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ABSTRACT:

Is it possible to know what the best solution is of the output of a docking program? The apparent obvious 

answer to this question is the highest-score solution, but the interaction between proteins seems to be a 

dynamic mechanism where the interaction region has to be wide enough to allow protein-protein 

interactions coming from different orientations, and sometimes, as in a multimeric complex, several 

interacting regions are possible. Consequently, in all these cases, there is not a single solution. To extract 

the significant solutions from the docking-output data, we have developed an unsupervised and automatic 

cluster computational program supported on a mathematical algorithm. This algorithm is based on the 

DBscan clustering method, which searches for continuities among clusters generated by the output-

docking data representation. The DBscan clustering method solves some of the inconsistency problems of 

the classical clustering methods like k-means: a) it allows the easy treatment of outliers (isolated points) 

taking into account only those clusters that are large enough to be an interaction region, b) it allows the 

finding of all cluster members independently of the cluster shape and, c) it is not dependent on the 

previously defined number of clusters. A pre-processing step finds the radius, which is necessary to run 

the DBscan method, without requiring any tuning parameter by the user. We used this approach to 

postulate complex interaction mechanisms that involve surface displacements among proteins that interact 

together to carry out a specific function. Another useful application for the mathematical model presented 

here could be the prediction of the putative structure of protein complexes. The algorithm and the 

application (implemented in the R package) are accessible on: http://www-

eio.upc.es/~delicado/Rfiles/DockAnalyse.zip. 

Keywords: Docking, Interaction, Algorithm, Clustering, Protein-complex. 



INTRODUCTION:

 Protein interaction is a key process by which most of the proteins accomplish 
their function and interactomics represents one of the main frontiers of biosciences [1, 
2]. Moreover, protein interactions can help us to predict protein function and, therefore, 
many protein-function predictors have been developed using protein-protein interaction 
databases [3-9]. In a near future, it is expected that the number of protein complexes 
will surpass the number of proteins in a given proteome. A lot of protein interactions 
involve surface displacements among the members of the protein complex to fulfill the 
required biological function. As an example, we can mention the proteins that take part 
in the Iron-Sulfur Cluster (ISC) biogenesis mechanism in yeast [10]. It is also known 
that many proteins are single parts, labeled monomers, of a complex quaternary 
structure, a multimer. In any case, monomers alone do not have a specific function 
which is only achieved when the distinct parts interact together to carry out a certain 
function [11, 12]. 
 Nuclear Magnetic Resonance (NMR) and X-ray crystallography are the main 
technologies for structure elucidation. They are frequently constrained by the 
methodological requirements: on the one hand, NMR works well only for small, highly 
soluble proteins so, it cannot be used for the structure determination of large protein 
complexes; on the other hand, X-ray crystallography demands such special conditions 
that, in most cases, they do not match those required for the protein complex structure 
formation and co-crystallization. As a whole idea, structural data for protein complexes 
is arduous to obtain because it is very difficult to fix the optimal conditions that are 
required for these experiments. It is assumed that these experimental limitations have 
reduced the amount of large protein complexes solved and, therefore, protein complexes 
have become less represented in the structural databases such as the Protein Data Bank 
(PDB; http://www.rscb.org/pdb/; [13]). With the aim of analyzing the dynamics of the 
interaction process among the proteins of a protein complex, which can involve large 
interaction zones and surface displacements, a NMR assay may not be feasible because, 
as said before, this technique is designed only for small proteins. In the same case, and 
assuming that it were possible to carry out an X-ray crystallography experiment despite 
the above-mentioned difficulties, the data obtained may not be useful either to represent 
the dynamic behavior because crystals show only a static image of the protein complex. 
In addition, in the case of the protein complexes where the constituents have several 
interaction sites, a static image of the interaction between them may not be informative 
enough to model the structure with which it will fulfill a specific function. In general, 
the tri-dimensional structure obtained might not be exhaustive enough to explore all the 
possible interaction sites between the proteins considered and, therefore, it might not 
have the required detail. Consequently, despite almost everybody tending to apply these 
two experimental technologies for protein structure determination, other complementary 
strategies may be useful to accurately model the interaction among the proteins of a 
protein-complex.  
 These alternative methods prompted us to propose a recognition interface within 
the proteins of a macro-molecular complex to help to elucidate its putative quaternary 
structure, from an exhaustive data analysis, without requiring any extra-experimental 
data. Furthermore, these methods can also lead us to model the movement among the 
components of a macromolecular structure which is necessary to fulfill a specific 
function, also minimizing the use of experimental procedures. In this context, some 
theoretical methods to study protein complexes at a structural level, such as docking, are 



now emerging. Protein-protein docking is a computational method to predict the best 
way by which two proteins could interact [14, 15]. It is important to be careful using 
docking programs because, even those proteins that, experimentally, do not interact, can 
generate an output file including a list of putative interactions. Also, it is important to 
choose a suitable docking program which generates the most realistic docking model. In 
rigid-body docking approaches, conformational changes during the complex formation 
are not permitted in order to save computation time. This technique may be appropriate 
when non-substantial conformational changes are expected to take place in the 
interacting proteins. Usually, it is considered that the best solution given by a docking 
program is the one with the best interaction energy, but quite a lot of the real 
interactions tend to involve large surface displacements with non-optimal interaction 
energy to form the protein complex. They take place along the protein’s surface 
generating multiple low-energy interaction complexes. In these cases, these low-
interaction energy regions might not be, in reality, less important from a functional 
point of view and the interaction region has to be wide enough to allow protein-protein 
interactions coming from different orientations, like, for instance, proteins that require 
movements among them when they act as a protein-complex. Owing to all of these 
facts, interaction among proteins seems to be a dynamic mechanism where there is not 
only a single solution with the highest interaction energy, like most of the current 
docking programs consider, but rather there are several solutions with more or less 
interaction energy [16]. 
 Our approach tries to deal with these particularities considering the global 
contribution of the different, calculated solutions and select those representatives that 
describe a general behavior of a subset of solutions, but do not improve an unrealistic 
docking output file. To extract those solutions that best describe the real dynamic 
mechanism of interaction from the output data of the current protein-protein docking 
programs, we have developed an algorithm based on an unsupervised and automatic 
cluster analysis. The aim of the algorithm is to choose the appropriate solutions, not 
only by taking into account the interaction energy, but also the dependence among the 
clusters generated by the docking-output data representation. Choosing the 
representative solutions is made by searching for continuities among these clusters [17]. 
The real challenge is the ability to identify the correct structures from among the huge 
amount of previously calculated solutions. That is why we developed the algorithm, 
called DockAnalyse, to do this easily without requiring any tuning parameter from the 
user. Normally, the decision on which of the docked structures is the most important 
entails the implication of an expert researcher in the field, however DockAnalyse guides 
the search of a good docking candidate, without requiring any previous expertise, thus 
reducing the amount of putative solutions to check. 
 The exhaustive analysis of all of the protein interaction regions considered by 
DockAnalyse, may help us to theoretically postulate the structure of a protein complex. 
Additionally, it could be useful in proposing the way in which certain proteins interact 
together to execute their biological function. As an example of one of the applications 
of the developed program, we modeled the dynamic interaction mechanism between the 
yeast proteins Isu1 and Isu2, which have been demonstrated experimentally to interact. 
These two proteins generate the central platform for ISC biogenesis inside the yeast 
mitochondria [10] and, moreover, are important targets in the yeast model of the human 
neuro-degenerative disease called Friedreich ataxia (FRDA) [18-21]. Above all, we 
could see that they interact in a mobile fashion and, therefore, their interaction seems to 
imply large surface displacements.  



MATERIALS AND METHODS: 

THE  ALGORITHM: 

 With the aim of elucidating which of the docked structures between two proteins 
are the most important from a functional point of view, an unsupervised mathematical 
algorithm, based on the DBscan clustering method, was designed and implemented with 
R package. The shape, size and movement, expressed in rotations and translations 
described by the proteins, were considered in the algorithm to finally obtain the cluster 
distribution with the best internal coherence among clusters generated by the docking 
output data representation. A pre-processing step finds the radius necessary to run the 
DBscan method without requiring any tuning parameter from the user. Regarding the 
DBscan, this clustering method was chosen because it is extremely robust and solves 
some inconsistence problems that may appear when applying other clustering methods. 
In general, classical clustering methods do not manage the outliers well. DBscan tends 
to treat these isolated points much better and it allows for the finding of all cluster 
members independently of the cluster shape. Finally, and one of the main problems of 
clustering, is that the classical clustering methods are dependent on the previously 
defined number of clusters while DBscan is not. The developed mathematical 
algorithm, named DockAnalyse, was applied to interpret the results obtained from 
different docking assays. DockAnalyse generates a lot of information extracted from the 
output data file of these docking assays. Among this information, a visual representation 
of the 1000 docking solutions was obtained from the docking experiment, which are 
represented as single points grouped in different clusters, is one of the most important 
results. The representative solutions of each of the calculated clusters are highlighted 
and they refer to the significant points among all of the 1000 docked structures tested 
(see Fig.1). These points represent the most relevant solutions obtained from the 
protein-protein docking calculation and they allow us to identify which solutions among 
those could be more directly involved in the interaction, because it is a central member 
of the cluster and it has a high interaction energy. As a whole, what represents a real 
challenge that can be achieved with DockAnalyse is the reduction of the number of 
solutions to analyze after a protein-protein docking experiment. With our program the 
docking output-data analysis is facilitated, because the number of solutions is reduced 
from a huge number (e.g., 1000) to approximately less than 10 in most of the cases. 
Therefore, it enables an accurated study of the most interesting protein-protein docking 
solutions. 

APPLICATIONS OF DOCKANALYSE: 

 Considering all of the facts stated above, we could go further proposing new 
functional interpretations that involve our proteins of interest. In terms of these new 
hypothesis, when the initially docked proteins are monomers, a proposal on the putative 
structure of a multimeric protein complex might be postulated [11, 12]. Another 
procedure to visualize the expected surface displacements between two interacting 
regions. This approach colud be applied to pairs of proteins that require movements 
between them to fulfill a specific function [10]. In this second case, the representative 
solutions obtained from the DockAnalyse analysis, which represent different protein-
structure configurations, were captured and subsequently viewed in a protein modeling 
or visualization program. This procedure allowed us to build a point-to-point pseudo-



trajectory to postulate a model to explain the surface displacements between the given 
proteins. This pseudo-trajectory could be reconstructed by means of the selection of 
other solutions along the cluster or joining different cluster representatives. These 
solutions could be considered as static frames that describes the motion between the two 
given proteins.  
 An example of proteins taking part in a protein-complex that involve surface 
displacements in the interaction between them to accomplish a specific function, are the 
yeast proteins Isu1 and Isu2, which are required for the ISC biogenesis inside the 
mitochondria [10]. With the purpose of making a dynamic model by which Isu1 and 
Isu2 interact together for the generation of the ISCs, these two yeast proteins were 
studied in detail from a sequential, structural and functional point of view. Firstly, the 
sequences for both Isu1 and Isu2 from evolutionarily distinct organisms were retrieved. 
With these sets of sequences, we could perform a multi-alignment sequence analysis 
with which we could see that these two proteins are extremely evolutionary conserved 
and, therefore, have a high sequential homology. Moreover, for each of the two yeast 
protein sequences, several classical bioinformatics analyses were made to establish 
some important characteristics for these proteins. The cellular localization, the putative 
DNA interaction or trans-membrane regions and the signal peptide length for the two 
proteins were studied. Despite the tri-dimensional structure of these two proteins not 
being available in the PDB [13], we could model its structure due to the sequential and 
structural homology to some already-solved protein family members. Besides, the 
residues considered to model the structure of Isu1 and Isu2 were part of the functional 
protein inside the mitochondria because, as studied before, the signal peptide length was 
not overlapped them. The 2D and 3D structure modeling was done applying three 
widely used applications designed for this purpose. On the one hand, the secondary 
structure was predicted using PsiPred [22], which incorporates neuronal networks to the 
outputs of PSI-BLAST. On the other hand, the tridimensional structure was predicted 
using EsyPred3D [23], which is an homology-based application that uses the 
MODELLER package, and 3D-PSSM [24], which is a threading-based application that 
uses both the 1D-2D-3D structural information and the solvation potentials information 
of the protein. Secondly, the functions for Isu1 and Isu2 were analysed with several 
bioinformatics tools and the results were contrasted with the already published material 
which referred to these proteins [25]. Furthermore, with the aim of identifying the 
protein-protein interaction regions in Isu1 and Isu2, two analysis were performed with 
programs designed for this purpose. The first program used was ProMate [26], which is 
a protein-structure-based program, and then we used PPI-Pred [27], which is a support-
vector-machine-based program that we applied to corroborate the results. Lastly, 
searches in interactomics databases were performed to elucidate the protein interaction 
partners of Isu1 and Isu2 [28-34]. Obviously, the above mentioned studies were 
complemented with the appropriate literature information to contrast all of the data 
obtained. Besides, most of the previously described studies needed molecular 
visualization or modeling tools widely used in bioinformatics like, for instance, RasMol 
or UCSF Chimera [35, 36].  

PROTEIN-PROTEIN DOCKINGS: 

 The Escher NG protein-protein automatic docking system of the VEGA ZZ 
project was the program used to execute the dockings between Isu1 and Isu2 [37]. In 
more detail, two parameters were modified of the docking procedure: on the one hand, 
we set the rotation step to 3 degrees because small rotations result in more docking 



details and, on the other hand, we established the maximum number of collisions to 100 
with the aim of avoiding errors during the bump-check process. Despite the existence of 
the possibility of reducing the number of given solutions for the docking, we conserved 
it with the default parameter, which is 1000, because the more solutions obtained in the 
docking assay the, more robust, the DockAnalyse results would be. Taking these 
premises into account, the docking output datafile that was obtained contained 
information for the one thousand solutions tested coming from the different, docked 
protein-structure configurations (see Fig. 2). Tri-dimensional structure information for 
each of the proteins studied was obtained from the PDB as pdb files [13]. To evaluate 
the reliability of DockAnalyse and see if it was helpful to predict the movement between 
two given proteins, we chose the most representative solutions given by the newly 
developed mathematical algorithm and we extracted the PDB files that represent the 
protein-structure configuration between the docked monomers for each of the solutions. 
The PDB file generation from the solutions given by DockAnalyse was done using a 
tool of the VEGA ZZ package, where Escher NG is linked [37, 38]. Then, the generated 
PDB files for each of the representative solutions of DockAnalyse were loaded in a 
protein modeling or visualization tool with which we could analyze the putative surface 
displacements between the initially docked proteins. We have to take into account that 
some expert knowledge about the living-protein context would be necessary to propose 
a coherent trajectory involving several surface displacements. With this experiment we 
could evaluate the utility of our algorithm in facilitating the search for the correct 
docking solution among all of those that result from the protein-protein experiment. 
Furthermore, this was helpful to see if DockAnalyse could accurately predict the 
interaction movements between two given proteins.  

RESULTS AND DISCUSSION: 

DETAILS OF DOCKANALYSE: 

The clustering algorithm DBscan [39] relies on a density-based notion of 
clusters and is designed to discover clusters of arbitrary shape as well as to distinguish 
noise. The algorithm is based on the definition of density-connection: two points in a 
dataset are density-connected if there is a chain of points in the dataset that allows for 
moving from one to the other. The connecting chain must verify two conditions: first, 
each point in the chain (except maybe the first and the last ones) has at least k observed 
data at a distance less than the radius epsilon (that is, they are in places where the 
density of data is not too low), and second, the distance between two consecutive points 
in the chain is less than epsilon. This definition induces a partition in the set of observed 
points, each part defined as a subset of points which are density-connected between 
them. The clusters provided by DBscan are those components in the partition with two 
or more elements. DBscan marks those not density-connected with any other as isolated 
points (that is, parts with only one member). 
 The algorithm DBscan depends on two tuning parameters: k and epsilon, 
defining density-connection. Ester et al. (1996) [39] indicate that choosing parameter 
epsilon is much more important than choosing k (they argue that the results in their 
databases are quite similar for any k�4) and they propose to fix k as being equal to 4. In 
our experiments we have verified that values of k greater than 4 provide better results. 
So we use k=15 in all computations.  



 The better epsilon parameter is chosen according to a battery of cluster-quality 
measures. To be specific, we have considered the following clustering indexes (see 
Walesiak and Dudek (2007) [40], for more details): Davies-Bouldin (multiplied by -1), 
Calinski-Harabasz, Hubert-Levine (multiplied by -1) and Silhouette, all of them taking a 
high value for a high quality clustering. Algorithm DBscan was applied for several 
epsilon-candidate values and the resulting clustering structures were evaluated by these 
criteria. Then the candidate values for epsilon were ranked according to every index. 
The score of a candidate value for epsilon was the mean of its ranks. Then the value 
with highest score is taken as the final epsilon and the corresponding cluster structure is 
considered the right one.  

THE DESIGNING PROCEDURE: 

 DockAnalyse can be used after the docking assays of a more complex procedure 
where it might be useful to model the behavior between the proteins that take part in a 
biologically functional protein-complex. A descriptive scheme on how to use 
DockAnalyse in this whole bioinformatics procedure is shown in Fig. 3. First of all, an 
extensive literature-mining analysis coupled with a profound study of the sequence, the 
structure, the function and the interactome involving the proteins of interest is required. 
Secondly, the necessary protein-protein docking experiments have to be executed, 
taking into account that the more solutions tested during the docking assays, the more 
robust the results from DockAnalyse would be. After that, the newly developed 
mathematical algorithm, DockAnalyse, has to be applied to each of the docking output-
data files allowing us to obtain the best docking solutions among those thousands 
calculated. Lastly, manual curation of the docking structures obtained might be 
necessary to fit the solutions given with the appropriate biological function eliminating 
the putative aberrant results. 

MODELLING THE ISU1-ISU2 PROTEIN COMPLEX: 

 The yeast proteins Isu1 and Isu2 are conserved proteins of the mitochondrial 
matrix which perform a scaffolding function during the assembly/maturation of Iron-
Sulfur clusters (ISC). Therefore, they physically and functionally interact, leading to the 
formation of the protein complex required for ISC biogenesis [10, 41-44]. Moreover, 
these two proteins have been shown to be involved in the lack of ISC generation of the 
human disease called Friedriech Ataxia (FRDA) [21, 45]. FRDA is a neurological, 
progressive and hereditary disease which, basically, through the nervous system, the 
spinal cord, the neurons, and cortico-spinocerebellar routes concerns the balance and the 
coordination of movements. Furthermore, it is the most common autosomal recessive 
ataxia and it is associated with a pronounced lack of a conserved mitochondrial protein 
of a not fully-understood function called Frataxin. An important expansion of a triplet 
GAA in the first intron of the gene FRDA involves an aberrant structure of the DNA 
helix complicating the passing of the RNA polymerase enzyme during the transcription 
of the gene. This event causes a reduced expression of Frataxin. This protein has been 
associated with iron accumulation in the mitochondria, increased sensitivity to oxidative 
stress and, more recently, with the assembly/maturation of the mitochondrial ISCs ([Fe-
S] clusters). Consequently, Frataxin and its partners Isu1 and Isu2 play an important 
role in ISC protein assembly, avoiding the depletion of proteins like Aconitase and 
respiratory chain complexes I-III inside the mitochondria. The study has been done 
using Saccharomyces cerevisiae proteins as a model, because a high degree of similarity 



is supposed between the human and the yeast molecular mechanisms for the ISC 
biogenesis [18-20, 46]. 
 In terms of the key characteristics found in the sequence, the structure and the 
function of Isu1 and Isu2, we could see that both proteins have a clearly visible tail, 
which has been predicted as a protein-protein interaction region. Just on the opposite 
side of each of the proteins, another interaction zone has been identified coinciding with 
an iron-binding pocket, which is composed of 3 Cysteines placed  to be spatially 
suitable for forming a typical iron-binding pocket [see images (a) and (b) of Fig.4]. A 
rigid-body protein-protein docking procedure was made between the modeled tri-
dimensional structures of Isu1 and Isu2 setting a small rotation step to exhaustively 
explore a great number of solutions in a reasonable computing time. Then, we applied 
DockAnalys algorithm with which we could reduce the huge amount of output docking 
data obtained to five representative solutions that are the 1st, 4th, 28th, 89th and 296th of 
the initial ranked solutions of the Escher NG output docking datafile. Here, one utility 
of DockAnalyse, in reducing the number of solutions to analyze after a protein-protein 
docking calculation, is shown. However, specific knowledge about the ISC biogenesis 
process involving Isu1 and Isu2 was also necessary to extract biological sense from the 
representative protein-protein docking solutions which were transformed to structure 
configuration images. Consequently, two out of the five images were finally considered, 
according to the expected biological function. These two images are the initial, ranked 
Escher docking solutions 1st and 28th respectively, which are, respectively, the 1st [see 
image (d) of Fig. 4] and the 3rd [see image (c) of Fig. 4] DockAnalyse representatives. 
Therefore, the 2nd, the 4th and the 5th DockAnalyse representatives were discarded due to 
the inexistent biological concordance with the other representatives. 
 In summary, the postulated dynamic interaction mechanism between the yeast 
proteins Isu1 and Isu2 is as follows: According to the subsequent images analyzed, it 
seems that Isu1 continues being positioned, with respect to Isu2, until it achieves the 
appropriate orientation [see image (d) of Fig. 4]. When Isu1 is positioned in front of 
Isu2, the two iron-binding pockets seem to be correctly placed spatially and, moreover, 
the interaction tails seem to play an important role acting as a hinge between the two 
proteins. This hinge allows for the movement of Isu1, with respect to Isu2, and permits 
the iron donation and the sulfur donation, thanks to other donor proteins such as 
Frataxin, which was mentioned before, to the ISC biogenesis when they are needed [see 
the reversible pass between (c) and (d)]. We have to consider that during all of the 
interaction process, the tails of the two yeast proteins clearly facilitate their interaction.  
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Fig1. One of the most important output windows of DockAnalyse which shows the clustering graph of the 
1000 docking solutions tested where the axes are the two extracted components of the computed Principal 
Components Analysis (PCA). The clusters found by the program are depicted in different colors and the 
representative points of each cluster are highlighted. 
 



Fig2. Section of the Escher NG output datafile that results from the execution of the docking experiment 
between the proteins PDB ID: 1BQL and PDB ID: 193L. The file contains information for 1000 solutions 
(rows) where each of them has data divided into 14 sections (columns) giving information for each of the 
docking structures tested during the docking assay. This information is divided into: solution, score, root 
mean square, collisions, total charge score, positive<->negative charge score, positive<->positive and 
negative<->negative charge score, apolar score, polar score, X-Y-Z rotation and X-Y-Z translation (see 
Escher NG manual). 



Fig3. Schematic chart flow where the sequential steps of the complete bioinformatics study in which 
DockAnalyse can be used are described. 
 



Fig4. The images (a) and (b) represent the tri-dimensional structure of the first ranked docking solution 
between the yeast proteins Isu1 and Isu2. The structures are displayed in “ribbons” and colored in 
magenta and cyan, respectively. Moreover, the calculated surfaces are depicted as dotted in both cases. In 
(a), a top view of the protein-complex structure is shown, where the atoms and bonds of the two iron-
binding pockets (6 cys in total and 3 residues per protein) of each protein are colored in yellow in the 
“ball and stick” format. In (b), a side view of the same protein-complex is shown, where the tails, which 
have been predicted as interaction sites, are clearly visible at the bottom of the protein-complex structure. 
The images (c) and (d) represent the postulated dynamic interaction mechanism between the yeast 
proteins Isu1 (magenta in solid surface) and Isu2 (cyan in solid surface). These two images are the real 
tri-dimensional structures of the solutions given by DockAnalyse for the interaction between Isu1 and 
Isu2. According to the biologically expected meaning, frame (c) corresponds to the 3rd DockAnalyse-
ranked solution and the frame (d) to 1rst. The edges intend to show the sequence of frames that may occur 
when these proteins interact, taking into account that the passing between frames (c) and (d) is putatively 
reversible, also according to the expected biological function. 
 


