Comparative Genomics & Annotation

The Foundation of Comparative Genomics

The main methodological tasks of CG Annotation:
Protein Gene Finding
RNA Structure Prediction

Signal Finding

Overlapping Annotations:
Protein Genes
Protein-RNA

Combining Grammars



ADb Initio Gene prediction

Ab initio gene prediction: prediction of the location of genes (and
the amino acid sequence it encodes) given a raw DNA sequence.

....tttttgcagtactcccgggcecctectgttggggecctcecececttectecteccagggtggagtcgaggaggecggggtgegggectecttatectectagagecggecctggetectetggegeg
gggccccttagtccgggcectttttgeccatggggtectectgttecectectgtegetgetgttttttttggeggecgectaccecgggagttgggagecgecgectgggacgeccggactaagecgggcgce
aaagccccaagggtagccctctcecgegececctececgggacctcagtgeecttectgggtgegecatgagececcggagttecgtggectgtgcageccggggaagtcagtgcagctcaattgcagcaaca

gctgtccccagccgcagaattccagecctceccecge c a3gg ctcagaggdec t g taccagctgctcgacgtgagggcctggagctccecctegege

actgcctcgtgacctgcgcaggaaaaacacgc gdgra t@gac@lcctacagt % gEmctc ccggctggggtgaggggagggggctggaagaggtggggyg

aagggtagttgacagtcgctctatagggagcg [ee (e g ccecet tgoA c gcgtgattttggagcctcecggtcttaaagggcaggaaat
ct

acactttgcgctgccacgtgacgcaggtgttccecggtggge tggtggtgaccctgaggcatggaagccgggtcatctattccgaaagectggagegecttcaccggectggatcetgg
ccaacgtgaccttgacctacgagtttgctgctggacccecgecgacttctggcageccecgtgatctgeccacgecgegectcaatctecgacggectggtggteccgcaacagectecggcacccatta
cactgatgctcggtgaggcacccctgtaaccctggggactaggaggaagggggcagagagagttatgaccccgagagggcgcacagaccaagcgtgagectccacgecgggtcgacagacct
ccctgtgttcececgttcectaattctecgecttectgectecccagettggageccecgegeccacagetttggectecggtteccategetgeeccttgtagggatectectcactgtgggegetgegt
acctatgcaagtgcctagctatgaagtcccaggcgtaaagggggatgttctatgececggctgagcgagaaaaagaggaatatgaaacaatctggggaaatggeccatacatggtgg. ...
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Output:

UTR and intergenic sequence

5'....tttttgcagtactccecgggecctctgttggggcecteeccttectctccagggtggagtcgaggaggceggggctgegggcectecttatctetagagecggecctggcetetetggegeggggecccttagteecgggctttttgcc ATGGGGTCTCTGTTC
CCTCTGTCGCTGCTGTTTTTTTTGGCGGCCGCCTACCCGGGAGTTGGGAGCGCGCTGGGACGCCGGACTAAGCGGGCGCAAAGCCCCAAGGGTAGCCCTCTCGCG
CCCTCCGGGACCTCAGTGCCCTTCTGGGTGCGCATGAGCCCGGAGTTCGTGGCTGTGCAGCCGGGGAAGTCAGTGCAGCTCAATTGCAGCAACAGCTGTCCCCAG
CCGCAGAATTCCAGCCTCCGCACCCCGCTGCGGCAAGGCAAGACGCTCAGAGGGCCGGGTTGGGTGTCTTACCAGCTGCTCGACGTGAGGGCCTGGAGCTCCCTC
GCGCACTGCCTCGTGACCTGCGCAGGAAAAACACGCTGGGCCACCTCCAGGATCACCGCCTACAgtgagggacaggggcetcggtceccggetggggtgaggggagggggctggaagaggtggggaa
gggtagttgacagtcgctctatagggagcegeccgeggacctcactcagaggcetceeccttgecttag AACCGCCCCACAGCGTGATTTTGGAGCCTCCGGTCTTAAAGGGCAGGAAATACACTTTGCGCT
GCCACGTGACGCAGGTGTTCCCGGTGGGCTACTTGGTGGTGACCCTGAGGCATGGAAGCCGGGTCATCTATTCCGAAAGCCTGGAGCGCTTCACCGGCCTGGATC
TGGCCAACGTGACCTTGACCTACGAGTTTGCTGCTGGACCCCGCGACTTCTGGCAGCCCGTGATCTGCCACGCGCGCCTCAATCTCGACGGCCTGGTGGTCCGCAA
CAGCTCGGCACCCATTACACTGATGCTCGgtgaggcacccctgtaaccctggggactaggaggaagggggcagagagagttatgaccccgagagggcegceacagaccaagegtgagetccacgcgggtcgacagaccteectgtgtt
ccgttcctaattctegecttetgetcccagCTTGGAGCCCCGCGCCCACAGCTTTGGCCTCCGGTTCCATCGCTGCCCTTGTAGGGATCCTCCTCACTGTGGGCG
CTGCGTACCTATGCAAGTGCCTAGCTATGAAGTCCCAGGCGTAAagggggatgttctatgccggctgagcgagaaaaagaggaatatgaaacaatctgg

ggaaatggccatacatggtgg.... 3'



| evels of Annotation

‘Annotation * Tagging regions and nucleotides with information about function, structure,
“knowledge, additional data,....

Homologous Genomes

>0+ >

\

Annotation levels _QL

Protein coding genes including alternative splicing
RNA structure
Regulatory signals — fast/slow, prediction of TF, binding constants,...

Selection Strength,...
Epigenomics — methylation, histone modification

Further complications
Integration of levels — RNA structure of mRNA, signals in coding regions,..

Knowledge and annotation transfer — experimental knowledge might be present in other species
Evolution of Feature — regulatory signals > RNA > protein

Combining with non-homologous analysis — tests for common regulation.

Combining specie and population perspective



Observables, Hidden Variables, Evolution &
Knowledge

Observables N
P(X)=z(X)

Hidden Variable

P(X)=2_ P(X[H)P(H)=2_ #(X|H)P(H)

Evolution

P(X) =Y AXH)P Ky HIP(H) 7

Knowledge (Constraints) If knowledge deterministic

P(X)=[PW]*D, P(X|H)P(H)w(H)=[PW]*)>  P(XH)P(H)

H~w=1



Co-Modelling and Conditional Modelling

Observable <

Unobservable

Goldman, Thorne &

Jones, 96
AGGTATATAATGCG. . . .. Pcoding{ATG——>GTG} or
Knudsen.., 99 AGCCATTTAGTGCG. . ... Pnon_coding{ATG——>GTG}
Eddy & co. A U
U
— N

Meyer and Durbin 02
Pedersen ..., 03

Siepel & Haussler 03 p——
Pedersen, Meyer, JZJL e Conditional Modelling
Forsberg...,

Simmonds 2004a,b

———— P(Sequence\Structure)P(Structure) =

McCauley ....
Firth & Brown

P(Structure\Sequence)P(Sequence)

Footprinting -Signals (Blanchette)

== - Needs:

I. P(Sequence\Structure)

Observable — Unobservable ii. P(Structure)



Grammars: Finite Set of Rules for Generating Strings

I. Astarting symbol. e Ordinary letters: —— & Variables: e

ii. A set of substitution rules applied to variables e in the present string: —e——e—
[

v

ﬂ
1
!
!

Regular

<—
Context Free
Context Sensitive
General (also erasing)

$

finished — no variables




Simple String Generators

Variables (capital) Letters (small)
_ b |
Regular Grammar: S
Start with S S -—> aT bDbS g
T -—=> aS DbT ¢ l
One sentence — odd # of a’s: L
S-> aT -> aaS — aabS -> aabaT -> aaba
Context Free Grammar £
S--> aSa bSb aa bb 5
S

One sentence (even length palindromes):
S--> aSa --> abSba --> abaaba

|
!




Stochastic Grammars

The grammars above classify all string as belonging to the language or not.

All variables has a finite set of substitution rules. Assigning probabilities to
the use of each rule will assign probabilities to the strings in the language.

If there is a 1-1 derivation (creation) of a string, the probability of a string
can be obtained as the product probability of the applied rules.

1. Start with S. S --> (0.3)aT (0.7)bS
T -—> (0.3)aS ((0.4)bT (0.3)¢

S 2% aT 25 aaS %5 aabS %> agabaT %> aaba

ii. S--> (0.3)aSa (0.5)bSb (0.1)aa (0.1)bb

S 2% agSa %> abSba %>  abaaba



Hidden Markov Models in Bioinformatics

0, 0, O3 0O Os O 07 Og Og O

Definition

Four Key Algorithms

e Summing over Unknown States
e Most Probable Unknown States
 Marginalizing Unknown States
« Optimizing Parameters



What is the probability of the data?

The probability of the observed is P(O) = Zﬁ P((S‘H)P(I:I), which could
be hard to calculate. However, these calculations can be considerably
accelerated. Let PO"k'fi‘ the probability of the observations (O,,..0,)
conditional on H,=j.  Following recursion will be obeyed:

1. POTLTJ = P(Ok = |‘Hk — J) ZPOI:_kl_l:rpr,i

Hy,=r
ii. P! =P(O,=ilH, = j)z; (initial condition)
_ Ho=
ii. P(O) = ZHn:j Po. o

0, 0, 06 0, Oy O5 0, Oy 0Oy Oy

Hl O o o .\O o o o o 2 Pozijz — P(05 — I‘HS — 2) ZPO:UZj pj,i
Hy=]




HMM Examples

Gene Finding: Simple Prokaryotic Simple Eukaryotic

Burge and Karlin, 1996 ﬂ
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GenSCaﬂ Exons of phase 0, 1 or 2

== State with length

Initial exon '&3“3‘ Terminal exon
S

xon of single exon gene
S UTR— E E \3' UTR
Forward () strand ™ Foreand (+)sirand

<\ -
Poly-Asignal
—— — — — — — — — — [1ntergeme — — — — — — — — — — —

reglon)
Eevsa=ed-) srand g Eesa=e(-) srand

Intergenic sequence

Introns of phase 0, 1 or 2

signal)

Omitted: reverse strand part of the HMM
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Comparative Gene Annotation

First exon

Aligning —Identity |

Middle exons
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SCFG Analogue to HMM calculations

HMM/Stochastic Regular Grammar:

SCFG - Stochastic Context Free Grammars:

W
/N

W

YA




Secondary Structure Generators

LS L
dFd LS
s dFd

- 869
. /88
-895

Ls - LLLLLLLS — LLLLLLLL

88l.88888 — gedFdsssss

ssddd Fdddsssss

ssdddL.Sdddsssss
seiddd L LT Lildesssss

ssdddssssdddsssss
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555888



RNA Structure Application

1 100
CAAGCUGACC ACACAGUCGC COCUUCOUCE UCCUCCUCCU UCCOCOCGAG ACGEGCOCAS COCACGARAC UCCCEOCUCC ATACCECAAG GUGCCACGUA
GOAGUUGACC AGACAGUCGC CGCUUCAUUG COGUCCUC-U UCG-GGCGAG ACAGAUGGAS GGGAGGARAAG UCCCECCUCC ATAGGGCAGE GUGCCAGGUA
AGAGUCGATT GOACAGUCEE TGECCCUCTAT ——————---G AAA-————-— —AUTAGGGGS GGGAGGAAAG TCCGEGCUCC ATAGGGCGEAA GUGCCAGGTA
GGAGUG@GCC AGGCGACCEC CGCGGA—— G CAA TOCG GOGAGEAAAG TCCGEGCUCT ATAGGGCAAG GCOGUCGGUUA
COCOCECCC COCoCOl. ¢ (o Q00 {0 000 3223322 }32.232332 3w OO0 LCOCCCCCCC oo o COOC. {C CECdicdC. .
COCOOOCOOr oo Olor L (C0C0o 0D COCCo0dc, 3230333 332020000 oL 000, 0 302 00000 e aen s [

Seq 3

IR R AN

101 200
ACCCCUGRGGE GOUCUCACGA CCCACGACCA GUSCAACAGA GAGCAAACCGE CCGA UGGCC CGCCGCAAGCG CGAUCA GOU AAGCCUGAAA GERCUCCCGEUA
ACGCCUGGGA GGC—GCAA-G CCUACGACUA GUGCAACAGA GAGCAAACCG CCGA-UGGCC CGCGCAAGCG GGAUCA—GGU AAGGGUGAAA GEGUGCGGUA
ATCCCUGEGE COC-CUGA-G COUACGCAAA CUCCCACAGA AAATA-ACCE CCOUAAGCAC- --—UUCE--- —GE-UGICCCT AACCOUGAAA AGCTUTCOCGEIA
ACGGCCEGGE GGC—-GUGA-G CCUACGGAAA GUGCCACAGA AAATAUACCG CCAA-GCGC— —-—-—GUAA--- —G-CEC-GGU AAGGGUGAAA AGGUGCGGUA
R D B B 4 S o o S I I D IO o R of G S L G S e B L AR S D e qqaaa

T e o A L [ 4 4 G COCCC CCC. .. 233 320033333 0000, ... L0000 00. ..

Seq 1

ook

201 300
AGAGCGCACC GCGCCGCURE UAACAGUCCGE CCGGCACGGUA AACUCCACCC GCAGCAAGGC CAAAUAGEGG TUCAUAAGGU ACGGCCCGUA CUGAACCCGG
AGAGCGCACC GOGCCGCURGE TAACAGUUCGE UCCCACGGUA AACUCCACCC GCGAGCAAGGC CAAAUTAGREGGE TUCACAUGCGU ACGGCCCGUA CUGAACCCGG
AGAGCGCACC GCACGACU®G CAACAGUUCG UGGCUAGGUA AACCCCACUU GGAGCAAGAC CAAAUAGEGU UCCA--AGGC GUGGCCCECG CUGGAACCGG
AGAGCGCACC GCAUUUCCEG TAACGG—AAA UGGCAGGGAA AACCCCGCCU GGAGCAAGAC CAAAUAGRECG UGCGA-UACC GUGGCCCECG GUGCACGCGG
PR B D I TR O O e I b B I I B 1 S CEIRIIIDDT DI 000 Cuwwnnn CCC C0, w000 CCLITTT22X 222232230,

= R B B b I TR O O o e s b R I I S 1 S CRIXIIADDD AT L000 o CCC C0fg, oo (0 CCC...223) 323232230,
0.1 units

I—l—l 301 385
GUAGGCUGCU USAGCCAGUG AGCGAUUGCU GOUCUAGAUG AAUGACUGUC CACGACAGAA CCCCCCUUAU CGGUCAGUUU CACCU

S e—q 4 GUAGGCUGCU USAGCCAGUG AGCGATUGCU GGCCUAGAGGE AATGACUGUC CACGACAGAA CCCGGCUUAU CGGUCAACUC CCUC—

GUAGEUUGCT AAAGAUGUCC AGUGATGGCC ATCSUAGACS AATGACUGUD CAAGACAGAA CCOCCOCUUAU AGAUCGACTC UCCAC

GUAGGUUGCU GGAGCCUGUG CGUAAGUGCA GGCCUAGAGGE AAUGGUCGUC CACGACAGAA CCCGGCUUAU CGGCCCACUC CAAUU
H PR DD | P (S U SIS DD R 5 I D I D DD D b 113317717173 223333333 Ba...
R e TV b S 0 4 (R I I I I T I I PR B 15 15 1o T 1 FEERDDDDDDD D P

Seq 2
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From Knudsen et al. (1999)

Using a certamty Imif

Accuracy plot
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Knudsen & Hein, 2003
Number of sequences



Observing Evolution has 2 parts

P(X):

"y
P(Further history of x): A

>
RN
\>/

>—0
I
c—®

http://lwww.stats.ox.ac.uk/research/genome/projects/currentprojects v
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