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1.INTRODUCTION


Many spatial and temporal processes and phenomena in Nature have fractal characteristics. They have been noticed from molecular to Universe levels and represents a face of the complexity. 

A closely investigated subject was the fractal aspects of protein structure (1). Proteins are three dimensional structures of which is dictated by their aminoacid sequence. Because of the compact structure of most proteins amino acid residues that are at distant points in the sequence can be in close proximity in the folded state. They may interact by various type of physical forces which cause long-range interactions and finally the 3D structure of the molecule. Proteins have an intrinsic self-similarity with regard to the compactness and packing of their structures and this results in a simple form of fractal behavior.


The fractal characteristics of the proteins have been revealed in terms of mass, length and surface. That is all proteins form a certain pattern in respect to their mass, length and surface versus some unit of structure. This pattern is a fractal or, in other words represents a long range correlation. For example the mass fractality is expressed in terms of the radius of giration Rg as M ( RD where D is fractal dimension. As the mass will be proportional to the number of the units, N, in the chain, N(M(RD. This can be represented as the simple power law Rg ( N( where ( is a fractional exponent. Its value calculated for 90 proteins was found to be 0.35 ( 0.05 or 1/3 similar to clasically colapsed polymer (1). One may further look at the length scaling of the protein backbone measured as by the stepwise connection of straight lines between the ( carbon atoms. the relationship is L ( m( where L is the total length of the protein backbone and m is the length for different intervals of m residues. This scaling revaled that classical polymers are quasi ideal with the exponent being 1/2 while proteins have a value of 1/3 therefore proteins behave differently from classical collapsed polymers. Another fractal property refers to the protein surfaces. For example A ( M( where A is the surface area and M is the molecular weight and ( = 0.72 for 14 different proteins (1). Scaling laws were also established for membrane proteins (1).


We can notice that the fractal aspects of proteins reflect either the internal structure of proteins but also the interprotein relationship. 

Scaling in the protein dynamics is however a subject which has very little been touched (1). Our own work revealed fractal dynamics from experiments of totally unrelated fields such as cell biology and cognitive psychology (2-3).

The aim of the present work is to look at the inside correlation of the fluctuations in a protein. The question is whether the amplitude of the fluctutions, in other words, the mobility inside the protein chain has a random or some kind of order or correlation. We may a priori suspect that due to the fact that the structure of the proteins are correlated in a fractal manner, the fluctuations or mobility might show a similar fractal character. What kind of information we may further expect from such an analysis ? The basic idea is that fractal structures are generally regarded as optimum designed structures and according to the fractal characteristics we may check up for some models of the protein organization as functionally organized structures (2).

It has been previously suggested that the temperature factor Tf of some proteins has a long-range character as found from the linear charactersitic of the double log plot of the spectrum (4-7). The mobility at atomic level can be characterized in terms of the temperature factor Tf which is: Tf = 8(2 ( u2 (, where ( u2 ( is the mean square of the amplitude of vibrations. Tf is determined by X ray diffraction. The mobility of protein structure is presently regarded as a key feature for undertaking the function. 

We have used in our analysis series of Tf for calmodulin, an ubiquitous calcium binding protein and searched for the correlation properties in the series.

2.MATERIALS AND METHODS OF ANALYSIS
The temperature factor Tf of calmodulin for various species was extracted from the Protein Data Bank. We found available data for frog calmodulin as revealed by NMR in solution and for all the rest of the species from X ray diffraction of the crystal form. The difference beteen the two sets of data is that NMR offer information for the hidrogen atom while crystal data not include this atom. Another problem is to choose the data in the series as the data for the atoms in the side chain of aminoacid residues are somewhat arbitrary placed in the series. In order to avoid this problem we choose for our investigation only the protein backbone atoms or the main chain where the natural order is kept in the series. Therefore the following chain is considered all along the primary structure:

N ( C( ( C ( N ( C((C(N...

The series of data were subjected to Fast Fourier Form (FFT) and to Detrended Fluctuation Analysis (DFA). FFT offers the simplest and the traditional way to check for presence of scaling in the data by fitting with a line the double log plot of the spectrum. If the fitting line well approximated the spectrum, the slope of the fitting line represents the scaling exponent denominated as (. However if nonstationary behavior is present in the series the spectral analysis of the fluctuations introduce suplimentary correlations which alter the ( exponent. DFA on the other hand removes nonstationarity and results in a "pure" exponent ( (8). Its value is 0.5 for random series, 1 for the so called 1/f noise (f is for frequency) and 2 for brownian noise (i.e. integrated random series or random walk). According to this method the fluctuations are first integrated:
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where xi is the the ith number and xmean is the mean value of the numbers in the series. Further a function F(n) is calculated for increasing box size n where local nonstationarities are removed if exist. 
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A plot of F(n) vs. n gives a line whose slope represents the scaling exponent (. 

3.RESULTS
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An example of the temperature factor series for the main chain of the bovine calmodulin is shown in fig.1. It can be seen that there are fluctuations along the chain which jump in several places, i.e. nonstationarity is present in the series. The amplitude spectral appearence of the series following FFT is presented in fig.2. The spectrum is of the power law type although some slight periodicities might be superposed  on the power  law  background. This is clearly  illustrated in Figure 3 as a 

Fig.1 Temperature factor series of bovine calmodulin for the main chain

Fig.2 The amplitude spectrum of the temperature factor series for bovine calmodulin
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double logarithmic plot of the power spectrum. The spectrum can be fitted by a line which has a slope ( = - 1.39. Therefore the series presents a fractal characteristic or scaling over a three order of magnitudes. Further the DFA plot is shown in fig.3 for the same case. The plot can be fitted by a straight line characterized by a slope (=1.39 which means that the series fall into the category of fractal behavior or long range correlation.

Fig.3 The power spectrum of the temperature factor series for bovine calmodulin on a double log plot. The linear fit has a slope ( = -1.31.
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The relationship between ( and ( scaling exponents is ( = 2( -1. Therefore we may calculate a (calculated value from the value of (. In the case illustrated in fig.4, ( = 1.39, therefore (calculated = 1.78. At the same time the value of ( resulting from the spectral analysis is 1.31. As (calculated ( (, it clearly shows that there are nonstatioarities in the original series which are counted by the FFT procedure. Such a situation is common for practical all protein series and it would possibly seem of some interest when comparing various proteins in terms of nonstationarities. Their significance has not until now been considered and it will be discussed elsewhere.

Fig.4 DFA plot of the temperature factor series of bovine calmodulin. The slope of the fitting line is the scaling exponent ( = 1.39


The results of the DFA analysis for the calmodulin protein belonging to various species and in various binding forms are illustrated in table 1. Only the frog calmodulin is in solution, all the other data correspond to crystal form. Some forms have 4 calcium ions bound to the protein which involves preliminary activation of the protein prior to interaction to the substrate. One protein is a mutant form and other is in complexed form with trifluorperazine (TFA). The mutant form and the calmodulin complexed with TFA seems to present extrem value compared to the other data although the value for rat appears unusualy high. In any case the average value for all the data in table 1 is 1.31(0.05. This value is very close to 4/3 = 1.33. In order to Table 1. The ( scaling exponents for calmodulin of different species and in various binding combinations further check if this figure is close to 4/3, more DFA analysis was performed on a few other proteins. The results for the ( cscaling exponent are as follows: bovine cythocrome c, 1.34; human cytochrome c, 1.35; hemoglobine chain A. 1.36. If we add these few figures to the calmodulin statistics we get an average value of 1.315(0.036. It is quite clear that according to this result, the average value for proteins falls within the range of 4/3.

	No
	Protein code in 

Protein Data Bank
	Species
	Binding complex
	Method of analysis
	(
scaling exponent

	1
	1cfc
	Frog
	apo form
	NMR in solution
	1.14

	2
	4cln
	Drosophila
	4 Ca 
	X ray crystal
	1.35

	3
	1osa
	Paramecium 
	4 Ca
	X ray crystal
	1.31

	4
	1cdl
	Bovine
	4 Ca and light chain kinase
	X ray crystal
	1.33

	5
	1cll
	Bovine
	4 Ca and kinase II
	X ray crystal
	1.39

	6
	3cln
	Bovine
	4 Ca and 1 eq

trifluorperazine
	X ray crystal
	1.25

	7
	1cdm
	Bovine
	4Ca and 2 eq

trifluorperazine
	X ray crystal
	0.97

	8
	1ctr
	Rat 
	4 Ca
	X ray crystal
	1.53

	9
	1a29
	Gallus (mutant)
	4 Ca
	X ray crystal
	1.46

	10
	1ahr
	Homo
	4 Ca
	X ray crystal
	1.32

	11
	Average value
	
	
	
	1.31(0.05


4.DISCUSSION

As this is the first time that a DFA analysis is reported on the protein temperature factor series, there is no term of comparative analysis with other data, and most important for interpretation. (Further data on the same line is published in this volume in the papers by V.V.Morariu & L.Gheorghe, and A.Coza & V.V.Morariu, see ref. 9-10). As mentioned in the introduction, proteins were found to have a fractal structure in terms of mass, surface and length. We might possibly suspect that they have some bearings to the present findings. Ratio of the surface to the mass (or volume) can be expressed in terms of the ratio L2/L3 which as a logarithmic plot gives a straight line with a slope of 2/3. We can further notice that our value of 4/3 is a multiple of 2/3. This represents a possible clue for the interpretation of the present findings as other types of scaling such as the quarter power scaling presents various forms of 1/4 and multiples of 1/4. The fact that the value of 4/3 is proportional to [A/V]A where A is area and V is volume, it might suggest, the long range correlations into the series is controlled by these parameters. 

What would be the fundamental significance of these findings ? We might quote from Gregory Dewey's book a sensitive question: "..A protein crystalographer might well ask: What has the fractal approach told us that we do not already know?" (1). I think that the answer can be found in some recent models for the quarter power scaling or other types of scaling (cited in ref.2). All these models point out to the fact that such scalings reflect optimization of the system. For example the fractal structure of the lungs, the channels in a leaf, or a river drainage system represent optimal structures for the transportation and therefore feeding or draining the system. As always, optimization means the best choice of conflicting parameters. Talking in terms of "optimization" also means that we talk in anthropic terms but also in biological terms as the evolution brings a system to the optimum design. A river drainage area can be regarded as an optimum design of the mother Nature. However in physical terms and for physical processes, there must be acting a sort of a minimum action physical principle. For example cracking a window glass by knocking with a stome results in a nice fractal. Why ? Because this must the most efficient way to disipate the energy. A colleague scientist made the point: "What is the use of fractals when we find everywhere fractals?" The answer might be very simple and it is surprising what simple it is: where ever we found a fractal, it tells us that we deal with an optimum design for the particular structure or phenomenon. After all we know that Nature is a great oportunist. 

As far as the problem of proteins is concerned we may say that such structures are optimally designed to perform their task As temperature factors are related to mobility or the flexibility, and in turn these properties are regarded as crucial to functioning, it is no wonder the present findings. 

Therefore if we want to answer Dewey's question we might say: a crystal structure tells us how the protein is organized whereas if the protein is a fractal it tells us why the protein is organized so.

Finally, the preliminary result of the present work is totally new: 1) The temperature factor series of the protein main chain is fractal, that is long range correlation prevails over a three orders of magnitude. 2) The scaling exponent is around 4/3 for the investigated proteins.

The present work as well as the work presented in ref.9-10 is intended to be continued by the following steps: a)Gathering of more data for other proteins in order to firmly establish that the ( scaling exponent is around 4/3; b) The distribution of the scaling exponent willd be evaluated. We suspect that the distribution is gaussian with a median value centred at 4/3. c) The rationale for 4/3 scaling of the protein main chain should be further developed.
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