Gene regulatory networks



Cells Must Regulate Internal Processes

 Metabolic processing

* Cell cycle functions
— Growth
— DNA replication/repair
— Mitosis
— Preparation phases
* These require careful control of gene expression
— Expression level
— Timing
— Coordination




Cells Must Adapt To Their
Environment

* Getting nutrition supply
* Response for signals
* Response for stress



Regulating Transcription Is A Key
Construct

* Transcription factors (TF) regulate
transcription

— Promoters control transcription initiation (cis-
regulation)

— Enhancers control transcription from afar (trans-
regulation)

* Most genes are involved in regulation
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Fig 2.2 (b) An activator X, is a transcription- factor protein that increases the rate of mRNA transcription when it binds the promoter. The
activator transits rapidly between active and inactive forms. In its active form, it has a high affinity to a specific site (or sites) on the promoter.
The signal Sx increases the probability that X is in its active form X*. Thus, X* binds the promoter of gene Y to increase transcription and
production of protein Y. The timescales are typically sub-second for transitions between X and X*, seconds for binding/ unbinding of X to the
promoter, minutes for transcription and translation of the protein product, and tens of minutes for the accumulation of the protein,
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Fig 2.2c A repressor X, is a transcription- factor protein that decreases mRNA transcription when
it binds the promoter. The signal Sx increases the probability that X is in its active form X*.

X* binds a specific site in the promoter of gene Y to decrease transcription and production of protein Y.

Many genes show a weak (basal) transcription when repressor is bound.




Architecture Of Cis-Regulation

Yuh et al. Science (1998) 279: 1896-1902
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Regulatory Network

IfCthen D

| | gene D
\ / If B then NOT D \.
IfAand B then D i
__
: : (i "
» Genes + signals = wires v gene B

® Transcription = gates - C -

IfD then B

Cell can be represented as a regulatory network



The Cell as a regulatory network
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Key questions

* How to discover TFs/Binding sites (motifs)?
(with DNA sequences)

* How to discover regulatory network
pathways? (with expression profiles)



Regulatory Regions

Every gene contains a regulatory region (RR) typically
stretching 100-1000 bp upstream of the transcriptional start
Site

Located within the RR are the Transcription Factor Binding
Sites (TFBS), also known as motifs, specific for a given
transcription factor

TFs influence gene expression by binding to a specific location
in the respective gene’s regulatory region - TFBS

So finding the same motif in multiple genes’ regulatory
regions suggests a regulatory relationship among those genes.

Note that the same motif is not necessary to be the identical
sequences.



Motifs and Transcriptional Start Sites

ATCCCG gene
TTCCGG gene

ATCCCG gene

ATGCCG gene

ATGCCC gene



Motif visualization

* Visualizing Motifs
— Motif “Information”



Motif Logo

'GGGGGA

 Motifs can mutate on non TGAGAGA
important bases TGGGGGA

* The five motifs in five __GAGAGA
GAGGGA

different genes have

mutations in position 3
and 5

* Representations called
motif logos illustrate the
conserved and variable
regions of a motif
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Visualizing Motifs — Motif Logos

Represent both base frequency and conservation at each position

o lexA Binding Site
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Height of letter proportional Height of stack proportional
to frequency of base at that position to conservation at that position

Motif Position Information =2 — 42 -p, log p,
b={4,T,G,C



Online Logo Generation

WEBLOGO - about - create - examples - mm

Version 2.8.2 (2005-09-08 . . .
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http://weblogo.berkeley.edu/ http://biodev.hgen.pitt.edu/cgi-bin/enologos/enologos.cgi



ldentifying Motifs

* Regulatory protein (TF) binds to a short DNA
sequence called a motif (TFBS)

* So finding the same motif in multiple genes’
regulatory regions suggests a regulatory
relationship amongst those genes.

* Note that the same motif is not necessary to be
the identical sequences.



Recent Directions

* Experimental Data
— ChIP-chip
— ChlIP-seq

* Phylogenetic Analysis
— Cross-species comparisons

 Motif identification with bioinformatic
approaches
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Peaks for TF binding sites
--Strand-specific
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Recent Directions

* Experimental Data
— ChIP-chip
— ChlP-seq

e Motif identification with bioinformatic
approaches



Difficulties for bioinformatic approaches

We do not know the motif sequence

We do not know where it is located relative to
the genes start

Motif sequences can differ slightly from one
gene to the next

How to discern it from “random” motifs?



The Motif Finding Problem

* Given a random sample of DNA sequences:

cctgatagacgctatctggctatccacgtacgtaggtcctctgtgcgaatctatgecgtttccaaccat
agtactggtgtacatttgatacgtacgtacaccggcaacctgaaacaaacgctcagaaccagaagtgc
aaacgtacgtgcaccctctttcttcgtggctctggccaacgagggctgatgtataagacgaaaatttt
agcctccgatgtaagtcatagctgtaactattacctgccacccctattacatcttacgtacgtataca

ctgttatacaacgcgtcatggcggggtatgcgttttggtcgtcgtacgctcgatcgttaacgtacgtc

* Find the pattern that is implanted in each of the
individual sequences, namely, the motif



ldentifying TFBS

* Knowledge-based methods
— Probabilistic Model

* Ab init methods
— Gibbs sampling
— MIEME
* Evolution approach



Essential Tasks

* Modeling Motifs

— How to computationally represent motifs

* Predicting Motif Instances
— Using the model to classify new sequences



Parameterizing the Motif Model

Given multiple sequences and motif locations

,//////

M, Mj
AATGCG A | 3
ATATGG )
Count Frequencies
ATATCG  C ETC...
GATGCA Add pseudocounts G 3/4
T




Finding Known Motifs

Given multiple sequences and motif model but no motif locations

P(Sedyingow | Motif)
e /\} window

F/JE’\-

Calculate P(Seq,, 4o | Motif) for every starting location

Choose best starting location in each sequence



Probabilistic Model

1 K Count frequencies

HEM13 CCCAT Add pseudocounts
HEM13 TTTCT
HEM13 TCAAT
ANB1 CTCAT
ANB1 TCCAT
ANB1 CCTAT
ANB1 TCCAT Position Weight Matrix
ROX1 CCAAT

M,

<
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Probabilistic Model: step 1

HEM13
HEM13
HEM13
ANB1
ANB1
ANB1
ANB1
ROX1

CCCAT
TTTCT
TCAAT
CTCAT
TCCAT
CCTAT
TCCAT
CCAAT

Count frequencies

O | 2 | 7
6 4 | 1
O 0| O
2 1 2 0

Position Frequency
Matrix (PFM)




Probabilistic Model: step 2

O/ 00| 0] 0|1

A 0 0 0.25 [0.875| O 0

C 05 | 0.75 05 0125 O 0

Position Frequency

Matrix (PFM) G 0 0 0 0 0 |0.125

P{(SIM) T 0.5 | 0.25 | 0.25 0 1 |0.875




To score a sequence, we compare to a null model

Score =log

Scoring A Sequence

PFM

1|24 ]1]a

/ C 222|251

P(S | PFM) 4|l5(4]2]2]a
P(S | B) 3(1.2).2].2]|.7

\

Background DNA (B)

/

OO0 >

Position Weight
Matrix (PWM)

-1.3 -0.3 -1.3 0.6 -1.3 -1.3
-0.3 -0.3 0.3 -0.3 1 -1.3
0.6 1 0.6 -0.3 -0.3 -1.3
03 -1.3 -0.3 -0.3 -0.3 14




Probabilistic Model: step 3

A 0 O | 025 0875 | 0 0
C | 05 075 05 (0125 | O 0
G 0) 0) 0) 0 O | 0.125
Position Weight
T | 0.5 0.25 0.25 0 1 | 0.875 Matrix (PWM)
Position
Frequency A Log(0/2)25+00 O O 0544 -2 -2
Matrix (PFM)
C Log(0.5/0.25) 0.477 0.301 -0.301 -2 -2
G -2 -2 -2 -2 -2 -.0301
T 0.301 0 0 -2 0.602 0.544




Scoring a Sequence

[———> Scan direction
tgcggaatgjgg'(_:”t.tj::gtttttatcaaaaaaaacacccgcacatgcatcagtgtcatat
MATCH
A -2 0 0 | 0544 | -2 -2
Yes
C 0.301 | 0.477 | 0301 | -0.301 | -2 -2
G 2 2 | 2 2 2 | -.0301 No
T 0.301 0 0 -2 | 0.602 | 0.544 NO MATCH

0.301+(-2)+0.301+(-2)+0.602+0.544=-2.252

Common threshold = 60% of maximum score

Maclsaac & Fraenkel (2006) PLoS Comp Bio



Databases

TRANSFAC: http://www.gene-regulation.com/pub/databases.html#transfac

TRANSFAC

TRANSFAC FACTOR TABLE, Release 7.0 - public - 2005-09-30, (C) Biobase C

AC TOD202
Il TOD202
oT 15.10.198%2 (created); ewi.

DT 26.08.2002 (updated); hom.
i Bicpbase GmbH.

YPL248C.

xX

o5 veast, Saccharomyces cerevisiae

oc Eukaryota; Fungi; Ascomycota; Hemlascomycetes; Saccharomycetales;
oc Saccharomycetaceae; Saccharomyces.

9.4

SO MELLSSIEQACDICRLEKLKCSKEKPKCAKCLENNWECRYSPKTKRSPLTRAHLTEVESR
o

SO LERLEQLFLLIFPREDLDMILEMDSLODIKALLTGLEVQDNVNEDAVIDRLASVETDMPL
peie} TLROERISATSSSEESSNKGOROLTVSIDSAAHEDNSTIPLDEFMPRDALEGEFDWSEEDDM
SO SDGLPFLETDPNNNGEEFGDESLLCILREIGFKPENYTHNENVNRLPTMITDRYTLASRSTT
SO SRLLOSYLNNEFEPYCPIVESPTIMMLYNNQ IETASKDOWOILENCILAIGAWCIEGESTD
SC IDVEYYOMAKSELTSKVEESGSIILVTALELLSRY TOWROQKTNTSYNEHSFSIRMAISLG

S0 LNRD L PSSFSDSSILEQRRRIWVEVY SWEIQLSLLYGRESIQLSONTISEPSSVDDVORTT
",

peie} TEPTIYHGIIETARLLOVETKIYELDKTVTAEKSP ICAKKCLMICNEIEEVWROAPKELY
SO MDISTTALTNLLEEEPWLSFTREELKWKQLSLIIYVLRDEFTNETOKKSQLEQDONDHEQS
S0 YEVEKRCSIMLSDAAQRTVMSVSSYMDNENVIPYFAWNCSYYFFNAVLVPIKTLLSNSKEN

35 AENNETAQLLOOINTVIMLLKKIATFKIQTCEKYIQVLEEVCAPFLLSQCAIPLPEISYN

MX MO004S FSGAL4_OL.
I MOD1593 FSGAL4_C.

RO0S01 ASSGAL4_01; Quality:
R04203 ASSGAL4_02; Quality:

Binding Sites




More
Databases

http://jaspar.genereg.net/

Species-specific:

i : N i L] ] i ¥ H 1)

The high-quality transcription factor binding profile database

BROWSE profiesby 1D | Nemw || Specles || Class || Taconondo group | oo

combine seanches with

Name AND 1]
SEARCH by Name AND

Name Go

SCPD (yeast) http://rulai.cshl.edu/SCPD/

DPInteract (e. coli) http://arep.med.harvard.edu/dpinteract/

Drosophila DNase | Footprint Database (v2.0) http://www.flyreg.org/




ldentifying TFBS

* Knowledge-based methods

— Consensus sequences
— Probabilistic Model

* Ab init methods (find new motifs)
— MIEME
— Gibbs sampling

* Evolution approach



Discovering Motifs

*Given a set of co-regulated genes, we need to discover
with only sequences

*We have neither a motif model nor motif locations Need to
discover both

*How can we approach this problem? (Hint: start with a
random motif model)



Expectation-Maximization (EM) Algorithm
 MEME
— Missing data problem: Expectation-Maximization (EM)
Algorithm to obtain maximum likelihood estimates
* EM Algorithm
Initialization: Set frequency matrix p and p,
Iterations:
— E-step: Calculate probability of motif start-positions

For each sequence k and position j

W ;= Pr(motif start-position = j | p)

— M-step: Update frequency matrix estimate

Z E W, 1( sequence k, position j+i-1=Db)
7

N

fyl.(b)= ,b=A,C,G,T




O 0>

A Promoter Model

Length K
A

S9uUa3 pale|ndaJl-o0)

Motif Background DNA
M, My
i 2 i 4 i 3 A 025 -
2 2 2 2 .5 4 T 025 -
als|alz2]z2]2 c:025
3|lafl2]2|2]a C:0.25 -

AN

P (S[M) P(S|B)

The same motif model in all promoters



MEME - implements
EM for motif
discovery in DNA and
proteins

MAST — search
sequences for motifs
given a model

MEME

©_MEME

Multiple Em for Motif Elicitation *‘Moﬁf Alignment & Search Tool

THE MEME/MAST SYSTEM
Motif Discovery and Search

Version 3.5.4

1.
2.

The MEME/MAST system allows you to

discover motifs (highly conserved regions) in groups of related DNA or protein sequences using MEME and,
search sequence databases using motifs using MAST.

*

* o0

* o0

.0

Authors: The MEME/MAST system was developed by Timothy Bailey, Charles Elkan, and Bill Noble atthe UCSD Computer
Science and Engineering department with input from Michael Gribskov at Purdue University.

Publications: MEME and MAST are described in detail in the papers available here.

FAQ: Answers to Frequently Asked Questions about MEME and MAST are given in the GENERAL FAQ.

User Forum: Visit the MEME User Forum for online discussions with the MEME support team memebers and other MEME
users.

Email support: Contact us if you have gquestions that are not answered in the FAQ or User Forum.

Sample Output: You can see sample MEME output or sample MAST output.

Release Notes: Differences between the current release of the MEME/MAST system and earlier releases are described in the
release notes .

D 1 You can the MEME/MAST software and install it on your own computer. This will allow you to use many
features that are not available with the interactive versions of MEME and MAST.

License: MEME and MAST are copyrighted software and can be licensed for commercial use.

Meta-MEME: Meta-MEME combines motif models from MEME into a hidden Markov model framework for use in searching
sequence databases.

Developed and maintained hy:

THE UNIVERSITY

OF QUEENSLAND /VBER
WAUS?RALIA

=2uUcsp SDSC

http://meme.sdsc.edu/meme/




MEME Output

PN MOTIF1 width=17 sites=14 Illr=203 E-value=2.7e-025
Simplified A :::5:1615::1:1:::
pos.-specific C a: 1152: 7: 246549%a:
probability G : a%45642: 7. 2511: a
matrix T:::1:1::5161: 5:::
bits 22 ] |
20} |
17} ||
15 ||
Information 1.3 ] [ [ ]
content 1.1 ] | [ [ ]
@osnits) ool N EER N N NN
o7 1T IR 1N 1N
o4 1 "HE NN NNNENR
o2 I'"HI NN NINEN
0.0
Multilevel CCCAGGACTGTCCTCC
consensus CCG 4 CGGC
sequence
NAME START P-VALUE SITES
YBRO20W _74 93 1.11e-09 AGCCGCCGAG € CUACALCCCTCCH ACGGAAGACT
YBRO20W _153 153 1.11e-09 AGCCGCCGAG € CUACALCCCTCCH ACGGAAGACT
YBRO20W _154 136 1.11e-09 AGCCGCCGAG € CUACALCCCTCCH ACGGAAGACT

YBRO19C 94 176 1.44e-09 AGTCTTCCGT CEEAGGECTGTCECCCE CTCGGCGGCT



Gibbs Motif Sampling

* Gibbs Motif Sampler
— Bayesian model, prior distribution

* Algorithm (Markov Chain Monte Carlo (MCMC) and Gibbs
sampling)
Initialization: Randomly select motif start-positions in each
sequence
lterations:
Remove randomly selected sequence &’
* Update frequency matrix

* Randomly select a motif start-position j for k" proportional
to:

Probability under motif model 1—[ D, (bjl-l,-_l)

Probability under background model N it Do (b]’.‘ﬂ._l)



Gibbs Motif Sampler

http://bayesweb.wadsworth.org/gibbs/gibbs.html

[ Browse.. |
~ Prokaryotic Defaults J Eukaryotic Defaults J

. >TE S atnple!




AlignACE

Implements Gibbs sampling
for motif discovery

— Several enhancements

ScanAce — look for motifs in
a sequence given a model

CompareAce - calculate
“similarity” between two
motifs (i.e. for clustering
motifs)

AlignACE 3.0

Only input sequences of less than 50kb are allowed. Results will appear at the bottom of this page.
Enter sequence description (characters, numbers, and underscores only; no spaces or special symbols)

Nutmnber of columns to align [10
Number of sites to expect |10
Fractional background GC content |0.38

Enter FASTA-formatted sequence below:

http://atlas.med.harvard.edu/cgi-bin/alignace.pl




ldentifying TFBS

* Knowledge-based methods

— Consensus sequences
— Probabilistic Model

* Ab init methods
— MIEME
— Gibbs sampling
* Evolution approach



articles

Sequencing and comparison of
yeast species to identify genes
and regulatory elements

Manolis Kellis*{, Nick Patterson*, Matthew Endrizzi*, Bruce Birren* & Eric S. Lander*}

* Whitehead/MIT Center for Genome Research, Nine Cambridge Center, Cambridge, Massachusetts 02142, USA
+ Department of Computer Science and & Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

Identifying the functional elements encoded in a genome is one of the principal challenges in modern biology. Comparative
genomics should offer a powerful, general approach. Here, we present a comparative analysis of the yeast Saccharomyces
cerevisiae based on high-quality draft sequences of three related species (S. paradoxus, S. mikatae and S. bayanus). We first
aligned the genomes and characterized their evolution, defining the regions and mechanisms of change. We then developed
methods for direct identification of genes and regulatory motifs. The gene analysis yielded a major revision to the yeast gene
catalogue, affecting approximately 15% of all genes and reducing the total count by about 500 genes. The motif analysis
automatically identified 72 genome-wide elements, including most known regulatory motifs and numerous new motifs. We
inferred a putative function for most of these motifs, and provided insights into their combinatorial interactions. The results have

implications for genome analysis of diverse organisms, including the human.

Extracting the complete functional information encoded in a
genome—including the genic, regulatory and structural elements—
is a central challenge in biological research. Ideally, one would be able
to extract this information directly from the DNA sequence itself
without recourse to extensive experimentation. At present, however,
our ability to directly interpret genomes is rudimentary.

De novo identification of the complete set of protein-coding
sequences remains imperfect, even in well-studied organisms with
compact genomes. The yeast Saccharomyces cerevisiae, for example,
has enioved a complete genome sequence since 1996 (ref 1)

previously been used to identify putative genes or regulatory
elements in small genomic regions''~"*. Light sampling of whole-
genome sequence has been studied as a way to improve genome
annotation™". Complete microbial genomes have been compared
to identify pathogenic and other genes'*"’. Genome-wide com-
parison has been used to estimate the proportion of the mammalian
genome under selection’.

The goal of this paper is to develop and apply general approaches
for systematic analysis of protein-coding and regulatory elements
within anv ¢enome bv means of whole-genome comparisons with

Kellis et al. (2003) Nature




Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Scer
Spar
Smik
Sbay

Conservation of Motifs

Scer TTATATTGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAATAATCATATTACATGGCATTACCACCATATACA
Spar CTATGTTGATCTTTTCAGAATTTTT-CACTATATTAAGATGGGTGCAAAGAAGTGTGATTATTATATTACATCGCTTTCCTATCATACACA
Smik GTATATTGAATTTTTCAGTTTTTTTTCACTATCTTCAAGGTTATGTAAAAAA-TGTCAAGATAATATTACATTTCGTTACTATCATACACA
Sbay TTTTTTTGATTTCTTTAGTTTTCTTTCTTTAACTTCAAAATTATAAAAGAAAGTGTAGTCACATCATGCTATCT-GTCACTATCACATATA

*x ok kk kK *

TATCCATATCTAATCTTA(
TATCCATATCTAGTCTTAQTT
TACCGATGTCTAGTCTTA(
TAGATATTTCTGATCTTT(
* * * Kk kk*k M

CTTAACTGCTCATTGC-——-—-—
CTAAACTGCTCATTGC———-—
TTTAGCTGTTCAAG-——————
TCTTATE%TCQ%TTACTTCGC

* * kK Kk Kk * * K * K * Kk K KX

* * * * * * * *

GAL4 GAL4

* * K * K * * kK kkx ok Kk K

TGTTGT-GGAAAT-GTAAAGAGCCCCATTATCTTAGCCTAAAAAAACC--TTCTCTTTGGAACTTTCAGTAATACG
TGTTGT-GAGAGT-GTTGATAACCCCAGTATCTTAACCCAAGAAAGCC--TT-TCTATGAAACTTGAACTG-TACG
TGTTAC-GGGAATTGTTGGTAATCCCAGTCTCCCAGATCAAAAAAGGT--CTTTCTATGGAGCTTTG-CTA-TATG
TATTATAGAGAGATGCCAATAAACGTGCTACCTCGAACAAAAGAAGGGGATTTTCTGTAGGGCTTTCCCTATTTTG

* % * kkx K * K %

GAL4

TATATTGAAGTACGGATTAGAAGCCGCCGFAGCGGGCGACAGCCCTCCEACGGAAGACTCTCCTCCETGCGTCCTCGTCT
AATATTGAAGTACGGATCAGAAGCCGCCGAGCGGACGACAGCCCTCCEACGGAATATTCCCCTCCGTGCGTCGCCGTCT
-ATATTGAAATACGGATGAGAAGCCGCCGHANCGGACGACAATTCCCCEACGGAACATTCTCCTCCHCGCGGCGTCCTCT
AATGTTGAAATACGGATCAGAAGCTGCCGHAJQCGGATGACAGTACTCCGHGCGGAAAACTGTCCTCCGHTGCGAAGTCGTCT

* kK kk ok ko %k * kK Kk xSk kA * K Kk *  kk Kk

2o ok ok ok kg bk ok ok bk o &

xk kb k Kk 2 ok k& 4

GAL4

TCACCGG-TCGCGTTCCTGAAACGCAGATGTGYCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAA-—-—— TACTAGCTTTT--ATGGTTATGAA
TCGTCGGGTTGTGTCCCTTAA-CATCGATGTAQCTCGCGCCGCCCTGCTCCGAACAATAAGGATTCTACAAGAAA-TACTTGTTTTTTTATGGTTATGAC
ACGTTGG-TCGCGTCCCTGAA-CATAGGTACGECTCGCACCACCGTGGTCCGAACTATAATACTGGCATAAAGAGGTACTAATTTCT--ACGGTGATGCC
TACTGAAGCGTCTCGCCCCGCCATACCCCGAACAA”GCAAATGCAAGAACAAA TGCCTGTAGTG——GCAGTTATGGT

GTG-CGGATCACGTCCCTGAT-

*x X *k Kk k K

GAGGA-AAAATTGGCAGTAA-
AGGAACAAAATAAGCAGCCC-
CAACGCAAAATAAACAGTCC—
GAACGTG%&%;GACA&TTCCT

MIG1

TTTTTAGCCTTATTTCTGGG(
GTTTT--TC[TTATTCCTGAGAH
TTCTCA--CCTTTCTCTGTGH
TgTECCGTTT?ACTTg?@TAC

- NUSI—— * kx kK Kk K
MIG1

-—-—-CCTGQCCCCACAAACCTT-CAAATTAACGAATCAAATTAACAACCATA-GGATGATAATGCGA-———-—— TTAG--T

—-——-ACTGACCCCATATACCTTTCAAACTATTGAATCAAATTGGCCAGCATA-TGGTAATAGTACAG-————— TTAG--G

—-——CCCGQCCCCACATACCTT-CAAATCGATGCGTAAAACTGGCTAGCATA-GAATTTTGGTAGCAA-AATATTAG--G
TGCCgCT—CCCCAATATACTTTGTTCCGTGTACAGgAgAgTGGAIAG%AQAATG%TGGGGITGCGGTCAAGCgEACTCG

TAATTAATCAGCGAAGCG--ATGATTTTT-GATCTATTAACAGATA
CAATTCATCCGCAAAAAATAATGGTTTTT-GGTCTATTAGCAAACH
TAATTCATCACCGAAATG--ATGGTTTA--GGACTATTAGCAAACH

TGGCTCAT--GCAGAAAGTAATGGTTTTCTGTTCCTTTTGCAAACH
* kK * * e * * * % * Kk K

BP

TATAAATGGAAAAGCTGCATAACCAC-———— TT
TATAAATGCAAAAGTTGCATAGCCAC————-— TT
TATAAATGCAAAAGTCGCAGAGATCA-—-—-—— AT
TATAA%?ATGééégTAAGéTCGCCTCAATTGTA

TAACTAATACTTTCAACATTTTCAGT--TTGTATTACTT-CTTATTCAAAT----GTCATAAAAGTATCAACA-AAAAATTGTTAATATACCTCTATACT
TAAATAC-ATTTGCTCCTCCAAGATT--TTTAATTTCGT-TTTGTTTTATT----GTCATGGAAATATTAACA-ACAAGTAGTTAATATACATCTATACT
TCATTCC-ATTCGAACCTTTGAGACTAATTATATTTAGTACTAGTTTTCTTTGGAGTTATAGAAATACCAAAA-AAAAATAGTCAGTATCTATACATACA
TAGTTTTTCTTTATTCCGTTTGTACTTCTTAGATTTGTTATTTCCGGTTTTACTTTGTCTCCAATTATCAAAACATCAATAACAAGTATTCAACATTTGT

* K * K * Kk Kk * * kK kK

TTAA-CGTCAAGGA---GAAAAAACTATA

TTAT-CGTCAAGGAAA-GAAC

TCGTTCATCAAGAA---—-AAAAAACTA.

TTATCCCAAAAAAACAACAAC

* * *
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Genome-wide conservation
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Evaluate conservation within: Gald Controls

(1) All intergenic regions 22% 5%
(2) Intergenic : coding 4:1 1:3
(3) Upstream : downstream 12:0 1:1

A signature for regulatory motifs




Finding Motifs in Yeast Genomes

M. Kellis PhD Thesis

Il(

1. Enumerate all “mini-motifs”

rlefal o alelel

2. Apply three tests

Look for motifs conserved in intergenic regions
2. Look for motifs more conserved intergenically than in genes

Look for motifs preferentially conserved upstream or downstream of
genes

slide credits: M. Kellis



Constructing full motifs
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Results

R . . Known Tissue Distance
ank Discovered Motif TF motif Enrichment bias .
1 | RCGCANGCGY NRF-1 Yes Yes « 174 promoter mOtIfS
2 | CACGTG MYC Yes Yes v" 70 match known TF motifs
3 | scaGaaGY ELK-1 Yes Yes
4 | ACTAYRAnnCCGR Yes Yes v' 60 show positional bias
5 | GATTGGY NF-Y Yes Yes 9 75% have evidence
6 | GGGCGGR SP1 Yes Yes
7 | TeAnTCA AP-1 Yes
8 | TMTCGCGANR Yes Yes
(]
9 | TGAYRTCA ATF3 Yes Yes Co ntrOI sequences
10 | GCCATNTTG YY1 Yes < 2% match known TF motifs
11 | MGGAAGTG GABP Yes Yes .y . .
< 3% show positional bias
12 | CAGGTG E12 Yes
13 | CTTTGT LEF1 Yes = < 7% false positives
14 | TGACGTCA ATF3 Yes Yes
15 | caGceTG AP-4 Yes
16 | RYTTCCTG C-ETS-2 Yes Yes
17 | AACTTT IRF1() Yes
18 | TCANNTGAY SREBP- Yes Yes
1
19 | GKCGCn(7)TGAY Yes Yes
G

slide credits: M. Kellis



Key questions

How to discover TFs/Binding sites (motifs)?

How to discover regulatory network
pathways? (with expression profiles)




Software

dChip: gene expression and genome variation
WGCNA: co-expression network

EXPANDER: sequence and expression

Galaxy: sequence and expression

Cytoscape: TN, signaling network
CisGenome: sequence and expression



Boolean model

(a) Some possible gene responses (ON or OFF) according to the specific activation patterns
of two TFs, A and B, as denoted by their cellular concentrations (high or low)

a "Lac" AND OR NAND XOR EQ 2
B AND A
LA gl g2 g3 g4 gb g6 b

low [low [OFFOFF[OFF ON JOFF ON R
high| low |OFF/OFF| ON |ON |ON OFF > (o7
low |high| ON |OFF| ON | ON | ON |OFF am 2 ==
high|high| OFF| ON | ON |OFF|OFF| ON O P Oa

Buchler N E et al. PNAS 2003;100:5136-5141
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Discretization

* Given expression profiles, values could
be 1 or O under threshold.

Example: Thresholding Gene Expression

= Boolean model: discretize expressions to on/off model




Cis-regulatory constructs and response characteristics of the AND (a), OR (b), and NAND (c)
gates

Seowy, 7
saaans

pav 7 /
g
LI

L e

P77 7 7 7L T AT

it i 3
'..;:/

Buchler N E et al. PNAS 2003;100:5136-5141
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Boolean Network Model

. >
| — )
AORC (NOTA)ORB
TED (T a
l !

IfFAANDC

= A Boolean Network Model:

* Nodes represent transcription factors
e Edges represent regulatory input
¢ Boolean gates (input functions) represent gene expression

f.(AB,C)=AORC o‘ : G f-(A,B,C)=NOT AOR B)

() fa(A,B,C}=A AND C :




Algorithms

* |ntuitive algorithm
 REVEAL algorithm
* Buchler-Hwa algorithm



An Intuitive Algorithm

= Repeat for all X and f_ :

e Scan M to find a dependency of 1, on X if found then add an X=>f edge 10 G

* Elsa {no dependency found) then £, is independent of X,
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Algorithms

* |ntuitive algorithm
 REVEAL algorithm
* Buchler-Hwa algorithm



REVEAL algorithm

e Step 1: compute the transition table

input stream Lulpul sirean
o B L a4 B C
0 0 0 1

1 1 U 1

0 0 i

! 0 1

i i i

1 1 U



REVEAL algorithm

* Step 2: Compute Entropies
H = -P,log(F,) + P log(F)

nput stream | OCutput stream
value > e

A, B. C,| A B

0 0 0

0 0 1

J 1 0 2/R

01 1 ¢

1 0 ‘ H(A,) = -{(0.25)0g(0.25) + (( gt

1 0 1 0.01

11 1

11 1



REVEAL algorithm

e Step 3: Construct the Network

» First compute mutual information

MMAIA.CD =HAT*HA, . CHO-HA A..C.=081+2.-.2=081

= H{A), therefore A, and C_, determine A

HMEB. IA..C . NI=HB)*+HA . C.) B A.C.2081+2-2=0.81

= H(B), therefore A .and C ., deswermine B
W MCLA LD =HIC)+HA L) - HIC, A )=1+1-1=1
= R(C ) therefore A celermines C

= Use this to determine network graph
0. © '
0 o 6



Algorithms

* |ntuitive algorithm
 REVEAL algorithm

* Buchler-Hwa algorithm (Buchler and Hwa,
PNAS 2003)



Main assumptions

* The binding strength of a TF-binding site on the DNA (an
operator) is assumed to be continuously tunable through
choice of the binding sequence.

A weak glue-like interaction between two proteins (TFs
and/or RNAP) is assumed possible if the relative
placements of the DNA-binding sites allow for direct
contact of appropriate regions of the proteins.



The construct of Fig. 6b maps directly on a well studied model of neural network known as
the “Boltzmann machine” (see Supporting Text)

— i A

[ P ] the binding sites are the neurons,
the TF concentrations are the inputs,
Buchler N E et al. PNAS 2003;100:5136-5141 the promoter iS the OUtpUt neuron.

©2003 by National Academy of Sciences




How Good Are Boolean Models?

*Advantages
*Provide good qualitative interpretation of regulation
eParticularly important for switching behaviors
*Such systems are “robust” than using exact expression values
*Useful connection with evolutionary behaviors

*Disadvantages

*Boolean abstraction is poor fit to real expression data

*Cannot model important features:
Amplification of a signal; subtraction and addition of signals
*Handling smoothly varying environmental parameter (e.g.
temperature, nutrients)
*Temporal performance behavior (e.g. cell cycle period)
*Negative feedback control (Boolean model oscillates vs.
stabilize)



