Genomic Digital Signal Processing

Parameswaran Ramachandiran
and

Andreas Antoniou

Department of Electrical Engineering,
University of Victoria, BC, Canada.



Signal Processing and Genomics

Most signals and processes in nature are continuous.
IHowever, genemic information 6Ceurs in the form: of
discrete seguences.

As will be shiewn, DNA (deoxyribonucleic acid)
molecules;asiwell'as proteins can be represented by
nUMmMerical seqguences.

Digital signal processing (DSP) evolved to process
numerical seguences. Therefore, it provides NUMerous
powerfiul and' efificient tools that can be used for the
analysis, off genomic data.

to raw. genemic datarhas spawned: strong
Interest in exploring the application of DSP’ to genomics.



T'he cell is the fiundamental unit of life. All
IVIng| 0rdanisms are made of Cells.

About 75—100 trilion cells Ini the hume
pOdY!

ALY tor replicate Inaependentiy’ makes
CENISNIVIIG:

DhaligE

synapses




Classification of Living Organisms

Procaryotes

> Absence of a distinct membrane-beund nucieus
» DNA'is NOT organized inte chrxomosomes:
> Bacteria and cyanobacterialané procaryotes.

Eucaryotes

> Presence) off a distinct membrane-bound nucieus

~ DNA is organized inte chromosomes:

> Can be single-celled| (yeasts, amoeebas) or
multicellular (plants, animals, people)



Model Organisms

diversity: oft living organisms

IHowever, biolegists; fecus thelr attention; onia small
AUMDEr Of representative organisms.

E. Céli Bacteria Baker’s yeast (S. CereV|S|ae)



Model Organisms (cont’'d)

the plant Arabidopsis the fly Drosophila (fruit fly) C. Elegans (roundworm)

s
r.*

- T Harry Nyquist (1889-1976)
Mouse Human beings



The Genome

AN erganism’s genome is the blueprint fior makingl and
maintaining itself;

INearly: all' cells off am organism contain the;genome. An
exception is the red blood cell whichi lacks DNA.

In; procaryetes, the genome Is feund: asial single; circular
piece. Eucaryoetic genomes are often very: long and are
divided inte packets called

Diffierent eucaryotes, have different numbers ofi
ChrOMOSOMES:

Human: 46 Mouse: 40 Dog: /8 Pepper: 24
Coffee: 88 Apple: 34 Horse: 64 Drosophila: 8



The DNA

-

d In the form off DNA Inside

(U

GEenomic Infiormation IS encod
the nuclel ol cells

A DNA molect JJe Stal longl liInEar polymeric chaln,
COMPOSEd Off oLl Lypes ol subunits. Eacn subuUnIt IS

called a hase.

The four basesiin DNA are adenine (A), thymine (1))
guanine (G), and cytesine (€):

DINA OCCUIS asia pall off

Stian@s. Bases pail: Up; across Fun fact:
LE tWor stiiands. A always pailis If our cells were enlarged
with T and G always pairs with fSEre Gl

pill, our DNA would be
about 10 kms. long!

C. Fence, the two strands are
callEd compiementary:




DNA (cont'd)

sugar

phosphate nucleotide

(a) Building blocks of DNA

{c) Straightened out double-stranded DNA

Tihe sugar in DNA s callea
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DNA (cont'd)

rk
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2l ar .
BT
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T
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The DNA double helix structure "
Image Credit: U.S. Department of Energy Human Genome ,:- *
Program. http://www.ornl.gov/hgmis -

» -

F
T’he DNA double h?h).( S -:-; -1’!
This is The right handed |
the same as the thread thread oty
N reguiar and

The double helix,
animated!
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Discovery of the DNA Double Helix

In 1953,
the double helicall structure off DNA threugh their
landmark paper In the; Britishijournal

and

propoesed

[For: this discovery, they shared the 1962 Nobel prize for
Physiolegy:and Medicing with

structure was based.

Watson

Cambrldge, 1953.

Crick

vo.asss April 25, 1953

on and the

equipment. and to Dr.
vy LT for their

captain and officers of R. I
part in making the observations,
1young, ¥, B, Gerrard, 1., and Je -
(1920,
Migeins, M. 8., Mon, Not, Roy,

w Phil. Mag,, 40, 149

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

wish to sug y structure for the salt

of deoxyribose nucleic acid (D.N.A.). This

atructure has novel features which are of considerable
'DmIogncaI mterest

The Iandmark paper -

WO, With

provided the data on Which the

NATURE

angle of 36° be
1, so that the
h

18, after 34
from tl
the out

mtents we
strueture co

; s the manner

lmld lnrh'\th(\r by the

puring mul' he base
ndicular to thv lﬂm

from one chain hel.m!

gle base from the other

th 1r1unt1r‘a1

171, 737-738 (1953).



Proteins

Preteins are the building blecks' ofi cells. Moest off the dry
mass of a cell I1s composed! of proteins:

Proteins

> form the structural components (e.q., Skin proteins)
> catalyze chemicall reactions (€.9., EnZymes)

> transpoert and stere materials (€.@., hemoeglebin)

> regulate cell processes (.6, Normones)

> protect:the organism fiomi foreign invasion (&:a;,
aNUIDOEIES)

Proteins are long pelymers of subunits called amino
acids.

12



15

Proteins (cont’'d)

Amine acids are molecules with al central carbon atom

(Called o-Carben) attached to a carboxylic acid group), an

dMING group, a hydreden atom, and a variable side chain.
Only. the side; chains vary: betWeen amino acids.

Tthere are 20 dififerent amino
acids that fiorm| proteins. Out ofi
these, we need tol take 9 amino
acids through our dietias we
cannot synthesize them. These
are called essentiall amino
acids. R

[Side chain]

Amino acid



Proteins (cont'd)

Individual amine acids are linked by: covalent linkages
calledipeptide bonds:

Amino acid_ | Amino acid, | Amino acid._

H S, BER S ' H S,

I ] ]
...N_Cljl_D_E_N_CI}L_C_E_N_CI}L_C_...
| ol ]

H O H O: H O

" ¢

Peptide linkage

S — Variable Sidechains

Formation of a protein chain

14



Proteins! periorm: their functions: By folaing| INto: unigue

three-dimensionali((5=D)) Structlles.

Helical Model for o-Carbons of
Deoxy Hemoglobin

Red — Beta subunits
Yellow -- Alpha subunits
Green - Heme
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Genes

Genes are regions in the, genome that carry: instructions to
make proteins.

Genes are Inherited from parent to ofifispring, andi taus are
Preserved across generations.

Genes determing the traits of an organism. It is only: due
to, genes that a dog always gives birth te a dog), andia
catialways gives, birth to a cat!
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Genes (cont’'d)

Precaryotic genes mostly: occur as uninterrupted stretches
of DNA.

EUCanyotic genesiare mostly: divided inte: many: fragments
called exons: lhelexons are separated by nenceding
regions called introns.:

sequence

/

exon intron
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The RNA

Ribonucleic acidi (RNA) is a chemicall similar toe a single
strand off DNA.

Unlike in the DNA;, in' RNA the sugar OCCUKS
Insteadl off deoxyriboese and the base; uracil (U occurs
Instead off thymine.

RINA delivers DINA'S genetic; message to) the cytoplasm of a
cell where preteins are made.

mm arson-Crick pans

mm G pairs
mm Aismalich

An example RNA chain. Notice the folding and looping.
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The Central Dogma of Molecular Biology
Genes are copied intor RINA called
messender RINA

Proteins are then made from the mRNA
LransCripts.

Tihe above two steps are fundamental to alltlife and hence
are together called the

o | e [ o

The Central Dogma.




Splicing and Alternative Splicing in
Eucaryotes

When DNA: s copied inter mRNA' during transcription, the
Introns; are eliminated by a process; called

Iihe same gene can code for different: proteins. This

Nappens By joining the; exons, ofi a gene; in different ways.
This is called

Alternative splicingl seems to be one of the main purposes
for which the genes in eucaryotes are split inte exons.

Tihe mRINA ebtained after splicing| is' Uninterrupted andlis
used for making proteins.



Alternative Splicing (cont’'d)

4 I - -

K— Alternative splicing \

Translation Translation Translation

Protein A Protein B

© The New England Journal of Medicine




The Genetic Code

Rule by which genes code for proteins

Groups ofi three bases, called codons; code for the
Individual amino acids.

No. of bases

in a codon \
No. of possible H [ ] m
codons

Size of DNA
alphabet

Since the number off codons IS greater than the number of
amino acids, more than; one; codon can code; for an amino
acid. The genetic code is hence said to be degenerate:
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Genetic Code (cont'd)

SECQOND POSITION QF CODAN

TTT Phe(F) CT Ser () Y 3T C
TTC Phe(F) | TC y | TAC Tor(Y) | TGC CFs ()
1y | T TAA (STOF) | TGA (STOF)
TAG{STDP} TGG Trp (W)

= o A e
2 XW—= 1T -

CTC Len | *Pr 'j: CGC Arg
CTA Lea (L 2 (P | CGh4 Arg

et
||1'|1". [m )

ATT He (D ACT Thr {Tj:.
ATC He (I 5CC Thr (T
ATA el Thr(T)
ATG Wet (| ACG ThriT)

ST & ;1:1 =y

L I R 1 = [~ = [=
N ] L L,
[ = ] Ll
GG - iy
I.-: ) I.-‘: I:rl ] -~ I-. .-.

2 0 = = = w O™
20—+ —=wm O

GCG Ala(4) | GAG Glu(E)

AT G acts as the only START codon, (also codes for Methioning).

TAA, TAG, and [IGA act as alternative @ codons.
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Reading Frames

A DNA strand isialways read for codons! in the 5'<to—3"
direction (Jiisthas torde Withr the asymmetrical molecula)
structure off the sugar melectles that'make Up) the
AUCIEGLIEES) €., S'=Carbons at ONe end and S=Carbens at
the ether).

Each of the two strands can be read in three! diffierent
Waysidepending on the starting peint.

Tihus, there are six different ways' in tetal. Each oneis
called arreading frame:

CGT AGC TTA CTG ...
.CG TAG CIT ACT G..
..C GTA GCT TAC TG.

Three ways of reading a DNA strand
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Open Access Databases

Entrez database of the National Center for Biotechnology.
Information (NCBI) — Prevides free access te whole
denome sequences; protein sequences, pretein 3-D
Structures, etc.

Web Link: http://www.ncbi.nih.gov/Entrez

Pretein Datal Bank (PDB) — A 'werldwide repository. for the
processing and distribution off 3-D structure datal of
Proteins

Web Link: http://www.rcsb.org/pdb
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Conversion of DNA Character Strings to
Numbers

1io apply: DSP. techniques; tihe DINA shouldl be represented by,
AUMericall SegUEnCES.

WO ChoIces:

> Create four binary: SeqUENCes, GNE oK Each ChakaCier
(base), whichi specify: whether a character'is present (1) or
absent (0); at ar specific location

IIhEseraner known as indicator seduences (Giwartet ali 41k

> Assign meaningfiull real or complex nUMBEers to the four
characters A, T, G, and C
IRFEAIS Way, a single numerical sequence representing the
entire echaracter string is ebtained.



Binary Indicator Sequences

DNA Sequence AL ST e TS GAC AL CoCrGiTy G A
Indicator seq. for 1 0 0 OO1 0 O0O0O0TUO0 1
Indicator seq. for Cn S i gy 0 O O S0 O R 0™ 59 ) (G
Indicator seq. for 0L 00 1 <5082 0 <0, 30,1 T=E0¥si} 0
Indicator seq. for 0% 0- 050,17 204 8 81,70 220, 205 -0

On' adding all the feur indicator' SeqUENCES, We get a
seguence of all 1s since ajlocation must have; one of the 4
POSSIDIe characters.

IHence, any: thrree of the four Indicator SEqUENCES
completely: characterize the full'DNA character string.

Indicator sequences cani be analyzed to identify, patterns
In the structure oi"a DNA string.

27
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The Discrete Fourier Transform (DFT)

For alfinite-length sequence X7 ] of lengthi V. a
corriespondingl periodic sequence x|z with period V. .can
e fermed as

%)= Y A V]

y=—00

wheren =0, 1,2, ..., N-1 and r is an integer.

The DET of x[7] is given: by

o\ il
kn

)?[k] :Z X [n]W, where VI{V =

n=0

— 275N
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Period-3 Property of Protein-Coding Regions

Protein-coding| regions of DNA have been found! tor have a
peak at freguency: 2w/3 In their Fourier spectra. Tihis s
calleal the period-siproperty (See nwari et al. {41k

Tihe period-3: property. Is related to the diffierent statistical
distrbutions) off codons! betWeen proetein-coding and
nencoeding BDINA sections.

ihe period-3: property: can be Used as a basis for
identifying the) coding and nen-coding regionstin: arDNA
seguence, as will'be shown' Iater.
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Period-3 Property (cont'd)

2
Indicator > DFTs
sequences

y

PSD=| X [kl|" + | X 1k X1k X 1k

PSD of protein-coding regions SAow! a peak at 2/3x



Period-3 Property (cont’'d)

PSD of a protein-coding region PSD of a non-coding region

Tiwari et al., CABIOS, vol. 13, no. 3, 1997.
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Geometric Representations

Numbers can belassignedi torthe DINA bases through
JEOMELFIC representations.

One possibility (see Cristea [3]) is terassign te the 4 bases
the 4 vectors, firom the center to the vertices off a regular
tetrahedron.

Jihe vertices off a regular tetrahedron form a subset off the
vertices off a cube: Hence, the 4 vectors point towards
alternate; cube Vertices.

Cube side length: 2 units. Origin: Cube center.

IHence, the co-ordinates of the vertices of the cube are
(£1,£1,%1)
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Geometric Representations (cont’'d)

The base vectors are

a= [+]+k
i= =ik
0 = b
7=—7+i-F

The tetrahedral representation

Figure reproduced from P. Cristea, ELSEVIER Signal Processing, vol. 83, no. 4, 2003.
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Geometric Representations (cont’'d)

The dimensionality, of the; tetrahedrall representation can

be reduced to Py proejecting| the tetrahedron ontora
suitable plane.

Many: projection; planes can be ebtained. Iihe simplest
choice;Is defined! by’ al pair of Co-ordinate axes.

Mapping the i axis to the Real axis

and the ; axis to the Imaginary axis,
we get

Projection onto the i—j plane Signal Processing, vol. 83, no. 4, 2003.
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Geometric Representations (cont'd)

Cumulative Phase: It is the sum of the phase values of
the complex NUMBEFS In a Sequence starting| from: the first
element up to the current element.

Unwrapped Phase: It is the cumulative phase with the
GIscoRtinUtES produced by crossings off the negative real
axis of the complex plane; remoyved. It is obtained as
fellows:

> I the complex number moves; fiom the; 219 to the 3

duadrant, add 27t te the cumulative phase.

- 1f the complex number moves firom the 31 to the 2@
duadrant, subtract 27t from! the cumulative phase.
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Geometric Representations (cont’'d)

Tihe complex representations cani be used to observe; long
faNge pPhase; characteristics Off GENGMES.

hs chr11 NT 0301086

Iihe nearly linear
URWiapped phase
characiernstic
shews: allong-range
correlation: in the
OCCUITENCE. Of
bases. Thus, the
Cumulative Phase INErGENIC rEGIBNS
are NOT
completely randem!

Unwrapped Phase

g
;
g

Nearly linear phase characteristic of human chr. 11.
P. Cristea, ELSEVIER Signal Processing, vol. 83, no. 4, 2003.
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Short-Time Fourier Transform (STFT)

Providesi a localized measure off the freguency, content of
adl long| sequence

Example application: Used teranalyze speech signals for
their time-varyingl fireguency’ content

WG SLEPSE

> Apply a sliding windew: ter theleng sequence; In; order:
to divide It Into; short sections

> Tlake the DET of each individual section

The individual DETS, form the columns of the STEI matrix.
A plot of the magnitude; ofi the ' SliElF valuesiis calledla

SPECUedIam:
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STFT (cont'd)

Alexander Graharm Bell

S000

4000 | .: :... ! | ::. il . A SpeCtrogram Of the
o TR B S Utterance; off the phrase
i o : SAlexander Grahami BellF:

e greatertthe
the higher the eneray.
levelt

annn
2000

1000

Time

http://www.owlnet.rice.edu/~engi202/matlab.html

Tirained! ebservers can Identify the words In a Speech
signall just by looking at the spectrograms!



39

Color Spectrograms of DNA

Very useful visualization teols, providing Infermation about
the local nature off DNA seguences

A way off obtaining DNA spectrograms (See Anastassiou [2])
IS DY USINg the Indicatoer seguences.

WO steps:

> Reduce the number off Sequences firom) ol to) HAree s as
to have three STET matrices, one for each off the three
Primary colors and

> Superimpose the three STEI matrices to obtain a single
Spectrogram



Color Spectrograms (cont'd)

Reducing the number of sequences

Tihree, steps:

> Represent the 4 sequences by 4 S-dimensional VECtors
peinting firem the center to, the vertices of a regular

tetrahedron

> Respelve the 4 vectors along 3 mutually: perpendicular
directions namely. and

> Form 3 4-dimensionall vectors, i.e., the 4
component-values alonglthe 7 direction will ferm a

vector, and so on

In effect, transform 4 3-dimensional VECtors inte 3
4-@dimensionall VECLOLS.

40
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Color Spectrograms (cont’'d)
Reducing the number of sequences (cont’'d)

\ Compfementary

Bases

Rotated
Geometrical
Representation

Complementary
Bases

P. Cristea, J. Cell. Mol. Med., vol. 6, no. 2, 2002.



Color Spectrograms (cont'd)

Reducing the number of sequences (cont’'d)

Oni reselving the' fiour three-dimensional Vectors, we get

(araagaab):(oaonl) (tra ga ):(% 0_%)
NP gl e C):_«/E\/E_l
(graggagb) 3 ) 3 ) 3 ) g> b 3 ) 3 2 3
WHRICHIgIVe fise to) the three numericall sequences
J6
X, (1] = g@xr ()= [7l= X)) X [7]1= T6 (7] =X [72])

and  x,(n]= %(m[n] 2 I —xo ]~ xaln]).

247
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Color Spectrograms (cont'd)

Color spectrograms can: be used to)lecate repeating DINA
Sections.

Regions containing repeats

1'I

500 1000 1500 2000 2500 3000 3500

500 1000 1500 2000 2500 3000 3500

Real DNA section Artificial DNA section where each of
the 4 bases occurs with probability /4

D. Anastassiou, IEEE Signal Processing Magazine, Jul. 2001.
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Color Spectrograms (cont’d)

Spectrogramsi can be used to)locate FICAI regions! in
DNA called CpGlisiands. The p’in CpG simply: denotes
that (€ and & are linked by a phosphodiester bond.

NT_011519.9_2894684 2896815 2K _120.119_1_64

CoC Islzglels
separated by rFegionsi rich in

D. Sussillo et al., EURASIP Journal on Applied Signal Processing, 2004.
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Digital Filters for Identifying
Protein-Coding Regions

As was mentioned, protein-coding regions in DNA exnibit the

PEriod-3: property, I.e., there s a peak at freguency 2mw/3 1IN
their Fourier spectra.

RIS appears to be a fairly, consistent property: of coding
iegions. Hemnce, researchersi have regarded itias a good
Indicator off coding| regions.

By locating the period-3' property’ coding Sections, cam be
identified.

Iihis can be dene withrdigilHilers (Vaidyanatnan et al. [[51]):



Application of Digital Filters (cont'd)

The digital filter method consistsi of the follewing steps:

> Design a narrowband bandpass digital filter Withrits
passbandlcentered at Wy = 27/3;

~ Process the 4 indicator sequences,.x {72, X {72, x {72

and -7, one by one, with: the digital filter where, 7
denotes base location. LLet the correspending output

Sequences  bely |7, valrels Vgl and yel7i;
> Define
? 2 0
A T 7 R s E e S

|2

A plot of Y7 can be used to indicate coding regions.
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Application of Digital Filters (cont'd)

Intuitive Explanation

Suppose weiwish to analyze; a very long DINA sequence
using the digitaltfilier method.

Until'we reachl the; pretein-coding region, werwill get a
very: low-level neise-like;signal that Is appreximately,
constant:

Once; the, protein-coding region: Begins to) be; processed,
YA7| woeuld go upr by severalldecibels. Tihis weuldimark
the Beginning ofi the protein-coding| part.

When the output levellgoes down to the noise level again,
that would mark the end ofi the protein-codingl part.
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Application of Digital Filters (cont'd)

Xg(n) |

111110010101011 |

-

[H(ek)|

_ _ Base
Coding Region location n

Amplitude response of
narrowband bandpass filter

P. P. Vaidyanathan et al., Journal of the Franklin Institute, (341), 2004.




Application of Digital Filters (cont'd)

2000 4000 6000 28000

relative base location n

Output Y[«] of the bandpass filter method, showing the
coding regions (exons) as peaks in a C. Elegans gene.

P. P. Vaidyanathan et al., Journal of the Franklin Institute, (341), 2004.
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Application of Digital Filters (cont'd)

A second-erder, highly: selective, narrowband Danadpass
filter cani identify, the: period-5f property: but it cCannot
fEmove much! or the 1/ffnoise (DackgreUneErNeISE Present:
I BDNATSEGUERCES A UEIONONG-raNEE Colielation WEWEENR
DESE PAIIS):

o alsor eliminate the, 1/ noise as well as identify’ the
PENA-5I Property, one would need ter use a high-order,
nighly:selective;, marrewhand bandpass filter with larger
MINIMUmM stopband atientation.

P. P. Vaidyanathan et al., Journal of the Franklin Institute, (341), 2004.
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Application of Digital Filters (cont'd)

—
=
—
-
=]
1

2000 4000 6000 8000 2000 4000 6000 8000

relative hase location n
Bandpass filter method for Multistage filter method for
the same gene

C. Elegans gene
(background noise present) (background noise removed)

relative base location n

P. P. Vaidyanathan et al., Journal of the Franklin Institute, (341), 2004.



Conclusions

Iihe application: off DSP methods torgenemic data have
Pegun ter make iImportant contrbutions to genemic
iesearch.

OpENn access to raw genomic data makesiit easy: for DSP.
experts to get involved Infgenemic; research.

With the huge number poweriul DSP: technigues
developed over the years being applied ter genomics, we
can hoepe torsee rapid advances!in specialized: aneas Sueh
ds customized drlg design and genetic remedies, Wiich
will- greatly: benefit humankind.

52



1.

535

References

B, Alberts et al., £ssential Cell Bio/ogy, Garland Publishing,
New: York, 1998.

[D. Anastassiou, “Genomic signal precessing, /EELE Sigrial.
Processing Magazing, Jul. 2001,

P. D. Cristea, *LLarge-scale features; int DNA genomic signals,
ELSEVIER Sigrnal Processiig, Vel. 83, no. 4, Apr. 2005

S. Tiwari et al., “Prediction| of probable genes by: Fourier
analysis ofi genomic sequences, CABIOS; vel. 13, no. 3,
1997.

P. P. Vaidyanathan et al., “The role; of signal-processing
CORNCEPLS In gENOMICS and: proteomics,” Jourial ortie
frankiin Institute, vol. 341, 2004.



To download the slides for the talk

go te

www.ece.uvic.ca/~andreas
andiclick en

Genomic Digital Signal Processing

Under Recent Lectlres.

54



