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Measuring DNA-protein interactions

» Gel retardation
« Spectroscopic methods
* Footprinting
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Global methods

 DNA chips
« ChIP - Chip
* proteomics
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Détection de changements d’expression genique au
cours du developpement

 |Immobiliser une sonde sur
un support solide
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Principe des puces a ADN

reverse
transcription
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Puces a ADN par synthese in situ
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|dentification des sites de liaison de regulateurs par ChlP
(Chromatin Immuno-Precipitation)
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Regulator Tag
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106 strains, each Chromatin IP to enrich Microarray to identify
with a tagged promoters bound promoters bound
regulator by regulator in vivo by regulator in vivo
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P-value 0.05

35,365 interactions

P-value 0.01
12,040 interactions

P-value 0.005
8,190 interactions

P-value 0.001
3,985 interactions
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Variations sur I'analyse du transcriptome

. . . . A Binding site
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Variations sur I'analyse du transcriptome

« Utilisation de données d’expression pour
determiner I'ordre d’'assemblage d’'un complexe
macromoleculaire

|l y a une forte corrélation entre lI'ordre
temporelle d’expression des genes et I'ordre
d’'assemblage du complexe
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Assembly of the flagellar motor

Class 1 fIhDC
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Temporal pattern of gene expression correlates with

order of assembly
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Temporal pattern of gene expression
correlates with order of assembly
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Analyse fonctionnel systematique

 Exemple de la levure

» Déléter systematiquement tous les genes
0 Mesurer I'effet sur la transcription

0 Mesurer un parametre fonctionnel
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La délétion du gene introduit également une étiquette unique

B-U1— B-D2-comp—»

+—B-U2-comp +—B-D1
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Mesure de I'expression et d’'un phénotype

o0 Délétion systématique
de génes

[] Mesure de
I’expression génique
par puces a ADN

[] Mesure d’un
parametre fonctionnel
(croissance)
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Regrouper les genes qui provoguent un méme phéenotype

Increasing fitness defect
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Corrélation entre expression et phénotype

Croissance sur galactose

4 Significant fitness defect

Croissance a
haute osmolarité
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Croissance d’Escherichia coli analysee par puces a
ADN

« Diauxie glucose — A A
lactose é os|
© o2}
0.1
1 Courbe de =l
croissance |
E
S oo
0 Expression de tous = i
les génes |

d’Escherichia coli
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Croissance d’Escherichia coli analysee par puces a
ADN

+ Stress oxydatif N

120 180 240 300 360 420
Time (min)

0 Courbe de croissance

0 Expression de tous les
genes d’ Escherichia coli

 Réponse similaire a celle
de la diauxie
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Time (min)
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Reproductibilité de la mesure

« Comparaison de

la culture en 10

diauxie et en 1
stress oxydant
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Regroupement des genes possedant un pattern

d’expression similaire

[] La biosynthése de
seulement quelques
acides aminés est

activée pendant l'arrét
de la croissance
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L’'expression de I'appareil de traduction est fortement
diminue€e a l'arrét de la croissance

Diauxie Stress oxydant

OD 600nm
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Time (min)
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Protéomique

« Séparation des
protéines sur un gel
2D

* |dentification des
spots par MALDI-
TOF MS

Gel 2D d’Escherichia
coli
Croissance en LB
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Expression différentielle mesurée par la protéomique

« Modification de I'expression de protéines chez Escherichia coli en
fonction du milieu de culture

Milieu minimal Milieu riche
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Dynamical measurements

* Reporter genes
—population measurements
—single-cell measurements
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Experimental validation of model predictions

[] Experimental validation of model predictions requires real-time
monitoring of gene expression

E. coli
Chromosome

/\'

~

Global
regulator

0 The expression
of the reporter
gene reflects
the expression
of the target
gene.
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Host protein and reporter genes

* Expression of the host protein

rens
y m(t) a
) Kp KONAR
T T ——— ' p(t)
_ fis mRNA
fis P fis N

Ym + Jui Vo ke :”*l

« Expression of gfp
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Host protein and reporter genes

« Expression of luciferase
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Acquisition and treatment of raw data

[] Data acquisition with automated microplate reader

o About 100 data points over an interval of 10 hours
afp luciferase
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[l Treatment of raw data
0 Qutlier detection, spline fitting, background substraction

de Jong et al, BMC Systems Biology, 2010
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Confidence intervals

[] Calculate the confidence intervals of the corrected data

0 Bootstrap method

gfp luciferase
i // - - _—f'/\‘; i yd \\\"‘—
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Concentration of the reporter proteins

[] Compute derived quantities
0 Reporter concentrations and synthesis rates

0 Relative units _
afp luciferase

-
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Concentration of the reporter proteins

[] Compute derived quantities

0 Reporter concentrations and synthesis rates

0 Relative units

gfp

Synthesis rates

luciferase
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Concentration of the host protein

Comparison between the predicted and measured
concentration of the host protein

afp luciferase
"""""" | UNIVERSITE
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Concentration of the mRNA

Predicted and measured concentration of the mRNA of
the host protein and reporter genes

T SR ED . — i

afp luciferase
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Influence of the half-life of MRNA

Taking into account the differences in the half-lives of the
MRNAs of the reporter and host proteins has little influence
on the profile of the mRNAs

afp luciferase

7
o
B

green: host protein blue: gfp or luciferase
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Robustness of the synthesis rate

The profile of mMRNA expression changes very little when
the half-life of the host protein mRNA is varied by a
factor of 16

afp luciferase
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Influence of the protein half-life

* More pronounced influence

10 10"
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Morm. GFP concentration
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Correction for half-lives of reporter and host protein

The calculated concentration of the host protein is corrected
for the differences in half-lives of reporter gene and host
protein

luciferase

green: host protein blue: gfp or luciferase
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Analysis of reporter gene expression data

[] Wellreader: Matlab program for analysis of reporter gene

expression data

File Edit Operations Help
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Transition from growth on glucose to acetate

[] Serial dilution assures steady state at the beginning of the
experiment

log (pop. size)
4

v
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Fis

[] Protein concentration at growth transition

Relative units
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Crp

[] Protein concentration at growth transition

Relative units
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TopA

[] Protein concentration at growth transition

Relative units
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- 2500
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GyrA

[] Protein concentration at growth transition

Relative units
15000
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4000

Slow
increase to
new steady
State
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rmrnB

[] Protein concentration at growth transition

Rapid
decrease to
new steady
State

Relative units
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EXxpress
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Comparison with model predictions
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Single cell imaging of fusion proteins

B Top view

e Measure fluorescence of
fusion proteins

A Chromosomal YFP-protein fusion library Stagescan  oide view
i PDMS

r . Bacteria
Chromosome YEP | | cam E 25| ~Dam,
l Strain n-1 -

. Strain n - -

Protein Q Strain n+1 =

Coverslip 5

Objective lens
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The number of proteins is gamma distributed

« Examples of protein
distributions

&1 e—x/ b

p(x) = (@)

0-
0 200 400 600 800
Protein copy number

Probability

ﬂ_
0 500 1000 1500 2000

: 0 2 4 6 8 10
Protein copy number Protein copy number

........
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Essential proteins are more abundant

 Many proteins A 250-
are present in 200 [ Al

low abundance : ; Bl Essential

10" 1 10 102 10° 10*
Mean protein humber

........ L
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Noise of protein expression

: 2
* Noise W, =

parameter a

proportional to protein
abundance for
N < 10 proteins per
cell. This indicates

INtrinsic noise

o,/
* Is equal to the gamma

0

Protein noise (c,7/11,°)
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Fluctuations in protein levels are slow

The extrinsic noise of highly expressed proteins is
correlated. Therefore global factors (cellular
component, such as ribosomes, etc.)
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Measuring RNA molecules by FISH

. target yfp RNA fuorophors

m Oligodeoxynucleotide

yip mRNA
with Atto 594 probe
580 nm ex.

YFP fluorescence
514 nm ex.
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General correlation between mRNA and
protein concentrations and random noise

C Mean mRNA number by FISH
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No correlation between mRNA and protein
level in a single cell

A 8 a B 100
5 i g 75 ]
= %
o i Q 50
O = [§]
(@) [ o 25
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Regulation of competence

CIpP | ClpC.
“MecA

AbrB

CodY

Rok DegU =———— DegU-P

Deg$S Elowitz (2006), Nature 440, 545-550
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Simplified MeKS model

* Focus on the essential system components

g (ciop e
\ ClpP [ CIpC
'*-.MecA
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JOSEPH FOURIER

57



P and P___ activities are highly correlated

comG

« comG@G is a target of
ComK

« comKis a target of
ComK, but many
other genes regulate §
comK

. |f the activities of PCom
and P___ are

correlated, the other
influences on comK
are less important

K

yfp fluorescence (a.u.)
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200 1

100 1
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Time (h)
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r 50

cfp fluorescence (a.u.)
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Activities of the comG and comS promoters

* Negative correlation between comG and comS
activities confirms the “simple” MeKS model
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Model of the MeKS system

Auto- Competitive
activation Inhibition

dk_ . bk K

dt K 4+KT 14+K+S
dS b S

— ) p | g(t)
dt 1+ (K/k)" 1+K+S

Inhibition noise
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Analysis of the dynamical system

* Phase plane diagram for ComK and ComS
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Simulation of ComK and ComS trajectories

« Excursion triggered by noise

 Anticorrelation betweenComK and ComS
b

Protein levels (a.u.)

oooooooo

' UNIVERSITE
JOSEPH FOURIER

CIENCES. TECHNOLOGIE. MEDECINE

62



Dynamics of system functioning

« After a transient excursion, the fast, positive
feedback loop of ComK on itself leads to
competence

 On a slower timescale, this initiates the ComS
mediated negative feedback loop

* Reduction in ComS concentration eventually shuts
the system back “off” through increased ComK
degradation
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Locking the system into competence mode

* Modify a connection to keep ComS during

competence a 0
Y @l&%ﬁ RMECA

CCC
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The modified system can not escape from competence
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Le regulon SOS (version un peu plus complete)

 Les dommages a 'ADN
induisent I'opéron

Cona

MMC —»

 Leréseau comprend des
boucles de rétroaction

<gsDNA>
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Reconstruction du réseau de regulation a partir de
données d’expression

* Mesurer la concentration dARNm des 9 principaux
composants du réseau de regulation

» Perturber le réseau : surexpression d'un des neuf
genes
« Mesurer le nouvel état stationnaire du systeme

« Simplifier les interactions entre genes a des
Interactions linéaires

« Trouver le jeu de parametres qui decrit le mieux
les changements observes
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La reconstruction des interactions dans un réseau de régulation
est tres sensible aux erreurs experimentales

A
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Prediction de I'effet d'une double perturbation

 Les genes recA et lexA sont

R , 4 mesure ;C
surexprimes simultanément B c 3l ¥
Q
. .. . N2 2\ .
« Le réseau d’interaction est E NS | B i]
utilisé pour prédire le 525 u
Z W
changement d’expression des -1 — — == -
\ s )
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25:B
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Déterminer les parametres cinetiques d'un reseau
d’interactions connu

« Approche expérimentale

compatison to parametrized

E coli with high-resolution kinetic promoter activity vs. trial function
GFP reporter plasmid experiments on parallel time
reporter strains A )
o= = J
=) * X\=p”
cooOD L K + A
J. ; Ll l ]
L
t
promoter  GFP
active regulator @
concentration
network of known
A structure effective |%A(,)
| _ param eters l
J l ‘ | ky [ & [ k| K,
Bi| & B,
P T e R = o= e s
xI x2 x3 x4 xI  x2 x3 xd
"""""" | UNIVERSITE Ronen et al. (2002) 0
*!9&%59&% ‘l INRIA PNAS 99, 10555 /




L’utilisation d’'un gene rapporteur permet de mesurer
une serie temporelle avec une bonne precision

« Mesure de la fluorescence
tous les minutes pour tous
les genes

L activité du promoteur est
la dérivé de la courbe de
fluorescence

a
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Le fitting permet de deduire les parametres

Table 1. The effective kinetic parameters for the SOS system (+SD)

Gene k B E Function
UVrA 0.09 = 0.04 2,800 = 300 0.14 Nucleotide excision repair
lexA 0.15 + 0.08 2,200 = 100 0.10 Transcriptional repressor
recA 0.16 = 0.07 3,300 = 200 0.12 Mediates LexA autocleavage,
blocks replication forks
umuD 0.19 = 0.1 330 = 30 0.21 Mutagenesis repair
polB 0.35 = 0.15 70 = 10 0.31 Trans-lesion DNA synthesis,
replication fork recovery
ruvA 0.37 = 0.1 302 0.22 Double-strand break repair
uvrD 0.65 = 0.3 170 = 20 0.20 Nucleotide excision repair,
recombinational repair
uvrY 0.51 = 0.25 300 = 200 0.45 SOS operon of unknown function,
additional roles in
two-component signaling
lacZ — — 1.53 Unrelated to SOS system

E is the mean error for the promoter activity prediction (see Methods).
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Les parametres predisent correctement le

comportement du systeme
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Bacterial chemotaxis
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Basic chemotaxis regulation network
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Robustness In bacterial chemotaxis
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Robustness In bacterial chemotaxis
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Robustness of adaptation precision

Protein Fold Strain Steady-state | Adaptation | Precision of
varied expression | background tumbling time (min) adaptation
frequency (s?)
Wild type 1.0 Wild type 0.44 +0.03 10+1 0.98 + 0.05
CheB* 0.4 +01 AcheB 0.66 + 0.05 71 0.98 +0.12
CheB* 12 +3 AcheB 0.14 £+ 0.02 15+1 1.09 +0.11
CheBc ~1 AcheB 0.74 6 0.06 9+2 0.90 +0.13
CheY 0.2+0.1 AcheY,Z 0.24 £0.04 11 +3 1.04 =+ 0.08
CheZ 0 AcheZ 1.6 +0.1 10+2 1.1 +0.14
Tar, Tap, ,
CheR.BY.Z 5+2 Wild type 0.30+£0.06 3+1 1.04 £+ 0.07
°°°°°°° | Alon et al.

UNIVERSITE
JOSEPH FOURIER

RH

EEEEEEEEE

Nature (1999) 397, 168




Rewiring a cellular network

« Almost all network variants grow well

a
Transcription )

| RBS RBS

_| csgD I‘H crp H—I GFP ’— a . ORF o

Promoter region ORF 1 ORF 2 § §
m

103 v2_ry
. ol )+ poE) ook
rpog
ara
, 4 @D 34 malT

Promoter
=
w

nIpD(rpoS}

fecl

pheS(I}I?IfA

+]

+ + + *

INA(InG

oinAlein
.
0% 50% 100%

d hypA(fhlA)
g!nJG fecl Co
GFP

7 -

ﬁ
m
i

B Non-cloned [l Non-grower

ooooooooo

UNIVERSITE
JOSEPH FOURIER

SCIENCES. TECHNOLOGIE. MEDECINE

Isalan et al. (2008)
INRIA  Nature, 452, 840-846




80

ydwo-godi

ele—qodi
MQE%moE

ydwo-godi

|Day 4 [Day 8|[R3]

o B)wulb
suU "] W]

S (BuBu
Lew-qgy
Hu|b-ay

m:sl@@:_w wu|b

R55

suy—(Hu|b)yu|b
suy-(ou|6
suy—HHu|b
suy=4yduw

ulb
b

R50

wc_mla,._m_
T wole—-nod.

F\7OIB-Y/ 11}
N Ul dto
.hwc_mmw_t DPYA

R30

2
——
RIA

-0
->MQM|@OQIEQ_:
-abso-guu
Eoeh
T —+Adde-dJ
|un_m.wu_”|h59 5
—(u|B)yu
B ou

Cirs W’N

RO
Flask 1

[[o8)-ysdi
L 0D
m98?6543210 mO_Lm_l__me

paouanbas sauoo Jo 'ON

UNIVERSITE
JOSEPH FOURIER

* SCIENC]

New connections provide “improved” properties
repeated exposure to a particular stress
R20

« Selection of advantageous connections by
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