
 

Advanced Studies in Biology, Vol. 2, 2010, no. 2, 53 - 62 
 
 
 

The Fractal Dimension of Protein Information  
 
 
 

Darja Kanduc 
 

Department of Biochemistry and Molecular Biology, University of Bari, Italy 
 

Giovanni Capone 
 

Department of Biochemistry and Molecular Biology, University of Bari, Italy 
 

Vittorio Pesce Delfino 
 

Department of Pathological Anatomy, University of Bari, Italy 
 

Gabriele Losa 
 

Institute of Scientific Interdisciplinary Studies, Locarno, Switzerland 
 
 
 

Correspondence: 
Darja Kanduc, Dept. Biochemistry and Molecular Biology, University of Bari, 
70126 Bari, Italy 
e-mail: d.kanduc@biologia.uniba.it,  dkanduc@gmail.com 
 

 
Abstract 

 
We analyze the human proteins by using pentapeptides as functional/structural 
modular units. We find that amino acid primary sequences can be described by a 
repeating transition from highly repeated modules to rare ones. The wave-like 
similarity profile confers a fractal dimension to the protein modularity and 
correlates with the informational content. 
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Introduction: the structural/functional characterization of the 
human proteome 

  
Currently, the structural/functional characterization of the human proteome is 

carried out protein-by-protein, through the empirical definition of specific motifs, 
peptide features and interaction domains for each protein [2,3,24] or group of 
proteins [16]. These studies focused on individual modules have generated 
valuable information and, more recently, are being integrated into computational 
approaches for tracing the origin of functional and conserved domains in the 
human proteome [18]. Moreover, specific projects for a large-scale assault on the 
human proteome are on the way. The aim is to reveal which proteins are present 
in each tissue, where in the cell each of those proteins is located and which other 
proteins each is interacting with [19]. However, a common platform to a 
comprehensive understanding of functions specifically residing in specific units is 
still lacking. Currently, it remains unexplored the structure-function relationship(s) 
of protein sequences in a wide proteomic context, that may allow to define 
part-whole relationships. 

In this context, our lab is analyzing the role of peptide redundancy in defining 
the functional content of an amino acid sequence [7,8,12]. 

 Here, we 1) examine the qualitative distribution of the pentapeptide modules 
in human proteins, 2) demonstrate that the pentapeptide modular redundancy 
shows a regular pattern along the human proteins, with peptide areas showing 
high redundancy level and peptide areas endowed with low or no redundancy at 
all (i.e., sequences scarcely represented or present only once in the human 
proteins), and 3) report that the functional protein domains are associated to rare, 
non-redundant sequences. The self-similarity pattern presents the same behaviour 
in all the human proteins analyzed, independently of the protein length, whereas 
the peptide similarity extent is not stochastically related to the functional role. The 
pentapeptide redundancy profile defines the human proteins by a fractal 
dimension that appears related to an informational content. 
 
 
Dissecting the human proteome: Pentapeptides as structural/ 
functional protein units  

 
The scientific literature indicates 5 amino acids as a sufficient minimal 

determinant critically involved in cell biology and immunology [14,17]. A 
pentapeptide unit appears to be the common minimal amino acid sequence 
critically involved in peptide-protein interaction and immune recognition, so 
exerting a central role in cell adhesion, signal transduction, hormone activity, 
regulation of transcript expression, enzyme activity, and antigen-antibody 
interaction. Taking a length of five amino acid residues as a minimal peptide 
module, the 36,103 proteins that collectively form the human proteome (at the 
time of download from www.ebi.ac.uk/integr8) [11] result to be formed by  
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15,771,565 occurrences of 2,388,563 unique 5-mers [9]. In statistical terms, this 
means that each unique pentapeptide is repeated a mean average of 6.6 times 
throughout the human proteome. However, this numerical pentapeptide dissection 
does not offer a/the key to understand the link between pentapeptide redundancy 
and cellular functions. Therefore, in order to define the significance of redundant 
sequences, we systematically analyze the distribution of frequent/rare peptide 
segments along primary amino acid sequences of proteins [4-10,12,13,15,20-22]. 
 
 
 
The peptide redundancy profile of a protein as a function of the 
protein length 

 
 
In this study, we tried to define the qualitative distribution of pentapeptide 

redundancy along the human proteins and, as a first step, investigated the 
redundancy distribution as a function of the protein sequence length. 

 
Using computational procedures previously described in detail 

[4-6,9,10,20,22], the primary sequence of two proteins chosen at random (i.e., 
plasminogen-related protein B, accession number: Q02325 or PLGB_HUMAN, 
81 aa, and adenosine monophosphate deaminase 2, accession number: Q5T694 or 
AMPD2_HUMAN, 890 aa) was dissected into 5-mer motifs that were probed 
against the human proteome in computer-assisted analyses utilizing an exact 
peptide matching program (pir.georgetown.edu/pirwww/search/peptide.shtml) 
[23]. 

 
The pentapeptide scanning produced the histograms shown in Fig. 1, 

illustrating the redundancy profile of LMW plasminogen-related protein B (panel 
A), and HMW adenosine monophosphate deaminase 2 (panel B) versus the 
human proteome. It can be seen that the protein pentapeptides recur along the 
primary protein sequences with varying frequencies: i.e., amino acid stretches 
with low/no redundancy in the human proteome alternate to portions with high 
proteomic redundancy, independently of the length of the analyzed protein. 
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Figure 1 - Pentapeptide redundancy profile of plasminogen-related protein 
(A) and adenosine monophosphate deaminase 2 (B) amino acid sequences 
versus the human proteome. Pentapeptide redundancy expressed as the number 
of perfect 5-mer matches occurring in the human proteome [4-6,9,10,20,22]. 

 
 

 
 
The peptide redundancy profile of a large proteomic sample  

 
The data illustrated in Fig. 1 were further investigated by using a set of 30 

human proteins. We built an artificial polyprotein by joining the amino acid 
primary sequence of 30 human proteins, chosen at random and of different length, 
for a total of 19,766 amino acids. In this way the 30 proteins were considered as 
one giant protein, the length of which is indicated by the cumulative size in amino 
acids. Then we screened this giant protein sample for perfect pentapeptide 
matches to the human proteome. The pentapeptide overlapping analysis was 
carried out between the 30 proteins forming the artificial giant polyprotein and the 
remaining 36,073 human proteins. By this approach, we aimed to obtain a 
landscape view of the pentapeptide redundancy distribution along the 30 human 
proteins. 

Fig. 2, panel A, shows the sharing of each 5-mer between the giant 
polyprotein and human proteome. It can be seen that protein walks with high level 
of redundancy alternate to protein regions scarcely represented (or with no 
counterpart) in the proteome. The alternate distribution of high-to-low redundancy 
areas is a constant characteristic of the entire polyprotein amino acid sequence. 
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Moreover, Figs. 2B and 2C show that down-scaling the pentapeptide redundancy 

profile of the giant polyprotein to shorter segments (i.e., to 1,981 and 203 aa in panel 
B and C, respectively) reproduces the alternate redundancy profile illustrated in Fig. 
2A. In other words, the redundancy profiles described in Fig. 2 imply a repetitive, 
self-affine, fractal property in the human protein landscape [1]. The finding is clearly 
visualized in the progressive magnification of segments of the 30-proteins long 
sub-proteome sample. It can be seen that Fig. 2, panels A, B and C, statistically 
resemble a shared overall pattern. The profiles of A, B and C plots are consistent with 
the existence of a scale-free or fractal phenomenon known as a fractal landscape.  

This overall pattern of sharing appears to be a basic property of the human 
proteome as a whole as demonstrated by the analysis of proteomic sets formed by 100, 
500, or 1,000 proteins (data not shown). 
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Figure 2 (above) - Pentapeptide redundancy profile of the human proteins as 
a fractal quality. A) Pentapeptide redundancy profile to the human proteome of a 
human artificial giant polyprotein formed by 30 human proteins amounting to 
19,762 pentamers. The pentapeptide overlapping analysis was carried out between 
the 30 proteins forming the artificial giant polyprotein and the remaining 36,073 
human proteins. B) Magnification of the solid box in A) corresponding to 1,977 
pentamers. C) Magnification of the solid box in B) corresponding to 199 
pentamers. 
 
 
 
Peptide redundancy and structural/functional correlates: amyloid 
beta A4 protein  

 
Next, we posed the questions: what is the structural/functional significance of 

the pentapeptide distribution in the human proteome? What is the relationship 
between the fractal nature of the protein world and the protein function(s)?  To 
address the issue, we undertook a functional dissection of the amyloid beta A4 
protein (APP or A4_HUMAN, accession number: P05067), an antigen involved in 
physiological functions relevant to neurite growth, neuronal adhesion and 
axonogenesis, and associated to Alzeheimer disease. Because of its pathological 
importance, APP has been intensively studied so offering a database of sequence 
annotations usable in our investigation on similarity/function correlations (see 
Table1). 
 
Table 1 - Functional APP motifs* 
Number Description Amino Acid Position  
1 Heparin-binding region  96-110  
2 Copper binding site  137,147, 149,151  
3 Required for Cu(2+) reduction site 144  
4 Disulfide bond    144-158, 291-341, 300-324 
5 Zinc-binding region   181-188  
6 Poly-Thr region   274-280  
7 BPTI/Kunitz inhibitor domain  291-341  
8 Reactive bond site  301-302  
9 Heparin-binding region  391-423, 491-522  
10 Collagen-bindng region   523-540  
11 Cleavage site (β-secretase)   671-672  
12 Copper or zinc site   677, 681, 684, 685  
13 Cleavage site (α-secretase)   687-688  
14 Involved in free radical propagation  704  
15 Susceptible to oxidation site   706  
16,17,18 Cleavage sites (γ-secretase)  711-712, 713-714, 720-721  
19 Basolateral sorting signal motif  724-734  
20, 21 Phosphorylation sites   729, 730  
22 Interaction with G(o)-alpha region 732-751  
23 Phosphorylation Tyr residue  757, 762  
24 NPXY motif   759-762  
* Data from uniprot.org, and related refs therein 
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The experimental analysis of the structure/function relationship along the 
APP sequence was carried out by searching for links between sequence 
self-similarity properties and APP functional domains. Therefore, we first defined 
the redundancy profile of the human APP sequence versus the human proteome, 
and, then, located the APP functional motifs along the resulting profile. 

 
 

 
 
Figure 3 - APP: functional domain location along the redundancy profile to 
the human proteome. The gray area indicates the APP redundancy pattern to the 
human proteome. The black arrows indicate the location of functional APP motifs, 
with numbering as listed and described in detail under Table 1. 

 
 

Following this approach, we obtained the data reported in Fig. 3, showing 
that the APP redundancy profile is practically superposable to the redundancy 
profiles reported in Figs. 1 and 2, so re-proposing the fractal nature of 
pentapeptide redundancy along a primary amino acid sequence. That is, likewise 
the human proteins analyzed in Figs. 1 and 2, also APP presents pentameric 
blocks widely repeated in the human proteome as well as uniquely owned 
fragments. Numerically, the pentamers unique to the amyloid protein, i.e. with no 
counterpart in the human proteome, are 46 and account for the ~6% of the total 
APP pentamers, while the remaining 706 pentapeptides are intensively 
widespread throughout the human proteome, occurring a total of 12,251 times. 
The 12,251 occurrences include multiple/repeated matches in the human proteins. 

Of remarkable interest, Fig. 3 shows that the functional/organizational APP 
domains/motifs/sites are mostly located in the APP peptide fragments endowed 
with low similarity to the human proteome. That is, Fig. 3 demonstrates that the 
unique peptide signatures of the amyloid protein do coincide with 
functional/organizational APP motifs involved in the neuronal physiological 
activities exerted by the amyloid protein, so assigning an informational content to  
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rare peptide motifs.  

 
 
 

Conclusions: the protein informational content as a fractal quality 
 

We define the pentapeptide profiling of human proteome based on the 
assumption that specificity and biological efficiency correspond to specific 
protein modularity. Each protein performs specific function(s) and is endowed 
with a specific structure, still the specificities collected in the human proteome 
must find their qualitative/quantitative definition into common basic principles. 
We have advanced the low-similarity hypothesis as a first platform able to collect 
the immunogenic protein motifs into a common peptidome platform having low- 
or no-similarity to the host proteome as a minimum common denominator 
[4-10,12,13,15,20-22]. More generally, the hypothesis suggests that the protein 
world has evolved according to a scheme defined by two peptidome sets: a set of 
unique pentapeptide units, specifically associated to catalytic/reactive/recognitive 
functions, and a set of highly repeated redundant pentapeptide units associated to 
general, widespread structures/functions [7,8]. De facto, the short functional 
motifs that mediate protein–protein interaction in cell compartment targeting, 
enzymatic catalysis and immune recognition are represented by rare, unique 
motifs distributed along protein sequences [13,15,21]. Likewise, critical proteins 
such as proto-oncogenes and cell-cycle associate proteins are characterized by 
higher levels of rare pentapeptides when compared to structural housekeeping 
proteins [22]. Here, we integrate our previous data by demonstrating that 1) a 
wave-like redundancy profile appears to be a rule in the human proteins, and 2) 
the distribution of pentapeptide redundancies along the protein sequences is a 
fractal dimension able to qualitatively distinguish and usable for quantitatively 
cataloguing short linear peptide motifs critically involved in cell biology and 
immunology [14,17]. The present study appears of importance to further our 
understanding of the rules and modalities by which informations are stored in 
amino acid sequences. 
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