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AN EXPERIMENTAL-ORIENTED APPROACH TO
BIOINFORMATICS
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“The analysis of genome sequences gives us a comprehensive
protein parts list...But there is one important piece of information
that is almost totally missing: the sequence information that
specifies when and where and for how long a gene is turned on or

off.”

Sydney Brenner
Science 287: 2173



SALMONELLA: A GRAM-NEGATIVE PATHOGEN
WITH A VARIED LIFESTYLE




SIGNAL TRANSDUCTION CASCADE
BY TWO-COMPONENT REGULATORY SYSTEMS
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THE PHOP/PHOQ REGULATORY SYSTEM
IS ACTIVATED IN LOW Mg<* ENVIRONMENTS
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LOW Mg=" INDUCES PMRA-ACTIVATED GENES
VIA THE PHOP/PHOQ-ACTIVATED PMRD PROTEIN
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Fe3* REPRESSES pmrD EXPRESSION
VIA THE PMRA/PMRB SYSTEM
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TRANSCRIPTIONAL REGULATION:
RECRUITING AND COOPERATING




THE PMRD PROTEINS OF SALMONELLA AND E. COLI
EXHIBIT UNUSUALLY LOW AMINO ACID IDENTITY

pho [ | S
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85.4% 93.3% 55.3% 84.0% 90.5%

(the median amino acid identity between Salmonella and E. coli proteins is 90%)



THE ugd PROMOTER OF SALMONELLA,
BUT NOT OF E. COLI, HARBORS A PHOP BOX

Salmonella
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THE E. COLI PMRA/PMRB SYSTEM
RESPONDS TO Fe** BUT NOT TO LOW Mg**
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THE SALMONELLA PMRA/PMRB SYSTEM
RESPONDS TO Fe** AND LOW Mg>*
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THE pmrD PROMOTER OF SALMONELLA,
BUT NOT OF E. COLI, HARBORS A PMRA BOX

Salmonella
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SEQUENTIAL ACTIVATION OF THE PHOP REGULON
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CHROMATIN IMMUNOPRECIPITATION (ChIP) STUDY
OF PHOP- AND PMRA-REGULATED PROMOTERS
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ORDERED BINDING OF THE PHOP AND PMRA
PROTEINS TO THEIR TARGET PROMOTERS

Mg2+ Hi L
time (min) - 0 51020306090 promoters




TEMPORAL ORDER OF BINDING




ANATOMY OF BACTERIAL PROMOTERS
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THE PHOP PROTEIN CONTROLS TRANSCRIPTION
FROM DIFFERENT CLASSES OF PROMOTERS
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FACTORS DETERMINING TRANSCRIPTION
FROM A BACTERIAL PROMOTER

. Quality of the binding site for the transcription factor

. Distance and orientation of the binding site relative to the

RNA polymerase binding site

. Quality of the binding site for RNA polymerase

. Presence of binding sites for other regulatory proteins



THE PHOP/PHOQ SYSTEM REGULATES EXPRESSION
OF ACID pH RESISTANCE GENES IN E. COLI
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Gene Promoter Scan
(GPS)



OUR ULTIMATE GOAL IS TO DEFINE THE

MOLECULAR LOGIC OF PHOP REGULATION BY ...

sldentifying regulatory profiles that
summarize the behavior of the PhoP
regulon

Understanding the subjacent biological
properties of the regulatory profiles

eUncovering interactions with other
regulatory systems and proteins



REGULATORY FEATURES CONSIDERED INCLUDE
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GENE EXPRESSION FEATURES
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BINDING SITES SUBMOTIFS
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PROMOTER FEATURES: RNA POLYMERASE, CLASS
AND LOCATION




PROMOTER CONDITION: ACTIVATED/REPRESSED
AND DISTANCE RELATIONSHIPS
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CLOSE, MEDIUM AND REMOTE PROMOTERS

distance to the binding site
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BINDING SITE ORIENTATION AND POSSIBLE
TOPOLOGIES
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TRANSCRIPTION FACTOR INTERACTIONS

Distances among transcription
factor binding sites



A CONCEPTUAL CLUSTERING APROACH FOR
DISCOVERY OF REGULATORY PROFILES
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ADVANTAGES OF CONCEPTUAL CLUSTERING
(Michalsky, Chesseman, Cook, Ruspini, etc.)

Hypothesis generation — data exploration — model
fitting — finding true topologies

eDeal with structural data

elterative and incremental search of interesting
repetitive substructures

*Attributes and relations belong to more than one
substructure

eAttributes and relations are flexible
*Ability to deal with missing values

DISCOVER - DESCRIBE -> PREDICT



THE BUILDING BLOCK PROFILES OF PHOP-
REGULATED GENES
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THE COMBINED PROFILES OF PHOP-REGULATED
GENES
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Gene Promoter Scan: ALGORITHM

Learn features of profiles

Group Prototype Search

Combine profiles
Group Prototype Search
Evaluating profiles

Predict and adapt profiles

Group Prototype Search




AN EVALUATION OF THE GENERATED COMBINED
PROFILES

4
Minimal overlap
Between clusters
Big cluster descriptions

Small number of clusters



GPS: A CONCEPTUAL CLUSTERING METHOD
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GPS EVALUATION: PROBABILITY OF
INTERSECTION
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GPS EVALUATION: SIMILARITY OF
INTERSECTION
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RNA Polymerase Features




THE PUBLISHED PHOP-REGULATED PROMOTER
(Yamamoto et al., 2002; Minagawa et al., 2003)

eClass Il

PhoP-binding sites consensus
NNNNN

Direct binding motif repeat



OUR ANALYSIS RECOVERED THE TYPICAL PHOP-
REGULATED PROMOTER
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OUR ANALYSIS DISCOVERED ATIPYCAL PHOP-
REGULATED PROMOTERS
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SEQUENTIAL ACTIVATION OF THE PHOP REGULON
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PROMOTER —-EXPRESSION —ORIENTATION
PROFILES




THE MINIMAL PROFILES THAT DESCRIBES THE
SEQUENTIAL ACTIVATION OF THE PHOP REGULON
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THE MAXIMAL PROFILES THAT DEFINES THE
SEQUENTIAL ACTIVATION OF PHOP
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THE PHOP/PHOQ SYSTEM REGULATES EXPRESSION
OF ACID pH RESISTANCE GENES IN E. COLI
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EXPRESSION AND EXPRESSION-PROMOTER
PROFILES
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MOTIFS-PROMOTER-INTERACTION PROFILE
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THE PROFILE THAT DEFINES THE PHOP/PHOQ
REGULATION OF ACID pH RESISTANCE GENES
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ADVANTAGES OF CONCEPTUAL CLUSTERING
(Michalsky, Chesseman, Cook, Ruspini, etc.)

Hypothesis generation — data exploration — model
fitting — finding true topologies

eDeal with structural data

elterative and incremental search of interesting
repetitive substructures

*Attributes and relations belong to more than one
substructure

eAttributes and relations are flexible
*Ability to deal with missing values

DISCOVER - DESCRIBE -> PREDICT



Conceptual Clustering: Substructure Discovery

Input Problem Input Database Substructure Compressed
Database

triangl
riangle S1

< T
e

S1 S1 S1

. . ¥
Recognize repetitive relations among attributes that describe

objects in structural databases (substructure discovery)



Substructure Discovery and Evaluation
Strategy by MOGA CC




MOGA CC: Local and Global Evaluation

TTTTTGTCATAAGAAAAAATATCAAACAAACHT




Hybrid Promoter Analysis
Methodology (HPAM)

Time Delayed Neural Network (TDDN)
+

Multi-Objective Scatter Search genetic algorithm
(MOSS)



BINDING SITES SUBMOTIFS
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PROMOTER FEATURES: RNA POLYMERASE, CLASS
AND LOCATION
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TDNN: A WEIGHT SHARING NEURAL NETWORK

= *//




MOSS: A MULTIOBJECTIVE GENETIC FUZZY SYSTEM

1% maeg = faid
_—
) o
Fu‘\.., Set e

‘“"3"- Freo L EEdhaa
l .l.l’
Ui

J'I-'L"'"H.-:
,_-..-.- [IRE. N BYR L

L ra

=5

L]
¥ e e I .
LEY . ST modulz 1
|;||I|||'||.'|||!,||, muodu k= £
;x,.;r;}f:a'-.?
Lo, L

I:'TJ:I .|'"|I | I | L

v o i g4
AN ML AL o (1 ik g
. "\."*- A || _.- E-:.:_' - . -

L2 ZTNSACA. TATARTCS, LAGITLTART “TIL
AR e

! iz
sk AR

0a ST Sabe TaT s 1L-

1]

T M Irpi-

CITTCLEA TATAAC
I
I

1A

U SCaArr
Aol |'_||_|:|:.|_1_.- -
i s

=
-

2 -
i ' | i



Gene Expression Networks lterative
Explorer (GENIE)



Promoter binding dynamics reveals architecture

of small bacterial regulatory networks
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GENERATING GENETIC CIRCUITS BY GPS
NAVIGATION
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THE USE OF CONCEPTUAL CLUSTERING FINDINGS
AS A HYPOTESIS GENERATOR




GENE PROMOTER ACTIVITY AS BUILDING BLOCK
INTERACTIONS




KINETIC MODEL OF TWO PROTEINS P AND Q
BINDING TO DNA
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(Bower and Bolouri, 2001)



ORDERED BINDING OF THE PHOP AND PMRA
PROTEINS TO THEIR TARGET PROMOTERS
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SEQUENTIAL ACTIVATION OF THE PHOP REGULON
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ORDERED PHOP BINDING AND TRANSIENT
OCCUPANCY OF PROMOTERS




TEMPORAL ORDER OF BINDING
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PROMOTER ACTIVITY AND PREDICTIONS FROM
MECHAELIS-MENTEN KINETIC MODEL




TEMPORAL ORDER OF BINDING WITH LEARNED
ACTIVATION CONCENTRATION
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EFECTIVE PROMOTER RATE: ORDERED RESULTS




EFFECTS OF THE ACTIVATION CONCENTRATION




TEMPORAL ORDER OF BINDING WITH EXPERT-BASED
CONCENTRATION
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TEMPORAL ORDER OF BINDING: PREDICTION BASED
ON REGULATORY FEATURES




Fe3* REPRESSES pmrD EXPRESSION
VIA THE PMRA/PMRB SYSTEM
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MATEMATHICAL INTERPRETATION OF BUILDING
BLOCKS




COMPOSING BUILDING BLOCKS INTO GENE
NETWORKS




CONSTRAINT-BASED LEARNING ALGORITHM
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SIMULATIONS AND EVALUATION
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PARAMETER SENSITIVITY




PREDICTIONS
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EXPERIMENTAL VALIDATION

Binding relativo de PhoP al DNA de distintos genes

Tiempo (mins)




CORRELATION BETWEEN EXPERIMENTAL
VALIDATION AND PREDICTIONS

Correlacion de Pearson

slyB mig-14 mgtC
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0,858977561 0,961379585 0,648559205 0,971032198 0,499422627  0,75927577 0,509215514 0,747911953  0,80498073 0,413593112 0,583025581
0,843524871 0,499762374 0,946114321 0,626705145 0,922203925 0,92202348 0,895723654 0,835517001 0,868634095 0,900230693 0,932480899
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0,913010303 0,975698548 0,713560888 0,981413357 0,533762236 0,804706746 0,509096392 0,715888847  0,79386547  0,42468576
0,801054535 0,429836349 0,915624862 0,563254584 0,913774241 0,894472406 0,919408323 0,83067834 0,842771907 0,917072159
0,425722417 -0,007911581 0,639678643 0,113528727 0,886942645 0,524659984 0,647662009 0,409550397 0,485339495 0,810487256
0,122722329 -0,291314081 0,403220158 -0,17977406 0,698132005 0,225771766 0,349213006 0,071990352 0,155319882 0,556525278
0,913010303 0,975698548 0,946114321 0,981413357 0,922203925 0,92202348 0,919408323 0,835517001 0,868634095 0,917072159
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SEQUENTIAL ACTIVATION OF THE PHOP REGULON
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Microarray Integrated Analysis
(MIA)



Gene expression (GeneChips) derived from
longitudinal blood expression profiles of human
volunteers treated with intravenous endotoxin
compared to placebo

8 patients, four treated, patients 1-4, and four
control, patients 5-8

From each patient there are 6 samples taken at
different time points: at hour 0, hour 2, 4, 6, 9, 24.
For patient 6, hours 4 and 6 are missing



... identify molecular pathways that
provide insight into the host response
over time to systemic inflammatory
insults, as part of a Large-scale
Collaborative Research Project
sponsored by the National Institute of
General Medical Sciences
(www.gluegrant.org).



Hierarchical approach to model the dynamics of
genetic networks by doing reverse engineering

Need of gene expression preprocessing by
clustering genes into profiles

Difficulties of typical statistical methods in
detecting significant changes between treated and
control gene profiles

Revisit the reverse engineering approach by
using data mining tools
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expression

A<B
B<&AorC
C< (AandB)or(Band C) (Aand C)




Time t+1
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B<&AorC
C< (AandB)or(Band C) (Aand C)




t0 t1

f—

0011 -> A1 —,_
s _ I 1 A(t1) = A(t0) OR B(t0)

1100 -> A2 ]
oo 011

0101->81 _| L
I B(t1) = NOT B(t0) L

L I T 101

1010 -> B2 | | |
—

L Static LJL Dynamic

clustering models

Not

Not B(t0) = B(t1) A(t0) Or B(t0) = A(t1)
0|1 0 0]0
1]0 0 1[1
0l1 1 0|1

The relationship between B(t0) and B(t1) can be captured by grouping B1 and B2 as a negative correlation.
However, relationships among A(t0), B(t0) and A(t1) could not be determined in the same way because they are
derived from a temporal behavior.
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Preprocess gene expression by clustering
genes into prototypes

Build Boolean circuits based on prototypes

Recognize differential patterns between
experiments and control

Interpret differences

Select interesting genes

Go deen info continiioiie modelina
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TOTAL VARIABILITY: Biological Variability
(main interest) + Systematic Variability
(technical) + Random Variability

The statistical methods for microarray data
analysis try to extract the biological variability
and set aside the systematic and random
variability.



SCALING: conversion of fluorescence values to numeric values in an
established rank. We use Li-Wong scaling model in the whole analysis
process.

NORMALIZATION: The process of removing systematic variability
(detection of outliers).

FILTERING: preliminary elimination of genes that show no expression
change at all between treatment and control.

DIFFERENTIAL ANALYSIS: Select a set of genes that are differentially
expressed from treatment to control (show biological variability). This
analysis will be performed over treatment / control and also over time. Since
we work with data over time series, it is interesting to notice the behaviour of
a gene over time. Accordingly we will analyse the data over both treatment
and time.

fremmenl- B fremmenl- B




DIFFERENTIAL
METHOD SCALING NORMALIZING FILTERING ANALYSIS

Multiple test,
permutation
false discovery
rate

L-Wong Li-Woang Yes/No

ANOVA Li-Wong Anova Anova




METHOD Number of Genes selected

Li-Wong filter
Li-Wong t-te st with time-blocks

SAM ovar all genes FDR D.7T98%

SAM over Li-Wong filter default

values FDR 0,608%
SAM over a broad Li-Wong filter
FDR 1,80%
ANOVA over treatment
(p = 0.0€) 10206 eliminated by clustening, 2895 left

AMOVA over time 4588, 2362 eliminatad by clustering, 1226
(p=0.08) |left

ANOVA over time [ treatment 6070, 33355 ellminated by clustering. 2713
p = (.05 |eft
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Percentage over the
METHOD Number of Ganes initial amount of
salected genes of sach

method

LI- Wnng + fllter 355 um 2501%

Li-Wong t-tast n with time-blocks AT .1". ) 34 14°%

SAM over all genes FDR D, 738% 366 {19,?3’"‘& D) 13, 24%

SAM over Li-Wong filter default o .
values FDR 0,B08% 158 (8,60% ") 34 34%

SAM over a broad Li-Wong filter = R
FOR 1.60% 392 (21.19% ") _ 1AT9%
ANOVA over treatment l
(p = 0.05) 1800 {i"l 7% ) 11 47% =

AND'JA aver time ‘1III5 B 32% ) ""'--i-i--gﬁ'ﬁ

ANOVA over time [ treatment 1196 (64,60 ¥) . .
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Clustering Visualization and Decision
Making

Dependent Longitudinal Data: Repeated
Measures ANOVA

Data Interactions: Relationship Between
Gene Expression Changes and Other
Features

Profile Search by Using Similarity to

Pratatvvnac
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sample members are measured on several
occasions or trials

each trial represents the measurement of the
same characteristic under a different condition

sample members are measured on several
occasions, or trials

each trial represents the measurement of a
different characteristic



Gene Ontology (Molecular functions
and biological processes)

Binding sites and CIS-features
Physical locations

Maps of biological pathways
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Preprocess gene expression by clustering
genes into prototypes

Build Boolean circuits based on prototypes

Recognize differential patterns between
experiments and control

Interpret differences

Select interesting genes
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GPS, for Gene Promoter Scan
HPAM, for Hybrid Promoter Analysis M ethodology

GENIE, for Gene Expression Networks |terative
Explorer

MIA, for Microarray Integrated Analysis

http://gps-tools.wustl.edu.
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