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ABSTRACT:

         Genomic digital signal processing (GDSP) is the study of genomic signals. Most signals and processes in nature are continuous. However, genomic information occurs in the form of discrete sequences. The basics of cellular biology include the DNA, genes and proteins. In this paper how these can be represented in the form of numerical sequences is demonstrated. The mathematical treatment of macromolecular biological sequences corresponding to chains of nucleotides or amino acids is usually done by considering such sequences to be strings of characters like A, T, C, and G. If, however, we assign a numerical value to each of these character strings, then such sequences become numerical, and amenable to digital signal processing. DNA mainly consists of proteins.

         The protein-coding regions of DNA sequences exhibit a period-3 behavior due to codon structure. These regions are often identified with the help of techniques such as the windowed DFT, which is presented in the paper. Identification of the period-3 regions helps in predicting the gene locations, and in fact allows the prediction of specific exons within the genes of eucaryotic cells. Lastly, how a color coded spectrogram of a gene sequence is presented which helps in identification of repeated DNA sections. The paper ends with a list of further applications of genomic signal processing and it’s usefulness in solving certain problems related to biology.

WHAT IS GENOMIC DIGITAL SIGNAL PROCESSING?

     Genomic signal processing (GSP) is the engineering discipline that studies the processing of genomic signals. The aim of GSP is to integrate the theory and methods of signal processing with the global understanding of functional genomics, with special emphasis on genomic regulation. Hence, GSP encompasses various methodologies concerning expression profiles like detection, prediction, classification, control, and statistical and dynamical modeling of gene networks. Biology is evolving into an information rich science due to advances in large scale experimental techniques that produce hundreds and thousands of data points in a single measurement. The field of computational genomics exploits this wealth of information to create models that begin to describe function in a systematic way.

         One problem of this is functional identification. All genes in an organism have a specific function to perform. This function describes the role that a gene plays in the cell and is generally determined experimentally.

      Many experimental techniques do not measure function directly, but rather measure features of a gene that are related to it’s function (e.g., the sequence of the gene). The relationships between the function of a gene and its features can be understood by employing certain genomic digital signal processing techniques.

BASICS OF GENOMICS:

WHAT IS GENOME?

An organism’s genome is the blueprint for making and maintaining itself. Nearly all cells of an organism contain the genome. An exception is the red blood cell which lacks DNA. In procaryotes, the genome is found as a single circular piece. Eucaryotic genomes are often very long and are divided into packets called chromosomes. Different eucaryotes have different numbers of chromosomes:

Chromosomes:

Human: 46 Mouse: 40 Dog: 78 Pepper: 24

Coffee: 88 Apple: 34 Horse: 64 Drosophila: 8

WHAT ARE PROTEINS?

    Proteins are the building blocks of cells. Most of the dry Proteins are the building blocks of cells. Most of the dry mass of a cell is composed of proteins. Mass of a cell is composed of proteins. Proteins form the structural components (e.g., skin proteins) catalyze chemical reactions (e.g., enzymes), transport and store materials transport and store materials (e.g., hemoglobin) regulate cell processes regulate cell processes (e.g., hormones), protect the organism from foreign invasion (e.g., antibodies)

         Proteins are long polymers of subunits called amino acids. Amino acids are molecules with a central carbon atom (called α-Carbon) attached to a carboxylic acid group, a Carbon) an amino group, a hydrogen atom, and a variable side chain. Only the side chains vary between amino acids. Proteins perform their functions by folding into unique three three-dimensional (3 dimensional (3-D)) structures.

                     DNA
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            Figure 1 demonstrates a simple schematic for part of a DNA molecule with the double helix straightened out for simplicity. The four bases or nucleotides attached to the sugar phosphate backbone are denoted with the usual letters A, C, G, and T (respectively, adenine, cytosine, guanine, and thymine). The base A always pairs with T, and C pairs with G. The two strands of the DNA molecule are therefore complementary to each other. The forward genome sequence corresponds to the upper strand of the DNA molecule, and in the example shown this is ATTCATAGT. The ordering is from the so-called 5 to the 3 end (left to right). The complementary sequence corresponds to the bottom strand, again read from 5 to 3 (right to left). This is ACTATGAAT in our example. DNA sequences are always listed from the 5 to the 3 end because; they are scanned in that direction when triplets of bases (codons) are used to signal the generation of amino acids. Typically, in any given region of the DNA molecule, at most one of the two strands is active in protein synthesis (multiple coding areas, where both strands are separately active, are rare).

GENES
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Figure2

            Figure 2 shows various regions of interest in a DNA sequence, which can be divided into genes and intergenic spaces. The genes are responsible for protein synthesis. Even though all the cells in an organism have identical genes, only a selected subset is active in any particular family of cells. A gene, which for our purposes is a sequence made up from the four bases, can be divided into two sub regions called the exons and introns. (Procaryotes, which are cells without a nucleus, do not have introns). Only the exons are involved in protein coding. The bases in the exon region can be imagined to be divided into groups of three adjacent bases. Each triplet is called a codon evidently there are 64 possible codons. Scanning the gene from left to right, a codon sequence can be defined by concatenation of the codons in all the exons. Each codon (except the so-called stop codon) instructs the cell machinery to synthesize an amino acid. The codon sequence therefore uniquely identifies an amino acid sequence which defines a protein. Since there are 64 possible codons but only 20 amino acids, the mapping from codons to amino acids is many-to-one. The introns do not participate in the protein synthesis because they are removed in the process of forming the RNA molecules (called messenger RNA or mRNA). Thus, unlike the parent gene, the mRNA has no introns; it is a concatenation of the exons in the gene. 

DNA SPECTRUM AND DNA FILTERING:

[image: image16.wmf]      To perform gene prediction based on the period-3 property, one defines indicator sequences for the four bases and computes the DFTs of short segments of these. Given a DNA sequence, the indicator sequence for the base A is a binary sequence, e.g. 

xA(n)=000110111000101010….

[image: image17.wmf]where 1 indicates the presence of an A and 0 indicates its absence.  

     It is clear that the sequence 111111 ...is obtained by adding the four indicator sequences. The DFT of a length-N block of xA (n) is defined as,
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                where we have assigned the number n =0 to the beginning of the block. The DFTs XT[k], XC[k], and XG[k]are defined similarly. The period-3 property of a DNA sequence implies that the DFT coefficients corresponding to k =N/3 are large. Thus if we take N to be a multiple of 3 and plot then we should see a peak at the sample value k =N/3. While this is generally true, the strength of the peak depends markedly on the gene. 

       It is sometimes very pronounced, sometimes quite weak. Calculation of the DFT at the single point k =N/3 is sufficient.[image: image5.png]S{E) 2 XA + | X2 K] + XM + | Xa k)



          The window can then be slided by one or more bases and S [N/3] recalculated. It is necessary that the window length N be sufficiently large (typical window sizes are a few hundreds, eg., 351, to a few thousands) so that the periodicity effect dominates the background 1/f spectrum..

FILTERING:

       The sliding window method can be regarded as digital filtering followed by a decimator which depends on the separation between adjacent positions of the window. The filter itself has a very simple impulse response [image: image6.wmf][image: image7.emf]
The minimum stop band attenuation of 13dB. If careful attention is paid to the design of the digital filter, we can isolate the period-3 behavior from background information such as 1/f noise more effectively. 

EXAMPLE OF FILTER DESIGN:

     Consider a narrow band bandpass digital filter H (z) with pass band centered at w0 =2[image: image8.png]


/3 .With the indicator sequence xG (n) taken as input, let yG (n) denote its output. n is interpreted as base location. In the coding regions, the sequence xG (n) is expected to have a period-3 component, which means that it has large energy in the filter pass band. So we expect the output yG (n) to be relatively large in the coding regions.

[image: image9.wmf]    With similar notation for the other bases, define
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   The narrow band filter H (z) can be regarded as an antinotch filter (i.e., complement of a notch).

[image: image11.wmf]
       A second order, highly selective, narrowband pass filter can identify the period 3 property but it cannot remove much of the 1/f noise (background noise present in DNA sequences due to long range correlation between base pairs).To also eliminate the 1/f noises well as identify the period 3 property, one would need to use a high order, highly selective, narrow band pass filter with larger minimum stop band attenuation.

PREDICTION RESULTS FOR GENE F5611.4:

         The exon prediction results for gene F56F11.4 in the C-elegans chromosome III is shown in the following figures. This gene has five exons. The figures clearly show that multi-stage and IIR filters are more efficient in identifying the gene. [image: image12.wmf]Response using a simple digital filter
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Respond of an IIR filter

[image: image14.wmf]     Response of a multi -stage filter

FOURIER TRANSFORMS AND PROTEIN MOLECULES:

     A protein molecule is a long sequence of amino acids connected together by a covalent peptide bond. There are upto 20 different amino acids in the proteins of living organisms. There are innumerable combinations of such acids and the resulting number of proteins in living organisms is therefore enormous.. Enzymes, for example, are proteins with a special role, namely the speeding up some of the biochemical reactions in living organisms. Of fundamental importance in protein functioning is the ability of a protein to interact selectively with a small number of other molecules. This ability is derived from the fact that a protein molecule folds beautifully into a three dimensional shape determined entirely by the amino acid sequence that makes it up. The 3D shape allows certain other molecules to attach to the protein at specific sites, sometimes referred to as hot spots. This has been applied for the study of functional and structural relationships of a special class of proteins called oncogene proteins which are responsible for cancerous cell growth.

         The energies of free electrons in the amino acids can be represented by numbers called EIIP (electronion interaction potential) values. By assigning these numbers to the amino acids, a protein can be represented by a numerical sequence.

        The DFTs of the numerical sequences of a group of proteins performing similar functions have been observed to share a unique frequency component characteristic frequency of the particular group.
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HOT SPOTS IN PROTEINS

The hot spots in a protein can be 

located by identifying the regions where 

the characteristic frequency is dominant.

1. A number of proteins of a particular functional group into numerical sequences are converted.

2. The DFTs of the sequences are computed and are multiplied pointwise to determine the characteristic frequency.

3. The STFT of the protein sequence is determined using a suitable window. s

4. Each column of the STFT is multiplied with the DFT product.
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The 3-D plots could be displayed as color coded contour spectrograms. Color spectrograms are very useful visualization tools, providing information about the local nature of DNA sequences. A way of obtaining DNA spectrograms is by using the indicator sequences. This can be done in two steps:

1. Reduce the number of sequences from four to three so as to have three STFT matrices, one for each of the three primary colors Red (R), Green (G), and Blue (B)

2. The three STFT matrices are superimposed to obtain a single spectrogram. Color spectrograms can be used to locate repeating DNA sections.

FURTHER APPLICATIONS OF GENOMIC DIGITAL SIGNAL PROCESSING:

1. Genomic digital signal processing can be used for predicting the molecular structure using sequence-structure-function prediction.

2. It can be employed in research areas like cloning, where a particular sequence is to be searched.

3. To derive a relational map between structure and function (the relationship between amino acid sequences and the 3-D structure of proteins). This lends itself well to the so-called “rational drug design” idea. If biologists could predict the action of a protein by looking at its 3-D structure, they would have an increased chance of designing more effective drugs.

Conclusions

.

     Digital signal processing (DSP) techniques have been well-established over the years, and have found tremendous applications. Recently, it has been realized that classical DSP techniques can be very useful for the analysis of genomic data, due to the fact that DNA sequences are digital in nature. The application of DSP methods to genomic data have begun to make important contributions to genomic research.

            Open access to raw genomic data makes it easy for DSP experts to get involved in genomic research. With the huge number powerful DSP techniques developed over the years being applied to genomics, we can hope to see rapid advances in specialized areas such as customized drug design and genetic remedies, which will greatly benefit humankind. An efficient method to identify and locate hot spots in proteins was developed. The use of digital filters for identifying hot spots is also being explored. The focus of current research is in applying DSP algorithms and methods for the analysis of huge amounts of genomic data so as to identify useful characteristics and trends that will give us a better understanding of the genetic instructions embedded in DNA. Such an understanding can have a profound impact in many areas including health-related issues such as finding cure for deadly diseases.

