Finding Regulatory Signals in Genomes

The Biological Problem
Different Kinds of Signals
Promotors
Enhancers
Splicing Signals
Different Organisms
Information Beyond the sequences
Data - known/unknown signal
Aligned
Unaligned
The Computational Problem
Measures of Performance Quality
Performance of Different Methods



Regulation in Eukaryotes
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Regulatory Protein-DNA Complexes

I. Cro and Repressor family
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Luscome et al.(2000) An overview of the structure of protein-DNA complexes Genome Biology 1.1.1-37 k’ o

1. Cro and Repressor (1imb)

Moses et al.(2003) “Position specific variation in the rate fo evolution of transcription binding sites” BMC Evolutionary Biology 3.19-
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Weight Matrices Sequence Logos

Corrected probabilities of observing a given nudeotide can be calculated using equation 1.
litycalclt b= 20
Corrected probability calculation: plint) = Nt S50 (1
VeiA GG T}

f,;= counts of base bin position £ N'= number of sites; p(b,i) = corrected probability of base bin position
s(b) = pseudocount function

A position weight matrix (PWM) is constructed by dividing the nucleotide probabilities in (1) by expected background
probabilities and converting the values to alog-scale (see equation 2).

PWM conversion: W= log plby) (2)
R p(b)

(b) = background probability of base b; p(b,i) = corrected probability of base bin position & W,. = PWM vaue of base

bin position i
The quantitative PWM score for a putative siteis the sum of the PWM values for each nucleotide in the site (see equation 3)

W
Evaluation of sequences: ~ §=JW; (3)
i=l

I = thenucleotide in position 7in an input sequence; S= PWM score of a sequence; w=width of the PWM

Probability values (1) can be used to determine the total information content (in bits) in each position (see equation 4).
Information content calculation: D=2+ %Pb,j log, p; 4)

D =information contentin position 7; p(b,7) = corrected probability of base bin position 7

Sita 1 c = A A A I A A c A
Site 2 A c = A A A i A A = A
Sita 3 T A c T A T A A A A A
Site 4 | T A = T A T A A A A A
Sita 5 | T c = A A A A T T C
Sita & c A A c T A T c T T c
Sita 7| A A = T A T C I T C
Site & | © T c = T T A C A T C
i = '8 4 5 & 7 8 9 10 11 12 13 14
Sourca binding sites
b
B R M = W A W H R W B M
Consensus sequence
¢ Position frequency matrix (PFM)
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Position weight matrix (FVWM)
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Very high frequency of false positives. A model for binding of MyoD will yield 10°

binding sites, while only 10° might be real.

Wasserman and Sandelin (2004) ‘Applied Bioinformatics for the Identification of Regulatory Elements” Nature Review Genetics 5.4.276




Motifs in Biological Sequences

1990 Lawrence & Reilly “An Expectation Maximisation (EM) Algorithm for the identification and Characterization of Common Sites in Unaligned Biopolymer Sequences Proteins 7.41-51.
1992 Cardon and Stormo Expectation Maximisation Algorithm for Identifying Protein-binding sites with variable lengths from Unaligned DNA Fragments L.Mol.Biol. 223.159-170
1993 Lawrence... Liu “Detecting subtle sequence signals: a Gibbs sampling strategy for multiple alignment” Science 262, 208-214.
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The Gibbs Sampler

x® = (x,",...,x,"") for iteration t. At iteration t + 1
Fori=1,..,d: Draw x;**") from conditional distribution x(.|x ;") and leave remaining
components unchanged, i.e. x;; (t+1) = Xp.i (t)

Both random & systematic scan algorithms leaves the true distribution invariant.

t+1
i

t+1
i

t

7 (x| x_y )} () = (X5 X

An example:

0\ /1
Target Distribution is x = (x,, x, ) is N{(O)’( ?)} distributed.
0

The conditional distributions are then: x5

r+1
X
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The approximating distribution after

t steps of a systematic GS will be:
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The Gibbs sampler

Objective: Find conserved — .
segment of length k in »
unrelated sequences 1k
Gibbs iteration:
Remove one at random - S;
(‘ha;qk)

Form profile of remaining n-1 RN

Let p; be the probability with which s [i..i+k-1] fits

profile. Including pseudocounts. Choose to start

replacement at i with probability proportional to p;, —-- >

From : Lawrence, C. et al.(1993) Detecting Subtle Sequence Signals: A Geibbs Sampler approach to Multiple Alignment. Science 262.208-



The Gibbs sampler: example

Sigma-3iT 223 TIDLTYIOQNE SORETSDILGISOMHVER LORKAVERLR 240 A250944
Spollls 94 RFGLOLEEEE T{REIAKELGISESYVSH [EXRALMEMF 111 AZBEZT
®ahA 22 VVFNOLLVOR RVSTTRENLGLTOPAVAN ALEALRTSLG 3§ A32837
Antennapedia 126 FYFNEYLTRR RRTIETAHALCLTERQTKI WFQNRRMEWE 341 A1454
MLIC {Erady.| &49 LTAALARTHG NQIRARRDLLGLNRNTERK KIRDLDIOYY 485 256499
Dich 22 TRYRRRNLEH TORS[AKRLKISHVEWAO WERGDSEPTS 38 m4328 [HYECDA)
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Lamhda 11 25 SALINHTAML QTEHTARAVGUDRSQTER WERNWIPRFS 42 M3STS (QCREIL}
TR (CAE} 149 THPPGMQIRI TRUEISQIVGCSRETVGR ILKMLEDONL 166 AUFSSS (QRECC)
Lamkda Cre 15 LTLEDYAMRF GOTHTARDLGVYQSAINK ATHRORKIFL 32 AQ35TT (RCHPL)
P22 Cra 11 YEFDVIDHFG TQRAVARALCISDRAVEQ WEEWTPEFTIA 2% 25867 (RERPI2}
hrac 156 TAHLADANF OIASVAQHVCLAFPIRLSH LFRQOQLGTSY 2131 A03554 (RGECA}
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HERR 252 ARWLDELWES TLOELADRYGVSAERVRQ LEKMAMEEIR 269 200700 ¢RGECK)
WLrc (K.a.) 444 LITALAHTOG HEQEARRLLGHGRITLTR ILEELGHE 461 AO3564 (RGEBCE]
CytR 11 MEAEFQETAR TMEADVALFARVATATVIR ALMNECRVSD 2B A24961 (RIECCT]
DeoR 23 LCELFRSDAL HLEDAAALLGVSEMTIRR DLENHSAPVY 40 A24076 (RPECDG)
Falk 3 MA TIEDVARLAGVIVATYER VIHNSEKASE 20 A03558 (RPECE]
LacI s MEPY TLYHVAEYAGUSY(TVaR FWNJASHVCR 22 A0IBEE [RPECL]
TetR 26 LLMNEVGIEGL TTRELAQKLGVEQPTLYW AVENKRALLD 43 A0I57E (RPECTN]
TepR €7 IVEELLRAFEM, AQRELIMELGAOIATITR GAHOLHRAFY 04 A02560 [REBOM]
MifR 435 LIARLEFAGW VORFAARLISMTERQVRY RIQIMDITMP 512 802513
Spalld 105 RFSLYGEERR TORDVADMMGTSOSYTSA LEFAIIRRLE 222 207337
pin LE0 QASRLTAAGT DRAAVATIYDNCVSTLAR TETNGOR 177 217958
PiLER 3 MA, TIFDVRARANVATTIVSH VINKTREVAE 20 208477
EboR i M TLFDIATERGVSLATVER VLNDDPTLIY 0 509205
Leazh 27 DHISGTEMPD TRAETAQRLOFASMMAAR BHLRALKRHG 44 a11948
P12 cI 25 SSILMRIXIR GORKVADALGINESOISR WEGDFTRRME 47 B158&T [Z1BPC2]
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Natural Extensions to Basic Model I

Multiple Pattern Occurances in the same sequences:

Liu, J. "The collapsed Gibbs sampler with applications to a gene regulation problem," Journal of the American Statistical Association 89 958-966.

Prior: any position i has a small probability p to start a binding site:

A=(a,...,a,) P(A) = py(1- p,)"™ (with nonoverlapping constraints)
width = w

length n,

Composite Patterns:

BioOptimizer: the Bayesian Scoring Function Approach to Motif Discovery Bioinformatics

Modified from Liu



Natural Extensions to Basic Model 11

Correlated in Nucleotide Occurrence in Motif:

Modeling within-motif dependence for transcription factor binding site predictions. Bioinformatics, 6, 909-916.

RR R

Insertion-Deletion

BALSA: Bayesian algorithm for local sequence alignment Nucl. Acids Res., 30 1268-77.
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Regulatory Modules: J ‘§
De novo cis-regulatory module elicitation for eukaryotic genomes. Proc Nat’l Acad Sci USA, 102, 7079-84 @ /@
Gene A v p
Gene B




Combining Signals and other Data

Motifs Coding regions

Expresssion and Motif Regression: \‘\ /

Integrating Motif Discovery and Expression Analysis Proc.Natl.Acad.Sci. 100.3339-44

1.Rank genes by E=log,(expression fold change)
2.Find “many” (hundreds) candidate motifs

3.For each motif pattern m, compute the vector §,, of matching scores
for genes with the pattern

4 RegressEon S, Y =a+p,S,, +&,

m= mg

ChIP-on-chip - 1-2 kb information on protein/DNA interaction:

An Algorithm for Finding Protein-DNA Interaction Sites with Applications to Chromatin Immunoprecipitation Microarray Experiments Nature Biotechnology, 20, 835-39

Protein binding

in neighborhood Coding regions
—

Modified from Liu



The Expectation-Maximization Algorithm (EM)

Aim: Maximizing Likelihood function in presence of missing data.

log P,(x,y), x 1s observed, y 1s missing and O 1s the parameter.

E - step : calculates expected loglikelihood averaging

over the unobserved data E[logP, (X‘y)]

M —step: Maximize E[logP, (X‘y)] as a function of ©.

Each E+M step will not decrease the likelihood, E+M steps are
continued until little change 1n likelihood function.



MEME- Multiple EM for Motif Elicitation

: , J >
Z,;=11f a motif starts at i —= boe o 1
.o o e . . 1 k
1’th position in 1’th 2
- 3
sequence, otherwise 0. ! L o )

Motif nucleotide distribution: M[p,q], where p - position, g-nucleotide.

Background distribution B[q], A is probability thata 7, ; = 1

Find M,B, A, Z that maximize Pr (X, Z | M, B, A)
Expectation Maximization to find a local maximum
Iteration ft:
Expectation-step: ZV =E (Z 1 X, (M, B, A) ©)
Maximization-step: Find (M, B, ) “*1 that maximizesPr (X, Z | (M, B, A) D)

Bailey, T. L. and C. Elkan (1994). "Fitting a mixture model by expectation maximization to discover motifs in biopolymers." Proc Int Conf Intell Syst Mol Biol 2: 28-36.




Phylogenetic Footprinting (homologous detection)

Term originated in 1988 in Tagle et al. Blanchette et al.: For unaligned sequences
related by phylogenetic tree, find all segments of length k with a history costing
less than d. Motif loss an option.

D" = min{ D" + d(i,A)}
DY = min{ D}, + d(i,A)}

. a1 ) ;o begin signal end
stgnac, j+1 1 signat, j ; S —
D, = min{D; + Kd(i,A)} '
d . d .
D™ =min{D; " + d(i,A)}
- . B . H Salmon
I . Lates
o a l ! Fugu]_
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. & . - . Rat
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- a l . . Human
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(Homologous + Non-homologous) detection

Unrelated genes - similar expression

promotor gene

Related genes - similar expression

Combine above approaches:Mixed genes - similar expression

Combine “profiles”

7 T —
R -

Wang and Stormo (2003) “Combining phylogenetic data with co-regulated genes to identify regulatory motifs” Bioinformatics 19.18.2369-80



Rate of Molecular Evolution versus estimated Selective Deceleration

Neutral Process

Selected Process

A ¢ ¢ T How much selection? A
A - dac  9ac s g . 2 -
c 9dc,a - qde, ¢ dc,r q,C,A
G 9, s, c = d.r Selection => deceleration G q,G,A
T qT,A qT,C qT,G - T q T,A
| 1%
Neutral Equilibrium 0.9 -
o~ 0.8 A
(TCA T TG T7)
g 0.6 -
2 05 A
E 0.4 4
% 0.3 -
§ 0.2 ~
0.1 4
0 ' a . .

0 0.2 04 0.6 0.8 1

Predicted rate (subs. per site)

C G T
q,A,C q,A,G q,A,T
- q’c, G q,c,'r
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T

Observed Equilibrium
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Halpern and Bruno (1998) “Evolutionary Distances for Protein-Coding Sequences” MBE 15.7.910- & Moses et al.(2003) “Position specific variation in the rate fo evolution of transcription binding sites” BMC Evolutionary Biology 3.19-
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