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Abstract

Peptide-protein docking is challenging due to the considerable conformational freedom of the 

peptide. CAPRI rounds 38-45 included two peptide-protein interactions, both characterized by a 

peptide forming an additional beta strand of a beta sheet in the receptor. Using the Rosetta 
FlexPepDock peptide docking protocol we generated top-performing, high-accuracy models for 

targets 134 and 135, involving an interaction between a peptide derived from L-MAG with DLC8. 

In addition, we were able to generate the only medium-accuracy models for a particularly 

challenging target, T121. In contrast to the classical peptide-mediated interaction, in which 

receptor side chains contact both peptide backbone and side chains, beta-sheet complementation 

involves a major contribution to binding by hydrogen bonds between main chain atoms. To 

establish how binding affinity and specificity are established in this special class of peptide-protein 

interactions, we extracted PeptiDBeta, a benchmark of solved structures of different protein 

domains that are bound by peptides via beta-sheet complementation, and tested our protocol for 

global peptide-docking PIPER-FlexPepDock on this dataset. We find that the beta-strand part of 

the peptide is sufficient to generate approximate and even high resolution models of many 

interactions, but inclusion of adjacent motif residues often provides additional information 

necessary to achieve high resolution model quality.
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Canada, Faculty of Medicine, The Hebrew University, Jerusalem, Israel., ora.furman-schueler@mail.huji.ac.il; Dima Kozakov, 
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1 | INTRODUCTION

Protein-peptide interactions are abundant in the cell and participate in multiple cellular 

processes such as regulation and cell-signaling. As these interactions are often transient and 

weak they are difficult targets for crystallography and NMR. Therefore, detailed modeling of 

those interactions is crucial for our understanding of different biological mechanisms. 

However, these interactions are also particularly difficult to model since the peptide often 

does not form a stable defined structure prior to binding, making it necessary to sample 

considerable conformational space of both internal degrees of freedom of the peptide, as 

well as its rigid body orientation relative to the receptor to find the correct conformation. A 

variety of approaches have been developed to address these challenges efficiently.1

We have previously developed a series of protocols that allow to generate highly accurate 

models of peptide-mediated interactions. Rosetta FlexPepDock was the first protocol to 

explicitly model full conformational freedom of the peptide backbone as well as side chains, 

allowing for the accurate refinement of approximate models of a peptide-protein interaction 

(generated, for example, from a homolog template, or based on experimental constraints).2 

These models can be used to identify substrates for a given peptide binding receptor or 

peptide-modifying enzyme (as demonstrated for example, on histone deacetylases3 and 

more). In ab initio Rosetta FlexPepDock sampling of the peptide conformation space is 

increased by use of fragment libraries, allowing to generate a peptide-protein structure 

starting from a peptide of arbitrary conformation positioned within a given binding site.4 

While these protocols have significantly impacted the atom-accuracy modeling of peptide-

protein interactions for which information about the binding site on the receptor is known, 

further development was necessary to achieve successful fully blind peptide docking, where 

only the peptide sequence and the receptor structure (but not the binding site) are given. A 

breakthrough came from the observation that a structure similar to that of the peptide can 

often be found among fragments extracted from protein monomer structures, based on 

similarity in sequence motifs and (predicted) secondary structure preference.5,6 Therefore, 

similar to ab initio folding, that can be simplified by combining such fragments into a final 

structure, followed by high resolution refinement,7 global peptide docking can be achieved 

by rigid body docking of these fragments, followed by high resolution peptide docking. We 

developed two protocols for global docking using PIPER/CLUSPRO8 for the rigid body 

docking step: (a) PeptiDock5 consists of a first step in which a peptide motif is extended and 

pruned according to predefined rules, until it produces a couple of hundred fragment hits in 

the Protein Data Bank (PDB9,10). These fragments are then clustered, docked, and 

minimized, producing routinely structures within 4 Å RMSD of the native peptide 

conformation; (b) PIPER-FlexPepDock6 consists of three steps: First, a fragment library is 

compiled using a modified version of the Rosetta fragment picker,11 second, these fragments 

are rigid body docked using PIPER/CLUSPRO,12 and third, the top-scoring models are 
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further refined by Rosetta FlexPepDock,2 resulting in near-native protein complex structures 

within 2-3 Å RMSD in the predominant number benchmarked cases. Notably, for both 

approaches performance is optimal when the peptide binding segment, or motif, is known, or 

correctly identified.

Peptide-protein docking is a sub-category of the more mature protein-protein docking field. 

Aiming to assess the performance of different computational approaches for modeling 

protein-protein interactions, CAPRI (Critical Assessment of PRediction of Interactions) 

releases regularly information about to be published NMR and X-ray structures of protein-

protein complexes, to be used as targets for blind prediction. Models submitted by the 

participants are assessed and categorized as high, medium or acceptable accuracy according 

to defined CAPRI criteria13,14 (note that for peptide-protein interactions, slightly different 

criteria apply15). Since its inception in 2002, the CAPRI experiment has significantly 

impacted the docking field. It has engaged tens of different groups, involved a wide variety 

of protocols, and encouraged exchange of ideas, approaches and experience, accelerating the 

advance of ever improving docking protocols.13 Different types of protein interactions have 

been added along the years, including binding to nucleotides,16 sugars,14 and peptides.17

CAPRI rounds 38-45 included two peptide-protein interactions: The first target, T121 of 

round 38 involved a particularly challenging interaction with considerable receptor 

reorganization, for which we were the only groups to generate medium accuracy models (as 

defined by the CAPRI criteria15). However, since target information and structure are still 

unpublished, we will not go into details of this modeling challenge. The second set of 

targets, T134-135 of round 44, involved the interaction between a peptide derived from the 

cytoplasmic segment of the mouse myelin associated glycoprotein (L-MAG) bound to 

dynein light chain subunit 8 (DLC8),18 for which we generated high-accuracy models. The 

round consisted of two stages: T134 involved the identification of the binding motif within 

the cytoplasmic segment of the MAG protein, while subsequent T135 involved modeling of 

the interaction with the given binding motif. For both targets, we were able to generate the 

best models among all CAPRI submissions. We describe here the strategies that we applied 

to successfully model these peptide-protein targets using Rosetta FlexPepDock (a summary 

scheme is shown in Figure 1).

Since both targets involve an interaction in which a peptide contributes an additional strand 

of a beta sheet in the receptor, we extended our study to a general analysis of beta-sheet 

complementing peptide-protein interactions. For this, we extracted PeptiDBeta, a benchmark 

of peptide-protein complex structures for which both the bound and free receptor structure 

are available. The dataset was generated using an automatically updated version of 

PeptiDB19 (AutoPeptiDB; unpublished results).

A long-lasting question about interactions mediated by short linear motifs (SLiMs) is how 

binding specificity is achieved, given the low information content of many of these motifs 

and their frequency in protein sequences. In turn, many competing binding sites might be 

available on the receptor surface. Flanking regions around the peptide motif play an 

important role for the determination of binding specificity.20,21 In this study, we use 

PeptiDBeta and our blind peptide docking protocol PIPER- FlexPepDock to investigate how 
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binding preference for a specific site on the receptor surface is achieved for beta-sheet 

complementing peptides. We find that for most cases the short, beta strand forming peptide 

stretch provides enough information to recognize the binding site on the receptor, and that 

additional residues often allow generation of atom-resolution, high accuracy models of an 

interaction (within 2-2.5 Å RMSD, similar to general performance of PIPER-FlexPepDock).
6

2 | METHODS

2.1 | Peptide docking using Rosetta FlexPepDock

Peptide docking simulations were performed using the Rosetta FlexPepDock protocol, 

unless indicated otherwise. Detailed information about the runline commands and versions 

used are provided in the Supporting Information. Rosetta version 3.9, and energy function 

ref201522 were used.

FlexPepDock refinement: FlexPepDock refinement has been described previously: In 

brief, starting from an approximate conformation of a peptide-protein complex, the peptide 

is optimized by iterative sampling of rigid body and internal backbone peptide degrees of 

freedom, with periodic repacking of all interface side chains, starting with almost 

exclusively attractive forces and gradually ramping back repulsion, to allow a smooth 

transition to nearby energy minima.2

FlexPepBind threading: FlexPepBind3 uses a template structure of a peptide-protein 

interaction to thread a list of peptides each onto the template and refine each peptide using 

FlexPepDock.2 The structure of the DLC8 protein solved in complex with the Nek9 peptide 

(PDBid 3zke23) was used as template. The 57 residue C-terminal part of the MAG-L mouse 

protein (sequence: KYESEKRLGSERRLLGLRGES 

PELDLSYSHSDLGKRPTKDSYTLTEELAEYAEIRVK) was split to all overlapping 11mer 

peptides. Each 11mer was threaded onto the Nek9 peptide conformation, using the Rosetta 
fixbb design24 protocol and then minimized using the Rosetta FlexPepDock application with 

the “minimization only” option (ie, no random perturbations were applied).

2.2 | Global blind peptide docking using PIPER-FlexPepDock

Global docking with no prior information about neither binding site nor peptide 

conformation was performed using the PIPER-FlexPepDock protocol.6 In brief, the peptide 

conformation is represented as an ensemble of fragments extracted from the PDB, based on 

sequence and (predicted) secondary structure using the Rosetta Fragment picker (with the 

vall 2011 fragment library).11 These fragments are mutated to the target peptide sequence. 

Fifty fragments are rigid body docked onto the receptor protein using the PIPER rigid body 

docking program.12 The top 250 models for each fragment are then further refined using the 

Rosetta FlexPepDock protocol, including receptor backbone minimization, and top-scoring 

models are clustered. The protocol is freely available for noncommercial use as an online 

server: https://piperfpd.furmanlab.cs.huji.ac.il.
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2.3 | Modeling round 38 target T121 using refinement with modeling employing limited 
data (MELD) molecular dynamics simulations

The Kozakov-Vajda-Dill groups applied for the modeling of T121 also an additional strategy 

which involved the refinement of the docked peptide-protein complex structures using 

MELD × MD simulations. MELD has been previously discussed in detail.25,26 Briefly, 

MELD uses sparse, ambiguous, and uncertain information to reduce the search space of 

physics based simulations. This is done using a Bayesian approach implemented using 

“smart” flat-bottom potential springs, which do not bias the energy if the information is 

satisfied. Relative populations of MELD structures can serve as a proxy of relative free 

energies. To allow MD to overcome the high energy barrier between different zones of the 

phase space that the smart springs create, a Hamiltonian and temperature replica exchange 

protocol is used. Previously, MELD has been successfully applied to the problems of protein 

folding,27–29 peptide docking,30,31 and protein dimer structure predictions.32 More details 

are provided in the Supporting Information.

2.4 | Determination of interface hotspots using computational alanine scanning

Computational alanine scanning was performed using the Robetta alanine scanning protocol, 

as described by Kortemme et al.33 In this protocol, after the protein-peptide interface is 

defined, every residue at the interface is mutated to alanine one by one and the energy gaps 

caused by the mutations are estimated. No backbone or side-chain perturbations are allowed 

upon mutation, as it has been shown that for mutations to alanine, a conservative protocol 

performs best.34,35 We applied a local version of the protocol implemented in the Robetta 
alanine scanning server.36 To remove clashes, crystal structures were minimized prior to the 

calculation.

2.5 | PeptiDBeta, a benchmark for beta-strand peptide-protein interactions

The PeptiDB set of structures of peptide-protein complexes has been used widely to 

calibrate peptide docking protocols.19,37–40 In order to streamline the tedious process of 

dataset curation (e.g., to remove interactions where the peptide conformation is significantly 

influenced by crystal contacts), we developed AutoPeptiDB, an automatic scheme that 

generates periodic updates of PeptiDB (in preparation). AutoPeptiDB (version 6/2018) was 

the starting point for the extraction of PeptiDBeta, a dataset of protein-peptide interactions, 

in which peptides extend existing protein beta-sheets. To prevent potential bias for 

overrepresented structures in the PDB, we compiled a domain nonredundant set defined 

according to the classification in the database of evolutionary classification of protein 

domains (ECOD).41 Only single chain receptor—peptide interactions were retained, and 

complexes in which peptide temperature factor was greater than 35, as well as covalently 

bound peptides were removed. To isolate beta-complementing complexes from this dataset, 

we filtered out complexes with ECODs corresponding to all-helical proteins, and retained 

only complexes in which peptides adopt beta-strand conformation, as estimated by the 

Define Secondary Structure of Proteins algorithm (DSSP).42 Protein complexes with beta-

strand peptide longer than 10 amino acids were removed. Out of 75 structures remaining 

after the filtering, we generated the final set of 14 peptide-protein complexes for which also 

the free receptor structure has been solved (Table 4). We also include a set of 5 peptide-PDZ 
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domain complexes to assess the variability of our results among complexes involving the 

same domain (Table S2).

2.6 | Delineation of the span of the peptide segment to be docked

The peptide motif to be modeled for the PeptiDBeta benchmark was defined using two 

different criteria: (a) Definition of the beta-strand segment of the peptide, based on DSSP 

calculation of backbone hydrogen bonds, and (b) definition of extended motif, based on the 

PeptiDock motif definition approach, as described previously.5 In brief, a starting peptide 

motif is extended/restricted according to nearby amino acids that are frequently involved in 

known binding motifs, until a search in the PDB using the motif results in a couple of 

hundreds of fragments.

3 | RESULTS

Figure 1 summarizes the main approaches applied in this study to peptide docking in CAPRI 

rounds 38-45. These rounds included three peptide-protein complex targets: Targets T121 in 

round 38 and T134 and 135 in round 44. We describe round 44 in detail and only briefly 

mention T121, as the structure has not been published yet, and therefore no details can be 

revealed. We then present an in depth analysis of global peptide docking on PeptiDBeta, a 

benchmark for beta-sheet complementing peptide-protein interactions, focusing on the 

influence of peptide length and motif definition on binding specificity.

3.1 | Round 44–Template based peptide threading and docking refinement

T134/T135 consist of the interaction between DLC8 (a dimer) with a 12-residue peptide 

isolated from the 57-residue C-terminal cytoplasmic segment of mouse L-MAG.18 The 

complex was first crystallized with DLC8 bound to a 57-residue c-terminal segment of L-

MAG (PDB id 6gzj), and subsequently with DLC8 bound to a 12-residue peptide extracted 

from the same above segment (PDB id 6gzl), with the resulting complexes adopting very 

similar structures. The challenge for T134 was to predict which 12-residue peptide within 

the longer segment binds to DLC8, as well as to model the structure of the resulting 

complex. For T135, the predictors were given the sequence of the 12 residue peptide for 

which the DLC8-bound structure had been determined. The main challenge for this target 

was to produce a highly accurate model for the protein-peptide complex.

Our modeling strategy involved the use of a solved structure of DLC8 bound to a different 

peptide as template, assuming that the MAG-derived peptide would bind in the same site. 

Application of the Rosetta FlexPepBind3 threading protocol identified the binding peptide 

within the 57-residue segment (Figure 2A). Using our protocol for high-resolution peptide 

docking Rosetta FlexPepDock on the predicted binding motif, we were able to generate the 

top-ranking, high accuracy models for these targets (Table 1).

The suggested motif and the binding site were subsequently validated with an unbiased 

simulation performed with our global peptide docking protocol PIPER-FlexPepDock, for 

which no information about binding site or peptide conformation was provided. The 

simulation resulted in top-scoring models of high accuracy (Figure 2B,C and Table 2).
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3.2 | Target 134: Identifying the peptide binding motif in the 57-residue C-terminal tail of 
MAG

3.2.1 | Template selection and binding motif identification—In order to proceed 

with template-based modeling of the complex, we considered 19 structures of DLC8 solved 

in complex with different peptides. One of the structures had been solved with the Nek9 

peptide (PDB id: 3zke,23 sequence: VGMHSKGTQTA) which contains a motif in 

accordance with the consensus sequence discussed in Bodor et al43: [DS]−4K−3X−2[TVI]

−1Qo[TV]1[DE]2. In the 57-residue fragment provided for prediction we noticed a similar 

motif (DSYTLT), suggesting possible binding at the same site. Based on this observation 

we chose this structure as a template for the docking procedure. We noted however that our 

sequence did not confer to the reported consensus that contains a glutamine rather than a 

leucine amino acid in between the two threonines and a serine instead of lysine at position—

3 (underlined residues).

With this structure as template, we set out to identify the binding peptide within the provided 

57 residue c-terminal fragment. Using Rosetta FlexPepBind, we threaded each overlapping 

window peptide of 11 residues onto the Nek9 peptide: Side chains were mutated while 

keeping the peptide backbone fixed, using the Rosetta fixbb design application24 (details of 

this and following simulations are described in Methods, and command line parameters are 

provided in the Supporting Information). After threading, a short minimization was 

performed using Rosetta FlexPepDock, allowing for optimization of all peptide atoms, as 

well as receptor side chain atoms. The resulting energies of the different peptide sequences 

were used to identify the motif. Both Rosetta reweighted (Figure 2A) and interface scores (-

Figure S1) identified the same motif: RPTKDSYTLTE.

3.3 | High-resolution model refinement

Since the peptide in the template that we chose (3zke) is only 11 residues long, while we 

were asked to model a 12 amino acid peptide, we added one residue at each terminus, 

resulting in the two peptides KRPTKDSYTLTE and RPTKDSYTLTEE. For both of these 

complexes we performed three different simulations: (a) FlexPepDock refinement, (b) ab 

initio FlexPepDock with fragments for the first and last 3mer, respectively, and (c) full ab 

initio FlexPepDock, resulting in a total of six distinct simulations. We selected the models 

for submission from the top-scoring resulting models from these runs (See Table 1A). 

Overall these models converged, with an average backbone RMSD between the top 10 

submitted models of 0.86 Å. Six were high and the rest medium accuracy models.

For the ranking of the different models, we complemented interface and reweighted scores 

with additional parameters calculated using the Rosetta Interface analyzer application.44 We 

looked for a high number of hydrogen bonds between the partners, a low number of 

unsatisfied buried hydrogen bond acceptors and donors, and favorable packing (as 

represented by the packstat measure that penalizes for voids smaller than a water molecule 

within the protein complex). However, none of these measures proved to be helpful for the 

distinction of high-accuracy models from the rest in a posterior analysis (data not shown).
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3.4 | Binding site confirmation with fully blind docking protocol

To further strengthen confidence in the predicted binding mode, we also performed an 

unbiased docking simulation of the peptide identified by threading (RPTKDSYTLTE), 

using our blind peptide docking protocol PIPER-FlexPepDock,6 without including any 

information about the binding site on the receptor, nor about the peptide conformation. The 

top-scoring models based on both reweighted and interface scores recovered the binding 

mode with high accuracy (backbone RMSD 0.58 Å; Figure 2B,C).

3.5 | Target 135

For T135 the sequence of the 12mer was given: PTKDSYTLTEEL. Starting with our top 

submitted model for T134, we added the leucine residue at the C-terminal end of the model 

peptide and removed the N-terminal arginine (RPTKDSYTLTEEL). We then performed two 

Rosetta FlexPepDock ab initio runs, including information about side-chain rotamers of 

either the top ranked submitted model, or the initial template (3zke). The models showed a 

wide variety of C-terminal peptide conformations (Figure 3A), but overall fell into two 

clusters, in which the C-terminal leucine pointed up or down. When leucine points upwards 

it creates hydrophobic interactions with the leucine of the TLT motif. Leucine pointing 

downwards interacts with the hydrophobic pocket on the receptor surface. Seven of our 

models were of high quality (Table 1B).

3.6 | Analysis of the results

For target 134 we identified the correct binding motif and generated high-accuracy models. 

However, the crystal structure did not include the N-terminal arginine that we included in the 

motif, but included an additional leucine in its C-terminus. Most of our models for T135 do 

not converge in the C-terminal region, unlike the rest of the peptide, for which the hydrogen-

bonding pattern is conserved in all the models. This observation lead us to the assumption 

that this part of the peptide might be disordered. As the crystal structure was published, we 

analyzed the environment of the structure in the crystal and found that indeed the only 

interaction in which this C-terminal leucine participates is an artificial crystal contact 

(Figure 3B).

An accurate structural model can provide important information about an interaction, by 

identifying interface hotspots—residues that contribute critically to binding.45 This 

information may be used to generate mutations that will abolish an interaction, and thereby 

can serve for the experimental assessment of the functional importance of that interaction. 

For a model to be useful, we would expect it to predict the same interface hotspots as would 

an experimentally solved structure. While the MAG peptide-DLC8 interaction is mostly 

stabilized by backbone interactions that are not affected directly by mutation to alanine, 

there are a number of peptide positions whose side chains participate in hydrogen bonding 

with the receptor. We used Robetta alanine scanning33,36 to identify interface hotspot 

residues both on the solved as well as modeled complex structures (Figure 3C, D; 

summarized in Table S1). On the peptide side, the crystal structure suggests three hotspots: 

Y6.L8T9. On the receptor side, residues Y65 & T67 on the neighboring beta strand engage 

with the peptide D4 side chain, while residues Y75 & Y77 of an underlying sheet engage with 

the peptide backbone at the motif positions L8T9. However, none of the residues located in 
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the helix of the second monomer that interacts with L8 are classified as hotspots in the 

crystal structure. In contrast, our models predominantly highlight D4…L8T9 as hotspots, 

overlapping better with the previously reported motif (D4Kx6TQ8T9E, numbered 

accordingly), and helical residues I34 and K36 are now highlighted as hotspots. Thus, critical 

leucine residue L8 from the TLT motif that interacts with the helix of the second DLC8 

monomer in the dimer, as well as the following threonine T9 were predominantly classified 

as major contributors to binding, while the side chain of tyrosine residue Y6 was misplaced 

in our models and therefore only the crystal structure showed substantial contribution to 

binding for this residue.

3.7 | Determinants of binding site specificity

Interestingly, the blind docking simulation generates significantly better models when the 

docked peptide includes the N-terminal arginine residue R0 (Table 2). Comparison between 

the energy landscapes of the RPTKDSYTLTE and PTKDSYTLTE peptides (Figure 2B and 

Figure S2A) reveals more alternative low-energy regions in the energy landscape for the 

10mer. In our model R0 creates a strong ionic bond with receptor E71 (Figure 3E), which 

might be critical for the peptide’s site recognition. Moreover, the docking simulation of 

PTKDSYTLTEEL solved in the crystal structure that includes the C-terminal residues 

E11L12, but does not include the N-terminal arginine, did not succeed to recognize the near-

native conformation, probably due to reduced fragment quality (Table 2 and Figure S2B). 

Finally, while the TLT leucine L8 is clearly a “hotspot” and is considered to be part of the 

motif, global docking of a peptide that does not include this key residue, RPTKDSYT, still 

successfully recovers a near-native structure (Figure S2C). The lack of clear parameters that 

could bode for successful global docking suggests emerging guidelines that include the 

docking of different peptide segments in search for the correct orientation, where additional 

residues may help increase specificity, but also reduce the quality of representation of the 

fragment set used in the rigid docking step.

3.8 | Round 38, T121—A challenging target involving considerable rearrangement

The second peptide-protein interaction to be modeled in CAPRI rounds 38-45, round 38 

target T121 challenged us due to considerable conformational rearrangement of the receptor 

upon binding of the peptide. We were the only groups to identify the correct orientation of 

the beta-sheet extending peptide in this target, and thus our models were the only ones to be 

scored as medium accuracy (Table 3). Unfortunately, the study describing the experimental 

NMR structure is still not published and the structure has not been released yet. We therefore 

only briefly outline the two approaches that were successful for this target, without 

providing details.

The approach taken by the Furman lab generated the top-quality, medium-accuracy model 

among all T121 submissions. It involved first the definition of a short binding motif within 

the peptide partner, based on homologous interactions. Global docking using PIPER-
FlexPepDock of this peptide on a homolog bound structure positioned the peptide next to the 

suspected beta sheet on the receptor. This initial conformation was copied onto the unbound 

structure of the target receptor, and extensive optimization of the receptor structure was 

performed using the Rosetta FastRelax46 protocol, in the presence of the short motif peptide, 
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to open up the binding pocket for extension. The 10 top-scoring relaxed structures were then 

used as receptors for another PIPER-FlexPepDock global docking run, in which surprisingly 

the peptide orientation was inverted. This new structure was further refined using Rosetta 
FlexPepDock. The four top-scoring docking models generated by PIPER-FlexPepDock on 

the relaxed structures all contained peptides in the reverse orientation, thereby emphasizing 

that this orientation could have been identified based on energy criteria (had we not 

manually selected other models with a canonical peptide orientation instead, and ranked the 

correct orientation as last submission).

The approach taken by the Kozakov-Vajda-Dill labs generated medium accuracy models 

using an alternative receptor starting structure: Instead of extensive relaxation of the receptor 

structure, a homology model of the bound protein conformation was generated starting from 

the bound homolog template structure (using MODELER47). This receptor conformation 

was used as input to ClusPro-Peptidock global peptide docking (freely available for 

noncommercial use as https://peptidock.cluspro.org5), which resulted in medium accuracy 

models of the interactions. Unfortunately, these server-generated models were excluded 

from the final CAPRI ranking since the peptide was too short, violating the CAPRI sequence 

identity criterion (the docked peptide segment was defined based on a motif identified from 

sequence analysis of homologous sequences of the protein from which the peptide was 

derived). PIPER-FlexPepDock global peptide docking using this receptor structure 

generated top-scoring conformations similar to the top-performing medium accuracy model 

described above. These were not submitted, but provided useful information for the 

subsequent refinement described next.

The successful submission of the Kozakov group as a human team involved refinement of 

full complexes using the MELD methodology developed by the Dill lab25,26 (see Methods 

and Supporting Information for more details). The starting point were top-scoring models 

obtained from Piper-FlexPepDock global docking onto the MODELER-generated homology 

model. The centroid of the second most populated cluster (cluster #1) from the MELD0 

protocol was the only other model of medium accuracy submitted for T121 by modeling 

groups. The fact that the structure is the second but not the most populated cluster indicates 

that either the simulations did not converge and might need to be longer, and/or that the 

clustering metric and protocols need to be improved. Of note, a naive approach, in which the 

template-based model was extended to a longer peptide and cominimized using a 

CHARMM-based energy function did not provide any acceptable models.

We note that the medium accuracy models generated by both groups were submitted as 

models 10 and 9, respectively, even though unbiased energy and cluster density criteria 

would have top-ranked these models. Manual intervention resulted in their ranking after 

wrong models.

3.9 | PeptiDBeta—Assessment of global docking of beta-sheet complementing peptide-
protein interactions

It is widely known that nonpaired beta-strand edges can lead to nonspecific interactions and 

protein aggregation, and Nature uses negative design to prevent such aggregation.48 In order 

to investigate what reinforces specificity in the beta-sheet complementing type of peptide-
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protein interactions, and prevents nonspecific interactions, we compiled PeptiDBeta, a 

nonredundant benchmark of protein-peptide complexes in which the peptide extends a beta 

sheet in the receptor (see Methods). Our dataset consists of crystallographically solved 

protein-peptide complexes (“bound” structures) as well as of corresponding free (“unbound” 

structures) receptors, where each complex represents a different fold (according to ECOD 

classification41) (Table 4). We applied PIPER-FlexPepDock to model those interactions, and 

to study the relative contributions of the backbone hydrogen-bond network vs single-residue 

“hotspots.” The high resolution FlexPepDock refinement step included receptor backbone 

minimization to account for minor backbone rearrangements of the receptor upon binding to 

the peptide ligand.

A critical step in blind global peptide docking is the definition of the peptide to be docked, 

since often the critical motif spans only part of the available peptide sequence. If the docked 

peptide is too short, the correct interaction might be missed due to nonspecific binding to 

alternative sites on the protein. In turn, if it is too long, the fragment library might not 

include an adequate representation of the full peptide, and wrong flanking regions might 

prevent the identification of the critical interaction pattern. We applied two different 

approaches to define the peptide for global docking: First, we restricted the peptide to the 

part that forms beta sheet hydrogen bonds (as defined by DSSP42). This allows to assess 

whether binding to a specific site is identified when only the beta sheet part is included. For 

many of the interactions, this resulted in very short peptides (many only three residues long). 

In our second round, we extended the peptides to include nearby motif residues (as defined 

by the PeptiDock procedure,5 see Methods). This resulted in longer peptides to be docked 

(Table 4). Comparison of these two runs allows to estimate the contribution of residues 

beyond the central beta sheet to binding specificity. The results of the docking simulations of 

the DSSP-derived peptides on bound and unbound receptor structures are summarized in 

Table 4 and Figure 4 (blue and orange lines). Compared to the highly accurate results for 

bound docking, unbound docking performance was reduced. However, extending the motifs 

led to significant improvement in protocol performance (see Table 4), in particular for high-

accuracy models within 2.5 Å RMSD (Figure 4, green line). Overall, our study highlights 

the importance of accurate definition of the peptide binding motif for obtaining high 

accuracy models. Development of robust peptide docking protocol necessitates therefore 

careful definition of the motif region to be docked at the initial, blind global docking step.

4 | DISCUSSION

We have here described the strategies that we used to model peptide-protein docking targets 

in CAPRI rounds 38 and 44. For both targets, our approach was able to generate the top-

performing models for the CAPRI challenge (Tables 1 and 3 and Figures 1 and 2). While for 

targets T134 and T135 of round 44 an accurate receptor template structure was available, the 

challenging modeling of T121 of round 38 involved considerable rearrangement of the 

receptor upon peptide binding. Still, thanks to accurate definition of the peptide binding 

motif, we were able to identify the correct binding groove, and the correct orientation of the 

peptide within that groove, via iterations of optimization of the peptide-receptor interaction 

(with docking) and receptor flexibility (using either Monte Carlo sampling with Rosetta 
FastRelax, or Molecular Dynamics with MELD). In order to further assess our ability to 
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model this type of interactions, we generated a benchmark for beta sheet—peptide 

interactions, PeptiDBeta and assessed the performance of PIPER-FlexPepDock blind 

peptide docking on this set (Table 4 and Figure 4).

4.1 | Accurate modeling is possible when either peptide motif or protein binding sites are 
well defined

Application of Rosetta FlexPepBind to thread the cytoplasmic tail of MAG to DLC8 in T134 

allowed clear discrimination of the binding 12mer from other 12mers within this 57-residue 

segment (Figure 2A). The reliability of this method has also been demonstrated previously at 

the proteome level, where FlexPepBind was used to for example, identify novel substrates of 

HDAC8.3 In turn, application of PIPER-FlexPepDock blind docking with a defined peptide 

motif allows to generate high resolution-atom level models of an interaction (Figure 2B). 

This highlights the accuracy of the Rosetta energy function and the efficiency and adequacy 

of sampling of our protocols. When less information is available, for example, when the 

motif is not known, or/and the receptor structure moves significantly (beyond small 

backbone moves that can be modeled by minimization), then sampling, and with it scoring, 

remain challenging.

4.2 | Using bound (homolog) structures significantly improves global-docking prediction

As shown for both CAPRI Rounds, the use of a bound template can significantly improve 

model quality. This holds not only for the cases where a crystal structure for the complex of 

interest exists, but also for homologous structures or when the structure was crystallized 

with a different ligand.49 For T121, the binding site of the peptide was identified using an 

ortholog bound structure, making it possible to model the binding site within the unbound 

structure, which was necessary to be able to accommodate the inverse peptide orientation in 

a subsequent docking run. In general, receptor conformational changes may severely affect 

the blind docking performance, but as was shown on the T121 example, such changes can be 

dealt with when the binding site is known, making it possible to focus on localized receptor 

flexibility.

The improved performance on bound structures is also evident in our PeptiDBeta benchmark 

(Table 4 and Figure 4). This reinforces the increasing appreciation of the role of template-

based docking in general, as well for peptide-protein docking in particular.50,51 With the 

continued addition of solved structures of protein complexes, template-based docking will 

become an option for the modeling of more and more interactions.

4.3 | Influence of peptide length and sequence on docking performance in beta-sheet 
complementing peptide-protein interactions

While a significant part of the binding energy in beta-sheet complementing peptide-protein 

interactions is contributed by a network of hydrogen bonds formed by backbone atoms, there 

are also side chains, and residues in “flanking regions” of the peptide that will contribute to 

the binding energy and, more importantly, to binding specificity. Indeed, for many 

interactions, docking quality improves significantly, to high resolution, when the peptide 

motif is extended and refined, unless it is too long to be represented by a fragment ensemble 

and precludes successful initial rigid body docking (for 5e0l, docking of the full 11-mer 
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peptide failed to produce an accurate model; best model backbone RMSD = 10.45 Å, based 

on initial fragments with minimal RMSD = 2.03 Å). For example, many PDZ domains bind 

a c-terminal carboxylate of their peptide/protein ligand. In the example of PDBid 1n7f, the 

DSSP defined motif (RTYS) was missing the critical C-terminal cysteine residue (Figure 

S3B and Table S2), precluding accurate results. Motif extension with the terminal cysteine 

dramatically improved the results from 14.78 to 0.53 Å RMSD (Table S2). However, not all 

hotspots need necessarily to be included in the docked peptide for blind docking to be 

successful, as we demonstrated for different peptide segments of T135 (Table 2 and Figure 

S2).

4.4. | The importance of the context of an interaction

Peptide binding specificity may also be dictated by an additional motif in the sequence (as 

exemplified by an additional helix in the interaction of 4rjf in Table 4). Thus, these two 

motifs can bind in two binding pockets on the receptor surface, leading to possible mutual 

binding dependencies. It is indeed a widely-used strategy to achieve strong binding by the 

use of a number of weak interactions, as this also provides possibilities of context-dependent 

switching of interactions.52,53 Modeling of wrapping interactions that consist of several 

concatenated motifs, each binding to a distinct site on a protein (or on a multiprotein 

complex) will involve the combination of several individually docked peptides. If the context 

determines the binding specificity of such a motif, meaning that the specificity will be 

achieved only when the binding events of the adjacent motifs occur together, the 

identification of such interactions can be challenging due to missing information for each 

isolated motif.54

4.5 | Impact of improved peptide docking protocols on biological research

With the improvement of docking approaches, spurred by community wide efforts such as 

the CAPRI experiment, more peptide-mediated interactions will be accessible to high-

resolution modeling. It remains to be seen whether these protocols—that have been 

calibrated on interactions that can be solved by experiment—will also provide meaningful 

models of the many interactions that are inaccessible to X-ray crystallography, NMR or 

Cryo-EM. Several databases that compile information on interactions that do not necessarily 

involve a defined bound structure can provide initial directions towards the extension of the 

rather static picture of protein communication that emerges from current protein docking 

approaches and assessments.55–58 That being said, the progress made in the field of 

computational molecular modeling, as well as the abundance of the available experimental 

results, make it now possible to proceed to modeling of more complex, irregular 

interactions, requiring a combination of different computational approaches as well as 

integration of experimental data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Summary of the different approaches used to model the peptide-protein complexes in this 

study. Results from specific steps that are presented in Figure 2 are labeled in the scheme. In 

this study, FlexPepBind threading was performed by fast minimization of the interface of 

each candidate peptide-protein complex structure, rather than by extensive refinement. See 

text for more details
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FIGURE 2. 
Identification of the peptide binding motif using the FlexPepBind threading approach. A, 

Threading results. Plot of the estimated binding energy of each of the overlapping 11-mer 

peptides that were threaded onto the template structure (PDB id 3zke). The binding motif is 

highlighted by the best binding energy (red in the online version). Binding is estimated by 

the Reweighted Score (for similar results using the Interface score see Figure S1). B, Energy 

landscape of blind global peptide docking of RPTKDSYTLTE to DLC8 shows preferred 

near-native conformations. The simulation was performed using PIPER-FlexPepDock 
starting from the receptor structure and the peptide sequence, without providing any 

information about the receptor binding site or the peptide conformation. C, Comparison of 

models to the solved structure of the MAG peptide-DLC8 interaction. High accuracy models 

generated by FlexPepBind threading (RPTKDSYTLTE in yellow; rmsBB_CAPRI_if = 0.39 

Å; rmsSC_CAPRI_if = 1.45 Å) and the top-scoring model generated by PIPER-
FlexPepDock global blind docking (in magenta; rmsBB_CAPRI_if = 0.42 Å; 

rmsSC_CAPRI_if = 1.61 Å) are compared to the template structure (DLC8 bound to the 

Nek9 peptide; receptor—gray cartoon; peptide VGMHSKGTQTA—green sticks) and the 

solved crystal structure of the MAG peptide—DLC8 complex (PDBid: 6gzl—cyan sticks). 

D, E, Details of the interaction of the TQT and TLT motif with the second DLC8 monomer. 

Shown are, D, the original interaction (green sticks), and E, the Van der Waals interactions 
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formed by leucine (in cyan spheres) that compensate for the polar interactions formed by 

glutamine
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FIGURE 3. 
Details of the MAG peptide—DLC8 interaction revealed by the models, compared to the 

crystal structure. A, B, The C-terminal leucine residue of the MAG peptide is stabilized by 

crystal contacts in the crystal structure, but not defined in the model. A, Models of the full 

peptide (including one additional leucine residue, PTKDSYTLTEEL) show different 

orientations of the C-terminus. B, The solved structure reveals that the C-terminus is mainly 

stabilized by a nonbiological crystal contact, indicating that in solution this residue does 

most probably not adapt any defined conformation, but rather remains unstructured. C, D, 

Interface hotspots identified by computational alanine scanning of, C, the crystal structure 

(green, 6glz), and, D, T135 model #1 (cyan). See text for more details, and Table S1. E, The 

top-scoring model from the docking simulation of the RPTKDSYTLTE peptide in T134 

shows an ionic bond involving the N-terminal arginine, providing an explanation for the 

importance of that residue for successful docking, even though it is not resolved in the 

crystal structure
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FIGURE 4. 
PIPER-FlexPepDock performance on beta-sheet complementing peptide-protein complexes. 

The y-axis indicates the fraction of complexes (out of a total of n = 14 complexes in 

PeptiDBeta) for which the best interface bb RMSD model among the top10 clusters lies 

within the cutoff indicated on the x-axis. Blue/orange lines show results for peptides defined 

by the beta-sheet forming sequence (as defined by DSSP), docked on bound/unbound 

structures, respectively. The green line shows results for peptide motifs defined according to 

PeptiDock rules docked on unbound structures. While performance is not optimal when only 

the short beta-strand peptide is docked on free receptors, it improves for redefined peptide 

motifs, to levels similar to those reported for the original PIPER-FlexPepDock benchmark6
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TABLE 2

Global docking accuracy for different peptide sequences of MAG (as measured by RMSD to solved crystal 

structure, 6gzl)

Peptide sequence if_bb_RMSD
a

Peptide RMSD
b

RPTKDSYTLTE 0.58 (#1) 1.91
c

 PTKDSYTLTE 1.97 (#7) 1.27

 PTKDSYTLTEEL 5.00 (#7) 2.06

 PTKDSYT 1.91 (#1) 1.13

 PTKDS 20.26 (#6) 1.20

RPTKDS 2.05 (#8) 0.69
c

a
Best interface backbone RMSD among top10 clusters, in Ångstroms (rank of model is indicated in parentheses).

b
Best fragment RMSD within the fragment library used for global PIPER rigid body docking.

c
RMSD was calculated excluding the N-terminal arginine residue that is not resolved in the crystal structure.
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