Computational Genomics

10-810/02-710, Spring 2009

Class Qverview
and

Introduction to Molecular Biology

Reading: Chap. 1, DTM book
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e Class webpage:

[-1s1s] Heme Descriptian Pasple Lectuiss  Racitatiom  Homewsih Prajrem Pravism

A — Computational Genomics
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oS o) Eric Xing

------- Sehaol of Compues Eciente, C mmegie hiellen Univessity

* Lecturs Time: Monday and Wednesday from 10:30-11:50am
+ Lecture Location: Wean Hall 46273

+ Recitation Time: Wednesdays 5 30pm-7100pm

= Racitation Location: Wean Hall 5409

» Class begins on Boiday 1712, see you b class!

« Ther class malling list is 10-810-09s-announcessos. If you wish to emall only the Instroctors,
the emall ks 10-810-0%-Instribes

« 1If you are registersd for the course, you have automatically been added to the mall group. 1f
you are for some meason HOT recelving these announcements, you can subscribe via the
10-810-09s-announce list page

L @ I I
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Logistics

e Instructors:
e Eric Xing, Wean Hall 4127, x8-2559, Office hours: TBA Wed 1-2
e Bino John, 3080 Biomedical Science Tower 3, 3501 Fifth Avenue, Pittsburgh PA
15260, 412 648 8607, Office hours: Mon 4-5
e Class Assistant:
e Michelle Martin, 3080 Biomedical Science Tower 3, 3501 Fifth Avenue, Pittsburgh
PA 15260, 412-648-8607
e Teaching Assistant:
e Pradipta Ray, Newell Simon Hall 4505, x8-3559, Office hours: Thurs 5pm - 6pm,
e Grace Huang, Biological Sciences Tower 3, Suite 3064, N/A, Office hours: Thu
4pm - 5pm
e Guy Zinman, Mellon Institute 409J, x8-9111, Office hours: Fri 12pm - 1 pm
e Sabah Kadri, Mellon Institute 409F, x8-8101, Office hours: Mon 4:30 pm - 5:30
pm
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e 5 homeworks: 35% of grade
e Theory exercises
e Implementation exercises

e Final project: 30% of grade

e Applying what you learned in the class to a realistic, non-trivial CompBio problem
Sequence analysis, network modeling, microarray mining, genetic polymorphism, evolution ...
If on your own current research, higher expectation, talk to us first ...

e Expected outcome
A deliverable software based on an new/extended model or algorithm
Addressing a biological problem via a thorough analysis of a realistic dataset
A mini-paper ...

e Collaboration policies ...
Tow persons per team at most

e Exam: 25% of grade

e Midterm only

e Class participation, reading, and final quiz: 10% of grade
© Eric Xing @ CMU, 2005-2009 4
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e No required text books, but suggested reading will be

announced prior every class from:

e Durbin et al, Biological Sequence Analysis.

e Deonier, Tavare and Waterman, Computational Genome Analysis.

e Selected papers

e Mailing Lists:

e Send email with full name, department, register/audit

e To contact the instructors: 10810-09s-instr@cs.cmu.edu

e Class announcements list: 10810-09s-announce@cs.cmu.edu

© Eric Xing @CMU 2005-2009 5
(XX}
o000
eeo0o
oo
o0
Books :

Computational
Genome Analysis

An Introduction

Biological
sequence
analysis

Probabili
of prot

nucleic acids

R. Durbin

S. Eddy

A. Krogh

G. Mitchison
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Class Plan

e Introduction (1week)

e Molecular Genomics: biological sequence analysis(3
weeks)

e Genome Evolution and Comparative Genomics(2.5
weeks)

e Gene Expression and Functional Genomics (2 weeks)

e Statistical Genetics and Genome-Phenome Associations
(3 weeks)

e Systems Biology (3 weeks)
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It is a developing system under
tight spatial-temporal controls ...

© Eric Xing @ CMU, 2005-2009
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Understanding The Design, Regulation, EEE’
and Evolution of Biological Systems H

Gene expressions are controlled
via combinatorial logic!

o et

Transcription
A Ri
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Space | time Domain 1 Space / time Domain 2
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Essential bio-molecules are digital! @
GTAATCCTC

DNA - XUACAL L ddiad KOAA ' it
> £ o

nucleotides . .
Multi-cellular organisms are parallel

computers that differentiate in

some coordinated way!
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A living system is a perfect parallel
and evolving computer system that
we still know very
little about ...

T
‘I__‘_ &
WA
A X a
f= -
L =

|
N
M

EH'H

!
C
.
N

|
|
L1
(i

DECODING
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Evolution and Migration

ancestor

e Modeling evolutionary events
(Continuous time Markov models)

« Time of speciation (inference and

T years model calibration)

* Fitness and selection (PDE systems)

« Evolutionary dynamics (e.g., game
A c theory)
e Coalescence (random measure) e &

+ Size effect and phase transition S Bt %

< Evolutionary equilibrium

* Population mixing and
recombination

130,000 yrs
e Disease association and spread?
40,000-60,000yrs
.. Eris Xing @ CMU, 2005-2009 14




Network Inference

Regulatory networks Gene Expression
networks

e Growth/Evolving mechanisms

* Topological characteristics (degree, motif,
clustering, diameter, pathways ...)

* Functional semantics

e Robustness

© Eric Xing @ CMU, 2005-2009

Protein-protein
Interaction networks

Metabolic networks

Bio-Imaging

© Eric Xing @ CMU, 2005-2009

Temporal-spatial gene
expression pattern?

Tissue/Organ formation?

Morphogenesis?
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Geometry

o N

¢ Random fields and diffusion processes
e Tissue architecture
e Cell signaling

« Differentiation

O Erig Aing & Chid, 2U05-2008

Population dynamics

for the inactivation

of tuMor Suppressor genes « Random discrete processes

(jump Markov processes,
Fokker-Planck model with
different boundary conditions,
Moran processes ...)

Log 11/2 «  Size and geometry effects

Time untl . .
5006 chance e Tumorigenesis

log N

Fobllation size

divide it

]\ /'\ shift the others

© Eric Xing @ CMU, 2005-2009 18




"Understanding a biological
system as a wholeis ... "

That's why we need

COMPUTERS
and

Computer Biology!

Our Goal !
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Introduction to Molecular Biology,
Cell Biology, Development,
Genetics, Probability, etc.
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Bacterial Phage: T4

© Eric Xing @ CMU, 2005-2009
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Bacteria: E. Coli

© Eric Xing @ CMU, 2005-2009
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The Budding Yeast:
Saccharomyces cerevisiae H

|
The Fission Yeast:
Schizosaccharomyces pombe o

© Eric Xing @ CMU, 2005-2009
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The Nematode:
Caenorhabditis elegans

P O Ooon U Ee via
* SMALL: ~ 250 um *» SHORT GENERATION TIME
* TRANSPARENT * SIMPLE GROWTH MEDIUM
* 959 CELLS * SELF- FERTILIZING HERMAPHRODITE
» 300 NEURONS * RAPID ISOLATION AND CLONING OF

MULTIPLE TYPES OF MUTANT ORGANISMS

© Eric Xing @ CMU, 2005-2009 27
The Fruit Fly: sess
Drosophila Melanogaster s

Normal Ubx mutant

© Eric Xing @ CMU, 2005-2009 28
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The Mouse

transgenic for human growth hormone

© Eric Xing @ CMU, 2005-2009 29

Prokaryotic and Eukaryotic Cells

{a) Prokaryotic cell

Periplasmic spa: - ". o 1'\
and cell wall v \

membrane membrane

Nucleaid
—_—

Inner (plasma)
membrane

Cell wall
Periplasmic space

Outer i

{b) Eukaryotic cell

Nucleus

Golgi vesicles

Lysosome

Mitochondrion

1pm
—_

Plasma

meambrane

Golgi vesicles

Mitochondrion
Paroxisome

Lysosome

Rough \
cnt:_ioplasmlc b Secratory
reticulum — vasicle

L ANy e sy cuvueuus 30




A Close Look of a Eukaryotic Cell

The structure:

(b} Plasma membrane
I'. Cilia Pemx;qsorve
. . S ucleus . - .
Ko / Nucleolus The information flow:

‘ \ P Rough ER
ougl
i u// Smooth ER
A !

/ Golgi complex

Nuclear Cytoskeletal fibers Lysosome
pore
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“Central Dogma” of Molecular Biology:
Information Flow within the Cell

transcription translation

DNA c———> RNA ——> PROTEIN

© Eric Xing @ CMU, 2005-2009 32
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The Chromosome

© Eric Xing @ CMU, 2005-2009
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A Multi-resolution View of the 434
eoo0
o0
Chromosome °
Nucleus
4 /), Interphase Higher-order
chromosome chramatin I R
folding  Loops of ;-_'
30-nm fiber {
associated with
chromosome {
scaffold
"Beads on a string" )
Mitochondrion A
= ©
g Simple- ©
7 /. Gene sequence )
Single families DNW’_‘_?/\.
copy gene _ oS i —4)
= o S AN LN 7R Mobile T
- ){\uﬁu VUGN N elements =
DI\IA/ Introns Spacer DNA Nucleosome

i sy vy cuvy cuuy
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The Human Genome

35

Genomes of many organisms are
now “sequenced”

Archaeogiobus 'S s

bt Earriprplobactor jojur

human

Aquifex acolicus l ! Thermotogs maritima
mouse rat

Chlarnydia
pRaumaniae

Pieudornonas
o, asruginoasy
| Caenorfabitis ¥

elegarns

Drosophila
srelanogasier

Lreaplasma

prei e g Buchrerasp. APS

My cobacterium

teprae Vibrio cholerae

Thermroplasims
acidaplaifurn

Yersinia pestis
Barralia tergarfors L
Ralstania Sehizotaccaromycss
solanacearum pombe
Rickettsia prowazekii @ i..i Bacillus subtilic
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Excherichia coli
Plasmodium

Mycobacterium
falciparcrm i

tubercedosis

Sacch

ardia 5
Gulllardia thets | Doreviciar

Aeissoria

meningitidis 12491 Helicobacter pylori

Salrnonells enterica

Xylalia fastidiosa
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Organism Number of Number of
base pairs encoded Number of
(millions) proteins chromosomes
PROKARYOTIC_
Mycoplasma genitalum (Bacterium) 0.58 470 1
Helicobacter pylori (Bacterium) 1.67 1590 1
Haemophilus influenza (Bacterium) 1.83 1743 1
EUKARYOTIC_
Saccharomyces cerevisiae (yeast) 12 5885 17
Drosophila melanogaster (insect) 165 13,601 4
Caenorhabditis elegans (worm) 97 19,099 6
Homo sapiens (human) 2900 30,000 TO 40,000 23
Arabidopsis thaliana (plant) 125 25,498 10
© Eric Xing @CMU 2005-2009 37
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Functional Genomics &

e The various genome projects have yielded the complete
DNA sequences of many organisms.
e E.g. human, mouse, yeast, fruitfly, etc.
e Human: 3 billion base-pairs, 30-40 thousand genes.

e Challenge: go from sequence to function,

e i.e., define the role of each gene and understand how the genome functions as a
whole.

© Eric Xing @ CMU, 2005-2009 38
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DNA

\
e DNA is made of 4 types of nucleotide subunit, where each

nucleotide consists of

e A phosphate group

e A sugar group (deoxyribose)

e One of the 4 bases: adenine (A), cytosine (C), guanine (G), and thymine (T)

e A DNA molecule consists of two strands witch form a “double

helix”; each strand has a direction (5’ to 3’), and the strands
are antiparallel.

e Watson-Crick basepairing
e Ainone strand always pairs with T in the other
e And C always pairs with G

© Eric Xing @ CMU, 2005-2009 39
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DNA .

e DNA is made of 4 types of nucleotide subunit, where each
nucleotide consists of ;

[ adenine (a) it Thymine (T)

e A phosphate group

e A sugar group (deoxyribose)

e One of the 4 bases: o o
adenine (A), Ho=R 0= HO—P—0—CH,
. Q o {
cytosine (C),
. OH H OH H
guanine (G),
. Guaning (G) © Cytosine (C)
and thymine (T) e ‘
H Y
. H
Hah—
i ' i
HO—F—O—CH;, Hofrl'—o—CH2
] | o
o H | o H

The four nucleotide subunits that make up DNA

The nuclectide suburits of DA sre compased of thiee clemernts: 2 certral fve-cerbon sugar, aphosphate
group, and an arganiz, nitragen-containing base,

© Eric Xing @ CMU, 2005-2009 40
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DNA

\
e A DNA molecule consists of two strands witch form a “double

helix”; each strand has a direction (5’ to 3’), and the strands
are antiparallel.

Deoxyribonucleic Acid (DNA) Muclectides

.. @] Guanine Cytesine
' B " ,NéHz
e Watson-Crick : ) EET
- e
basepairing -
[T thymine

e Ainone strand always
pairs with T in the other @@y~ TR Um0 ?
e And C always pairs with G ; —— "’C\N’é‘o

replaces Thymine in ANA

© Eric Xing @ CMU, 2005-2009 41

DNA

e Watson-Crick basepairing
e Ainone strand always pairs with T in the other
e And C always pairs with G

onds

L
L2

Thymidine M

Adenine
; O
C — G Guanine
© Eric Xing @ CMU, 2005-2009 42
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DNA is a self-replicating
molecule oo

|
Collaborations of Proteins at the
replication folk o

MNew strand

: ' . Single-stranded DNA
Leading templat : 7
R L ':":'._._ binding proteins
e

Lagging template . ; o
RN 2 >
S Parental DN.A
5" g DA primase
b

© Eric Xing @ CMU, 2005-2009 44
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Three-D structure of DNA

from hitp:/www.dna-dna.net/

© Eric Xing @ CMU, 2005-2009 45

Writing DNA sequence

e One strand is written by listing its bases in 5’ to 3’ order

5’ACCGTTACT3

e Each strand uniquely determines the complementary strand,
witch runs in the opposite direction:

5’ACCGTTACT3

e So the reverse complementary of ACCGTTACT is written
AGTAACGGT

© Eric Xing @ CMU, 2005-2009 46
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Some definitions :
_ \
e Palindromes:
A palindromic sequence is one which equals its reverse
complement:
e.g. GAATTA
e Length unit of DNAs
e bp: basepair
e Kb: 1000bp
o Mb: 1000Kb
o Gb: 1000Mb
©EricXing@CMU 2005-2009 A7
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“Central Dogma” of Molecular Biology:
Information Flow within the Cell

transcription translation

DNA c———> RNA ——> PROTEIN

© Eric Xing @ CMU, 2005-2009 48
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RNA

\
e RNA is similar to DNA, differing in the use of a different sugar

(ribose) and in having the base uracil (U) in place of thymine

e RNA molecules are usually single stranded, but the strand
typically base-pair with itself over parts of its length. As a
result, it can adopt complex 3 dimensional structures

e There are three major types of RNAs
e Messenger RNA (tRNA)
e Transfer RNA (MRNA)
e Ribosome RNA (rRNA)
e Others:
Small interfering RNA

© Eric Xing @ CMU, 2005-2009 49
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Cytosine [€] Cytosine
e Structure ) )
H N=H H pi
H H
R ~
=] o
Guanine [G] [&] Guanine
0, N;.__H/CH;, fe! N;?_.H/CHJ
I |
H- N H- N
>:~ N
H=N, H-N
5 \
H H
0 Adenine A ‘Adenine
- Na W H-N, Nﬁ,ﬁ
>—N >—N
H H
Uracil [T Thymine
H o

replaces Thymina in FNA

Nitrogenous
Bases

Nitrogenous
Bases
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e MRNA
PONOOOIDIA
e Factor sigma DNA helix
Initiation Nucleus. DNA Cell Membrane
' “@’ i i /% DNA™
PO BTN
| N/ I
c If
Elongation Cone
™ : ) a7
W\ m - Ribosome Protein
Termination o b
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RNA

o tRNA

Amino acid 3
5" attachment site

3

Hydrogen bonds
between paired bases

Anticodon /

© Eric Xing @ CMU, 2005-2009
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Large
ribosomal

E21-8
subunit

Secondary Siructure of

Eukaryotic 185 rRNA
12

Secondary structure of a typical
eukaryotic small subunit (ssu or

185) RNA molecule. From Deda-
Nishimura & Mikata (2000).
s

The Ribosome:

© Eric Xing @ CMU, 2005-2009

RNA

e SiRNA

Y

RISC complex Antisense strand
— 1

SINSGR - Dosrased mana
NIRRT

© Eric Xing @ CMU, 2005-2009

mRNA
targeting

N/

7

mRNA

Poly (A)

54
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RNA polymerase

IAVAVAVAVAVATAVAY

Transcription

e Transcription of DNA into RNA by
RNA polymerase.

e Also know as
“gene expression”

1. Requires DNA template,

2. De novo synthesis: does not require a
primer.

Low fidelity compared to DNA polymerase:  ApTpa
errors 1/10%-105. RNA polymerase incorporates f 726

~30 nt/s (much slower than DNA polymerase).
PPPA QY Pyrophos-
phatase

4. In most cases, only one DNA strand is
transcribed into RNA.

3. Activity highly regulated in vivo: at initiation,

elongation and termination. 2
AVAVAV NS

on-template

(coding) strand
© Eric Xing @ CMU, 2005-2009 55
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Regulatory Machinery of Gene seoe
[ X0
1 o0
Expression :
gene regulatory sequences
\| -w, 4 - %
spacer DNA ",' - L | Y
\ -
&
Y 4
It
“
general transcription
factors
' gene regl',llalorv RNA polymerase
proteins
\ S TATA box —
upstream | | startof
promoter transcription
© Eric Xing @ CMU, 2005-2009 56
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Classical Analysis of Transcription
Regulation Interactions

“Gel shift”: electorphoretic mobility shift assay
(“EMSA") for DNA-binding proteins

—

Protein-DNA complex

ON1 2 3 45 6 78 9101112 1416 18 20 22

*
s —

Free DNA probe

Advantage: sensitive Disadvantage: requires stable complex;
little “structural” information about which
protein is binding

© Eric Xing @ CMU, 2005-2009 57
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Modern Analysis of Transcription sele
Regulation Interactions -
e Genome-wide Location Analysis (ChIP-chip)
(b) :
Immuno- Ei:frg::rg::lhnks. LM-PCR Hybridize to intergenic array

Break open cells  precipitate ligate linkers Binding site
Crosslink in vivo  and shear DNA

with formaldehyde ,pq’ Cv 5
- %an — —p

. IP-enriched DNA

Advantage: High throughput Disadvantage: InaccurdfieUnsnriched DA
|:| Merged

Currant Opinion in Genatics & Davalopmant

© Eric Xing @ CMU, 2005-2009 58
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“Central Dogma”™ of Molecular Biology:
Information Flow within the Cell

transeription translation

DNA ———> RNA C——> PROTEIN

©Eric><i_ngwu 2005-2009 59
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Protein Synthesis: Translation H

cor !

Protein synthesis
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Translation

505 Ribosome
(235455434 Proteins)

aa,+ IRNA
arriving

@ site of
Aminoglycoside
mRNA Binding
5
308 Ribosome
(16S+ 21 Proteins) Movement of
the ribosome

[S—_—
Codon Codon

aa; aag

Peptide Bond
Amino Acid

tRNA

AUG CCG GAC CUU CCG GUA

Ribosome mMRNA

© scienceaid.co.uk

© Eric Xing @ CMU, 2005-2009
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Protein

Primary protein structure
is saquence of a chain of amino aids

Pleated sheet Mipha helix

Secondary protein structure
‘occurs when the ssquance of amino acids.
are linkd by hydrogan bonds

Pleated sheet
Tertiary protein structure
‘ocours when cartain afiractions are pressnt
betwesn alpha helces and pieatad shests.

Quaternary protein structure
5.8 protein consistng of mors than ona
&mino acid chain

© Eric Xing @ CMU, 2005-2009

The structure of p53
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Amino Acid

Amino Acids

Primary prolein struclure

is sequence of a chain of amino acids

Amino Acid

Amino Acid Structure
Hydrogen

Amino Carboxyl
(o]
A\ wl
+H—N_ _C— C/
7 | >
H
R

0.

R-group

(variant)
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Small Nucleophilic
OH OH SH

H H GHz /E

>
HzN ‘COOH HzN COOH HzN COOH HzN COOH HzN COOH
Glycine (Gly, G) Alanine (Ala, A) Serine (Ser, S) Threonine (Thr, Cysteine (Cys, C)

H MW: 71.09

Hydrophobic

HQN\/CCOOH HaN ﬁ\

'COOH

Valine (Val, V) Leucine (Leu, L)
MW: 99.14 MW: 113.16

Aromatic

MW: 87.08, pK a4 ~ 16

X

HoNT COOH

Isoleucine (lle, )
MW: 113.16

H

OH N
/E /E\
HzN" ~COOH HzN

COOH
Phenylalanine (Phe, F)  Tyrosine (Tyr, ¥}
MW: 14718 MW: 163.18

Amide
o, NH,
o
ﬁ\NH 2
HzN COOH HzN COOH

Asparagine (Asn, N)  Glutamine (Gln, Q)
H 1 128.14

HeN" ~COOH
Tryptophan (Trp, W)
MW: 186.21

Basic
N\
AN
HoN~ “COOH

Histidine (His, H)

)
MW: 137.14, pK 2= 6.04  MW: 128,17, pKa= 10.79

n
MW: 101.11, pKg ~ 16 MW: 103.15, pK o= 8.35

e
S

S

Proline (Pro, P)
MW: 97.12

HaN"~ TCOOH

Methionine (Met, M)
'W: 131.19

COOH

Acidic

Oy _OH
. P
HaN" ~COOH

HoaN~ ~COOH

.

Aspartic Acid (Asp, D) Glutamic Acid {Glu, E)
MW: 115.09, pK 3= 3.9 MW: 129.12, pK g = 4.07
HaN . NHo*

N B =

- ¥
NH

Y

HzN O0H HaN COOH

Lysine (Lys, K| Arginine (Arg, R}

MW: 166.19, pKa= 12.48
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Polypeptide

methionine (Met) leucine (Leu)
H H O H 0‘- _H H (8] H I8}
(€3 4 7 ey #
HoN—C-C + H-NCC + HON—C—C  + H-N—CC
NG W C * B
H 1 o H H 0 H , © H H ]
! aspartic acid (Asp) ! tyrosine (Tyr)
15 H,0 H.O H,0
polypeptide backbone side chains
T H (ﬁ H H c”) 0@
i | || boxyl
amino, or carboxyl, or
. H=N—C—C~~N—C—C-~N—C—C—~N—C—C— .
N-, terminus J| =t | C| ﬁ e | C| < C\ C-, terminus
H H H O H H o
peptide peptide bond
bonds
Figure 4-2 Essential Call Biology, 2/e. (© 2004 Garland Science)
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tRNA
/
" N
U © A anticodon AUG
5 A G U codon UAC  mRNA 3
T
2nd base in codon
Phe | Ser Tyr Cys U
U phe[Ser | Ty [ O | C @
5 Leu | Ser | sTOP|sTOP | A | 2
- Leu | Ser | STOP| Tmp G .
o Leu | Pro | Hs | Ag | U o
£ c Leu | Pro His Arg c 5
2 Leu | Pro Gin Arg A a
.E Leu | Pro Gin Arg G a
5 fie | Thr | Aen | Ser | U g
- A lle Thre | Asn | Ser c
e | The | Lys | A | A
Met | Thr | Lys Arg G
val | Ala [ Asp | Gly U
G|V Ala | Asp | Gly G
Val | Ala | Glu Gly A
Val | Ma |Gl |Gy | &
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[ X X ]
0000
0000
00
. H [ X J
Summary: Cell Information Flow |2
( d / (d DNA !
/ » / »’4 \. §
omnﬁzni:‘::iesnzfcleus 8
mRNA /4
NUCLEUS 2
S CYTOPLASM
p—
mRNA
@ Movement of
mHNA into cytoplasm RlBoatme
via nuclear pore
e Synlhesis\
of protein
@ o
A Amino
Polypeptide acids
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[ X X ]
0000
0000
[ X
. [ X ]
Summary: Control of Gene Exp. .
NUCLEUS CYTOSOL
RNA protein
transport  translation  activity
control control control
HNA— 3 s : 3 inactive
DNA : transcript _2., mRNA :_._ mRNA — protein _"protein
transcriptional RNA hucisarpiore
control processing P
control
nuclear envelope
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