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Abstract 

nique for estimating the potential similarity of protein 3D shape is proposed. It is found 
tures of proteins are of self-similarity, such a phenomenon can be well described by 
imensions. We then adopt the size and the volume fractal dimensionality of proteins to 

the spatial complexity of the protein shape. Such quantitative measurement is helpful to 
earch space when we retrieve protein structures from large data sets. Experimental 
strate the potential of our proposed approach. 

olume Fractal dimension, Protein structure, similarity.  

tion 

st three dimensional structure of a protein molecule in atomic detail was explored in 
 the number of explored protein structures has dramatically increased to more than two 
 Dec. 2004 in the PDB[3] owing to the recent advances in protein engineering, 
hy, and spectroscopy.  It is still accumulating at a fast rate, demanding effective 
or processing the tremendous amounts of protein 

ormation.  One important research issue is how to 
 3D shape similarity between different protein 
d to develop rapid retrieval mechanism for similarity 

e similarity has been studied extensively in the field 
vision and object recognition. Nevertheless, most of 
 focus on 3D solid models that are represented by 
 surfaces. They can hardly be employed to analyze 

tein structures. Fig.1 shows an example of accessible 
e of the hemoglobin protein(PDB 1a00). It is found 
e a lot of surface corrugation and roughness in the 
 with tiny holes through the body.  Although traditional 3D shape parameters can hardly 
the spatial features of proteins directly, there exist other approaches which try to keep 
hape similarity of known protein structures based on their spatial atomic position. These 
sually examine the distances between their inner elements, such as C-alpha atoms, 
econdary structure elements. Their measure of similarity is usually determined by the 
thods: 1) RMSD [1], which adopts means of rigid body motions and least square fitting 
inimum value of the root-mean-square deviation between corresponding atoms; 2) 

trices [9] , also called distance plots or distance maps, in which, all pair-wise distances 

Fig1  Surface image of PDB1a00
(drawn by Chem3D) 
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between residue centers are represented, similar 3D structures have similar inter-residue distance; 3) 
Contact Map [11,15], an N×N matrix S for a protein of N residues whose element  if residues  
and 

, 1i jS =

i j are in contact and otherwise. Similar sub-structures can be detected by patterns hidden 
in the contact maps; 4) The graph based method [7,19], in which, a protein molecule is represented 
as a graph, while the graph isomorphism is examined to investigate the similarity of proteins. There 
are also some other geometrical, topological and statistical methods [2,4,5,17,18]. Although they 
provide quite good results in some aspects, most of the exist shape comparison methods face great 
challenges in terms of the tremendous computational cost since the molecular data set expands 
dramatically. It is therefore necessary to develop new approaches that can extract the features of the 
protein shape and solve for the similarity retrieval between different proteins in a more effective way.  

, 0i jS =

In this paper, a set of global quantitative parameters, the radius and volume fractal 
dimensionality (R, VFD) of a protein, are introduced as features to help screen out a small set of 
candidates from the large source data set. Further identification needs only to be performed within 
the small candidate data set. We also describe a framework with feedback pathway to conduct rough 
to fine similarity comparisons. Such mechanism greatly speeds up the retrieval process. 

II. Method 

Although all proteins are constructed from a common set of just 20 kinds of amino acids, the 
configuration of these amino acids for arrangement of a particular protein is many.  In general, 
proteins in nature are composed of tens to thousands of amino acids. Even for a small protein with 
100 amino acids in length, there will be 20 combinatorial cases. On the other hand, the biological 
function of a protein depends completely on its native conformation, which corresponds to a unique 
three dimensional structure. Proteins with similar functions have similar spatial distribution of the 
proteins’ components. Further more, it is found that the protein molecules possess the symmetry of 
self-similarity [6,8,12,16,20,22]. The symmetry of 3D shape ensures its invariance to rotation, 
reflection, inversion and translation. Based on the above observation, we adopt the parameter of 
volume fractal dimensionality to characterize the geometrical complexity of spatial distribution of 
the protein components and put forward a framework for fast similarity retrieval. 

100

 
A. Volume Fractal Dimensionality of proteins 

A fractal is a shape composed of parts similar to the whole at any scale. We assume that the volume 
of a protein can be represented as spatial occupation of its atoms. The volume fractal dimension of a 
protein can be determined by measuring its volume V with a ruler of fixed length l . If the following 
form is satisfied: 

V( ) ∝l Dl                                                                        (1) 

then the fractal dimensionality of the volume is D. 
We employ the simple “Box Counting” method to analyze and obtain the VFD [14]. In this approach, 
the fractal shape lying in a 3-dimensional space is covered by 3-dimensional grids with elements of 
size  (length scale), as depicted in Fig.2(a). The result of box counting or capacity dimensionality is 
given by 

l

 
0

lim log( ( )) / log( ))
lBD N l
®

= - （ l
                                           (2) 

 
where is the number of non-empty grid elements. The volume fractal dimensionality ( )N l BD can be 
easily obtained by the bivariate linear regression model Taking into account the n 
samples of the form  {( , in which, i

.y a bx= +
, ), [0, 1]}i ix y i n? x stands for  lo  and  i stands for lg( )il y og( ( ))iN l ,  

BD corresponds to the slope of the line.  Fig.2(b) illustrates the fractal diagram of PDB1a00.  
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B. Similarity evaluation of 3D protein shape 
N f our similarity evaluation. Firstly, it is found that 

 mechanism of proteins as well as the 
tolera

e procedure 
with 

nto a specified range of (R, VFD) , an ordered 
table

plete similarity retrieval algorithm, some of the notations used in the 
algor

entry, let ε be a threshold value, we select a small set of candidates 

ject: All entries within the ε-neighborhood of entry C are considered as the 

ing strategy with a feedback pathway is shown in Fig.4. 

the Seed_object within the range of a threshold.  

 

l  

(a) The box counting method 

        Fig.2 The shape of a hemoglobin and its calculation of VFD 

(b) The plots of log( ( )) log( )i iN l l-

 

Fig. 3. Reachable_objects
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ote that several factors may affect the result o
some local mutations do not affect the protein’ function significantly.  Secondly, the components of 
similar proteins, even proteins with same structure may have different spatial positions [21]. Thirdly, 
as the protein structures data preserved at PDB are obtained in different experimental environments, 
the 3D data may vary in accuracy. The former two factors tell us that similar proteins may have 
some difference in size and spatial distribution of atoms. The third one indicates the test data we use 
to evaluate the similarity may include experimental error.  

Due to the complicated function-structure mapping
nce of the test data, the volume fractal dimensionality can be significant only in an average or 

statistical sense.  Although it is impossible to exclusively identify the unique protein structure 
pattern by VFD, we can rapidly pick up a small set of candidates from a large database.  

To perform shape similarity comparison for proteins, we propose a rough to fin
a feedback pathway. First, we adopt two feature parameters to characterize the protein spatial 

structure, i.e., the maximum radius of the protein and the corresponding VFD, notated by (R, VFD). 
This is because the VFD strongly depends on the size of the cube which surrounds the protein. 
Proteins are roughly considered to have similar shape if they have close R and VFD under a 
threshold. The above process effectively screens out a similar candidate proteins set. Further 
comparison method can be used to get finer result.  

In order to quickly identify proteins falling i
 is built up, with each entry composed of the radius of the protein, the VFD of the protein and 

the PDB id, notated as (R, VFD, ID). Every protein has a unique entry in the table. We sort all the 
entries recursively first by R then by VFD to set up an ordered table. Then we cluster the adjacent 
entries in the (R, VFD) space. 

Before we present a com
ithm are explained below:  

Seed_object: Let P be a protein 
for further similarity comparison from the ε-neighborhood of P and define object P as the 
Seed_object. 
Reachable_ob
Reachable_objects of C. As depicted in Fig.3, points P1, P2, P3 are Reachable_objects of the 
Seed_object C1 and P4 is not, but P4 is a Reachable_object of the object C2. Here, C2 is a virtual 
point, which is the centroid of P1 and C1.  
A framework based on an effective search
When a query shape is given, we firstly calculate the radius and VFD of the protein. Then the query 
object is assigned as the Seed_object so as to find the neighbors in the (R,VFD) space by looking up 
the ordered table. The candidates of potential similarity are those whose size and VFD are close to 
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is set up to provide 
ented with the algorithm 

outli
Procedure FR(QueryObject,ε) 
{ 

C

 
ject;  

LOOP:    
)  DO 

<ε ) THEN   
  CandidateSet;  

eachable_objects of the  

 

 
     { 

f (RM

  Put Qi 

i.Processed in the SimilarSet) THEN 

entroid of the current Seed_object and Qi; 

 
Else { 

    Out
 procedure 

} 
similarity retrieval strategy greatly reduces the search space. The feedback 

m chanis  mak  proteins with similar shape within a conservative 
threshold.  

Start 

Query 

Calculation 

Source 

Matching

Output

SimilarSet 

CandidateSet

Feedback

Index of
(R,VFD,ID) 

Finer analysis

Fig. 4 Overview of the rapid matching process

 
 
 
 
 
 
 
 
 

To choose an appropriate value of the threshold, a feedback pathway 
opportunities for further adjustment. Such a framework can be implem

ned below: 

andidateSet = Null;      
         // Store all candidates of similar objects 

SimilarSet = Null ;     
  // Store similar Objects

Let Seed_object := QueryOb

Search ordered index of Pi(R, VFD, ID
{  

If  (||Pi-Seed_object|| 
 Put Pi into the 

// Put all the R
// current Seed_object into CandidateSet; 

             Pi.Processed := False;   
// Marking for later processing; 

} 
    For each Qi in the candidateSet DO 

  i
 THEN  
SD(QueryObject, Qi) < GivenThreshold ) 

 into the SimilarSet; 
     } 
    If （there are still any objects NOT Q

{ 
Produce a new Seed_object;  

with its index location at the C
 Qi.Processed := True;  

  Feedback to LOOP; 
} 

put the SimilarSet;       
   EXIT(1); // End the retrieving

} 

Our 
e m es it possible to find all the
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III. Experiments and Discussion 
 
To illus
samp
of 74 model-ID individuals, representing 74 source objects. Table 1 lists all these PDB IDs and their 

s and their volume radius and VFDs 
No. PDBID RADI No PDBID RADI   

trate the above algorithm clearly, we selected a small data source which contains all the 
les with the first digit of PDB ID is 7 from the PDB(Jan.2004, Release #107). There are a total 

radius and VFD values. 
Table 1.  74 PDB ID

US VFD . US VFD 
1.  7kmeI 11.89 0.72 38. 7gsp 30.86 2.21 
2.  7r1rDEFP 86.33 1.25 39. 7atj 32.62 2.21 
3.  7kmeL 16.3 1.72 40. 7tln 35.49 2.21 
4. 1  7pti 19.24 1.96 41. 7taa 43.46 2.2
5.  7wga 40.4 1.99 42. 7prc 75.88 2.21 
6.  7rxn 7 . 7pcy 8 15.3 2.02 43 20.6 2.22 
7.  7ame 20.36 2.02 44. 7tli 35.37 2.22 
8.  7rnt 21.23 2.03 45. 7lyz 23.33 2.23 
9.  7ceiB 23.41 2.05 46. 7hbi 30.43 2.24 
10.   7hsc 39.93 2.05 47. 7enl 36.44 2.24 
11.   7ceiA 22.82 2.06 48. 7ca2 29.54 2.25 
12.   C7znf 23.67 2.06 49. 7r1rAB 90.29 2.25 
13.   7msi 20.31 2.07 50. 7paz 20.81 2.26 
14.   7rat 26.61 2.08 51. 7ccp 30.56 2.26 
15.   7cat 56.91 2.09 52. 7ptd 32.18 2.26 
16.  7reqBD 92.88 2.09 53. 7cpp 36.76 2.26 
17.  7dfr 26.02 2.1 54. 7cpa 31.47 2.27 
18.  7prn 37.17 2.1 55. 7tim 40.13 2.27 
19.  7pck 88.73 2.1 56. 7nse 50.21 2.27 
20.  7ins 27.89 2.11 57. 7mdh 65.92 2.27 
21.  7upj 34.07 2.11 58. 7a3h 28.41 2.28 
22.  7rsa 27.86 2.12 59. 7cel 35.75 2.28 
23.  7icd 42.79 2.13 60. 7cgt 43.56 2.29 
24.  7kmeH 31.12 2.14 61. 7i1b 30.27 2.3 
25.  7fab 43.52 2.14 62. 7aat 50.74 2.3 
26.  7reqAC 93.22 2.15 63. 7nn9 34.86 2.31 
27.  7hvp 33.12 2.17 64. 7acn 48.35 2.31 
28.  7lzm 29.22 2.18 65. 7fd1 20.55 2.32 
29.  721p 23.99 2.19 66. 7yas 27.2 2.33 
30.  7lpr 25.74 2.19 67. 7ahl 63.77 2.33 
31.  7adh 42.27 2.19 68. 7jdw 30.51 2.34 
32.  7odc 43.89 2.19 69. 7gss 32.08 2.36 
33.  7at1 60.4 2.19 70. 7gep 34.33 2.37 
34.  7gch 26.72 2.2 71. 7fdr 20.38 2.38 
35.  7est 28.52 2.2 72. 7std 34.18 2.4 
36.  7abp 36.3 2.2 73. 7gpb 76.63 2.42 
37.  7api 40.26 2.2 74. 7xim 53.01 2.44 
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An ordered entrie FD, P D  The  o FD) for the test 
data set is depic , where the absci e
the r

r data rce 
er example, we 

sion 
 

 the natural volume fractal feature with conventional comparison approach to 
nding globally similar 3D shape proteins in large data sets. The main advantage of VFD is its 

olecules makes it imperative to 
deve

This research is supported by the NSFC Funds for the key project No. 60533050. 

 table of 74 s(R, V DBI ) is set up. 2D map f (R, V
ted in Fig.5 ssa repres nts 

adius R and the ordinate represents the volume fractal 
dimensionality. When we give a query molecule structure 
PDB1b7i, for example, and search for the similar protein 
molecules, we first calculate the radius and VFD of this 
protein, which are (20.82, 2.01).  We then select a 
conservative threshold, equal to 30% fluctuated scale of the 
query protein’s radius and allow a VFD deviation of ±0.10, 
the searching space falls into the range of {(r, v); r∈ 
(17.70,23.94), v∈ (1.91, 2.11) }. Fig.6 depicts a zoomed 
plot of such a region, marked with ABCD. The 
CandidateSet is then obtained with our similarity retrieval 
framework.  It can be seen there are only seven entries in 
the rectangle ABCD, which is less than 10% of the initial 
data set. This dramatically reduces the searching space. 
Further matching may be carried out with traditional 
method. We adopt the RMSD method to perform finer 
comparison. There are two proteins with similar structure, 
PDB 7ame and PDB7msi. The two similar proteins are then 
used as new Seed_objects to launch a new loop. In our 
experiments, all the proteins of similar shape are selected in th

It can be seen from the above test that a much smalle
database with a Seed_object.  This is true even in a large source database. For anoth
used

Fig5. the map of (R, VFD)

Fig.6 CandidateSet, zoomed in on the area 
including the query object from Fig.5 

e first loop correctly.  
 set is obtained from the sou

 the same query protein PDB1b7i and the same threshold as above, but we selected another data 
source which contains all the samples with the first digit of PDB ID is 4 from the PDB, total 231 
model-ID individuals. Seventeen candidates are screened out after the first loop in the procedure FR.  
So we only need to find similar structures from the reduced searching space, which is less than 10% 
size of the search space. By further comparison, we found the actual similar proteins, PDB 4msi and 
PDB 4ame. 

Ⅳ. Conclu

We have integrated
fi
simplicity of calculation and its invariance to the transformation of the scaling, translation and 
rotation of proteins. With VFD and the ordered indices table, we have provided an effective means 
to find all the potential candidates of similar shape by reducing the searching space. Fine similarity 
result can be obtained by further employing the traditional method.  

Biological molecules search is an emerging application of content-based retrieval. The 
explosive increasing amount of the 3D structure database of bio-m

lop faster retrieval techniques. The approach presented in this paper is a significant exploration.  
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