein
docking will rely heavily on both homology model docking and global docking, making
these twin challenges central in future CAPRI development efforts.
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Figure 1.
Backbone conformational sampling during docking. (a) Target 32: Protein loop
representations showing that the best SnugDock-generated model of BASI (green) is closer
to the bound conformation (red) than the starting unbound conformation (blue). The partner
subtilisin savinase is in the bound conformation (gray spheres). The SnugDock generated
model and the starting unbound structure of BASI has been superimposed on the BASI of
the co-crystal (3BX1). (b) Target 32: Protein loop conformations of the ten lowest-scoring
SnugDock-generated BASI molecules (green) show that the conformational space sampled
by SnugDock spans the bound conformation. The BASI models are superimposed on the
bound conformation of BASI in the co-crystal (red). Subtilisin savinase is shown in the
bound conformation (gray). (c) Target 29: Superposition of unbound Trm8 structure (blue)
and ensemble of unbound relaxed structures with the modeled loop (green) on bound Trm8
(red) in the co-crystal complex (2VDU) shows that the stems of the predicted loop are
similar to that in the bound conformation. Only one representative loop stem from the
ensemble of relaxed structures is shown for clarity. The docking partner Trm82 is in the
bound conformation (translucent gray spheres).
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Figure 2.
Target 40: High quality prediction of two molecules of bovine trypsin in complex with the
double-headed arrowhead protease inhibitor API-A. The inhibitor of the predicted complex
with the lowest Lrmsd (deep blue) of targets 40.CA and 40.CB is superimposed on the
respective inhibitor as found in the crystal structure of the complex (cyan).
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