What is biological information? (ll)

Course 3: A logic view of information processing:

Network motifs
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Logic and function of biological networks

Information provides a language to decipher the meaning and logic of living systems

Use Computational metaphor to account for:
® Purpose & Function
® Rules & Logic

Biological processes can be usefully described as information processing: they
involve the manipulation of symbolic representations according to formal rules to

achieve a functional outcome.

This perspective shifts the focus from the specific chemical substrates (e.g., DNA,
proteins) to the logical and algorithmic principles governing the system.
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From Molecules to Function
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From Molecules to Function
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From Molecules to Function

Transcription factors (TFs) are « symbols » that provide an internal representation of the environment.
Combinatorial activity enriches this representation

In E. coli, ~300 TFs provide a 300-dimensional representation of the world to regulate ~4500 genes.

GRNs allow « predictions » of environmental changes: statistics of changes, ie. fluctuations and
persistant change etc
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Chemical signalling pathways are complex

~104 different proteins per cell
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Chemical signalling pathways are complex

Developmental Gene regulatory networks
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Chemical signalling pathways are awfully complex

Signalling pathways: from cell surface to gene regulation
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How to make sense of such complexity?

e Modular design of biochemical networks
e « Design principles » reflect evolutionary contraints
(ie. Marr's computational level: function/task)

From molecular
to modular cell biology

Leland H. Hartwell, John J. Hopfield, Stanislas Leibler and Andrew W. Murray

Cellular functions, such as signal transmission, are carried out by ‘modules’
made up of many species of interacting molecules. Understanding how
modules work has depended on combining phenomenological analysis with
molecular studies. General principles that govern the structure and
behaviour of modules may be discovered with help from synthetic sciences
such as engineering and computer science, from stronger interactions
between experiment and theory in cell biology, and from an appreciation of
evolutionary constraints.

Hartwell et al. Nature 402, 1999
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Modules are composed of many
different interacting molecules.
Modules have discrete functions that
arise from interactions among their
components (proteins, DNA, RNA
etc).

Modules may be related by shared

« design principles », even if they are
not related by genomic sequences
and genetics (evolutionary descent).
Conservation of algorithmic logic



How to make sense of such complexity?

e Modular design of biochemical networks
e ‘Design principles’ reflect evolutionary contraints

e Examples of modules from engineering:
* Positive feedback: rapid transitions
e Cell cycle transitions: G2/M or exit from mitosis

Negative feedback: homeostasis and adaptation
e Adaptation in bacterial chemotaxis and sensitivity: reset over large range of input values.

Coincidence detector: requires 2 input for response
e Transcription in eukaryotes requires multiples co-factors.

Amplifier: minimise effect of noise on signal
Parallel circuits (fail-safe): survive failures of one circuit

Hartwell et al. Nature 402, 1999

Thomas LECUIT 2025-2026




Marr's Tri-level of analysis

VISION

A Computational Investigation
into the Human Representation
and Processing of Visual Information

A framework to disentangle in complex processes:
® The purpose/function (why): computational level
® The strategy (how): algorithmic level

® The biology/physics (what): implementational level

Need to characterise the Algorithmic information

David Marr (1945-1980)

1982, Vision, David Marr
W. H. Freeman and Company

2010: MIT press (re-published)
LLEGE

FRANCE Thomas LECUIT 2025-2026
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Logic using Boolean networks

e Genes are in binary state (ON or OFF)
e Genome forms nets of genes
e Study the logic of network dynamics (attractors, cycles etc)

J. Theoret. Biol. (1969) 22, 437-467

J. theor. Biol. (2001) 211, 115-141

Metabolic Stability and Epigenesis in
doi:10.1006/jtbi.2001.2335, available online at http://www.idealibrary.com on In!%l®

Randomly Constructed Genetic Nets
S. A. KAUFFMAN J. theor. Biol. (1973) 42, 563-585
Department of Anatomy, University of California Medical School,
San Francisco, California, U.S.A.
and
Research Laboratory of Electronics, Massachusetts Institute of Technology, A Logica] Ana]ysis of the Drosophila Gap-gene System
Cambridge, Massachusetts, U.S.A.1 Boolean Formalization of Genetic Control Circuits

(Received 19 March 1968, and in revised form 8 July 1968)

"

Lucas SANCHEZ*{ AND DENIS THIEFFRY 1§
RENE THOMAS

“The world is either the effect of cause or
chance. If the latter, it is a world for all
that, that is to say, it is a regular and

beautiful . s . ..
cautiful structure Mares Aurelius et Laboratoire des systémes logiques et numériques,
Faculté des Sciences appliquées, Université libre de Bruxelles

Laboratoire de Génétique, Faculté des Sciences, *Centro de Investigaciones Bioldgicas, Velazquez 144, 28006 Madrid, Spain, and
1IBMM-ULB, B-6041 Gosselies, Belgium

Proto-organisms probably were randomly aggregated nets of chemical
reactions. The hypothesis that contemporary organisms are also randomly
constructed molecular automata is examined by modeling the gene as a . . .

binary (on-off) device and studying the behavior of large, randomly con- (Recewed 25 January 1973 4 and in r. ewsedf orm 21 June 1973)
structed nets of these binary “‘genes”. The results suggest that, if each

“gene” is directly affected by two or three other “‘genes”, then such random This paper is an attempt to formalize in Boolean terms genetic situations,

nets: behave with great order and stability; undergo behavior cycles f . 1 lik ves s d ecis-d . del
whose length predicts cell replication time as a function of the number of rom simple concepts like recessitivity and cis-dominance, to models

genes per cell; possess different modes of behavior whose number per net describing complex control circuits.

predicts ]:;)ugl;ly the numl(aier ofj cell types in :lm organism as a functli)on 0; A primary objective was to provide a language describing in a compact
its number of genes; and under the stimulus of noise are capable o : P :
differentiating directly from any mode of behavior to at most a few other and u.namblgu 9“8 way, sy.s te’}’s Wl,n‘;h become more and {nore difficult tP
modes of behavior. Cellular differentation is modeled as a Markov chain d_escrlbe as t_helr Cf)mpl_emty‘l‘s Abelng u‘{rf!‘/_e]]ed: EXPTeSSIOD of a gene is

among the modes of behavior of a genetic net. The possibility of a general
theory of metabolic behavior is suggested.

Thomas LECUIT 2025-2026 R. Milo et al and U. Alon. Science, 298: 824-827 (2002)




Network motifs

SECOND EDITION

An Infroduction to
Systems Biology

Design Principles of Biological Circuits

v
O
v

Uri Alon

@ CRC Press
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Uri Alon

Thomas LECUIT 2025-2026

Weizmann Institute, Rehovot

Ron Milo

Network Motifs: Simple Building
Blocks of Complex Networks

R. Milo," S. Shen-Orr,” S. Itzkovitz,” N. Kashtan,” D. Chklovskii,?
U. Alon™*

R. Milo et al and U. Alon. Science, 298: 824-827 (2002)



Network motifs

Recurrent themes in biological networks: Positive Feedback

e Biological networks have internal structures and motifs that distinguish them from random networks

e Number of autoregulations in a random network : A) | “real network” ® | randomized network
Arrows are distributed randomly among pairs of nodes
Probability of self-activation among N nodes with A arrows o ‘/QD\ ,)
1 4 L
pself = A7 <Nself> = Apself = — AN==11‘? nodes / \ \ N== 10 nodes
N N watH s © O R0 ek

fomi A
Tserf = Vvariance = \/(Nseiy) = V N © o

e Calculation from E.coli network:
N=424, A=514

O transcription factor

<Nself> ~ 1.2 and Oself =~ 1.1
(D autoregulation

Real network: N= 44
(~40 std compared to random network)

activation
............... repressior

— ——— activation and repression

Hernan G. Garcia and Rob Phillips, Physical genomics

M. W. Covert, Fundamentals of Systems Biology: From Synthetic Circuits to
Whole-cell Models, CRC Press, 2014.
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Network motifs

Sensory system networks
® 1-2 nodes networks:
o Simple regulation and autoregulation: response accelerator
e 3 nodes networks: Feedforward loops: Persistence detector, pulse
generator, response accelerator
® Programmes (temporal, combinatorial)
o Single input modules (SIMs)
o Feedforward circuits (multi FFLs)
o Dense overlapping regulons (DORs)

Thomas LECUIT 2025-2026




Most simple motifs/architectures

Y =3 X X X

NAR PAR

simple negative positive
activation autoregulation  autoregulation

Thomas LECUIT 2025-2026




Simple regulation

X =Y

D * Three parameters characterise the production (transcription) of Y as a function of X
Y= f(X*)= 6an * K: Activation coefficient (M unit), defines the concentration at half production of Y
+X ® 3: maximal promoter activity of Y gene
e n: Hill coefficient, reflects cooperative effects (non-linearity) in the production of Y

® Activator

Unbound activator - gene is OFF B ] X Y Step function
X binding Gene Y > n=2
site =
5 n=1
Bound activator - gene is ON ©
™) 8 PB/2. Hill function
o)
S @ @@ &
X o o
@ = @ s
N4 >
@ 4 Increased
(; ) — /" transcription
Bound Gene Y K
activator Activator concentration, X*

U. Alon. An introduction to systems biology. 2020
Thomas LECUIT 2025-2026 Design principles in biological networks (2nd edition, CRC Press)




Simple regulation

X =Y

e Dynamics of response time.

dY/dt = 6 —aY where Q¢ = Qg + Qg (1/time)
[\
dilution due degradation
to cell growth Bt,’
Vol
e At steady state: Yst — /6/04 K
’
Y() = Y, (1 — e)
W
e The response time dependson x: T;, = log(2)/« Il’
* In E. coli proteins are stable so & reflects dilution by growth
¢ Therefore the response time is the cell generation time T, = log)/a

which can be limiting in some conditions. T

(slower growth -> lower aqi; -> higher T52).

LEGE U. Alon. An introduction to systems biology. CRC Press (2020)
RANCE Thomas LECUIT 2025-2026
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Negative auto-regulation (NAR)

Simple regulation Negative autoregulation

9

®
=
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DE FRANCE
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Negatively
autoregulating ~ Additional
transcription transcription

factors regulation ~ Function

AraC Crp Arabinose utilization

ArgR Arginine biosynthesis

Crp Catabolite repression, global
regulator

CysB Cysteine biosynthesis

DsdC Regulator of D-serine
dehydratase

EmrRAB Multidrug resistance pump

ExuR Carbon utilization

Fis rRNA and tRNA operons and
DNA replication

Fnr Aerobic, anaerobic respiration,
osmotic balance

Fur Crp Iron transport

GalS GalR Galactose utilization

GevA Cleavage of glycine

GInA Crp, RpoN  Glutamine synthesis

Hns Global regulator

Thf Integration host factor, global
regulator

vy Isoleucine and valine synthesis

LexA SOS DNA repair

Lrp Leucine response, amino acid
limitation, global regulator

LysR Lysine biosynthesis

MarA Rob Multiple antibiotic resistance

ModE Molybdate transport

MtIADR Mannitol utilization

Nac RpoN Histidine utilization/nitrogen
assimilation

NadR NAD biosynthesis, other roles

NagC Crp Repressor of genes for
catabolic enzymes

OxyR Oxidative stress

PhdR Fis Activator of hca cluster, other
roles

PurR Purine biosynthesis

PutAP Nac Proline synthesis, other roles

RpiR Ribose catabolism

SoxS SoxR Superoxide stress

SrlA-D Glucitol /sorbitol utilization

TrpR Tryptophan biosynthesis

UxuABR ExuR Mannonate utilization

N. Rosenfeld, M. Elowitz and U. Alon 1 J. Mol. Biol. 323, 785-793 (2002)



Negative auto-regulation (NAR)

Features (computation): X
» Acceleration of Response time
® Robustness to promoter activity and degradation rate and growth rate

1~

e Uses a strong promoter for constitutive
activation leading to rapid activation of the
promoter. 06 -

0.8 1

* When X reaches the negative feedback
threshold, then X production slows down 04

X/ X

and finally reaches a steady state.

|

|

|

|

|

I

I

|

I

|

I

|

O |
T 1 T T T T T T T 1

o 02
* To reach the same steady state, in simple
regulation, the promoter must be weaker.
0 05 15 2 25 3 35 4 45 5
Cell generations
COLLEGE U. Alon Nature Genetics 8,450-461 (2007)
DE FRANCE Thomas LECUIT 2025-2026
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Negative auto-regulation (NAR)

* Acceleration of Response time

X _ f(x)—ax fX)=

dt — Kn—l—Xn

* Logic approximation (step function):
dX

BK" Qf)
{1

Simple regulation

Negative autoregulation

? B¢

When X <K, f(X)=p80(X <K) so — =(-aX

dr

At early times, we can neglect degradation (or dilution due to growth) aX <« (3

X(t) ~ Ot o

When X = K, X reaches self-repression threshold,
production is zero and the steady state value of X is

set by K (repression coefficient)
Response time in NAR is short and set by

promoter strength: T'* = K23

K

NAR
T1 /2 - 1 5 simple

K : concentration at which X represses at 50%

NAR st: K

Xst

simple regulation

Xy= K= ﬁsimple / Qsimple

-
-
-
-
-
.
-
.
.
-’
’
R
’

Xst/2 Fp---------3

Rad

For same steady state value X;, 12 —
Ty 2log(2) B

b
)

LL
FRANC
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NAR simple time
T2 T2

K23 log(2)/tgmpie
U. Alon. An introduction to systems biology. CRC Press (2020)

time



Positive and Negative auto-regulations

e Acceleration of Response time

e Overshoot near X= K if delays, repression reduces X to below K, X is induced again etc (~oscillations)

* Experimental test:

TetR::GFP autoregulation by
negative feedback

A. Simple transcription unit (open loop) SR "
Repressor ><m
(TetR) N
Inducer > |
(aTc) | [
|
[
[
gfp )
|
R |
B. Negative autoregulatory circuit :
|
0 f T T T T T \
e — 0 021 05 1 1.5 2 2.5 3

Cell generations

TetR-gfp (protein fusion)

U. Alon Nature Genetics 8,450-461 (2007)

Thomas LECUIT 2025-2026 N. Rosenfeld, M. Elowitz and U. Alon 1J. Mol. Biol. 323, 785-793 (2002)




Negative auto-regulation (NAR)

dX

» Acceleration of Response time g = f(X)—aX

e Simple regulation (SR):
o Rate plot identifies a unique fixed point
o the rate of approach to steady state is set by (§ — aX
* More general case where fis any decreasing function of X

* NAR: whatever the shape of f, there is a unique fixed point and the rate of approach is greater than in SR

rates
rates

Dist - Speed of \
stance = change in X c?irs(::;ire
faster Production
diX — — CYX ' dX — f(X) . OJX response (simple rlegulation)
dt ' Production = 8 dt
Production
(negative
_ X autoregulation)
X, >0 X
COLLEGE U. Alon. An introduction to systems biology. CRC Press (2020)
DE FRANCE Thomas LECUIT 2025-2026
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Negative auto-regulation (NAR)

® Robustness to production rate and degradation & dilution/growth rate

dx

* For simple regulation SR, great sensitivity to promoter strength ( (3 ) since steady state value is 3/«
(Moreover the metabolic activity in E. coli has strong impact on promoter strength 3 )

¢ In Negative autoregulation (NAR), the steady state value only depends on K (eg. Binding strength of
X to its own promoter). K which is robust to environmental perturbations/growth rate.

* In SR, the degradation rate and/or dilution rate (ie. growth rate) have a strong impact on the steady state value of X.
e Butin NAR, if the negative feedback is non linear, degradation has a more limited impact on the steady state value.
® The greater the non linearity the greater the robustness to degradation/dilution/growth.

rates /Ce” 1 Ce” 2 rates .
P /
’ )/
I/ » cell3 /
/ s L ’
-
7 7 Prg
’, ol E—_——— PR
4 7 | / | e
/ , Ny 4=
2 L
7z \ \ A Lo
[ [
. . . \_’Y\/
LEGE large variation in x,, small variation in x,,
RANCE Thomas LECUIT 2025-2026

U. Alon. An introduction to systems biology. CRC Press (2020)




Negative auto-regulation (NAR)

® Robustness to production rate and degradation & dilution/growth rate

F o2 . . 5 . . 5 2/ T T . .
s [ ;/Y(]w— e T ] sl ] e Growth rate is dependent on the environment
c & 3 O,Q/O/O/O_ SE
s 1+ - 8 1 o= - - . . . .
= ool 1 s i FF (eg. nutrients) and temperature: doubling time
§ % s % s B % can vary from 20 min to several hours.
growth rate [dbl/hr] growth rate [dbl/hr] growth rate [dbl/hr] ..
D E F e Cellular parameters are sensitive to growth rate.
60- 2 T T T %-—-4 T I T I T - 4 T ‘ T ‘ T
§ 151 1 5% Z 3 3 . : : :
5 1 o000 Zg2F 4 3o /— e Simple repression and negative auto regulation (NAR)
S o051 4 Zs & 1+ — . . .
Y TS ) 15/ A (S P S ST S are differently sensitive to changes in growth rate.
growth rate [dbl/hr] growth rate [dbl/hr] growth rate [dbl/hr] PY NAR iS I’ObUSt tO grOWth rate Changes (dilut|0n and
A 5 transcription rate) -
4 2 T T T T | T | T
3 1 & 1 -
§ 2~ T § 1= o—0—0—0—0 4 ‘g
g S , 5 1000} 2
0 | L | L 0 ' 1 L 1 L cl-Te g
’ grow11h rate [dzbl/hr] ’ ° grow1th rate [di)l/hr] ’ EEE:}:E;@;EIEE TetR #ILaCZ E.
¢ D [ ] EOGQ.SOngIm: cl-Te 8 100 = —
2 R 2 cass ongmire. Tetw LacZ N —a s
3 [ 1 & ] A )
s £ - &
R I I ot o T, i
a i g 1 | 1 | 1
: ‘ g 2
growth rate [dbl/hr] growth rate [dbl/hr] growth rate [dehl’]

Thomas LECUIT 2025-2026 S. Klumpp et al and T. Hwa Cell 139, 13661375 (2009)




Positive auto-regulation (PAR)

PAR slows the response time because at early stages,

when levels of X are low, production is slow.

Production increases when X concentration approaches the
X activation threshold for its own promoter.

0.8 Q

0.6

X

0.2

X/ X

T T T T T

1.5 2 2.5 3 35 4 4.5 5
Cell generations

—

®y COLLEGE
¥, DE FRANCE Thomas LECUIT 2025-2026
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Network motifs

Sensory system networks

e 3 nodes networks: Feedforward loops: Persistence detector, pulse
generator, response accelerator

Thomas LECUIT 2025-2026




Network motifs

3-node connected subgraphs

/ \ / NVANYIRY A

cascade mutual mutual bi-mutual
out in out in

NATADIAAAAA

Y 2 |ati lated | i l
Foedormard Looo Feedback Loop regulating regulated mutua semi clique

(FFL) (FBL) mutual mutual cascade clique

Thomas LECUIT 2025-2026 U. Alon. An introduction to systems biology. CRC Press (2020)




Network motifs

Overrepresentation of FFL subgraphs: feedforward loops.

e Randomised networks:

The mean number of feedforward loops
<Nrrr> is equal to the mean connectivity 4
(mean number of arrows per node, 1 = A/N)
raised to the third power:

<Nrgp> = /13

A arrows and N nodes (Ngpp )rang = A° ~ 1.7
A =500/400 ~ 1.2

e Biological networks (E. coli ): 42 FFL motifs, O FBL

with same mean connectivity A = 1.2

® nodesin FFL

Thomas LECUIT 2025-2026 ) . .
U. Alon. An introduction to systems biology. CRC Press (2020)




Feedfoward (FFL) motifs

* Arrows may represent activation or repression
e Direct and indirect branches in subgraph
® The 2 branches may be synergistic (coherent) or antagonistic (incoherent)

50%
COHERENT FEED-FORWARD LOOP

45% == yeast
coherent | coherent coherent coherent . == E. coli
type 1 type 2 type 3 type 4 o 40%
O
X X X X §35%
v 1 v il S 30%
Y Y Y Y 9
25%
v \ 1 il 5
z YA Z Z S 20%
S 15%
& 109
INCOHERENT FEED-FORWARD LOOP 10%
incoherent |incoherent incoherent incoherent 5% ‘ L
type 1 type 2 type 3 type 4 0% ‘ I
X X coherent incoherent
v | { 1 1 2 3 4 1 2 3 4
X X X X X X X X
Y Y Y Y
| | f f ILIv L [y [L]v]L
Y Y |Y Y Y Y |Y Y
‘ ? ’ ‘ ARAF R AR
z VA z z Z z Z z

Thomas LECUIT 2025-2026 U. Alon. An introduction to systems biology. CRC Press (2020)

Hernan G. Garcia and Rob Phillips, Physical genomics



Coherent type 1

FFL

Sy

ra
Nl

J

e Xand Y are activated by stimuli Sx and Syto yield X* and Y*.
® Let's consider an AND gate to control activation of Z by X and Y:

|
Z gene

Zis transcribed if X AND Y are present above the activation thresholds Kxz and Ky

Sx

rad

— X
h-rSY
Y
v
ND
V4

@

Sx
<
Kxy
- @
Gene X Gene Y

Thomas LECUIT 2025-2026

Kyz Gene Z

Sy

U. Alon. An introduction to systems biology. CRC Press (2020)
Hernan G. Garcia and Rob Phillips, Physical genomics



Coherent type 1 FFL

® Mathematical formulation of C1-FFL dynamics: Sx
e ON Step function of Sx which activates X instantaneously. ON Step

dy
S T =B > Ky ) —ayY = By —ayY

Kl
df = (,0(X*>Ky,)0(Y*>K,,)—a,Z (AND gate)

‘.f'
X |

d |
* z |
Y e Simple induction of Y by X: /

Ton'!
* YX’ — Y;t (1 _ e—Oéyt) « > -~
AND * Simple induction of Z by Y shows a delay:
e Z induction requires that Y accumulates to pass the activation threshold Kyz
2 * We can calculate the delay Toy until Y= Kyz: Sx OFF Step

Y*(Ton) =Y, (01— e rToN) = Ky,

1
T = — 10 _ 0.0 0.2 0.4 0.6 08 1.0
ON ay g [ 1— KYZ/Y Kyz/Yst

e Delay Ton can evolve independently as a function of oy and Kyz

® OFF Step of Sx : there is no delay in downregulation of Y and Z.
Thomas LECUIT 2025-2026

[
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Coherent type 1 FFL

e Computation/Function:
e The C1-FFL with AND gate is a persistence detector and an asymmetric filter.

e Ashort pulse of Sx or X, ie. shorter than the delay Ton, does not induce Z (because Y is below the activation threshold Kxy)
* Only a sufficiently persistent signal will activate Z.

® Therefore the C1-FFL works as an asymmetric filter, so that only meaningful inputs cause a response.

* Bacteria are exposed to a fluctuating environment. Cells respond to long enough changes in nutrient concentrations.
e The delay Tow is an internal representation of environmental fluctuations that help the system make good predictions.

Input S
o
o o
w
s
=

U. Alon Nature Genetics 8, 450-461 (2007)



Coherent type 1 FFL

® The C1-FFL with AND gate is a persistence detector

® Experimental test:

. . . b Arabinose system Lac system ON step of S, OFF step of Sy
® The Arabinose system: arabinose is

0.5+

an energetically unfavourable ST CAMP ST CAMP © arabAb
. CRP CRP 04+ i
nutrient compared to glucose. 5, ambinos el 08
e Activation of enzymes to digest AraC 0 Lacl g o 03 o 06
: . N S
arabinose requires the double \ : 1 : ol B
. AND ' AND ' ' 047
detection of absence of glucose : :
' ' 0.1+ J
(presence of cAMP :X) AND the Z=GIOBAD) - - - = « Z-leeZvi - ' _ o2
presence of arabinose (V). 0 TRoge=——, ‘ 01— ‘ ‘ ‘
C1-FFL Control 10 20 0 40 10 20 30 40
Time (min) Time (min)
e Experiments show a delay of ~20min for the flagella gene-regulation network
. . ON step of Sy OFF step of Sy
induction (ON step). No delay for the OFF step. I 1
s 0.9 09 O FliA present
X 05 9 B FliA deleted
FIhDC
. . . . 74 0.8
e C1-FFL with OR gate is also an asymmetric filter. (J,rsv o
FliA 5 5 077
The removal of Sx causes a delayed response. | N 05 S
M . 04+ .
* In the simple regulation, there are no delay. W 03 o5l
* |t protects against transient loss in input signal AMNOPOR Z? 04
0 T T T T T 1 03 T T T T T T T 1
40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

4y COLLEGE Time (min Time (min
DE FRANCE Thomas LECUIT 2025-2026 Molecular Systems Biology (2005) doi: 10.1038/m(sb21100010 U. Alon Nature Genetics 8, 450(-461 (2007)
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Incoherent type 1 FFL

e Computation/Function: a pulse generator and response accelerator

o

® The two arms are in opposition

— < = X

Thomas LECUIT 2025-2026




Incoherent type 1 FFL

e Computation/Function: a pulse generator and response accelerator

e This motif can use a strong activation rd
dynamics of Z by X with a strong
promoter/synthesis rate.

® Yis also induced (at a slower rate).
When Y passes the activation threshold,
it represses Z to a steady state.

e This results in a pulse of expression of Z.

N
— < = X

. -1 —(‘)AS 0 0.5 1 1.5 2 25
® The shape of the pulse depends on tuning Time

of the activation threshold of Y (Kxy) and
activation strength of Z by X/Sx (52)

Thomas LECUIT 2025-2026




Incoherent type 1 FFL

e Computation/Function: a pulse generator and response accelerator

® Response acceleration: 2
e Rapid initial activation of Z by X that is later s
. galE-WT
turned off by a delayed repression by Y. CRP 15
. . l
e Simple regulation is slower to reach same steady *{gaamse )
state. J_ NI [ S, =
b
. -FFL @ o5l I galE-mut
galETK :
Nﬁ L e 72t 0 } T T
N 0 1 2 3

05 L - @ _ Time (cell generations)

l l . X X
‘ : L4 EXperImental teStZ |:¢ X | TCF, AP-1 Jii—l
0 + T ' T T T - ; ; | . ;1 :T_LBFZ/S ATF3
o o5 ! 15 2 25 3 35 + ® The galactose system: galactose is an 22 e
T] T] Ti . AND AND || AND
B (Siple regulation) e energetically unfavourable carbon source ?’

Z,

25
125
0 120 240 360 480 0 120 240 360 480

Wy COLLEGE i i 20 %
y COLLEGE o asLECUIT 2025.2026 galactose is present, enzymes are available. e i) e (i)
I. Amit et al, and Y. Yarden. Nature Genetics, 39:503-512 (2007)

N

Normalized expression
.S nN
o (%] (S
~
N
N

e The absence of glucose (presence of cAMP)
AND of galactose are detected to induce

Normalized expression

enzymes to metabolise galactose. When

1530




Network motifs

Sensory system networks

® Programmes (temporal, combinatorial)
o Single input modules (SIMs)
o Feedforward circuits (multi FFLs)
o Dense overlapping regulons (DORs)

Thomas LECUIT 2025-2026



Single input module (SIM): temporal programme

e Computation/Function: coordinated expression of different genes with shared function

e All genes are regulated by common
«master » regulator X
e X is often autoregulatory.

Thomas LECUIT 2025-2026




Single input module (SIM): temporal programme

e Computation/Function: coordinated expression of different genes with shared function

)

X

N
N

~
N

n

>
X activity

o o o

N Ov o o

1 1 1 1

o
N
1

* Independent tuning of delay times (eg. activation thresholds) for different
target genes Z; (eg. promoter sequences) allow sequential expression of
target genes in response to rising input X.

\ Z, threshold
\ Z,threshold e |f X is itself a pulse (eg. as output

whold of I1-FFL) then target genes have
' a specific temporal programme.

o

oo o
N ON OO
| I I S|

Z activity

o
[N}
1

T I I |

i e The Last IN is the First OUT (LIFO)

o
o

4y COLLEGE
~ ¥ DE FRANCE Thomas LECUIT 2025-2026
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Single input module (SIM): temporal programme

Q bom e, e Other feedbacks: The final product of the
pathway is often the input signal for the
top transcription factor X.

e Arginine pathway: the temporal order of
the genes corresponds to the order of the

So > (8) > S1 — (&) - S — (&) — S reactions in the pathway.

____________________________________

Aianoe Jajowold pazijewloN

ithi
CarbamOYl -P 0 20 40 60 80 100
@D Time (min)

| Aspartate | Citrulline

0 20 40 60 80 100
Time (min)

I A
0.1 05 1 0 20 40 60 80 100

Normalized promoter activity Time (min)

argCBH argD argE argF argl

U. Alon. An introduction to systems biology. CRC Press (2020)

OLLEGE
E FRANCE Thomas LECUIT 2025-2026 Zaslaver, A. et al. Nature Genetics, 36(5):486—491 (2004)
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Feedfoward circuits

Pp NP> O DD D

PP DPPp PP PD

4-node connected subgraphs %Q%\ >0 DDDD

OROAR RV R

® 199 possible networks \D/D\>/®$\0>/>h%$ﬂ&ﬁkﬁg

® Only 2 are prominent %%%%%@%@%%%@

X POSOPDBODOD T

N | R Rt

£y<l Y N A A S

N LN $RP e PO OO e

’ cy ) PO OL PO

Bi-Fan Two outputs FFL @@@@@@%@@@%@

PO PPPLOS O

PLLOCODLYLYVOP

RCRIROR IR A A ok

o [éé}; n. An introduction to systems biology. CRC Press (2020) @@@@@@@@@%@@
LAN_CE Thomas LECUIT 2025-2026 @@@@%%@




Two-output coherent FFL

First IN First OUT (FIFO) logic

* OR gates: the activation order of X
Zy and Z; depends on the
respective activation thresholds Kxy
Ky and Kz by X. K1 v Ko
e Conversely, down regulation
order depends on respective , ,
activation thresholds K’y and K’ Kt K2
by Y. @ @
K1 <Ko
z K1> K2 2

Thomas LECUIT 2025-2026




Multi-output FFL

®|ncreased viscosity of the environment is associated with a switch to swarm behaviour
—Induction of flagellar genes and increase in number of flagella per cell
Flagella cover the entire cell (peritrichous flagella)
Peritrichous flagella bundle together when they rotate to increase the effective flagellar
stiffness and make force generation more efficient in viscous liquids

(A) cap FliD

Swimming

Swarming

FliC  filament
hook FIgE

Flagellum

Flagellum outer bushing [
membrane

Kearns DB (2010) Nat Rev Microbiol 8(9): 634—644. (2010)

MotB
MotA stator

inner .
membrane \ FIiF
rotor \ FliG
FliM,N FIhA,B FIliH,1,0,PRQ,R
transport apparatus

|
Thomas LECUIT 2025-2026 45 nm




Multi-output coherent FFL

X
. . . . . . s
e Hierarchical organisation of activation thresholds K; and K’;
s .
e K;and K’; are in reverse order
Y FlhA FIiG FLE
1 1
FIhB FliM FliJ
AnC FliO FliN FlgB
fihD 22 FliP 2% MotA 7“7~ ZZ FlgC 7ZZ 22
FhF ESSNY Fli ANNNY MOtB N AN FlgF AN FlgG ANNNY
— &7/// ﬁ) %) > /ﬁ] — sy 2
FliH
MS ring Fl;l Export Motor/ Proximal rod Distal rod
Z1 Zo eee Zm lli{lg]] apparatus switch
X dsb 7" Fig
figA & FlgH & & K

ANNN)

X = FlhDC E Z4 @) VZ4 FIgE) V724 ﬂ 24

P ring L ring Nascent hook Full-length hook

: I
Yoy
KA1 Ko Y Kn Y =FliA with cap

J P
FlgD
)
Ka 1 K ) 2 K n zza .
FlgK AN FlgL AW FliD
— Z — Z —
\J

@ m @ 1st hook-filament 2nd hook-filament Filament cap Nascent Full-length
junction zone junction zone filament filament

U. Alon. An introduction to systems biology. CRC Press (2020)
Macnab, R.M. Annual Review of Microbiology. 57(1): 77-100 (2003)

vs2. Outer membrane
ANNN)

277 Inner membrane




Bi-Fans and Dense Overlapping Regulons (DORs)

A combinatorial decision making device

e Multiple inputs (X;) control multiple outputs (Z;)
® Denser wiring than in randomised networks

e Multi-dimensional input function characterises input integration at
promoters of each output gene

Zq Zo Z3 Z4 Zm
Y, Y,
. s i
bi-fan § 8 ¥ s o £} &
T O O N < a
I § S £ &

Thomas LECUIT 2025-2026



Interlocking FFLs

Pulse generator

|1-FFL

e 3-wave temporal program of gene expression
* |1-FFL generates Z pulse: X; (eg. Starvation l_ C1-FFL 1
signal in Bacillus subtilis), triggers rapid Z; Persistence

expression, and repression with a delay (set detector
by Y; induction and activation threshold). 06
e C1-FFL generates activation of X; by X4 and x N
Y1 with a delay identical to Z; repression. 11-FFL *2 04+
It ensures that X, (and hence Z,) is not Pulse generator l_ Y, C1tFFL
- Persistency’ |

activated unless Xj, the starvation signal is
persistent enough.

* |1-FFL generates Z; pulse
e C1-FFL causes sustained activation of Zs.

® The FFLs are multi-output FFL: Z; - Z3 represent large group of downstream genes
resulting in a 3-wave program of gene expression.

* FFLs assemble into real networks that lend to easy interpretation (understandability),

while random association of FFLs do not

COLLEGE
DE FRANCE Thomas LECUIT 2025-2026
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Structure of sensory transcriptional network in E. coli

* Graph representation e Network motif as substructures

Few core motifs are repeated in Network
FFLs, SIMs, DORs and AR

o o DORs are in parallel but not in cascade
o Core motifs generate temporal programs or response to fluctuating environments
carbon utilization osmotic stress stationary phase DNA metabolism DOR drug and
DOR DOR DOR superoxide DOR
° . A
- ~
*e~ o Combinatorial ?(?E }OIC
- e° .
27 . .. computation R SIS {

o / \

(input function)

Y
| ° l
0O~ \ r -
B = iy v o | 01 % Transcription Factor
o=o=~_@_ o Y [e] o ) )
0~ NN o with autoregulation g
- A - 3
g Jox © Transcription Factor g
o ° without autoregulation

O Other gene

| legend:
!; O transcription factor (TF) 7~  global TF
&H dense overlapping regulons (DOR) ——  postive regulation
[ single input module (SIM) negative regulation
/\ coherent feedforward loop ——— dual regulation
/A incoherent feedforward loop O multi-input module
> N o single operon
4y COLLEGE

DE FRANCE Thomas LECUIT 2025-2026
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Network motifs in transcriptional sensory systems

e core property of reversible responses to environment inputs
* this is very common in Bacteria and Yeast.

1. AR: Auto-regulation — negative feedback loop
o Response accelerator and Robustness

2. FFLs: feedfoward loops
o Persistance detector (C1-FFL)
o Response accelerator (11-FFL)
o Pulse generator (11-FFL)
o temporal waves (interlocking FFLs): FIFO

3. SIMs: single input modules
o Temporal programmes (LIFO)

4. DORs: dense overlapping regulons
ThomasLECUIT 20252026 o Combinatorial control




Sensory systems in Eukaryotes

* Response to signalling pathways during development and in adults

 Eer - Cycloheximide ® The EGF signalling pathway is attenuated
S“mu(lr?fi'g)r? 0 5 1530 60120240 0 5 1530 60 120 240 following Sustained activation.
EGFR
K} v — S — e Negative feedback exerted on ERK (MAPK)
‘((RAF) v 1B o pErk activation. Requires translation (gene regulation)
(iEK) Akt STAT * Immediate early (IEG), delayed early (DEG) and
EGF stimulation (min): 0 20 40 60 120 240 480 i ;
ErdUnkp38  mTOR (min) LR late genes (LG) are activated in a wave
*- 100 .
_[> o 1 * In human tumours, transcription repressor DEGs
2 500 are often downregulated.
S 0 . .
3 e Correlation between expression of repressors and
300 1 survival of individuals.
High expression Low expression
JFI (months): 0 102030 405060 0 10 20 30 40 50 60
400 -2 1
Fraction of
individuals
- with no
§_ evidence of
1062 disease
. . = (prostate
Ido Amit et al, and Y. Yarden. Nature Genetics, 39:503-512 (2007) cancer)
4 COLLEGE
¥/ DE FRANCE Thomas LECUIT 2025-2026 03

1530
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Sensory systems in Eukaryotes

!y COLLEGE

DE FRANCE
1530

NAR

response.
acceleration

NFB on inducer FFLs

® Response to signalling pathways during development and in adults

FFLs

delayed induction

20 min peak

X
+ X | TCF
v Y | Fos
s 60
5 1
25 40 FOS
)
.=
ﬁﬁm
o

0 120 240 360 480
Time (min)

response d | d |
elayed pulse
attenuation
40-60 min peak 120 min peak
X
* X | TCF
--| x
. Y Y |AP-1
: + X | TCF v
oo v Y’ | KLF2/6 Y’ | KLF2/4
|J ATF3
| zZ |IL-8
z
s 25 s 25
s L KLF6 5L IL-8
2o 2o
8 125 85 125
S .2 S .2
oS oS
o o

Time (min)

0 120 240 360 480

0 120 240 360 480
Time (min)

240-480 min peak

" | KLF2/6

|J ATF3
2| Lo

x

TCF

<

AP-1

4_
_I

Z4 Z, | TNS4
Z3
S 25
-5 L TNS4
? L
S 2
s
o

0
0 120 240 360 480
Time (min)

T

Thomas LECUIT 2025-2026

EGF stimulation (min):

0 20 40 60 120 240 480

//

1. Amit et al, and Y. Yarden. Nature Genetics, 39:503-512 (2007)




Temporal information decoding using network motifs

e Short and long signals can have different cellular outcomes

e Use optogenetics to perturb the dynamics of Ras signalling

® Precision sensing at the single cell level: Each cell is capable of singular and stable response over hours.
e ERKsignalling is a high bandwidth low pass filter.
e Differential modular decoding downstream of Ras/ERK:

— Fast module faithfully transmit Ras dynamics

— Slow module is a persistence detector that only conveys long lasting signals

Light input -
Y ¥ ¥ . 2 Y et
C 3 @ IL6 family
R receptor
Encoding of signal duration very short short long D
signal signal signal @ L@ é P
. hd
e B Pk | ) T @® @ STATS)
E JAK/STAT
lRalerk lmodule l o @ P'-mc /
O MAPK
— y - | mTOR 90RSK J
X \ ,,
* B CLASS 1: Not Ras/MAPK responsive
FAST B CLASS 2: FAST optogenetic activation
Modular decoding A AR (o0, PKCD) M CLASS 3: SLOW optogenetic activation
SLOW
- _J zgsgp?onssfin) Toettcher JE, Weiner OD, Lim WA. Cell 155:1422-34 (2013)

Mangan, S., and Alon, U. Structure and function of the feed-

Thomas LECUIT 2025-2026 - forward loop network motif. PNAS 100, 1198011985 (2003)




Network motifs

Developmental networks:

e Positive autoregulation: slowed response time/noise filtering
e Bistable networks: memory

Thomas LECUIT 2025-2026




Developmental Networks

e How to induce irreversible cellular responses (eq. cell fates) ?

 How to induce responses as a function of variation in input signal?

S N
& ¢ @ 0 0

blrgcc)ld T cell B cell monocyte neutrophil

megakaryocyte cell

e Bistable networks: Memory

Thomas LECUIT 2025-2026




Genetic Switch

Bistable networks and memory

A R; I R,

Thomas LECUIT 2025-2026




Bistable networks and memory

e Network with cross
inhibitory feedback

RG

* Inducible system
positive feedback circuit
(via double inhibition)

Thomas LECUIT 2025-2026

« Let us study a certain number of

RG, 0, SG
l )A l theoretical model systems in which we
e shall use only the controlling elements
[ ! Sy known to exist in bacteria, interconnected
PR s, however in an arbitrary manner. »
L, YT
RG, "0, SGp

e Network with cross inhibition

0, RGy : 0, 564 SG, SG3 RG, .
T_ ) Tl Bt Wi Y
RG1 104 X SG1 I j i i i
e A
A :
EZ
"—[—-17 i 14_T—4_ . .
RG, 02 SGp e Network with double negative

feedback, ie. positive feedback
¢ Network with co-activation

Monod, J. & Jacob, F. Cold Spring Harb. Symp. Quant. Biol. 26,389-401 (1961).
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Bistable networks and memory

* Haematopoietic lignage

* Phage lambda in E.coli
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Bistable networks and memory

¢ Spatial patterning in Drosophila embryos
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Positive Autoregulation (PAR)

* PAR slows down the response time
0.8 1

PAR is common in developmental networks

Suitable in developmental processes that 067

X/ X

take a long time (hours) 04

It helps filter noisy input via integration
0.2

° Equation: dX/dt :f(x) . OéX 0 0.5 1 1.5 2 2.5 3 35 4 45 5

Cell generations
f(X) is anincreasing function of X (and not a constant as in simple regulation), reflecting the autoregulation:

As X increases, so does the rate of production of X due to the positive feedback.

rates
removal

e Rate analysis shows that the approach to the
final steady state Xy is slower than in simple
regulation.

simple f‘(x) =P

smaller _ smaller
distance ~ speed

Thomas LECUIT 2025-2026




Positive Autoregulation (PAR)

* PAR can ensure sensitivity and noise filtering

Negative Feedback increases sensitivity (gain) but amplifies noise

Positive Feedback increases sensitivity AND can buffer noise, by X

allowing longer averaging over delayed response

dny n}ol” 1 ny
d— = Bl 7o T )
t I+ny1+n' T

sensitivity/gain

300 (relative change in output
O tout ) following a change in the input)
* utpu 200 _ (w)d{m) _ dinguy)
- —?@ 100 <7’l1> d(’ﬂ()) dln(n0>
Time
Output
J:’@ st e reee— noise amplification
300/ | (ratio of output and input noise)
-L, 20014 Output - Feedback A= no_ M
0 20 40 60 Mo std(no)/{no)
Time

Thomas LECUIT 2025-2026

Gat1 self-activation = positive feedback —
noise buffering via time averaging.

Input 6

10

— Positive feedback
—== No feedback

Positive feedback
* through transcription

. G

i I Output
_l K.

.

=
/

R
/

10

Mean level of output
—

Normaized noise in output

o
@
(X} }

10°
Negative feedback 2 3
through competitive binding 10 10

Mean level of input

10° 10
Mean level of input

Dal80 repression = fast negative feedback —
stabilization to prevent runaway or bistability.

G. Hornung and N. Barkai Plos Comp. Biol. 4, 55-61 (2008)



Positive Autoregulation (PAR) and bistability

e PAR can cause bistability when
the autoregulation function shows
cooperativity.

®<—

dX/dt = flx) — aX _|: —

f(X) has a sigmoid shape, eg. Hill function:
X"
X)=8—2>
JX)=0 %

Rate analysis reveals 3 fixed points, 2 are stable
(Xiow , Xnign) and 1 is unstable (Xu).

Evolution of X as a function of the initial conditions
with respect to Xiow, Xu and Xaign

OL L EGE
E FRANCE Thomas LECUIT 2025-2026
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Positive Autoregulation (PAR) and bistability

(A) high vy (B) intermediate y © low y

e Bistability depends on the

— degradation

. ~ 140 — broduction ~ 110 ~ 1m0
degradation rate £ 10 E 10 £ 10
£ £ £
= = =
. £ . £ .
o 10 o 10 o 10
g g S
10-28 102 5 102 ¥ '
11072 1071 100 101 1012 107! 100 101 1072 1071 100 101
activator concentration (nM) activator ccbncentrhtion (nM) activator concentratioh (nM)
.144-444-1-1-000041-44-4-4-4—4- WP‘{ 04{4&)}}}‘.4044-44-4— > P> ‘.4-444—

degradation

e Bistability depends on the

" 10° 10° unstable
(o{0]0) pe I’atIVIty = degradation ~ fixed i
= g point production
S~ ~
= =
£107! stable <10t
@ 2
[ production c |
stable fixed points
10’2 1072 !
102 101 10° 10! 1072 1011 100 10!
! activator concentration (nM) ' activator concentratipn (nM)
el n‘ - - = - - - - — — — >‘ + + 45 » b el e — —

s
e Bistability imparts memory: YLL'® ®
b

long-term memory

— =

Thomas LECUIT 2025-2026
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Two-node positive feedbacks

e Frequent in developmental networks

* Double positive: Lock on system Xand Y both ON or OFF

Y X
* Double negative: Toggle switch Y X X ON and Y OFF or vice versa

QD

r .
@ Zjda//l—_kjljoﬁnanos
(B TemEsmm
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eATAL —lpua

L0 - \,‘ et ~.‘ ',' U Jpes Egr1,2_| s‘. .
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~ : 11+ v 1
—» simple activation fushi tarazu <— even-skipped |:| runt I:| hairy

J

— simple repression Lt

—| mutual repression i (_f 1
blood engrailed — hedgehog — wingless

megakaryocyte cell t J
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Double negative FB: Toggle switch

Y /5 X

ax Y = f(X)/a
=S —aX

ay

L =fX0-ay

Where f(X) is a decreasing Hill function n>1.

Null clines are curves in X, Y plane, where the rate of

change of one protein (eg. X) is zero (dX/dt =0). There are 2
null clines for X and Y.

Existence of fixed points at points of intersections of both
null clines.

Null clines are Hill functions: Y = f(X)/a, X = f(Y)/«

If fis not a Hill function (or any other function with
sigmoid shape, eg. logistic) the system is monostable

Thomas LECUIT 2025-2026

separatrix

/o

dX _
X a—o

Q=P G
PAR on X and Y can turn a double FB

without cooperatively into a bistable
network



Three-node feedbacks

Regulating Feedbacks

YEX| YEX YEX |Y—X|Y—X
N Y N ¥ N/ N ¥ N Y
z V4 V4 V4 Z
Y—X Y=ZX Y=ZX YZX YZX
N/ N Y N ¥ N/ N/
Z V4 V4 V4 V4
Double-positive Double-negative
feedback loop feedback loop
Y &5 X Y = X
N ¥ N ¥
Z Z

Coherent networks: the two arms, such as X->Z and X->Y->Z have same sign.

Thomas LECUIT 2025-2026




Three-node feedbacks

LLEGE
FRANCE
1530

Common motifs of Regulated Feedbacks

¢ Bistable networks with memory

— X |_| Y
X =—— Y :
> i 2
£ >
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1 : Memory 1 : Memory
| |
|
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[ Memory [
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| |
> 05 | > 05 |
|
: : Memory
0 f \ \ \ 1 0 T T T T =
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Time Time
Thomas LECUIT 2025-2026



Beyond biochemical and regulatory networks

e Different implementation of
similar fundamental logic
designs

Thomas LECUIT 2025-2026
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networks + loop
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Neurons Y Feedforward Bi-fan Y Z  Diamond
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); X
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Z w
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R. Milo et al and U. Alon. Science, 298: 824-827 (2002)



Conclusions

e Deciphering the logic of biochemical and gene networks is possible

e The existence of network motifs reflects evolutionary constraints on the
search for algorithms that fulfil a computational task.

e Examples of computational modules:
e Response accelerator: NAR
e Persistence detector: C-FFL
* Noise filtering: PAR
e Pulse generator and Temporal waves: I-FFL and interlocked FFLs
® Robustness: NAR
e Some algorithms combine tasks: ie. PAR increases sensitivity but not noise.

Thomas LECUIT 2025-2026
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Thomas LECUIT, chaire Dynamiques du vivant

Qu'est-ce que l'information biologique ? (l1)
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