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List of Abbreviations: 

AIR  Ambiguous interaction restraint 
ASIC  Acid sensing ion channel  
cASIC1 Chicken acid sensing ion channel  
ASM  Alanine scanning mutagenesis 
HADDOCK High Ambiguity Driven biomolecular DOCKing 
PcTx1  Psalmatoxin-1  
RMSD  Root mean square deviation 
UDR  Unambiguous distance restraint 
 
Abbreviations used to label the different docking experiments:  

AP  Active Peptide 
APC  Active Peptide and Channel 
CX   Channel from the PcTx1-cASIC1 co-crystal structure 
CA   Channel from the crystal structure of the apo-form cASIC1a 
NR  No removal (of AIRs)  
PX   Peptide from the PcTx1-cASIC1 co-crystal structure 
PN   Consensus NMR structure of PcTx1  
P20  Ensemble of 20 models from the NMR structure of PcTx1 
UR  Unambiguous Restraints  
 
For example, CAPN-1UR-3APC refers to a docking experiment in which the consensus NMR 
structure of PcTx1 was docked to the channel structure from the PcTx1-cASIC1 co-crystal structure 
using ambiguous interaction restraints based on 3 active peptide and 3 active channel residues and 1 
unambiguous restraint.  

 
  



	 4	

ABSTRACT  

Peptides that bind to ion channels have attracted much interest as potential lead molecules for the 

development of new drugs and insecticides. However, the structure determination of large peptide-

channel complexes using experimental methods is challenging and structural models are often 

derived from combining experimental information with restraint-driven docking approaches. Using 

the complex formed by the venom peptide PcTx1 and acid sensing ion channel (ASIC) 1a as a case 

study, we have examined the effect of different combinations of restraints and input structures on 

the statistical likelihood of a) correctly predicting the structure of the binding interface and b) the 

ability to predict which residues are involved in specific pairwise peptide-channel interactions.  

 

For this, we have analysed over 200’000 water-refined docked structures obtained with various 

amounts and types of restraints of the peptide-channel complex predicted using the docking 

program HADDOCK. We found that increasing the number of restraints or even the use of pairwise 

interaction data did not significantly improve the likelihood of finding a structure within a given 

accuracy. This suggests that shape complementarity and the force field make a large contribution to 

the accuracy of the predicted structure. The results also showed that there are large variations in the 

accuracy of the predicted structure depending on the precise combination of residues used as 

restraints. Finally, we reflect on the limitations of relying on geometric criteria such as root-mean 

square deviations to assess the accuracy of docking procedures for lead optimization. We propose 

that in addition to currently used measures, the likelihood of finding a structure within a given level 

of accuracy should be also used to evaluate docking methods. 
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INTRODUCTION  

Venoms from arthropods such as spiders, scorpions and centipedes are a rich source of 

pharmacologically active peptides with diverse properties ranging from analgesic, antiarrhythmic, 

antimicrobial to antiparasitic effects. Many venom-derived peptides target ion channels showing 

remarkable potency and subtype selectivity. As a consequence they have attracted much interest as 

potential lead molecules for pharmaceutical development.1, 2 For lead optimisation, a detailed 

understanding of the interactions between the peptide and the ion channel is required. In recent 

years, the structures of several ion channels and some peptide-channel complexes have been solved 

experimentally in atomic detail, providing information on the precise manner in which certain 

peptides interact with specific ion channels. However, as ion channels are large integral membrane 

proteins, the routine use of high-resolution structural techniques such as X-ray crystallography and 

nuclear magnetic resonance (NMR) spectroscopy to analyse alternative complexes is impractical. 

Instead, information on the nature of the interactions that govern the activity of the peptide is often 

inferred by combining experimental data from methods such as alanine scanning mutagenesis 

(ASM) or thermodynamic mutant cycles. This data is then used together with docking approaches 

to derive a structural model of the peptide-channel complex.3-9 The question is: how reliable are 

such models and what is the most effective use of the available experimental data?  

 

There have been many studies demonstrating the ability of various docking approaches to reproduce 

the structures of complexes solved experimentally. Indeed, over the last decade, significant progress 

has been made in improving the accuracy of docking methods.10-16 Nevertheless, predictions 

involving large flexible ligands such as peptides remain challenging due to the complexity of the 

binding interface and the large number of potential interactions. It is for this reason that 

experimental information regarding the binding interface is often incorporated as restraints during 

the docking process in order to improve the accuracy of the predicted structure. Potential sources of 

data for restraints include ASM, NMR titrations, crosslinking experiments, and bioinformatics 

predictions.13, 17-22 Of these methods, data from ASM of the peptide is perhaps the most readily 

obtainable.23, 24 ASM can be used to identify residues that are critical for binding and thus likely to 

form part of the complex interface. Similarly, mutations of the channel can be used to identify 

residues within the peptide binding pocket. Such data is, however, is ambiguous in the sense it is 

not possible to identify which pairs of residues in the peptide and protein interact. To 

unambiguously identify pairwise interactions between the peptide and protein, function-recovery 

mutations can be used in which complementary mutations (e.g. charge reversal mutations) are made 

on both binding partners. This is considerably more resource intensive and technically challenging. 
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The question is to what extend does the incorporation of specific pairwise interactions improve the 

reliability with which the interactions between a protein and a peptide ligand can be predicted? 

 

For example, Saez et. al. 25 used a restraint-driven docking approach to predict the manner in which 

the spider venom peptide PcTx1 (Figure 1a) binds to the acid sensing ion channel (ASIC) 1a 

(Figure 1b). ASICs are cation-selective, proton-gated ion channels associated with nociception and 

other physiological processes and they are a promising target for the treatment of pain as well as a 

range of neurological disorders.26-30  PcTx1 is a 40-residue peptide with a inhibitory cysteine knot 

motif isolated from the venom of the tarantula Psalmopoeus cambridgei. It is the most potent and 

selective blocker of ASIC1 known.31 ASM of PcTx1 revealed that residues Trp24, Arg26 and 

Arg27 are critical for inhibition of rat ASIC1a.25 This data, in combination with an approximation 

of the binding site on the channel 32 and a homology model of rat ASIC1a (based on a 1.9 Å crystal 

structure of the apo form of chicken ASIC1), was used to perform restraint-driven docking to 

predict the binding mode of PcTx1.25 Subsequently, the co-crystal structure of PcTx1 in complex 

with chicken ASIC1 (cASIC1) was published.33, 34 This confirmed the predicted location of the 

binding site and the fact that the structure of the binding site was largely unaffected by the presence 

of the peptide. Indeed, the root mean squared deviation (RMSD) between all residues within 10 Å 

of the peptide in the complex and those in the apo structure was < 1 Å. However, the docked 

structure failed to correctly predict the orientation of the peptide in the binding pocket (Figure 1c). 

The RMSD between the peptide in the top-ranked complex obtained using the docking program 

HADDOCK and that in the crystal structure when fitting the two complexes based on the receptor 

was > 6 Å. While this would still fall in a range considered acceptable in some community 

assessments of docking approaches such as CAPRI: Critical Assessment of PRediction of 

Interactions initiative 21, the model of Saez et. al. was not of sufficient quality to be useful for 

rational drug design. Reasons why the docking procedure could have failed include: (i) docking was 

performed using binding data from rat ASIC1a and a homology model of the rat ASIC1a rather than 

the structure of apo chicken ASIC1 directly; (ii) there was insufficient information to uniquely 

define the structure of the complex by docking; for example only the general location of the binding 

pocket was known; (iii) the accuracy of the model was limited by the nature of the docking 

procedure used or the criteria to judge success; or (iv) the correct binding pose was included in the 

ensemble of possible structures but was not the highest ranked solution. Other studies that used 

different docking approaches on the same complex also failed to predict the correct binding mode 

of PcTx1. 35, 36  
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In docking approaches, success is often expressed in terms of whether an appropriate solution can 

be found within a set of possible solutions. That is, whether one or more of the structures generated 

is considered sufficiently similar to that determined experimentally.13, 21 Similarity is often assessed 

based on geometric criteria such as the RMSD of the peptide and surrounding residues. However, 

from the perspective of an experimentalist aiming to understand the nature of the interactions within 

a given complex for which no experimental structure is available the primary questions are: (i) 

given a particular set of restraints what is the likelihood that the structure(s) produced by a given 

docking simulation can be used to predict the peptide and channel residues at the binding interface 

and their pairwise interactions; (ii) to what extent can the reliability of the structures be improved 

by the incorporation of additional experimental data; and (iii) what is the most effective way a 

given set of experimental data can be used. 

 

Here we address these questions using the PcTx1-cASIC1 complex as a case study. We compare 

the effect of different types of restraints on the reliability of the structure of the complex predicted 

by restraint-driven docking as well as the extent to which the predicted structures can be used to 

identify pairwise interactions between the peptide and the channel. 

 

EXPERIMENTAL METHODS  

All docking runs were performed using the HADDOCK (High Ambiguity Driven biomolecular 

DOCKing) webserver (version 2.1).37 HADDOCK combines force field approaches with restraint 

driven docking and is widely used for the prediction of biomolecular complexes.19 HADDOCK is 

designed for use with a range of experimental data including distance and orientation information 

from NMR as well as data from cross-linking studies or site-directed mutagenesis. Experimental 

data is translated into either a collection of ambiguous interaction restraints (AIRs) or a number of 

specific, highly trusted, unambiguous distance restraints (UDRs) that are used to guide the docking 

process. An AIR is a restraint between a specific residue (or atom) on one molecule (A) and a set of 

potential interaction partners (residues or atoms) on another molecule (B). The residues at the 

interfaces are referred to as “active” and “passive”: Active residues are selected by the user and are 

normally residues that have been shown experimentally to be associated with binding. For example, 

residues that led to a significant change in binding affinity when mutated to alanine. The 

corresponding set of passive residues is made up of the potential binding partners for these active 

residues. Passive residues may either be provided by the user or selected automatically by 

HADDOCK. AIRs are used to enforce that each active residue is in close proximity (within a given 

threshold distance) to one or more of the active+passive residues on the partner molecule. For 
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AIRs, HADDOCK defines this effective distance based on a weighted sum over the distances 

between a given active residue on one molecule and all active+passive residues on the other. The 

effective distance for an active residue on A is given by:17, 19 
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where NA atom refers to all atoms in residue i in molecule A, NresB indicates the active and passive 

residues in molecule B, NB atom refers to all atoms of residue k in molecule B, and d is the distance 

between atoms miA and nkB. The effective distance for each active residue in binding partner B is 

calculated in an equivalent manner. By default, the upper limit of the effective distance is 2.0 Å. 

This was used for all restraints in all docking simulations. Note the effective distance is always 

shorter than the shortest distance entering the sum. As many atom-atom distances contribute to the 

effective distance between residues, an AIR is typically satisfied if an active residue comes within 

3–5 Å of an active or passive residue on the other binding partner.17, 19 In contrast, a UDR is a 

restraint between a specific pair of residues or atoms. UDRs are used to enforce a given distance 

between a pair of residues or atoms known (or assumed) to interact in a pairwise manner. For 

UDRs, the effective distance between the two residues is calculated using all atoms in the residue 

pair as given in Eq. 1. The upper limit for the UDRs was also 2.0 Å. For a detailed overview of 

other types of restraints available in HADDOCK see refs.17, 19, 38 

 

Overview of the docking runs 

An overview of the docking runs is given in Figure 2. Four sets of docking simulations were 

performed using different combinations of restraints. Each set of docking simulations was further 

divided into a series of independent trials. In these trials the number of AIRs or UDRs was varied, 

as was the input structure of the peptide and protein. Each trial consisted of 20 independent docking 

runs involving different combinations of residues selected at random. In total, over 1200 docking 

runs were performed and analysed. The residues used to form AIRs and UDRs were based on the 8 

peptide and 24 channel residues that were observed to form peptide-channel contacts within the 

PcTx1-cASIC1 crystal structure interface. 34 Residues for AIRs were randomly selected from these 

peptide and channel residues or in the case of the UDRs from the corresponding 37 pairwise 

peptide-channel contacts. These are listed in Table S1 and S2 in the supporting information. Note, 

during the selection of residue pairs duplicates were eliminated. However, a single residue might 

still be involved in more than one pair.  
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The first set of docking simulations corresponded to the case in which specific information is 

available for the peptide but only the general location of the channel binding site in known. In the 

individual trials, 3, 4 or 5 peptide residues were selected to be active. These active peptide residues 

were paired with a set of 31 passive residues on the channel. The latter correspond to all solvent 

accessible residues within 10 Å of the geometric centre of the binding pocket. These docking 

simulations are labelled AP for “Active Peptide”. The second set of experiments represented a 

situation in which binding residues have been experimentally identified on both the channel and 

peptide. In the individual trials, 3, 4 or 5 residues on the peptide as well as an equal number of 

residues on the channel were considered to be active. The set of passive residues on both the 

peptide and the channel were assigned automatically by HADDOCK using the default settings. 

These experiments are labelled APC for “Active Peptide and Channel”. Note that, during the 

docking process, HADDOCK makes multiple attempts to generate a structure of the peptide-protein 

complex that fulfils the restraints. By default, for each attempt, HADDOCK excludes 50 % of the 

AIRs. This means each model in the final set of structures produced by HADDOCK will have been 

calculated using a different subset of the restraints provided by the user. This is to account for 

possible errors in the AIR data provided. To evaluate the effect of the removal of restraints, the 20 

runs in the AP and APC trials were repeated using the same set of restraints as described above but 

without the removal of any restraints. These runs are labelled NR for “no removal’. The third set of 

experiments was carried out using unambiguous data only. The individual trials used 1, 2, 3, 4 or 5 

pairs of residues that form close contacts across the peptide-channel interface in the PcTx1-cASIC1 

crystal structure as UDRs. These experiments are labelled UR for “Unambiguous Restraints”. The 

fourth and final set involved a combination of ambiguous and unambiguous restraints. Specifically, 

1 or 2 UDRs were added to a given set of APC restraints as described above.  

 

Each set of docking simulations was also performed using different combinations of input 

structures. Four alternative combinations of the peptide (P) and channel (C) were examined. The 

first consisted of the structures of the channel and the peptide extracted from the co-crystal structure 

(PDB 3S3X).34 In this case there is an exact conformational match between the structure of the 

peptide and the binding pocket in the channel. These runs are labelled CXPX where the subscript X 

refers to X-ray. The second combination consisted of the channel extracted from the co-crystal 

structure and the consensus PcTx1 NMR structure (model 1, PDB 2KNI 25). These runs are labelled 

CXPN for “X-ray channel and NMR peptide”. The third combination, labelled as CXPN20, consisted 

of the channel extracted from the co-crystal structure and 20 models from the NMR structure of 

PcTx1. The fourth combined the crystal structure of the channel in the apo form (crystallised in the 
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absence of any ligand, PDB 2QTS)39 with the consensus PcTx1 NMR structure.39 These runs are 

denoted CAPN for “Apo channel and NMR peptide”.  

 

Structure preparation  

For the CXPX experiments the structures of the channel and the peptide from the crystal structure of 

the PcTx1-cASIC1 complex (PDB 3S3X)34 were used. The three subunits forming the channel 

(chains A, B and C) and one toxin (chain E) were extracted while crystallographic water, 

glucosamine molecules and ions were removed. In the 3S3X structure a short sequence of 5 

residues in the extracellular loop of the channel is missing. These residues were modelled based on 

the equivalent section from an alternative PcTx1-cASIC1 crystal structure (PDB 4FZ1).33 These 

residues are not involved in the binding of PcTx1. For the CXPN and CXPN20 docking experiments 

the same channel structure as in the CXPX experiments was used while the peptide structure was 

taken from the PcTx1 NMR structure PDB 2KNI.25 For the CXPN experiments the consensus PcTx1 

NMR structure (model 1) was used while for CXPN20 experiments the first 20 models were used. 

Finally, for the CAPN experiments the channel structure from the crystal structure of cASIC1a in the 

apo form (PDB 2QTS 39) was used. In all cases, missing atoms were automatically added by 

HADDOCK when required. 

 

 

Analysis of docking runs  

The docking process in HADDOCK consists of three stages. First a rigid-body search is performed. 

By default this generates 1000 structures. Second, the 200 best structures are selected based on the 

scoring function that includes a combination of van der Waals, electrostatic, empirical  desolvation 

and restraint energy terms together with a buried surface area term. These 200 structures are then 

used for a semi-flexible refinement in torsion angle space. Third, the 200 structures are refined in 

explicit water. During the refinement, both side chain and backbone of interface residues are 

progressively allowed to move. Each of the final 200 water-refined structures is then assigned a 

HADDOCK score, which is used to rank the structures. HADDOCK also clusters the structures 

based on RMSD. Each cluster is given a HADDOCK score that is the average of the four best 

scoring structures in that cluster. The clusters are numbered with respect to size. The ‘top-ranked’ 

cluster, however, refers to the cluster with the best HADDOCK score. 

 

In this study, different measures were used to assess the utility of the docked structures. The first 

was the Root Mean Square Positional Deviation of residues in the binding interface (i-RMSD) 

between a given docked structure and the PcTx1-cASIC1 co-crystal structure (PDB 3S3X).34 The 
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interface was defined as all peptide residues found within 10 Å of any channel residue and all 

channel residues within 10 Å of any peptide residue in the 3S3X structure. The i-RMSD provides a 

measure of the extent to which the structure of the interface is predicted correctly. From an 

engineering perspective, the ability to predict specific interactions between the peptide and channel 

is equally important. This was assessed in several ways. The first was in terms of the fraction of 

peptide and channel residues correctly predicted to lie in the peptide-channel interface. The fraction 

of native peptide interface residues (Fnat
-PIR) and the fraction of native channel interface residues 

(Fnat-CIR) were calculated using an analogous approach to that used in the definition of i-RSMD 

except for that fact that a cut-off of 5 Å was used. The interfacial residues in the co-crystal and the 

predicted complex were determined separately and then compared. In addition, the fraction of 

pairwise peptide-channel contacts predicted correctly i.e. the ‘fraction of native contacts’ (Fnat) was 

also determined. Two residues were considered to be in contact if any atom of the two residues 

were within 5 Å.  

 

The complete set of 200 water-refined structures produced by HADDOCK was compared to the 

PcTx1-cASIC1 co-crystal structure (PDB 3S3X). However, for simplicity the results presented are 

based on a single representative structure for each run. Four alternate ways of selecting a single 

structure for analysis were examined: (i) the top-ranked structure, which is the structure with the 

lowest HADDOCK score; (ii) the most common structure amongst the 200 water-refined structures 

as determined using the clustering algorithm described by Daura et. al.40 and an all-atom RMSD 

cut-off of 1.5 Å; (iii) a structure selected at random from the 200 water-refined structures; and (iv) a 

single structure selected at random from the four best scoring structures from the top-ranked cluster 

as provided by HADDOCK. 

 

RESULTS  

Peptide data only (AP experiments) 

The first set of docking simulations corresponds to where specific information is available for the 

peptide but only the general location of the binding site is known. Twelve different trials were 

performed in which 3, 4 or 5 active peptide residues selected at random were combined with a set of 

passive residues that approximated the binding pocket and different combinations of input 

structures for the channel and the peptide were used. Each trial consisted of 20 independent docking 

runs. A summary of the results is shown in Table 1. The results are presented as the percentage of 

runs in which the i-RMSD between the top-ranked structure (i.e. the top-ranking structure according 

to the HADDOCK scoring function) and the crystal structure is less than a given cut-off. For ease 
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of comparison the results are separated into three arbitrary groups (0–35 %, 36–70 % and 71–100 

%).  

 

In the first three trials in Table 1 the structure of both the channel and the peptide were extracted 

from the 3S3X co-crystal structure (CXPX-trials). As expected, these trials show the highest 

probability of finding a structure within a given cut-off of the crystal structure. They are also the 

only trials that yielded any solutions with an i-RMSD < 2 Å (considering all 200 structures 

produced by HADDOCK). The probability is insensitive to the number of restraints suggesting that 

the ability to find appropriate solutions is primarily due to shape complementarity. The next three 

trials used the channel from the co-crystal structure together with the consensus NMR structure of 

PcTx1 (CXPN-trials). Here there was only a 30 % chance of predicting the structure to within 5 Å i-

RMSD. The next three trials used the apo-crystal structure of the channel together with the 

consensus NMR structure of PcTx1 (CAPN-trials). To an experimentalist this is perhaps the most 

relevant scenario. Again, only 30 % of the structures were within 5 Å of the co-crystal structure. By 

default, HADDOCK removes 50 % of AIRs during any docking run to account for potential errors 

in the set of active residues. In this case study, however, the active residues are based on the 

available co-crystal structure and are thus known to form part of the binding surface. Thus, the 

automated removal option was disabled in the final set of trials. Comparing the results using the 

default settings (CAPN - AP) with those where all restraints were used (CAPN - APNR) shows that 

forcing all restraints to be used results in only a small improvement in the probability of finding a 

correct solution. This suggests that, in this system, shape complementarity and the force field are 

dominant. The importance of the precise shape of the channel is also evident from the fact that 

using the apo-structure in which the channel is slightly more open than the co-crystal form leads to 

better solutions (CXPN vs CAPN). Comparing the results within the same trial for runs with 

increasing number of restraints shows that, independent of the structure used, the success rate is 

mostly insensitive to the number of restraints.  

 

Overall, the probability that the top-ranked structure in any given run has an i-RMSD of less than 3 

Å or 4 Å when using mutation data on the peptide only is in the order of 10–15 % and 20–30 %, 

respectively. Figure 3a shows the top-ranked structures from the 20 runs of the CAPN-0UR-4AP 

trial overlaid on the co-crystal structure. For all runs, the same number of restraints was used and 

the only difference between the runs was the specific channel and peptide residues involved in the 

restraints. As can be seen in Fig. 3a, the orientation of the peptide varies significantly. The i-RMSD 

values range from 2.7 Å to 11.1 Å. This demonstrates that the quality of the prediction depends 

heavily on the specific combination of restraints. However, no single individual active residue led 
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to a significantly higher proportion of successful runs. Furthermore, only 6 of the 20 runs in the 

CAPN-0UR-4AP trial produced a top-ranked structure with an i-RMSD < 4 Å. Figure 3b shows an 

overlay of the top-ranked structure from these 6 runs in comparison to the co-crystal structure. As a 

reference, structures with i-RMSD values from 1 to 6 Å are provided as supporting information 

(Figure S1). In the case of the PcTx1-cASIC1 complex, an i-RMSD < 4 Å is sufficient for the 

peptide to adopt the correct overall position in the binding pocket. Nevertheless, even amongst 

structures with an i-RMSD < 4 Å there is still some variation in the precise binding mode that could 

affect the interpretation of experimental data. For example, the fraction of correctly predicted 

peptide residues, Fnat-PIR, is on average 80 % while the fraction of correctly predicted channel 

residues, Fnat-CIR, is on average 60 %. The fraction of correctly predicted pairwise peptide-channel 

contacts, Fnat, varies from 40 to 49%. Note, i-RMSD, Fnat-CIR, Fnat-CIR and Fnat are clearly 

correlated. A structure with low i-RMSD shows higher values for Fnat-PIR, Fnat-CIR and Fnat. 

Considering all 20 structures shown in Figure 3a, the minimum value is 60 % for Fnat-PIR, 40 % for 

Fnat-CIR and 10 % for Fnat. 

 

Peptide and channel data (APC runs) 

In the second set of docking simulations, residues on both the peptide and the channel were treated 

as active. A total of 15 trials were carried out in which 3, 4 or 5 peptides residues were combined 

with 3, 4 or 5 channel residues. As before, each trial consisted of 20 independent runs. The results 

for these trials are given in Table 2. In the first three trials the structure of both the channel and 

peptide from the 3S3X co-crystal structure was used (CXPX-trials). Using data from both the peptide 

and the channel resulted in a significantly higher probability of finding a structure within a given 

cut-off than the equivalent AP trials shown in Table 1. Again, this was the only case where 

structures with an i-RMSD < 2 Å were observed. Improvements were also seen in the CXPN-trials, 

in which the channel structure from the co-crystal structure was combined with the consensus NMR 

structure of PcTx1. Both the CXPX-trials and the CXPN-trials were relatively insensitive to the 

number of restraints, again underlining the importance of shape complementarity. To investigate 

this further, three trials were performed using the crystal structure of the channel with a set of 20 

alternative NMR models of PcTx1 (2KN1) (CXPN20-trials). Using multiple peptide conformations 

implicitly incorporates a degree of backbone flexibility. The chance of finding a structure with an i-

RMSD of < 4 Å increased from 10–20 % using the single consensus NMR structure to 40–50 % 

using an ensemble of peptide conformations. 

 

In the final two sets of trials of the APC experiments, the apo-crystal structure of the channel was 

combined with the consensus NMR structure. These two trials were performed with and without the 
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automatic removal of restraints (CAPN-APC and CAPN-APCNR, respectively). As in the AP 

experiments, this option had only a minor effect on the results. A small increase in the chance of 

finding a correct structure was observed when using 4 or 5 active residues. Overall, comparing the 

APC results in Table 2 to the AP results in Table 1, the use of active residues on both the peptide 

and channel doubled the chance of the top-ranked structure being within 3 Å of the co-crystal 

structure. For example, in the 4AP trials, only 6 of the 20 top-scored structures showed an i-RMSD 

< 4 Å while in the 4APC trials this increased to 12. For these 12 structures, the average Fnat-PIR and 

Fnat-CIR were 78 % and 60 %, respectively, and Fnat ranged from 28 % to 51 %. These values are 

essentially identical to the AP values.  

 

Inclusion of pairwise data (UR and UR-APC experiments) 

In the experiments described above the information about which residues interacted in the interface 

was ambiguous. If information on pairwise interactions is known experimentally, unambiguous 

distance restraints can be used to guide the docking process. To assess the utility of such additional 

information, 11 trials with different combinations of UDRs and AIRs were performed. In the first 

five trials the only restraints were 1–5 UDRs (CAPN-UR). In the remaining 6 trials, 1 or 2 UDRs 

were added to the set of AIRs used in the APC experiments (CAPN-1UR-APC and CAPN-2UR-

APC). All trials were performed using the apo-channel structure and the consensus NMR structure 

of PcTx1. The results of these trials are shown in Table 3.  

 

As can be seen from Table 3, the probability of finding a structure with a given i-RMSD value 

using 1 UDR is similar to that obtained using peptide-data only. This again suggests that the 

docking is dominated by shape complementarity and the force field. The quality of the predictions 

increased for 2 and 3 UDRs, but was insensitive to additional restraints. Overall, the chances of 

finding a structure within 3 or 4 Å of the co-crystal structure when using 3, 4 or 5 UDRs ranges 

between 30 and 65 %, very similar to the results from 4APC and 5APC trials. Adding 1 or 2 UDRs 

to the set of AIRs used in the CAPN-APC trials resulted in only a modest improvement in predictive 

power. Also, incorporating UDRs did not result in a significant improvement in Fnat-PIR, Fnat-CIR or 

Fnat. 

 

Alternative structure selection methods  

For all results presented so far, the analysis was based solely on the top-ranked structure from each 

run. In addition to the top-ranked structure (the structure with the lowest HADDOCK score) a series 

of alternative approaches for determining the best structure were compared. These included: (i) the 

most common structure amongst the 200 water-refined structures (based on the clustering algorithm 
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of Daura et. al. 40); (ii) a structure selected at random from the 200 water-refined structures; (iii) a 

structure selected at random from the top-ranked cluster. The results for these four approaches from 

the CAPN-APC trials are shown in Table 4. Similar trends were observed in all the other trials 

examined (data not shown). Selecting either the top-ranked structure or the most common structure 

gave comparable results. Indeed, in many cases similar structures were identified using the two 

approaches. HADDOCK standardly provides the top four ranked structures for each cluster. 

Selecting one of these four structures from the top-ranked cluster yielded results comparable to that 

of the top-ranked or the most common structure. Simply selecting one of the 200 water-refined 

structures at random resulted in a drop of 50 % in the probability of finding a structure below 4 Å.  

 

 
DISCUSSION  

The primary aim of this study was to understand how alternative combinations of restraints, as 

might be derived from mutagenesis studies, affect the utility and reproducibility of structural 

models generated using restraint-driven docking. The specific system considered in this study was 

the binding of the venom peptide PcTx1 to ASIC1. For this system, both the apo-structure of the 

channel and the structure of the peptide-channel complex have been solved crystallographically.33, 

34, 39 In addition, an ensemble of high-quality NMR structures for the peptide is available.25 The 

PcTx1-ASIC1 system has also been the focus of previous docking studies performed before the co-

crystal structure was available. 25, 35, 36  

 

As expected, if the structures of the peptide and channel were taken directly from the co-crystal 

structure it was possible to reproduce the experimental binding mode with high accuracy. When 

data on just the peptide or on both the peptide and channel was used, a significant number of 

solutions, including many top-ranking solutions, with an i-RMSD < 2 Å were found. However, 

taking a more realistic scenario in which the structure of the apo-channel, the structure of the 

peptide in solution, and the general location of the binding site are known, and peptide residues 

involved in binding were experientially determined (e.g. from ASM), the probability of finding a 

top-ranking structure with an i-RMSD < 4 Å in this system was in the order of 30 %. No solutions 

with i-RMSD < 2 Å were found. Given that the structure of the PcTx1-ASIC1 complex proposed by 

Saez et. al.25 was predicted using peptide-only data and a homology model of rat ASIC1a, the 

accuracy of the solution obtained was better than might be expected based on this work.  

 

If in addition to data on the peptide it is known precisely which residues on the channel are 

involved in binding, the probability of finding top-ranking structures with an i-RMSD < 4 Å 
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increased to around 60 %. Again, no solutions with i-RMSD < 2 Å were found. For many 

applications, a structure with an i-RMSD of between 2 and 4 Å may well be sufficient. Indeed in 

the CAPRI community assessment of docked structures a solution with an i-RMSD of ≤ 1 Å is 

considered to highly accurate, ≥ 1 Å and ≤ 2 Å to be of medium accuracy and ≤ 4 Å to be 

acceptable.13 However, there are a number of important caveats. First, the results in this study are 

based on highly favourable scenarios using ideal data. Second, there were large variations between 

runs in which the same number of restraints was used but the specific residues varied. For example, 

it was not possible to identify a single specific residue whose inclusion led to a more accurate 

prediction. Third, the accuracy of the prediction depended strongly on the input structure of the 

channel and the peptide. The structure of the binding site in the apo form is essentially identical to 

that in the complex (heavy atom RMSD < 1 Å). Despite this, significant differences in the accuracy 

of the docked structure were observed, when using the same consensus NMR structure. Against 

this, the selection and analysis of the docking model is naïve in the sense only a single model is 

considered (e.g. the top ranked solution). This approach was taken in order to mimic the approach 

of a casual or novice user. In practice, when determining specific pairwise interactions using 

HADDOCK the recommended approach would be to consider multiple solutions, ideally after 

clustering, and consider all clusters that have comparable scores within their standard deviations 

(which might or might not give a unambiguous answer). In addition, the backbone RMSD between 

the consensus NMR structure of the peptide extracted from the co-crystal is 2.9 Å. This is a 

significant difference. For comparison, in benchmark set of protein complexes widely use to assess 

the performance of docking programs cases in which the backbone RMSD between the bound and 

free forms is > 2.5 Å are considered to be challenging.41 The major differences between the 

structures are in the β-hairpin loop that contain the majority of the residues known to form 

interactions with the channel. The sensitivity of the docking procedure to the precise combination of 

structures and restraints is clearly illustrated in the case of the AP runs involving the co-crystal 

structures of the peptide and ligand. In approximately half of the runs the i-RMSD of the top ranked 

structure was < 2 Å while approximately a third of the runs failed to find a reasonable solution (i-

RMSD of the top ranked structure < 6 Å). In this case, given a fixed set of restraints, an 

experimentalist would have ~50 % chance of the structure obtained being useful. Interestingly, the 

probability of finding solutions below a given i-RMSD value when using the consensus NMR 

structure of the peptide was significantly higher (almost double) to that using the apo-structure for 

the channel as opposed to the co-crystal structure. The probability was improved further when using 

an ensemble of 20 NMR models of PcTx1. This suggests that in this system the apo-structure may 

be slightly more open than the co-crystal and can thus accommodate alternative conformations of 

the peptide. The bundle of NMR structures was very tight. The deviation between any pair of NMR 
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structures (backbone RMSD < 1.5 Å) was much less that the deviation between any of the NMR 

structures and the co-crystal structure (backbone RMSD between 2.8 Å to 3.1 Å). This suggests that 

small differences in the structure of the peptide can lead to large differences in the accuracy of the 

docked complex. An overlay of the binding sites in the apo and holo forms of the channel as well as 

an overlay of the co-crystal structure and the bundle of NMR structure is provided as supporting 

information (Figure S2). Note that the trends observed above were largely independent of the 

number of restraints.  

 

The results described above were obtained using ambiguous data (AIRs). However, equivalent 

results were obtained using a similar number of unambiguous restraints (UDRs). Combining 

unambiguous and ambiguous data resulted only in a modest improvement over the use of 

ambiguous data alone. This might seem surprising. Intuitively one would expect that 3 pairwise 

contacts would be all that is required to uniquely define the binding pose. This certainly would be 

the case if both the ligand and channel were rigid, less if the shape complementarity was perfect. 

However, the shape complementarity is not perfect. In addition, the side chains of residues involved 

in binding are flexible. As a consequence multiple equivalent solutions are possible even when 

using UDRs. Considering that obtaining specific pairwise interaction data is often very resource-

intensive, its inclusion, for this system, could not be justified.  

 

Not only were there large variations in structures obtained using different sets of restraints, the 

results were also largely insensitive to the number of restraints. This suggests that performing 

multiple docking runs using different combinations of restraints and attempting to identify a 

consensus was more effective than applying all available restraints in a single run. Indeed, by 

default HADDOCK automatically removes a percentage of the restraints each trial. While this 

option is intended to account for possible errors in the data it was also effective when using ideal 

data as it allowed for the identification of a consensus solution.  

 

Ultimately, the aim of many docking studies is to identify interactions that could be used to 

improve the potency and selectivity of a peptide for its drug target. For this, it is not so much the 

similarity between the proposed model and the actual co-crystal structure that is important but the 

ability to identify specific pairwise interactions that may be used to develop a potential mimetic or 

modify or enhance binding or selectivity. In this respect we note that in the system examined the 

maximum values for Fnat-PIR and Fnat-CIR for structures with an i-RMSD < 4 Å was about 80 % 

and 60 %, respectively, independent of the type or number of restraints used. Similarly, the 

maximum value for Fnat was about 50 % for these structures. A value of 50 % would be considered 



	 18	

to be a high accuracy prediction according to the CAPRI criteria but whether such values translate 

to a sufficiently predictive model will depend on the specific application and the question to be 

answered. For the system examined using the most favourable experimental scenario considered 

and multiple unambiguous as well as ambiguous restraints, the probability of finding a given 

structure within 4 Å was 60–70 %. The probability of correctly identifying a specific pairwise 

interaction in this structure was ~50 %. This meant that the overall probability of correctly 

identifying a specific pairwise interaction as a native contact in a docked structure was in the order 

of 30 %. This highlights the danger of considering just a single docked structure in isolation and the 

importance of examining the robustness of the solutions obtained. Finally we note that the results 

have been presented primarily in terms of averages over single structures (e.g. the top-ranked 

structure). All structures were however analysed. The trends in the probabilities obtained using all 

structures were essentially identical to those obtained using single structures.  In a similar manner 

results associated with varying the number of restraints have been presented primarily for the CAPN 

trials, as experimentally this is the most realistic case. However, the trends observed using other 

combinations of input structures are very similar.  

 

 

SUMMARY 

Although widely used, the docking of flexible peptides and proteins remains highly challenging. 

Here the interaction between the venom peptide PcTx1 and the ion channel ASIC1 has been used as 

a case study to examine the effect of different combinations of restraints and input structures on the 

utility of the structures obtained. Using only information regarding which residues form the binding 

epitope of the peptide, the probability that the interface was well reproduced (i–RMSD < 4 Å) in the 

highest ranked or any other single structure was approximately 30 %. This probability increased to 

approximately 60 % when information on which channel residues are involved in binding was also 

included. The use of pairwise interaction data did not significantly improve the results. However, 

even using ideal data, a large degree of variability between runs was observed. The results were 

also very sensitive to the specific choice of input structures. For an experimentalist wishing to use a 

given docked structure to guide lead optimisation experiments, the probability of correctly 

identifying a specific pairwise interaction even in the most favourable scenario examined was 

approximately 30 %. Thus while the restraint-driven docking approach used in this work was 

capable of finding high quality solutions the average probability that a given solution (such as the 

top-ranked or most common structure) could be considered to be high quality in this case was low. 
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This underlines the importance of considering multiple solutions in docking studies and potentially 

using a statistical analysis of an ensemble of generated solutions to identify the interface. This 

would be especially important in cases where the alternative solutions cannot be distinguished 

based on the scoring function. It also highlights the practical distinction between developing 

docking methods and testing their accuracy and the use of structural models from docking 

approaches by experimentalists. In the first instance the interest is on whether one or more members 

of a set of possible set solutions is similar to a given experimental structure. For an experimentalist, 

however, the extent to which a given set of docked structure is accurate enough to plan future 

experiments is the primary interest. Finally, while this study was performed using a single peptide-

channel complex the results should be representative of other systems where a small venom peptide 

is docked to a larger protein.  
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FIGURES AND TABLES  

 
 
Figure 1. Structure of the peptide PcTx1, chicken ASIC1 (cASIC1), and the PcTx1-ASIC1 

complex. (a) Cartoon representation of PcTx1 with the backbone and side chain of residues used for 

docking restraints shown explicitly. (b) Crystal structure of homotrimeric chicken ASIC1 (PDB 

3S3X) 34 with the three subunits shown in orange, pale blue and pale green. The shaded region 

outlines the location of the acidic binding pocket formed at the interface of two channel subunits. 

(c) Extracellular domain of the PcTx1-cASIC1 crystal structure with an overlay of the peptide from 

docking simulations using experimental information on the peptide only.25 The structure of the 

PcTx1-cASIC1 complex (PDB 3S3X) 34with the channel shown in grey and PcTx1 shown in blue. 

Overlaid on this in orange is the orientation of PcTx1 obtained from docking simulations 25. (d) The 

amino acid sequence of PcTx1.  
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Figure 2. Overview of restraint-driven docking simulations. All restraints are based on the peptide-

channel contacts at the complex interface in the PcTx1-cASIC1 crystal structure. 34 Four sets of 

docking simulations were carried out: (i) using ambiguous data based on binding information of 

peptide residues only (AP trials); (ii) using ambiguous data based on binding information of 

peptides and channel residues (APC trials); (iii) using unambiguous data only (UR trials); and (iv) 

using a combination of ambiguous and unambiguous data (UR-APC trials). The residues used for 

restraints are listed in Table S1 and S2 in the supporting information.  
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Figure 3. Overlay of top-ranked structures from docking runs in comparison to the co-crystal 

structure illustrating the large variations between runs with the same amount of restraints depending 

on the precise combination of residues used. Right-hand side images show a side-view (parallel to 

the membrane) of the entire extra-cellular domain of the channel. Left-hand side images show a 

top-view (perpendicular to the membrane) of the binding pocket on the channel.  (a) Binding mode 

of PcTx1 predicted by the single top-ranked structures from the 20 runs of the CAPN-0UR-4AP 

trials (blue) in comparison to the peptide from the co-crystal structure (orange). (b) Binding mode 

of PcTx1 from 6 of the 20 runs in the CAPN-0UR-4AP trials in which the i-RMSD of the top-ranked 

structure is < 4.0 Å (blue) in comparison to the peptide from the co-crystal structure (orange).  
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Table 1. Results from docking simulations in which information on residues involved in binding is 

available for the peptide only (AP experiments). The table shows the probability (%) of the single 

top-ranking structure to be within a given interface RMSD (i-RMSD) cut-off of the co-crystal 

structure, averaged over the 20 independent runs in a trial. 3AP, 4AP and 5AP refer to the number 

of active peptide residues used to form ambiguous interaction restraints (AIRs). No unambiguous 

restraints (UR) were used. Different combinations of input structures for the peptide (P) and the 

channel (C) were used. CX and CA refer to the channel structure from the co-crystal structure and 

the apo-form of the channel. PX and PN refer to the peptide from the co-crystal structure or the 

consensus NMR structure. Note that 4Å i-RMSD would be considered acceptable according to the 

CAPRI standards. 12  

 

 
1Å 2 Å 3 Å 4 Å 5 Å 6 Å 

 
      

CXPX-0UR-3AP 35 50 50 50 65 65 
CXPX-0UR-4AP 40 50 50 50 50 55 
CXPX-0UR-5AP 40 45 45 45 65 70 
        
CXPN-0UR-3AP 0 0 0 10 30 35 
CXPN-0UR-4AP 0 0 5 15 25 30 
CXPN-0UR-5AP 0 0 0 30 35 60 
        
CAPN-0UR-3AP 0 0 10 20 35 45 
CAPN-0UR-4AP 0 0 15 30 40 65 
CAPN-0UR-5AP 0 0 10 20 35 55 

       

CAPN-0UR-3APNR 0 0 10 20 25 50 
CAPN-0UR-4APNR 0 0 15 20 25 60 
CAPN-0UR-5APNR 0 0 45 45 55 70 
       

  0-35 %  36-70 %  71-100 % 
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Table 2. Results from docking simulations in which information on residues involved in binding is 

available for the peptide and the channel (APC experiments). Results are given as the chances of 

finding a singe top-ranking structure within a given interface RMSD (i-RMSD) cut-off of the co-

crystal structure, averaged over the 20 independent runs in a trial. 3AP, 4AP and 5AP refer to the 

number of active peptide and active channel residues used to form unambiguous interaction 

restraints (AIRs). No unambiguous restraints (UR) were used. Different combinations of input 

structures for the peptide (P) and the channel (C) were used. CX and CA refer to the channel 

structure from the co-crystal structure and the apo-form of the channel. PX, PN and PN20 refer to the 

peptide from the co-crystal structure, the consensus NMR structure or the ensemble of 20 NMR 

structures of PcTx1.  

 i-RMSD 

 
1Å 2 Å 3 Å 4 Å 5 Å 6 Å 

 
      

CXPX-0UR-3APC 50 70 70 70 85 85 
CXPX-0UR-4APC 40 60 60 60 75 75 
CXPX-0UR-5APC 65 80 80 80 80 85 
        

CXPN-0UR-3APC 0 0 10 10 20 55 
CXPN-0UR-4APC 0 0 10 10 30 45 
CXPN-0UR-5APC 0 0 0 20 40 55 
        

CXPN20-0UR-3APC 0 0 15 50 50 65 
CXPN20-0UR-4APC 0 0 40 40 50 65 
CXPN20-0UR-5APC 0 0 30 40 40 70 
       

CAPN-0UR-3APC 0 0 15 25 65 80 
CAPN-0UR-4APC 0 0 45 60 75 90 
CAPN-0UR-5APC 0 0 40 50 75 95 
       

CAPN-0UR-3APCNR 0 0 30 50 75 95 
CAPN-0UR-4APCNR 0 0 45 55 70 90 
CAPN-0UR-5APCNR 0 0 60 65 85 95 
       

  0-35 %  36-70 %  71-100 % 
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Table 3: Results from docking simulations in which unambiguous data is used on its own (UR 

trials) or in combination with ambiguous data (UR-APC trials). Results are given as the chances of 

finding a single top-ranking structure within a given interface RMSD (i-RMSD) cut-off of the co-

crystal structure, averaged over the 20 independent runs in a trial. 3AP, 4AP and 5AP refer to the 

number of active peptide and active channel residues used to form unambiguous interaction 

restraints (AIRs). 1, 2, 3,4 or 5 UR refers to the number of UDRs used. All runs used the apo-form 

of the channel (CA) and the consensus NMR structure of PcTx1 (PN). 

 i-RMSD 

 
1 Å 2 Å 3 Å 4 Å 5 Å 6 Å 

 
      

CAPN-1UR 0 0 10 30 45 55 
CAPN-2UR 0 0 20 45 65 75 
CAPN-3UR 0 0 40 65 80 100 
CAPN-4UR 0 0 40 60 75 95 
CAPN-5UR 0 0 30 50 75 100 
       

CAPN-1UR-3APC 0 0 20 55 60 85 
CAPN-1UR-4APC 0 0 25 60 70 90 
CAPN-1UR-5APC 0 0 45 80 85 100 
       

CAPN-2UR-3APC 0 0 40 70 85 100 
CAPN-2UR-4APC 0 0 40 65 70 95 
CAPN-2UR-5APC 0 0 55 65 75 100 
       

  0-35 %  36-70 %  71-100 % 
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Table 4: Results from four alternative approaches used to select a solution from the HADDOCK 

output. Data shown is for APC experiments.  

 

 i-RMSD 

 
1 Å 2 Å 3 Å 4 Å 5 Å 6 Å 

% of runs where the top-ranked structure has an i-RMSD < cut-off 
Top-scored structure      
CAPN-0UR-3APC 0 0 15 25 65 80 
CAPN-0UR-4APC 0 0 45 60 75 90 
CAPN-0UR-5APC 0 0 40 50 75 95 
       

% of runs where the most common structure has an i-RMSD < cut-off 
CAPN-0UR-3APC 0 0 10 35 60 85 
CAPN-0UR-4APC 0 0 30 50 55 85 
CAPN-0UR-5APC 0 0 65 85 90 100 
       
% of runs with at least one structure from the 200 water-refined structures with i-RMSD < cut-

off 
CAPN-0UR-3APC 0 0 7 26 36 53 
CAPN-0UR-4APC 0 0 11 32 41 59 
CAPN-0UR-5APC 0 0 20 47 58 74 
       

% of runs with at least one structure from the best 4 structures in top-ranked cluster with i-
RMSD < cut-off  

CAPN-0UR-3APC 0 0 15 30 59 85 

CAPN-0UR-4APC 0 0 40 54 71 90 
CAPN-0UR-5APC 0 0 38 59 85 100 
       

  0-35 %  36-70 %  71-100 % 
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SUPPORTING INFORMATION 

The following additional Tables and Figures can be found in Supporting Information. Figure S1 

shows an overlay of docked structure to the co-crystal structure with i-RMSD values from 1 to 6 Å. 

Table S1 lists the peptide and channel residues used as input for the ambiguous interaction 

restraints. Table S2 lists the peptide-channel residues pairs used as input for unambiguous distance 

restraints. This material is available free of charge via the Internet at http://pubs.acs.org. 
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