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Abstract. The knowledge of the biological function of proteins would have great 
impact on the identification of novel drug targets, and on finding the molecular 
causes of diseases. Unfortunately, the experimental determination of protein 
function is a very expensive and time consuming process. As a consequence,  
the development of computational techniques to complement and guide the  
experimental process is a crucial and fundamental step for biological analysis. 

The final goal of the activity here presented is to provide a method that allows 
the identification of sites of possible protein-protein and protein-ligand interac-
tion on the basis of the geometrical and topological structure of protein surfaces. 
The goal is then to discover complementary regions (that is with concave and 
convex segments that match each others) among different proteins. In particular, 
we are considering the first step of this process: the segmentation of the protein 
surface in protuberances and inlets through the analysis of convexity and concav-
ity. To this end, two approaches will be described with a comparative assessment 
in terms of accuracy and speed of execution. 
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1   Introduction 

There are currently about 50,000 experimentally determined 3D structures of proteins 
deposited in the Protein Data Bank (PDB) [14]. However this set contains a lot of 
identical or very similar structures. The importance of the study of structural building 
blocks, their comparison and classification are instrumental to the study on evolution 
and on functional annotation, has brought about many methods for their identification 
and classification in proteins of known structure.  

In particular, there are several methods for defining protein secondary structure, 
and the DSSP [16] method is the most commonly used. The DSSP defines eight types 
of secondary structures, nevertheless, the majority of secondary prediction methods 
further simplify to the three dominant states: Helix, Sheet and Coil. Unfortunately, no 
standard definition is available of what a structural motif, a domain, a family, a fold, a 
sub-unit, a class [15], etc. really is, so that assignments have varied enormously, with 
each researcher using its own set of criteria. There are several DBs for structural clas-
sification of proteins; among them the most commonly used are SCOP and CATH. 
They differ in domain and class definition and also because the former is more based 
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on human expertise, whereas the latter is a semi-automatic classifier. Another  
well-known DB is FSSP, which is purely automatic [9]. 

An important research activity, with this large set of new proteins, is the prediction 
of interactions of these molecules by the discovery of similar or of complementary 
regions on their surfaces. When a novel protein with unknown function is discovered, 
bioinformatics tools are used to screen huge datasets of proteins with known functions 
and binding sites, searching for a candidate binding site in the new protein. More 
specifically, if a surface region of the novel protein is similar to that of the binding 
site of another protein with known function, the function of the former protein can be 
inferred and its molecular interaction predicted.  

Much work has been done on the analysis of the binding sites of proteins and their 
identification, using various approaches based on different protein representations and 
matching strategies. The techniques employed are numerous ranging from geometric 
hashing of triangles of points and their associated physico-chemical properties [20], to 
clustering based on a representation of surfaces in terms of spherical harmonic coeffi-
cients [12] or by a collection of spin-images [2, 3] or by context shapes [10], to clique 
detection on the vertices of the triangulated solvent-accessible surface [1].  

However, the shape descriptors used so far for surface matching are often too com-
plex for real time analysis. A promising alternative approach, which we believe will 
be convenient to investigate, is the search for regions of interface that potentially 
correspond to the active sites, through the EGI introduced for applications of photo-
metry by B. K. P. Horn [13] in the years '80 and which has been extended by  
K. Ikeuci [17, 21] in the years '90. To our knowledge the EGI has never been applied 
for protein representation.  

The EGI is the histogram of the orientations placed on the unitarian sphere and it 
constitutes a compact and effective representation of a 3D object as a protein (or bet-
ter the ligand that is usually a small molecule) or, as we plan to do, one of its part: the 
rotations of the object correspond to rotations of the EGI; the side surface of the ob-
ject is the mass of the EGI; the barycentre of the EGI is in the sphere origin; every 
hemisphere is balanced by the complementary hemisphere; etc.. Just for these impor-
tant properties, for the simplicity and the operational handiness on the unitarian 
sphere it is worth to verify if the conditions for docking conducted on the EGI are 
selective enough. 

At the beginning, we do not think to adopt the extension of Ikeuci, Complex-EGI 
(C-EGI), because we consider that the hypothesis of model 'basically' convex (ob-
viously, not always completely convex) can be applied in the search of matching 
between part of the proteins: the convexities of the ligand/protein and the complement 
to the concavity of the second protein. Moreover, also adopting the C-EGI, in pres-
ence of concavity [21], it is not guaranteed the biunivocity between C-EGI representa-
tion and 3D object. 

For these reason, an effective way for computing the EGI representation is of great 
interest for the analysis of proteins convex and concave segments. The first phase  
of our planned activity for protein analysis that is presented in this paper is the  
development and the validation of algorithms to this purpose.  

In literature, optimal 2D techniques for objects segmentation based on contour cur-
vature, can be easily found. Nevertheless, their generalization to the 3D case is not 
trivial: an extra dimension will not only augment the computing time but due to the 



606 V. Cantoni, R. Gatti, and L. Lombardi 

extension from contour points to border lines the problem become even more difficult 
because border lines are not necessarily flat!  

We are presenting here two tentative approaches and a performance comparison. 
The first one is an extension of a technique that has been introduced for 2D 
segmentation a few years ago [6] and that later it has been extended for multi-
resolution detection, i.e. for the parallel detection of concavities and convexities at 
different resolution scales [5]. The second approach is a new solution, very simple, 
based on trivial near neighbor operation that can be easily implemented with ‘ad hoc’ 
hardware. 

2   Labeling through Heat Diffusion Process Simulation  

The first proposed method is based on the analogy of a heat-diffusion process acting 
through a material. The digital volume of the protein is considered like a solid isotrop-
ic metal governed by the heat equation. The equation is used to determinate concavity 
and convexity as respectively cold and hot points. The heat equation is a partial diffe-
rential equation: 

 (1) 

where k is the diffusion coefficient.  
The procedure starts by assigning a constant value to all the border points of the 

object and zero inside the object. Then a limited sequence of an isotropic adiabatic 
three-dimension diffusion process is performed towards the interior of the object. For 
simulating a discrete heat-diffusion process, equation (1) is converted to the following 
difference equation (2): 

 1√21√3    (2) 

where ut(p) represents the value of voxel p at time t, and ut(q) represents the value of 
voxel q, near neighbor of voxel p, at time t. With N1, N2 and N3 we distinguish three 
sets of near neighbors (NN): N1 constitutes of the six neighbors that share one face 
and have distance equal to 1 from the voxel p, N2 includes the twelve neighbors that 
share only an edge and are at distance √2 , and N3 includes the neighbors than share 
only a vertex and are at distance √3 always from voxel p (see figure 1). The different 
weights of equation (2) are determined by the inverse of the voxels distance; this in 
order to simulate an isotropic diffusion process. Something quite similar has been 
presented by Borgefors and Sanniti di Baja [4] in which a subset of the 3x3x3 neigh-
borhood includes only the N1 and N2 sets. 
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Fig. 1. Near neighbors of the voxel in the center of the elementary 3x3x3 cube: in evidence the 
three voxels of the set N1 in red; the nine voxels of the set N2 in blue; and the seven voxels of 
the set N3 in orange 

At each iteration, new voxels, inside the object, are reached by the propagation 
process, according to equation 2. After a few number of iterations, the voxels that 
belong to local convexities will keep a higher value while those belonging to local 
concavities will have a value significantly reduced. Obviously, for t ∞ the object 
reaches a uniform heat distribution (i.e. constant temperature), so the number of step 
should be determined on the basis of the value of K (the diffusion coefficient) and of 
the size of the target details. 

3   Iterative Detection of Convexities and Concavities 

The Iterative Detection of Convexities and Concavities (IDCC) method here intro-
duced is an algorithm that labels the voxels belonging to the border of the object  
according to their local convexities and concavities. Note that, also this approach 
constitutes a multi-resolution analysis: the higher the number of steps, the larger the 
receptive space involved for labeling the border voxels and the lower the details that 
can be analyzed. The approach is composed of two steps: 

- the first step consists on labeling the border voxels of the object with the number 
of background voxels belonging to the 3x3x3 NN.1 

- the second step consists on one to n iterations. At every sub-sequent step n, every 
border voxel is labeled with the sum of the labels at step n-1, within the 3x3x3 
NN, divided by the number of the border voxels C, with label > 0 included in the 
NN. 

                                                           
1 An alternative approach has been presented by Gallus and Neurath [11] in which the initial 

labeling is defined as the difference between the Freeman codes of pairs of successive contour 
points. Obviously this methods is not easily extendible in 3D. 
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The threshold T = 9n/ C partition the border Voxels in the convex set (voxels hav-
ing a label greater than T) and in the concave set (voxels having a label lower than T). 
Note that n is the number of iteration step. For a direct interpretation of the algorithm, 
in Figure 2 a simple visual example of a 2D implementation is shown.  

 

Fig. 2. Contour labeling of a 2D object by the IDCC algorithm. In A the first step is 
represented: the label of contour points, in 8-connection, is given by the number of background 
pixels (a 3x3 array is shown, putting in evidence the four background pixels). Pixels with a 
label greater than 3 are considered convex pixels, meanwhile pixels with label lower that 3 are 
considered concave pixels. In B the result obtained with the first iterative step is shown. The 
label of the contour point is given by the sum of the labels of the previous step, within the 3x3 
surround. Pixels with a label greater than 9 are considered convex pixels, meanwhile pixels 
with label lower than 9 are considered concave pixels. 

4   Experimental Results 

Both algorithms are applied to the ‘space-filling’ representation of the protein, where 
atoms are represented as spheres with their Van der Walls radii (see figure 3).  This 
representation is directly derived from PDB files which supply the ordered sequence 
of 3D positions of each atom’s center. Figure 3 shows the image produced by our 
package for a molecule of 4PHV, a peptide-like ligand docked into HIV protease. 

A first critical decision is the space resolution level for the analysis. For the first 
experiments we tried several voxels sizes ranging from 0.10 up to 0.75 Å, but the 
results here presented are given with a resolution of 0.25 Å that allows to the smallest 
represented atoms, a Van der Walls radius of more than five pixels. Obviously, the 
 

AB
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Fig. 3. ‘Space filling’ representation of 4PHV protein. The colors follow the standard CPK 
scheme. 

higher the voxel size, the lower the details on the surface representation, but the faster 
the algorithms convergence to an acceptable result. In figure 4.1, 4.2, 4.3 and 5.1, 5.2, 
5.3 the results for IDCC and Heat Diffusion processes on the 4PHV molecule are 
shown for different numbers of iterations.  

Let first point out that both the approaches lead to a segmentation useful for dock-
ing: as expected the small details that characterizes the original surface (with apexes 
and cusp at the convergence of different atoms spheres) of figure 3 are overcome as 
the iterations of the diffusion process reaches distances that are one order of magni-
tude of the Van der Walls radii; protuberances and fiords are well characterized and 
evident as well as than the site of possible protein-{ligand, protein} interaction. 

The experiments show clearly that heat diffusion approach has a faster conver-
gence to an acceptable solution, than the IDCC methodology. In fact, 300 iterations of 
IDCC method (figure 4.3) produce a result qualitatively similar to only 100 iterations 
of heat diffusion algorithm (figure 5.1). In other words, the two methods, with a suit-
able different number of iteration, reach almost the same result.2 

Both algorithms were tested on a 2.20 GHz x86 Intel processor. A single iteration 
of heat diffusion algorithm takes on average 5.4 sec while a single iteration of IDCC 
takes 7.5 sec. This, combined with a faster convergence, makes, for standard hard-
ware, the heat diffusion method a better approach than IDCC.  

                                                           
2 The time performance  of the IDCC method are improved limiting the calculus to the subset 

N1 and N2 as indicated above [4], reaching a reduction of the computation time of 40%. This 
is not sufficient to reach the performances of the heat diffusion approach. Note that not in-
cluding the set N3 an extra number of iterations is required to reach the same results. 
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Fig. 4. 1 

 

Fig. 4. 2 

 

Fig. 4. 3 

Fig. 4. Experimental results obtained with the 
IDCC approach. The values of the execution 
parameters are: 

 
Voxel Side = 0.25 Å 

 
Number of iterations: 100 (fig. 4.1), 

200 (fig. 4.2), 300 (fig. 4.3) 
 

Color scheme: intensity data using a 
"Hot Iron" color mapping, that is: 
yellow  white : higher convexities 

red  black: higher concavities 

 

 

Fig. 5. 1 

 

Fig. 5. 2 
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Fig. 5. 3 

Fig. 5. Experimental results obtained with the 
Heat Diffusion approach. The values of the 
execution parameter are: 

 
Voxel Side = 0.25 Å 

K = 0.05 
Number of iterations: 100 (fig. 5.1), 200 

(fig. 5.2), 300 (fig. 5.3) 
 

Color scheme: intensity data using a 
"Hot Iron" color mapping, that is: 
yellow  white : higher convexities 

red  black: higher concavities 

Nevertheless, it is important to point out that both algorithms works locally and 
independently for each voxel. Therefore an implementation on a parallel architecture 
can be done without particular problem in partitioning the computation load and a 
great speed improvement can be easily obtained. Moreover, note that the IDCC 
approach looks suitable for a single chip implementation; in fact only trivial basic 
operations are required. This should be possibly taken into account in the future if the 
complete proteins interaction analysis will be successful. 

5   Conclusion 

The activities in proteomics are in an intensive development; for example the PDB 
has an annual growth rate that reaches the 3000 new proteins experimentally deter-
mined and deposited. So it is becoming increasingly necessary to reach high perfor-
mance in research and analysis of these massive databases. Potential applications 
closely depend on the performance of the problem here discussed. The aim of our 
research is to provide a substantial increase of current performances for the compari-
son of protein surfaces through the development of new methods of analysis. The 
achieved results testify that the presented solutions are very promising. 
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