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Goals for the term

 Introduction to computational biology
— Fundamental problems in computational biology
— Algorithmic/machine learning technigues for data analysis
— Research directions for active participation in the field

 Ability to tackle research
— Problem set questions: algorithmic rigorous thinking

— Programming assignments: hands-on experience w/ real
datasets

* Final project:
— Research initiative to propose an innovative project
— Ability to carry out project’s goals, produce deliverables
— Write-up goals, approach, and findings in conference format
— Present your project to your peers in conference setting



Course outline

e Organization
— Duality: Computation and Biology
* Important biological problems
 Fundamental computational techniques
— Foundations and Frontiers
» First half: well-defined problems and general methodologies

« Second half: in-depth look at complex problems, combine techniques
learned, opens to projects, research directions

* Topics covered

— First half: the foundations

« String matching, genome analysis, expression clustering/classification,
regulatory motifs, biological networks, evolutionary theory, populations

— Second half: the frontiers

« Comparative genomics, Bayesian networks, systems biology, genome
assembly, metabolic modeling, miRNA, genome evolution



Why Computational Biology ?




Why Computational Biology: Last year’s answers

* Lots of data (* lots of data)

 There are rules

e Pattern finding

e |t's all about data

« Abillity to visualize

o Simulations

o Guess + verify (generate hypotheses for testing)

* Propose mechanisms / theory to explain observations
 Networks / combinations of variables

o Efficiency (reduce experimental space to cover)

* Informatics infrastructure (ability to combine datasets)
o Correlations

o Life itself is digital. Understand cellular instruction set




IATTOAAT T T TUAAAAATTUTTACT T T T T T T TOOATUOOALOULAAAVAAL T T TAATAATUATAT TALATOOUAT TAULULALULATALF
ATCCATATCTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC
AATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
GCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACT
TTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATTAACGAATCAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGGAA
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTCAAATGTCATAAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAA
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAAGAAATTTATAAGCGCTTATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGAT
GATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCATCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAL
CGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATCCTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTC
ACTCTTTTCTAAAGAAACTTGCACCGGAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACCA
GGCAGTGGATTGTCTTCTTCGGCCGCATTCATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGT TATCATAT
CAAGCAAAATTTAATGCGTATTACGGTCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTT
GTGAGGAAGATCATGCTCTATACGTTGAGT TCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAA
AGCTTTGTTATTGCGAACACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCAC
AGCTGCAAATGTTTTAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAC
TCATGAACGTTTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGT TAACAAAC
CTAGTACTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGA
ATTCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTGATC
GAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAAATGGATC
TGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACTTGGTTCCAGGGGGCCCAAATGGCAACATAGAAAAGGTAL
AAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATCATCGTCTCTAAACC/
TTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCATTTTTTTCTACTCATAACT
GCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACTACTTAATAAATGATTGTATGATA
TTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTTGATATGCTTTCAACCGCTGCGTTTTGG
CCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGACGTCTTATCATATGTCAAAGTCATTTGCGAAC
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGAAACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTAC
AACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCAGATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACH
AAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCACCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGA
ATTTTCAAGTTAGACAAGGACAAAATCAGGACAAATTGTAAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCA
TCCATTAAATCTCTGTTCTCTCTTACTTATATGATGATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCAT
CCATAGAGAAGATCTTTCGGTTCGAAGACATTCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATGTGGATT TGGAAAAL
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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IATTOAAT T T TULAAAAATITULTTALT T T T T T T TOOATUOALOULAAALAAL T T TAATAATUATAT TALATUOUAT TAUVLULALULATAT S
ATCCATATCTAATCTTACT TATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC
AATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGCAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
GCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCGGAACAATAAAGATTCTACAATACT

TTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCA CAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCE TAACAGATATATAAATGGAZ
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATT AAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAA TTCAGAAGAASGATTGTACCTGAGTTCAA
TAGCGCAAAGGAATTACCAAGACCAT TGGCCGAAAAGTGCCCGAGCATAATTAA TATGATGCTAAACCGC
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AGCAATTTGGTGCCTTGATC

CCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACA
CTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGG

CGAATGTTCTTGTCCAGAGATTGACAAAATTTG CATTGCTTTGTCAAATGGATC
TGGTTGTACTGTTCACTTGGTTCCAGGGGGC AAATGGCAACATAGAAAAGGTAL
GTACCCTAAGATCACTGATGCTGAGCTAG ATGCTATCATCGTCTCTAAACCA

GAGTCTCAAGCTTCTTGCGATAAACT
TGGTTCCCGTTTGACCGGAGCTGGCTG
AAGCCCTTGCCAATGAGTTCTACAAGGT
TTGGGCAGCTGTCTATATGAATTATAAGTA
GCATCACAAAATACGCAATAATAACGAGTAG

CCTATTCTTGACATGATATGACTACCATTTTGTT
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAA

TGTCCTTTTTTTTTTCCGGGGACTCTAC
GACAAGCGCGAGGAGGAAAAGAAATGACA
CCGGAAAAAAGTCGTATGACATCAGAATGA

GAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATC CAATGAGACCTTTGCGCCAAATAATGTGGATTTGGAAAAA
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGC GAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGCGATTGGGTACGGTTTCGT

T O T T T T T TN T T T TN TN TACANCTTITOOANT O TN, T TITATAOAT T T TITAOATT OO, T TATATAOCOAT O TACANCOONANTONATTOOLOLTATTTTCT




TATTOAAT T T TUCAAAAAT TUT TALTTT T T T T 1TOOATOUOUALOULAAALAALT T TAATAATUATAT TALATUOOULAT TAVLUALLATALF
ATCCATATCTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC
AATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
GCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACT
TTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATTAACGAATCAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGGAL
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTCAAATGTCATAAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAZ
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAAGAAATTTATAAGCGCTTATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGAT
GATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCATCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAA
CGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATCCTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTC
ACTCTTTTCTAAAGAAACTTGCACCGGAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACC,
GGCAGTGGATTGTCTTCTTCGGCCGCATTCATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGT TATCATAT
CAAGCAAAATTTAATGCGTATTACGGTCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTT
GTGAGGAAGATCATGCTCTATACGTTGAGTTCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAA
AGCTTTGTTATTGCGAACACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCAC
AGCTGCAAATGTTTTAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAC
TCATGAACGTTTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGT TAACAAAC
CTAGTACTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGA
ATTCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTGATC
GAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAAATGGATC
TGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACTTGGTTCCAGGGGGCCCAAATGGCAACATAGAAAAGGTAL
AAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATCATCGTCTCTAAACC
TTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCATTTTTTTCTACTCATAACT
GCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACTACTTAATAAATGATTGTATGATA
TTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTTGATATGCTTTCAACCGCTGCGTTTTGC
CCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGACGTCTTATCATATGTCAAAGTCATTTGCGAAC
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGAAACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTAC
AACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCAGATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACH
AAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCACCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGA
ATTTTCAAGTTAGACAAGGACAAAATCAGGACAAATTGTAAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCA
TCCATTAAATCTCTGTTCTCTCTTACTTATATGATGATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCAT
CCATAGAGAAGATCTTTCGGTTCGAAGACATTCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATGTGGATT TGGAAAAL
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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1 1{-AA1 1 111 AARAAAT 1L 1 1AL 1 11 1 1111 1{alaa11aaAl sl AAAUAAUITIAATAATUATALTTAULATUUOUUAILT TAULUAULUULALTALF
CCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTC

I I I AGCCGCCGAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTC
EXtraCtlng Slgnal from NOISE LCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACT
ACAAACCTTCAAATTAACGAATCAAATTAACAACCATAGGATC
ATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATGGAA
CTGCATAACCACTTTAACTAATACTTTCAACATTTTCAGTTTGTATTACTTCTTATTCAAATGTCATAAAAGTATCAACAAAAAAT
TAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAA
TAGCGCAAAGGAATTACCAAGACCATTGGCCGAAAAGTGCCCGAGCATAATTAAGAAATTTATAAGCGCTTATGATGCTAAACCGC
TTGTTGCTAGATCGCCTGGTAGAGTCAATCTAATTGGTGAACATATTGATTATTGTGACTTCTCGGTTTTACCTTTAGCTATTGAT
GATATGCTTTGCGCCGTCAAAGTTTTGAACGAGAAAAATCCATCCATTACCTTAATAAATGCTGATCCCAAATTTGCTCAAAGGAA
CGATTTGCCGTTGGACGGTTCTTATGTCACAATTGATCCTTCTGTGTCGGACTGGTCTAATTACTTTAAATGTGGTCTCCATGTTC
ACTCTTTTCTAAAGAAACTTGCACCGGAAAGGTTTGCCAGTGCTCCTCTGGCCGGGCTGCAAGTCTTCTGTGAGGGTGATGTACCA
GGCAGTGGATTGTCTTCTTCGGCCGCATTCATTTGTGCCGTTGCTTTAGCTGTTGTTAAAGCGAATATGGGCCCTGGTTATCATAT
CAAGCAAAATTTAATGCGTATTACGGTCGTTGCAGAACATTATGTTGGTGTTAACAATGGCGGTATGGATCAGGCTGCCTCTGTTT
GTGAGGAAGATCATGCTCTATACGTTGAGT TCAAACCGCAGTTGAAGGCTACTCCGTTTAAATTTCCGCAATTAAAAAACCATGAA
AGCTTTGTTATTGCGAACACCCTTGTTGTATCTAACAAGTTTGAAACCGCCCCAACCAACTATAATTTAAGAGTGGTAGAAGTCAC
AGCTGCAAATGTTTTAGCTGCCACGTACGGTGTTGTTTTACTTTCTGGAAAAGAAGGATCGAGCACGAATAAAGGTAATCTAAGAC
TCATGAACGTTTATTATGCCAGATATCACAACATTTCCACACCCTGGAACGGCGATATTGAATCCGGCATCGAACGGT TAACAAAC
CTAGTACTAGTTGAAGAGTCTCTCGCCAATAAGAAACAGGGCTTTAGTGTTGACGATGTCGCACAATCCTTGAATTGTTCTCGCGA
ATTCACAAGAGACTACTTAACAACATCTCCAGTGAGATTTCAAGTCTTAAAGCTATATCAGAGGGCTAAGCATGTGTATTCTGAAT
TAAGAGTCTTGAAGGCTGTGAAATTAATGACTACAGCGCAGCTTTACTGCCGACGAAGACTTTTTCAAGCAATTTGGTGCCTTGATC
GAGTCTCAAGCTTCTTGCGATAAACTTTACGAATGTTCTTGTCCAGAGATTGACAAAATTTGTTCCATTGCTTTGTCAAATGGATC
TGGTTCCCGTTTGACCGGAGCTGGCTGGGGTGGTTGTACTGTTCACTTGGTTCCAGGGGGCCCAAATGGCAACATAGAAAAGGTAL
AAGCCCTTGCCAATGAGTTCTACAAGGTCAAGTACCCTAAGATCACTGATGCTGAGCTAGAAAATGCTATCATCGTCTCTAAACC
TTGGGCAGCTGTCTATATGAATTATAAGTATACTTCTTTTTTTTACTTTGTTCAGAACAACTTCTCATTTTTTTCTACTCATAACT
GCATCACAAAATACGCAATAATAACGAGTAGTAACACTTTTATAGTTCATACATGCTTCAACTACTTAATAAATGCATTGTATGATA
TTTTCAATGTAAGAGATTTCGATTATCCACAAACTTTAAAACACAGGGACAAAATTCTTGATATGCTTTCAACCGCTGCGTTTTGG
CCTATTCTTGACATGATATGACTACCATTTTGTTATTGTACGTGGGGCAGTTGACGTCTTATCATATGTCAAAGTCATTTGCGAAC
TTGGCAAGTTGCCAACTGACGAGATGCAGTAAAAAGAGATTGCCGTCTTGAAACTTTTTGTCCTTTTTTTTTTCCGGGGACTCTAC
AACCCTTTGTCCTACTGATTAATTTTGTACTGAATTTGGACAATTCAGATTTTAGTAGACAAGCGCGAGGAGGAAAAGAAATGACH
AAATTCCGATGGACAAGAAGATAGGAAAAAAAAAAAGCTTTCACCGATTTCCTAGACCGGAAAAAAGTCGTATGACATCAGAATGA
ATTTTCAAGTTAGACAAGGACAAAATCAGGACAAATTGTAAAGATATAATAAACTATTTGATTCAGCGCCAATTTGCCCTTTTCCA
TCCATTAAATCTCTGTTCTCTCTTACTTATATGATGATTAGGTATCATCTGTATAAAACTCCTTTCTTAATTTCACTCTAAAGCAT
CCATAGAGAAGATCTTTCGGTTCGAAGACATTCCTACGCATAATAAGAATAGGAGGGAATAATGCCAGACAATCTATCATTACATT
GCGGCTCTTCAAAAAGATTGAACTCTCGCCAACTTATGGAATCTTCCAATGAGACCTTTGCGCCAAATAATGCTGGATT TGGAAAAL
TATAAGTCATCTCAGAGTAATATAACTACCGAAGTTTATGAGGCATCGAGCTTTGAAGAAAAAGTAAGCTCAGAAAAACCTCAATA
CTCATTCTGGAAGAAAATCTATTATGAATATGTGGTCGTTGACAAATCAATCTTGGGTGTTTCTATTCTGGATTCATTTATGTACA
AGGACTTGAAGCCCGTCGAAAAAGAAAGGCGGGTTTGGTCCTGGTACAATTATTGTTACTTCTGGCTTGCTGAATGTTTCAATATC
ACTTGGCAAATTGCAGCTACAGGTCTACAACTGGGTCTAAATTGGTGGCAGTGTTGGATAACAATTTGGATTGGGTACGGTTTCGT
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Challenges in Computational Biology

@ Genome Assembly

@ Regulatory motif discovery @ Gene Finding

DNA

Sequence alignment

-0 rrtr—tr— =
@ Comparative Genomics

TCATGCTAT

) TCGTGATAA
(7)Evolutionary Theory [ e

TTATGATTT

@ Database lookup

Gene expression analysis

RNA transcript

@ Protein network analysis

@ Metabolic modelling

@ Emerging network properties




Molecular Biology Pri



“Central dogma” of Molecular Biology

DNA

makes

RNA

makes

Protein




DNA: The double helix
e The most noble molecule of our time

2

In fact, the two DNA strands are twisted

around each other to make a double helix. Fancy Chemical Atomic

Traditional

Figures by MIT OpenCourseWare.




DNA: the molecule of heredity

» Self-complementarity sets molecular basis of heredity
— Knowing one strand, creates a template for the other

— “It has not escaped our notice that the specific pairing we have postulated immediately
suggests a possible copying mechanism for the genetic material.” Watson & Crick, 1953

Nitrogenous
bases Phosphate
Deoxyribose molecule DNA REPLICATING
sugar molecule l ITSELF

Weak bonds iy
between bases ]
Sugar-phosphate backbone

v R R R P

—

Figures by MIT OpenCourseWare.



Bases hidden on the inside
Phosphate backbone

outsiel Weak hydrogen bonds hold the
two strands together

» This allows low-energy opening
and re-closing of two strands

Anti-parallel strands

Extension 5’ >3’ tri-
phosphate coming from
newly added nucleotide

The only parings are:
e AwithT
e CwithG




DNA: deoxyribose sugar

Deoxytibose
(in DNA)




The Nucleotides of DNADNA: the four bases
O \

pn O ;
POL, PN
H

H X H X cH H H H
Adenine Guanosine Thymine Cytosine
Purine Purine
Pyrimidine Pyrimidine
Weak Weak
Strong Strong
Amino Amino
Keto Keto




DNA: base pairs

H b
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=Q e
e 30
7 57
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bl b} 2’
H H

Thymine Cytosine

The Nucleotides of DNA




- DNA: sequences
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DNA packaging

 Why packaging
— DNA is very long
— Cell is very small

i CO m p reSS | O N Image removed due to copyright restrictions.
Ch . Please see: Figure 8-10 from Alberts, Bruce, and
i romosome IS Martin Raff. Essential Cell Biology. New York,
50,000 times NY: Garland Publishing Inc., 1997. ISBN: 0815320450.

shorter than
extended DNA

e Using the DNA

— Before a piece of
DNA is used for
anything, this
compact structure
must open locally



Chromosomes inside the cell

Eukaryote
DNA

Prokaryote
| (K
QTN
I —

DNA organized in a single chromosome.

No nucleus. No mitosis.
DNA organized in multiple chromosomes
inside a nucleus.

Mitotic division

Figures by MIT OpenCourseWare.




“Central dogma” of Molecular Biology

DNA

makes

RNA

makes

Protein




Genes control the making of cell parts

 The gene is a fundamental unit of inheritance
— Each DNA molecule < 10,000+ genes
— 1 gene & 1 functional element (one “part” of cell machinery)

— Every time a “part” is made, the corresponding gene is:
» Copied into mRNA, transported, used as blueprint to make protein

« RNA is a temporary copy

— The medium for transporting genetic information from the DNA

information repository to the protein-making machinery is an
RNA molecule

— The more parts are needed, the more copies are made
— Each mRNA only lasts a limited time before degradation



MRNA: The messenger

e Information changes medium

RNA

Figure by MIT OpenCourseWare.

— single strand vs. double strand

— ribose vs. deoxyribose sugar
ATTACGGTACCGT

UAAUGCCAUGGCA
— Compatible base-pairing |

hybrid H}[O
O wd O
—

N—

b
HO—CH. | Y HO—CH. | -

H OH tH H

uracil (RNA) thymine (DNA)



From DNA to RNA: Transcription

Image removed due to copyright restrictions. Please see: Figure 7-9 from Alberts, Bruce,
and Martin Raff. Essential Cell Biology. New York, NY: Garland Publishing Inc., 1997. ISBN: 0815320450.



From pre-mRNA to mRNA: Splicing

* |n Eukaryotes, not every part of a gene is coding
— Functional exons interrupted by non-translated introns
— During pre-mRNA maturation, introns are spliced out
— In humans, primary transcript can be 10° bp long

Image removed due to copyright restrictions. Please see: Figure 7-16 from Alberts, Bruce,
and Martin Raff. Essential Cell Biology. New York, NY: Garland Publishing Inc., 1997. ISBN: 0815320450.

— Alternative splicing can yield different exon subsets for the same gene,
and hence different protein products



RNA can be functional

e Single Strand allows complex structure

— Self-complementary regions form helical stems

— Three-dimensional structure allows functionality of RNA
e Four types of RNA

— MRNA: messenger of genetic information

— tRNA: codon-to-amino acid specificity

— rRNA: core of the ribosome

— SsnRNA: splicing reactions
e To be continued...

— We’'ll learn more in a dedicated lecture on RNA world

— Once upon a time, before DNA and protein, RNA did all
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Courtesy of SStructView.



Splicing machinery made of RNA

Image removed due to copyright restrictions. Please see: Figure 7-16 from Alberts, Bruce,
and Martin Raff. Essential Cell Biology. New York, NY: Garland Publishing Inc., 1997. ISBN: 0815320450.



“Central dogma” of Molecular Biology

DNA

makes

RNA

makes

Protein




Proteins carry out the cell’s chemistry

 More complex polymer
— Nucleic Acids have 4 building blocks

| — Proteins have 20. Greater versatility
J ‘m repiicion | — E@ch amino acid has specific properties
ETransmpﬁonT Sequence - Structure = Function
RNA v — The amino acid sequence determines the
- three-dimensional fold of protein
v — The protein’s function largely depends on
@ the features of the 3D structure
Proteins play diverse roles

Figure by MIT OpenCourseWare.

— Catalysis, binding, cell structure, signaling,
transport, metabolism



Sugar phosphate
backbone

Base pair

Figure by MIT OpenCourseWare.

Helix-turn-helix

Common motif for
DNA-binding proteins
that often play a
regulatory role as
MRNA level
transcription factors

Protein structure

Figure by MIT OpenCourseWare.

Beta-barrel

Some antiparallel b-sheet
domains are better described as
b-barrels rather than b-
sandwiches, for example
streptavadin and porin. Note
that some structures are

intermediate between the
extreme barrel and sandwich
arrangements.
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Figure by MIT OpenCourseWare.
Alpha-beta horseshoe

this placental ribonuclease inhibitor is a
cytosolic protein that binds extremely
strongly to any ribonuclease that may leak
into the cytosol. 17-stranded parallel b
sheet curved into an open horseshoe shape,
with 16 a-helices packed against the outer
surface. It doesn't form a barrel although it
looks as though it should. The strands are
only very slightly slanted, being nearly
parallel to the central "axis'.



Protein building blocks

. . Aming acids with hydrophobic side groups
« Amino Acids
carboxyl
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From RNA to protein: Translation

e Ribosome NHg*
NH3* %
NH3*
g SN
UAC CCA

Articodon loap

5 AUGCCGGGUUACUAA >3'

o

Figure by MIT OpenCourseWare.



The Genetic Code
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The Genetic Code

 Degeneracy of the genetic code

— To encode 20 amino acids, two nucleotides are not enough
(4°=16). Three nucleotides are too many (43=64)

— The genetic code is degenerate. Same amino acid can be
represented by more than one codon. Room for innovation

— Moreover, amino acids with similar properties can be
substituted for each other without changing the structure of the

protein
A4 LA &E0
#EG LG &Gl
GCA  Co& GGA CuUA CCA  UCA  ACA GUA
GCC  CGC GGC A4 CUC CCC UCC  ACC GUC HFIF
GCG  CGGE GAC  AAC UGC GAA  CaAa GGG CAC  AUC CUG AAA Uit CCG UCSGE  ACG AT GUG UAG

GCU  CoUd GAU AAL UGU GAG CAG GGU Cald AUl COU o 4aaG AUG S UUU CCU o UCU ACU UGG UAD GUU UGA
&la  Arg Asp aAsn Cys  Glu Gin G1y His [1a Leu LS Met “Phe: P S8F “The TFR  “Eor- Ml stop

& R D M E E o E H | E K " 3 F 5 i W ¥ Y

« Six possible translation frames for every nucleotide stretch

— GCU.UGU.UUA.CGA.AUU.~A - Ala-Cys — Leu— Arg — lle
.CUU.GUU.UAC.GAA.UUA > - Leu - Val - Tyr — Glu - Leu

— Stop codon every 3/64. Long ORFs are unlikely, probably genes
— In some viruses as many as four overlapping frames are functional



Summary: The Central Dogma

DNA makes RNA makes Protein

Inheritance h

Messages h
Reactions h

RNA

Replication

Transcription

\

Protein

i Translation
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Figure by MIT OpenCourseWare.




Cellular dynamics and regulation
How cells move through this Central Dogma

DNA

makes

RNA

makes

Protein




Regulation of Gene Expression

Transcription Factor Polymerase

mot

——>

]
7N\ . MRNA

Transcription Factor Binding Site

Examples:

ATATAAA T =
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Upstream of genes are
promoter regions

Contain promoter
sequences or motifs

Transcription factors
(TFs) bind to motifs

TFs recruit RNA
polymerase

Gene transcription



Regulatory Interactions

e Gene Activation 0 |
L > > >

]
/7 N\ . MRNA

 Gene Repression

e Combinatorial Regulation




Computational Motif Prediction

How do we find new transcription factor binding sites?

Gene regulated by same TF
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Probabilistic model of promoters

Expectation maximization
Gibbs Sampling
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Comparative sequence analysis

Evaluate motif conservation
across several related species




Regulatory Circuits

e Regulation depends on various intracellular and
extracellular signals



Regulatory Circuits

e Regulation depends on various intracellular and
extracellular signals

e Transcription factors regulate other factors that in
turn regulate others — regulatory network



Computational Approaches

 Modeling regulatory networks
— Bayesian Networks

» Inferring regulatory network models from experimental data
— Microarray data

— Guest lecture from Aviv Regev — computation inference of module
networks

« Architectural properties of regulatory networks

— Guest lecture from Uri Alon — modular structure of regulatory
networks



Metabolism

The totality of all chemical reactions in living matter

Regulates the flow of mass and energy to
perpetuate and replicate a state of low entropy

Catabolism

— Break down complex molecules to release
energy

Anabolism
— Using energy to assemble complex molecules



Metabolic Pathways
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Figure by MIT OpenCourseWare.



Computational Metabolic Modeling

Flux Balance Analysis
* Predict steady-state metabolism
* Predict metabolic time- courses

« Predict mutant phenotypes
 Model gene regulation




Synthetic Biology

Synthetic Regulatory Networks
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Courtesy of Jim Collins. Used with permission.

Jim Collins, BU



Challenges in Computational Biology

@ Genome Assembly

@ Regulatory motif discovery @ Gene Finding

DNA

Sequence alignment

——@Lrrr—rt~ = =
@ Comparative Genomics

TCATGCTAT
TCGTGATAA

i TGAGGATAT @ Database |OOkUp
@Evolutlonary Theory TTATCATAT

Gene expression analysis

e

RNA transcript

———————————

@ Protein network analysis

@ Metabolic modelling

@ Emerging network properties




Recitation tomorrow! Room/time TBA

Intro to python

— We’'ll use it for our problem sets, already in PS1
Introduction to algorithms / running time

— Searching a genome for all motif occurrences
— Pattern-based/sample-based enumeration

— Table lookup for speeding up search
Introduction to probabillity / statistics

— Likelihood ratios and hypothesis testing
Molecular biology Q&A

— Central dogma, splicing, genomes

— Other questions



Today:
Regulatory Motif Discovery

Gene regulation: Regulatory motifs:

The process by which genes are sequences that control gene usage;
turned on or off, in response to short sequence patterns, ~6-12 letters
environmental stimuli long, possibly degenerate

N }W Replication

+ Transcription

RNA v

1 Translation

\¢

%é

Figure by MIT OpenCourseWare.




Regulatory motif discovery

* Regulatory motifs (summary)
— Genes are turned on / off in response to changing environments
— No direct addressing: subroutines (genes) contain sequence tags (motifs)
— Specialized proteins (transcription factors) recognize these tags

 What makes motif discovery hard?
— Motifs are short (6-8 bp), sometimes degenerate
— Can contain any set of nucleotides (no ATG or other rules)
— Act at variable distances upstream (or downstream) of target gene

e How can we discover them?



Motifs are preferentially conserved across evolution

(Gal4)

Scer  TTATATTGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAATAATCATATTACATGGCATTACCACCATATACA

Spar CTATGTTGATLIIIICAGAAIIIII CACTATATTAAGATGGGTGCAAAGAAGTGTGATTATTATATTACATCGCTTTCCTATCATACACA

Smik  GTATATT TCAGTTTTTTTTCACTATCTTCAAGGTTATGTAAAAAA- ATAATATTACATTTCGTTACTATCATACACA

Sbay TTTTTTTGATTTCTTTAGTTTTCTTTCTTTAACTTCAAAATTATAAAAGAAAGTGTAGTCACATCATGCTATCT GTCACTATCACATATA
TBP

Scer  TATCCATATCTAATCTTAQTTATATGTTGT-GGAAAT-GTAAAGAGCCCCATTATCTTAGCCTAAAAAAACC--TTCTCTTTGGAACTTTCAGTAATACG
Spar  TATCCATATCTAGTCTTAQTTATATGTTGT-GAGAGT-GTTGATAACCCCAGTATCTTAACCCAAGAAAGCC--TT-TCTATGAAACTTGAACTG-TACG
Smik  TACCGATGTCTAGTCTTAQTTATATGTTAC-GGGAATTGTTGGTAATCCCAGTCTCCCAGATCAAAAAAGGT--CTTTCTATGGAGCTTTG-CTA-TATG
Sbay TAGATATTTCTGATCTTTCTTATATAIIATAGAGQGATGCCAATAAAgGTGCIACCTCGAACAQQAGQQGGGGATITIQIGIAGGGQIITCCCIATTTTG

X

* * * * *
*  GAL4 GAL4 GAL4
Scer  CTTAACTGCTCATTGC----- TATATTGAAGTACGGATTAGAAGCCGCCGEAGCGGGCGACAGCCCTCCGACGGAAGACTCTCCTCCGITGCGTCCTCGTCT
Spar  CTAAACTGCTCATTGC----- AATATTGAAGTACGGATCAGAAGCCGCCGAGCGGACGACAGCCCTCCGAVGGAATATTCCCCTCCGTGCGTCGCCGTCT
Smik  TTTAGCTGTTCAAG-——————— GAAATACGGATGAGAAGCCGCCGAACGGACGACAATTCCCCGA”GGAACATTCTCCTCCGCGCGGCGTCCTCT
Shay TCTTATTGTCCATTACTTCGCAATGTTGAAA CGGATCAGAAGCTGCCGACCGGATGACAGTACTCCCGLGGAAAACTGTCCTCCGTGCGAAGTCGTCT
K*hhkAhhk KAKkAAkAh KAhkhkkihkik dhkkAk ik Eakak xa * Kkkhkl ppxikAkik KX K K*hkAhkk| *kk * **k*k
GAL4
Scer  TCACCGG-TCGCGTTCCTGAAACGCAGATGTGOCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAA-———— TACTAGCTTTT--ATGGTTATGAA

Spar  TCGTCGGGTTGTGTCCCTTAA-CATCGATGTAGCTCGCGCCGCCCTGCTCCGAACAATIAAGGATTCTACAAGAAA-TACTTGTTTTTTTATGGTTATGAC
Smik  ACGTTGG-TCGCGTCCCTGAA-CATAGGTACGGCTCGCACCACCGTGGTCCGAACTATAATACTGGCATAAAGAGGTACTAATTTCT--ACGGTGATGCC
Shay GTG—CQEAICACEICQQIGQT—TACTGAAGCGTCTCGCCCCGCCATACCCCGAACAA GCAAATGCAAGAACAAA TGCCTGTAGTG--GCAGTTATGGT

Eaaasa s S .

* *

* ** Kk
MIG1
Scer GAGGA—AAAATTGGCAGTAA————CCTGGCCCCACAAACCTT—CAAATTAACGAATCAAATTAACAACCATA GGATGATAATGCGA —————— TTAG--T
Spar  AGGAACAAAATAAGCAGCCC----ACTGACCCCATATACCTITCAAACTATTGAATCAAATTGGCCAGCATA-TGGTAATAGTACAG-———=- TTAG--G
Smik  CAACGCAAAATAAACAGTCC----CCCGGCCCCACATACCTT-CAAATCGATGCGTAAAACTGGCTAGCATA-GAATTTTGGTAGCAA-AATATTAG==G

Sbay  GAACGTGAAATGACAATTCCTTGCCCCT-CCCCAATATACTTITGTTCCGTGTACAGCACACTGGATAGAACAATGATGGGGTTGCGGTCAAGCCTACTCG
*x*k*k * * k. F X * X * * * * *

*%

MIG1 BP *
Scer  TTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCG--ATGATTTTT-GATCTATTAACAGATATATAAATGGAAAAGCTGCATAACCAC——--- 1T
Spar  GITTT--TCTTATTCCTGAGACAATTCATCCGCAAAAAATAATGGTTTTT-GGTCTATTAGCAAACATATAAATGCAAAAGTTGCATAGCCAC————~- TT
Smik  TTCTCA--CCTTTCTCTGTGATAATTCATCACCGAAATG--ATGGTTTA--GGACTATTAGCAAACATATAAATGCAAAAGTCGCAGAGATCA————- AT
Sbay TITICCGTTTIACTTQIETAGTGGCICQI——GgAGAAAGTAéIgGIIITCTgTTgCTIITGgﬁAﬁCATATAAATATGAAAGTAAGQTCGCCTCAATTGTA

*

Scer TAACTAATACTTTCAACATTTTCAGT——TTGTATTACTT CTTATTCAAAT----GTCATAAAAGTATCAACA-AAAAATTGTTAATATACCTCTATACT
Spar  TAAATAC-ATTTGCTCCTCCAAGATT--TTTAATTTCGT-TTTGTTTTATT----GTCATGGAAATATTAACA-ACAAGTAGTTAATATACATCTATACT
Smik  TCATTCC- ATTCGAACCTTTGAGACTAATTATATTTAGTACTAGTTTTCTTTGGAGTTATAGAAATACCAAAA AAAAATAGTCAGTATCTATACATACA

Increase power by testing conservation in many regions




Framing the problem computationally

How do we find all instances of a motif in a genome?
— Naive algorithm: Search every position

How do we count all instances of every 6-mer in a genome
— Naive algorithm: Scan the genome for each motif
— Improvement: Scan genome once, filling a table

How do we count all instances of every 50-mer in a genome
— Table is no longer feasible, most entries empty
— Use a hash table

How do we search a new motif in a known genome
— Pre-processing of the database

How do we deal with motif degeneracy and ambiguities
— Hash in multiple places, increase alphabet size, partial hashing



Computational approaches for motif discovery

Method #1: Enumerate all motifs
— Combinatorial search

Method #2: Randomly sample the genome
— Statistical approach

Method #3: Enumerate motif seeds + refinement
— Hill-climbing

Method #4: Content-based addressing
— Hashing
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