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Goals of the course

» Working at the interface of computer science and
biology

— New motivation
— New data and new demands

— Real impact

* [ntroduction to main issues in computational
biology

» Opportunity to interact with algorithms, tools, data
In current practice




High level overview of the course

« A general introduction

what problems are people working on?

how people solve these problems?

what key computational techniques are needed?

how much help computing has provided to biological research?

« A way of thinking -- tackling “biological problems” computationally

how to look at a “biological problem” from a computational point of view?
how to formulate a computational problem to address a biological issue?
how to collect statistics from biological data?

how to build a “computational” model?

how to solve a computational modeling problem?

how to test and evaluate a computational algorithm?




Course outline

« Motivation and introduction to biology (1 week)

« Seguence analysis (4 weeks)
— Sequence alignment by Dynamic Programming
— Statistical significance of sequence alignments
— Suffix trees
— Profile hidden Markov models
— Multiple sequence alignment

 Phylogenetic trees, hierarchicl clustering methods
(1 week)




Course outline

* Protein structures (3 weeks)
— Structure prediction (secondary, tertiary)
— Structural alignment

« Microarray data analysis (2 weeks)
— Correlations, clustering

» Gene/Protein networks, pathways (3 weeks)
— Protein-protein, protein/DNA interactions
— Construction and analysis of large scale networks
— Computational systems biology




Teaching assistant

 Hilal Kilic Arslan
— will be grading your homework assignments

e Contact info:

— hkilic@ceng.metu.edu.tr
Tel: +90(312)210-5522
Office: B202



mailto:hkilic@ceng.metu.edu.tr

Grading

e Midterm exam - 40%
e Final exam - 40%
 Assignments - 20%




Online materials

» Course web site
— http://www.ceng.metu.edu.tr/~tcan/ceng465 f1314
— Lecture slides and reading materials
— Assignments

« Newsgroup
— metu.ceng.course.465
— Accesible via cow.ceng.metu.edu.tr/News

— Students from other departments should get a temporary
ceng account from A-210 (admins) to be able to post

« COW (Ceng On the Web)

— Students from other departments should get a temporary
ceng account from A-210 (admins) to access

— Homeworks will be submitted via cow




What i1s Bioinformatics?

* (Molecular) Bio - informatics

* One idea for a definition?
Bioinformatics Is conceptualizing biology In
terms of molecules (in the sense of physical-
chemistry) and then applying “informatics”
technigues (derived from disciplines such as
applied math, CS, and statistics) to understand
and the information associated with
these molecules, on a

 Biloinformatics is a practical discipline with
many




Introductory Biology

DNA
(Genotype)

Protein

Phenotype
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Scales of life
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Animal Cell

O\»

Cytoplasm «— Nucleolus (rRNA synthesis)
Nucleus

T Plasma membrane
Cell coat

Chromatin Lots of other stuff/organelles/ribosome

Mitochondrion
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AN ANIMAL CELL

Nucleus

Nucleolus

Mitochondrion
Cytoskeleton

Golgi
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membrane reticulum

® 2001 Sinauer Associates, Inc.

13



Two kinds of Cells

 Prokaryotes — no nucleus (bacteria)
— Their genomes are circular

 Eukaryotes — have nucleus (animal,plants)

— Linear genomes with multiple chromosomes in
pairs. When pairing up, they look like

Top: p-arm

2/ Middle: centromere
Bottom: g-arm
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Molecular Biology Information - DNA

Raw DNA

Seguence

— Coding or Not?
— Parse into genes?
— 4 bases: AGCT

— ~1Kbinagene, ~2
Mb in genome

— ~3 Gb Human

atggcaattaaaattggtatcaatggttttggtcgtatcggeccgtatcgtattccgtgeca
gcacaacaccgtgatgacattgaagttgtaggtattaacgacttaatcgacgttgaatac
atggcttatatgttgaaatatgattcaactcacggtcgtttcgacggcactgttgaagtyg
aaagatggtaacttagtggttaatggtaaaactatccgtgtaactgcagaacgtgatcca
gcaaacttaaactggggtgcaatcggtgttgatatcgctgttgaagcgactggtttattce
ttaactgatgaaactgctcgtaaacatatcactgcaggcgcaaaaaaagttgtattaact
ggcccatctaaagatgcaacccecctatgttecgttcecgtggtgtaaacttcaacgcatacgca
ggtcaagatatcgtttctaacgcatcttgtacaacaaactgtttagctcctttagcacgt
gttgttcatgaaactttcggtatcaaagatggtttaatgaccactgttcacgcaacgact
gcaactcaaaaaactgtggatggtccatcagctaaagactggcgcggcggceccgcggtgcea
tcacaaaacatcattccatcttcaacaggtgcagcgaaagcagtaggtaaagtattacct
gcattaaacggtaaattaactggtatggctttccgtgttccaacgccaaacgtatectgtt
gttgatttaacagttaatcttgaaaaaccagcttcttatgatgcaatcaaacaagcaatc
aaagatgcagcggaaggtaaaacgttcaatggcgaattaaaaggcgtattaggttacact
gaagatgctgttgtttctactgacttcaacggttgtgctttaacttctgtatttgatgca
gacgctggtatcgcattaactgattctttcecgttaaattggtatce

caaaaatagggttaatatgaatctcgatctccattttgttcatcgtattcaa
caacaagccaaaactcgtacaaatatgaccgcacttcgctataaagaacacggcttgtgg
cgagatatctcttggaaaaactttcaagagcaactcaatcaactttctcgagcattgcett
gctcacaatattgacgtacaagataaaatcgccatttttgcccataatatggaacgttgg
gttgttcatgaaactttcggtatcaaagatggtttaatgaccactgttcacgcaacgact
acaatcgttgacattgcgaccttacaaattcgagcaatcacagtgcctatttacgcaacc
aatacagcccagcaagcagaatttatcctaaatcacgccgatgtaaaaattctcecttegtce
ggcgatcaagagcaatacgatcaaacattggaaattgctcatcattgtccaaaattacaa
aaaattgtagcaatgaaatccaccattcaattacaacaagatcctctttcttgcacttgg
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DNA structure

Figure 1.7 Flat base
pairs lie perpendicular
to the sugar-phosphate
backbone.




Molecular Biology Information:
Protein Sequence

» 20 letter alphabet
— ACDEFGHIKLMNPQRSTVWY butnot BJOUXZ

o Strings of ~300 aa in an average protein (in
bacteria),
~200 aa in a domain

» ~1M known protein sequences

dldhfa LNCIVAVSQNMGIGKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQ-NLVIMGKKTWFSI
d8dfr  LNSIVAVCQONMGIGKDGNLPWPPLRNEYKYFQRMTSTSHVEGKQ-NAVIMGKKTWFSI
dd4dfra ISLIAALAVDRVIGMENAMPWN-LPADLAWFKRNTL----—----— NKPVIMGRHTWESI
d3dfr  TAFLWAQDRDGLIGKDGHLPWH-LPDDLHYFRAQTV-—---—---— GKIMVVGRRTYESF

dldhfa LNCIVAVSQNMGIGKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQ-NLVIMGKKTWFSI
d8dfr  LNSIVAVCQONMGIGKDGNLPWPPLRNEYKYFQRMTSTSHVEGKQ-NAVIMGKKTWFSI
dd4dfra ISLIAALAVDRVIGMENAMPW-NLPADLAWFKRNTLD---—---—- KPVIMGRHTWESI
d3dfr  TAFLWAQDRNGLIGKDGHLPW-HLPDDLHYFRAQTVG---—--—- KIMVVGRRTYESF
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Molecular Biology Information:
Macromolecular Structure

 DNA/RNA/Protein
— Almost all protein
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More on
Macromolecular Structure

* Primary structure of proteins
— Linear polymers linked by peptide bonds
— Sense of direction

H / o H / . H / E
+H3N/ \(l: B +* +H3N/ \(I:/ B +HyN |(|.: \IC/ \\O + H,0
d O| 0] \ H ’/R

2

Peptide bond



Secondary Structure

 Polypeptide chains fold into regular local
structures
— alpha helix, beta sheet, turn, loop
— based on energy considerations
— Ramachandran plots

(A)

©

0
H/ H LA
\/\/N‘\/C\C\/\/

: o |
H o) HR H 0

¢ =-80° v =+85°

20



Alpha helix
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Beta sheet
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Tertiary Structure

 3-d structure of a polypeptide sequence

— Interactions between non-local and foreign atoms

— often separated into domains

domains of CD4

tertiary structure of

myoglobin
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Quaternary Structure

« Arrangement of protein subunits
— dimers, tetramers

quaternary structure
of Cro

human hemoglobin
tetramer
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Structure summary

3-d structure determined by protein sequence
Cooperative and progressive stabilization

Prediction remains a challenge
— ab-initio (energy minimization)
— knowledge-based

» Chou-Fasman and GOR methods for SSE prediction

« Comparative modeling and protein threading for tertiary
structure prediction

Diseases caused by misfolded proteins
— Mad cow disease

Classification of protein structures
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Genes and Proteins

One gene encodes one* protein.

Like a program, it starts with start codon (e.g. ATG),
then each three code one amino acid. Then a stop
codon (e.g. TGA) signifies end of the gene.

Sometimes, in the middle of a (eukaryotic) gene,
there are introns that are spliced out (as junk) during
transcription. Good parts are called exons. This is the
task of gene finding.
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A.A. Coding Table

Glycine (GLY) GG*
Alanine(ALA)  GC*
Valine (VAL) GT*
Leucine (LEU) CT*
Isoleucine (ILE) AT(*-G)
Serine (SER) AGT, AGC

Threonine (THR) AC*
Aspartic Acid (ASP) GAT,GAC

Glutamic Acid(GLU)
GAA,GAG

Lysine (LYS) AAA, AAG
Start: ATG, CTG, GTG

Arginine (ARG) CG*
Asparagine (ASN) AAT, AAC
Glutamine (GLN) CAA, CAG
Cysteine (CYS) TGT, TGC
Methionine (MET) ATG
Phenylalanine (PHE) TTT, TTC
Tyrosine (TYR)  TAT, TAC
Tryptophan (TRP) TGG
Histidine (HIS) CAT, CAC
Proline (PRO) CC*

Stop TGA, TAA, TAG
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Molecular Biology Information:
Whole Genomes

Genome sequences now
accumulate so quickly that,
in less than a week, a single
laboratory can produce
more bits of data than
Shakespeare managed in a
lifetime, although the latter
make better reading.

-- G A Pekso, Nature 401: 115-116 (1999)
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A multipurpose transposon system for analyzing protein
production, localization, and function in
Saccharomyces cerevisiae

PETRA ROSS-MACDONALD, AMY SHEEHAN, G. SHIRLEEN ROEDER, AND MICHAEL SNYDER*

Department of Biology, Yale University, P.O. Box 208103, New Haven, CT 06520-8103
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Communicated by Gerald R. Fink, Whitehead Institute, Cambridge, MA, October 30, 1996 (received for review July 15, 1996)
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of the gene, the subcellular location of the protein, and th
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Array Data

Yeast Expression Data in
Academia:
levels for all 6000 genes!

Can only sequence genome
once but can do an infinite
variety of these array
experiments

at 10 time points,
6000 x 10 = 60K floats

telling signal from
background
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Functional Characterization of
the S. cerevisiae Genome by
Gene Deletion and Parallel
Analysis

that serve as simin identifsers (4, 7

| We

show thal these barcodes allow large numbers
ol deletion slming ke be posled amd analyios]
m parallel in competitive growth assays. This

direct, gimulianecus, conmpetitive assay

ol -

ness incnmses e sensilivily, accuracy and
speed wilth which growth defects can be de-
et relative o conventional methele

To ke full sdvantage of this approach

Systematic Knockouts

Winzeler, E. A., Shoemaker, D. D.,
Astromoff, A., Liang, H., Anderson, K.,

ial (shart black bars) and 356 essential geres {tall

aned 10 accelerale the pace ol progress, an
L " F™ is
Elizabeth A. Winzeler,"* Danlel D. Shoemaker,”* Anna Aslmmnﬂ inbernational consactiem was arpmized b
Hong Liang.'* Kelth Anderson,” = e gl T P
i adled (0.56, M; LOL Rl In (085, Ko 098, M overlaps rbosomal prodein L
Roclo Benito,” Jef D. Boeke,” H'w § Pl (0.7 M; \I.W.Rhluk:mu rpi3Ga): escl (083, 1 0.97. Myand ymind 3, JEHOT
Carla Cnmell.:f" Karen Davis,” Fr} mimal medivmspecific growih (0,75, B: 0.95. M) il
imd EL Mknur}l 'l Franpn ‘lll;\b In; wene &I.II».‘Y.A"_\‘ defiect {15). GYP (YOROTOC) is & GTPase Alogether, slmost 40% of the deletants
Mah A 50 kb of 1
n fue also enare b g1, in
i STt Gher SIS e ,
" . : “Frht o be
David ]. Lockhart,”" Anca Ly as: Nhen
Masiha M'Rabet,” Patrice M Pt i It
Chal Pal," Corlnne Reblschumg.” | e
Christepher ). Roberts,” Petra RY{,. Ll i | lelet-
Michael Snyder,* Sharon Seokhaf: e comate 8 e e e ] | WFs
Steeve Véronneau,” Marleer. wil kely U | Four
Teresa k. Ward,* Robert Wysof"’ " spocialized 12 gl ey by | ;I'l:::_'
. o anaai : " a
Katja Zimmermann, s, Previous s I i
Mark Johnston,™® mllllhxl u:;_hlx:_xx-,all.-:._nl 14 ol el I I ? 5,
L Rudsnce of e sespective . . ' ) -
- I the
The functions of many open readingfa sbome o | enial
- fate e phesotypic Iysis unclear dassification i
uquemngpm]att;a‘eun_knnm._ruew [ iy :M”L‘" " B ianic Hamesstisis A il
o systematically determine their fumfo: o b cellular organisation {Ta-
cerevisine SLraing were constructed, byt 557 homone P
a precise deletion of one of 2026 ORFs |, ,,,u,umr:m,u for abut pnaly-
gename). O the deleted ORFs, 17 per 1’“:;'?‘““ "“"L Jqets noa-
riveditm. The phenotypes of more thalll 05 .o, ruetsballan v i
parallel Of the deletion strains, 40 percining b g complasats s e
in either rich or minimal medium . fiion et et
Bl i) g oy —
_Th.' Budiding y\.iu.-sl 3. rclm'u..iu(' sers -:;I.-i ‘l‘]'l';’;":;'('l‘:' :::“L‘l‘r]' n.?""“’""“"’ “;:sl:'f
mnporkant expermes crgamisan for revealing INTAG simals would agree. reription et ME,
o (Rt [TR1 4 - e . hich both the UPTAG and 5 l‘"‘l"'l !'!ll‘“'ﬂ Bruk-
e G-

Other Whole-Genome

Experiments

utive graups o multiple chromasemes. A lighter
frsomal duplication blocks (23). For 15 of the 156
foreviousty described, These inconsistencies may be

W conditions used for germination of spares. For

Andre, B., Bangham, R., Benito, R.,
Boeke, J. D., Bussey, H., Chu, A. M.,
Connelly, C., Davis, K., Dietrich, F., Dow,
S. W., El Bakkoury, M., Foury, F., Friend,
S. H., Gentalen, E., Giaever, G.,
Hegemann, J. H., Jones, T., Laub, M.,
Liao, H., Davis, R. W. & et al. (1999).
Functional characterization of the S.
cerevisiae genome by gene deletion and
parallel analysis. Science 285, 901-6

ELSEYIER

GENE

T T
it

Cene 215 [1598) 143152

Construction of a modular yeast two-hybrid cDNA library from human
EST clones for the human genome protein linkage map
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Information to understand
genomes

Metabolic Pathways
(glycolysis),
traditional
biochemistry

Regulatory Networks

Whole Organisms
Phylogeny, traditional
zoology

Environments,
Habitats, ecology

The Literature
(MEDLINE)

The Future....

6-pheephefruckekinase-2: pfkE

Molecular Biology Information:
Other Integrative Data

lucess isomerase: pgi
5819
fructose -6 -phosphate
A

Elucose -6 -phosphate

pentose phosphate pathuny
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Organizing

Molecular Biology Information:

Redundancy and Multiplicity

 Different Sequences Have the Same
Structure

« Organism has many similar genes

 Single Gene May Have Multiple
Functions

» Genes are grouped into Pathways

« Genomic Sequence Redundancy due
to the Genetic Code

« How do we find the
similarities?.....
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Integrative Genomics -
genes <> structures «»
functions <> pathways <
expression levels &
regulatory systems <> ....
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Genes and gene-
related sequences
900Mb

Extragenic DNA
2100Mb

Human genome

Noncoding
DNA
810Mb

Coding
DNA
90Mb

Pseudogenes

Gene fragments

Introns, leaders, trailers

— Single-copy genes

——  Regulatory sequences

Unique and low-copy
number
1680Mb

Tandemly
— repeated
— Multi-gene families =
Dispersed
N Non-coding B
Repetitive DNA tandem
420Mb repeats
Genome-
wide
interspersed ——4— | TR elements
repeats
— LINES
— SINESs

Satellite DNA
Minisatellites

. Microsatellites

— DNA transposons
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Where to get data?

» GenBank
— http://www.ncbi.nlm.nih.gov

 Protein Databases
— SWISS-PROT: http://www.expasy.ch/sprot

— PDB: http://www.pdb.bnl.gov/
« And many others
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Figure 6.1. Bioinformatics Uses Information Technology to Manage
and Analyze Information Generated by the Life Sciences

Life Science Data

Biological Data:
-Genes
-Proteins
-Gene and protein function
and interaction

Clinical and Field
Trials Data

Scientific Literature: /

-Journal articles

Other Disciplines:
-Chemical data

Bioinformatics

Enabling Research and Product
Development in the Life Sciences, e.g.
Pharmaceuticals
New Plant Varieties
Bioremediation
Industrial Processing
Alternative Energy

Information Technology

Automated Techniques:
-DNA sequencing

-DNA microarrays

-High throughput screening

Computers:
-Storage capacity
-Computing capability

Navigational Software:
-Database searching
-Data retrieval

Analysis Software:
-Data mining
-Visualization
-Molecular modeling

Network:
-Sharing data and software
-Grid computing
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Bioinformatics: A simple view

Biological N Computer
Data Calculations
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Application domains

Table 6.2. Number of Survey Respondents Indicating
Bioinformatics Research Activities by Application, 2002

Number of firms Conduct
Application in application bioinformatics research

Human Health 780 247
Animal Health 144 37
Agricultural & Aquacultural/Marine 128 41
Marine & Terrestrial Microbial 41 19
Industrial and Agricultural-Derived Processing 132 45
Environmental Remediation and Natural Resource

Recovery 41 12
Other Bio-defense 160 30

Note: The total number of firms that responded to the biotechnology survey was 1,031, and 304 of these firms indicated that
they had some activity in bioinformatics. The number of firms by biotechnology application does not add up to the total
number of firms that responded to the survey because firms were classified in an application it they indicated it as either a
“primary" or “secondary" focus.

Source: Survey data from Critical Technology Assessment of Biotechnology in U.S. Industry, U.S. Department of Commerce,
Technology Administration and Bureau of Industry and Security, August 2002.
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Kinds of activities

Conduct Approved, marketed, or
research on/in in production Total

Product(s) Process(es)

DNA-based

Bioinformatics 29 2 1 30
Genomics, pharmacogenetics 29 3 2 30
DNA sequencing/synthesis/ amplification,

genetic engineering 39 5 3 43

Biochemistry/Immunology

Drug design & delivery 33 4 2 38
Synthesis/sequencing of proteins and peptides 27 3 1 30
Combinatorial chemistry, 3-D molecular modeling 18 1 0 19

Note: The total number of responses to the biotechnology activity question was 1021. Percents do not add up to 100 percent
because firms can have more than one activity.

Source: Survey data from Critical Technology Assessment of Biotechnology in U.S. Industry, U.S. Department of Commerce,
Technology Administration and Bureau of Industry and Security, August 2002.
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Motivation

 Diversity and size of information

— Sequences, 3-D structures, microarrays, protein

Interaction networks, in silico models,
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Understand the relationship
— Similar to complex software design

DI0-Images
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Bioinformatics - A Revolution

Biological Experiment > Data > Information |> Knowledge[>  Discovery
Collect — Characterize — Compare — Model—— Infer
Technology
Data
5MHz 2 GHz Processing
speed
Emphasis Low throughput datasets Genomes  Microarrays %ct)ﬁeay%
# Pgople/Website
10° 102 20K websites in 1995
36M websites in 2004
SOIVed Virus
Structure
structure
$10/bp Sequencing cost
Goal is .0001c/bp
Sequenced east C.Elegans Human
genome
90 95 00 05
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Computing versus Biology

what computer science is to molecular biology is like what
mathematics has been to physics ......
-- Larry Hunter, ISMB’94

molecular biology is (becoming) an information science

-- Leroy Hood, RECOMB’00

bioinformatics ... Is the research domain focused on
linking the behavior of biomolecules, biological pathways,
cells, organisms, and populations to the information
encoded in the genomes _-Temple Smith, Current

Topics in Computational Molecular Biology
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Computing versus Biology

looking into the future

Like physics, where general rules and laws are taught at the start, biology will

surely be presented to future generations of students as a set of basic systems

....... duplicated and adapted to a very wide range of cellular and organismic
functions, following basic evolutionary principles constrained by Earth’s

geOIOgicaI hiStory. --Temple Smith, current Topics in Computational Molecular
Biology
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Scalability challenges

 Recent issue of NAR devoted to data collections
contains 719 databases

— Sequence

« Genomes (more than 150), ESTs, Promoters, transcription
factor binding sites, repeats, ..

— Structure
« Domains, motifs, classifications, ..

— Others

 Microarrays, subcellular localization, ontologies, pathways,
SNPs, ..
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Challenges of working in bioinformatics

* Need to feel comfortable in interdisciplinary area
» Depend on others for primary data

» Need to address important biological and
computer science problems
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Skill set

Artificial intelligence
Machine learning
Statistics & probability
Algorithms

Databases
Programming
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Current problems

Next generation sequencing
Gene regulation

Epigenetics and genetics of diseases, aging
— SNPs, DNA methylation, histone modification

Comparison of whole genomes
Computational systems biology
— Complexity, dynamics

Structural bioinformatics, molecular dynamics
simulations

Text mining --- the BioCreative challenge

.... and many more
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