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What we would we like to better understand
includes:

• Dynamics in a cell:
bistability, oscillations,...

• Differentiation.

• Spatial patterns and
morphogenesis.

• Concerted evolution of
several genes/proteins.



Genetic networks.

• Lot of new data

• Much experimental progress but complex
interactions

• Can theory/simulations help to make sense of it?

• Bio-engineering (“Synthetic biology”).



A synthetic genetic switch
Two genes a and b that inhibit each other. Two stable steady
states : [A] hi gh with [B] low, and [B] high with [A] low.

Gardner et al, Nature 403:339-342 (2000);
switching between the two states by an inducer pulse;
bistability requires dimerizations (or other interactions).



An overrepresented motif in transcriptional networks

X Y Z

The “feedforward loop” is overrepresented in the transcriptional
networks of E. Coli and S. Cerevisiae
(Milo et al., Science 298: 824-827(2002)).

Function: a persistence detector?



Structure of small genetic networks

• Many possible networks achieve a given behavior
(e.g. oscillations)

• Does evolution impose preference for some motifs?

• Proposal : test by simulating evolution in silico.

• The inverse of the statistical approach: from the
task to the structure.



Outline

• Method: evolution of a collection of virtual “cells”

• Dynamical modules in a single cell

• Patterns in multicellular assemblies.
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Representation Corresponding equations

a A d
dt [A] = τA[a]−δA[A]

+

B

a B a

d
dt [a] =θ [a : B]− γ[a][B]
d
dt [a : B]=γ[a][B]−θ [a : B]
d
dt [A] = τA[a] + τ ′A[a : B]



The evolution in silico.
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The evolution in silico.
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The evolution in silico.
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The evolution in silico.
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The evolution in silico.
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The evolution in silico.
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Possible mutations

I The modification of a kinetic constant in an existing
reaction

or the addition of

I A new transcriptional regulation

I A new post-transcriptional regulation

I A new gene

The process is iterated over several generations.



Fitness function for oscillators

t

[A]
A2

A1

Two concentrations are fixed A1

and A2.

ODEs are integrated

For t = T/2,3T/2,5T/2... fitness
is given by the integral (A−A1)2.

For t = T ,2T ,3T ... fitness is
given by the integral (A−A2)2.



Fitness evolution
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The oscillating network
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The core structure of circadian clocks

Froehlich et al, PNAS (2003)

Organism Activators A Repressors B
Neurospora Crassa WC-1, WC-2 FRQ

Drosophila dCLK PER, TIM
Mammals CLOCK, BMAL PER, CRY

• Other biological oscillations: p53/Mdm2,...



A created bistable switch
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No repression!
(and no Hill coefficients/cooperativity needed).
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A second typical bistable switch
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Again very different from two genes with reciprocal inhibition.



A second typical bistable switch
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A core genetic circuit: the Mixed Feedback Loop

A loop combining transcriptional and post-transcriptional
interactions (i.e. protein-protein interaction) is at the core of
several of these networks.
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This Mixed Feedback Loop has been found to be
over-represented in S. Cerevisiae and E.Coli (Yeger-Lotem et al,
PNAS 2004).



Mathematical analysis of the MFL
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Comparison with real networks

First switch: developement of competence in B.subtilis ,
Comk activates itself and is repressed by MecA.

+

A B

A

B

B

Bba b
+

ComK

ComK

ComK

MecA

MecAComK

ClpC

ClpC

+

comK comKmecA

Smits et al (2005), Maamar and Dubnau (2005): experimental
demonstration that this stripped network is indeed a switch.



Comparison with real networks

Second switch: lactose operon, with allolactose binding to
lac repressor.
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Proposed in 1961 by Monod and Jacob (based on Lac
operon) as an alternative to reciprocal inhibition (Delbrück,
1949) !



Comparison with real networks

Second switch: lysis/lysogeny switch in a “simple” phage
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Lactococcal phage TPS901-1 (K. Hammer et al J. Virology
(2003) and unpublished) A: CI repressor, B: Mor

Recent study: H Nakanishi et al, J. Mol. Biol. (2009)



• Simulated evolution highlights known (with complete
description) and original motifs.

• Produced motifs appear biologically relevant.

• Post-transcriptional interactions are crucial.

• Protein sequestration in a complex is specially important

Further emphasis and experiment:
N Buchler et al, J. Mol. Biol. (2008), MSB (2009).



N. E. Buchler and F Cross 
      MSB 5:272 (2009) 







Network structures and multicellular patterns

• Cell-cell communication

• Patterning in a static gradient

• Sequential segmentation



Interaction between cellsCell-cell communication
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Identical cell, different cell fates
Multicellular systems and score 

function
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The simplest network: interaction between
homologous proteins

!

"

!

"

!#!#

$%&&'( $%&&')

Cooperativity not needed (h=1).



Different cell fates with interaction between
heterologous proteins
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Different cell fates
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A transcriptional network



A classic example of lateral inhibition :
Drosophila sensory organ formation



Lateral inhibition: the Delta-Notch pathway

I Classic description:
transcriptional

I Recent evidence: cis-inhibition
(complexation Notch-Delta?)

I Auto-activation: Scute

tein) transcription factors also interact with NF-!B
DNA-binding sites (Fan and Maniatis 1990). schnurri
(shn) belongs to this class (Arora et al. 1995; Grieder et al.
1995), but chaetae arise normally within territories of
cells homozygous for a null shn allele (J. Culı́, unpubl.).
X" thus remains unidentified.

The SMC enhancer as a target for N signaling

Cell–cell inhibitory interactions mediated by the N sig-
naling pathway limit the number of SMCs that arise
from a proneural cluster. According to a current model
(for review, see Simpson 1997), in the signal-emitting
cell, Ac and Sc proteins activate Dl and this relays the
signal to the receiving cell by means of the N receptor
(Kunisch et al. 1994). Activation of the N pathway pro-
motes transcription of the final effectors, the bHLH pro-
teins of the E(spl)-C, which somehow antagonize the
function of the AS-C genes and prevent the receiving cell
from becoming an SMC. Thus, mutual inhibitory inter-
actions tending to magnify differences are established
between neighboring cells of the proneural cluster.
Within a proneural cluster, and probably because of the
heterogeneous topographical distribution of activators
and repressors—prepattern factors (Stern 1954; Gómez-
Skarmeta et al. 1996)—that control ac–sc transcription
in proneural clusters, a few cells accumulate more Ac/Sc
proteins than their neighbors (Cubas et al. 1991; Skeath
and Carroll 1991). Eventually, a cell of this group, which
signals the most, will be released from the inhibitory
loop, as its level of E(spl)-C bHLH protein becomes mini-
mal (Jennings et al. 1995). According to our findings, this
cell would then turn on ac–sc self-stimulation by means
of the SMC enhancers and become an SMC (Fig. 7). The
SMC signals maximally to its neighbors and prevents
them from following the same fate.

In this scenario, how do the E(spl)-C proteins antago-
nize neurogenesis? One possibility is by down-regulating
the overall levels of ac–sc transcription in proneural
clusters, as, under some conditions, overaccumulation of
E(spl)-C proteins reduces these levels (de Celis et al.
1996a, J. Culı́, unpubl.). However, we have found that
ac–sc transcription in proneural clusters, which is regu-
lated by cluster-specific enhancers, is much less sensi-
tive to variation in levels of E(spl)-C protein than that
governed by the sc SMC enhancer. Thus, extra E(spl)–m7
or E(spl)–m8 protein, supplied in amounts sufficient to
block SMC emergence (as determined by the activity of
the SRV–lacZ transgene or the neuralized A101 en-
hancer trap line) does not modify sc expression in pro-
neural clusters. Conversely, an insufficency of E(spl)-C
protein, induced by reduced N signaling, allows the SMC
enhancer to drive transcription in many proneural clus-
ter cells, but it does not modify that promoted by a pro-
neural cluster enhancer. Interestingly, in the neuroecto-
derm, the expression of ac, sc, and l’sc in neuroblasts is
also more sensitive to overexpression of E(spl)-C trans-
genes than that in proneural clusters (Nakao and Cam-
pos-Ortega 1996). These results point to SMC- and neu-
roblast-specific enhancers, rather than the proneural

cluster enhancers, as preferential or main targets of N
signaling.

The sc (and also the ase) SMC enhancer possesses an
evolutionarily conserved N box capable of binding E(spl)-
C proteins. This suggests that these proteins may bind to
it and prevent enhancer function in all the proneural
cluster cells except the SMC, which is essentially devoid
of them (Jennings et al. 1994, 1995). However, removal of
this box (and another nonconsensus binding site) does
not provoke enhancer-promoted transcription in proneu-
ral cluster cells. This suggests that the E(spl)-C proteins
block enhancer function by a different mechanism. Our
observations that a synthetic minienhancer composed of
only E boxes drives expression in most or all proneural
cluster cells, whereas a minienhancer composed of both
E and " boxes promotes expression almost exclusively in

Figure 7. Model for the regulation of sc in SMCs and neigh-
boring epidermoblasts. In all proneural cluster cells, including
the emerging SMC, sc transcription is activated by prepattern
genes acting on proneural cluster-specific enhancers (Gómez-
Skarmeta et al. 1996). This activation is largely independent of
the N signaling pathway. Additionally in the SMC (left), the sc
SMC-specific enhancer, by means of E boxes that bind Sc pro-
tein (as heterodimers with Da), promotes sc self-activation. The
self-stimulatory loop also requires the unidentified activating
factor X", which should bind to " boxes (NF-!B-like binding
sites). The resulting increased Sc accumulation promotes strong
activation of Dl in the SMC, which signals to the neighboring
proneural cluster cells (right) and promotes in them the tran-
scription of E(spl)-C genes. The E(spl)-C proteins prevent the sc
self-stimulatory loop in these cells, which become epidermo-
blasts, by interacting with the X" factor and, possibly, by com-
plexing with Sc and Da proteins (Gigliani et al. 1996). (DNA
sites capable of binding E(spl) proteins, although dispensable,
may facilitate or stabilize their interaction with the X" factor.)
As a consequence, the Sc concentration remains low and the
inhibitory signaling through Dl to the SMC will be weak. The
fact that E(spl)-C proteins in SMCs are undetectable (Jennings et
al. 1995) suggests the presence of a mechanism that reduces
E(spl)-C transcription in SMCs. As proposed for dorsoventral
boundary formation at the wing margin (de Celis et al. 1996b),
sequestering of N molecules by the high concentration of active
Dl in the SMC may block reception of signaling from the sur-
rounding cells. In addition, low levels of N activation in the
SMC may be compatible with lack of E(spl)-C transcription, as
small amounts of Su(H) activator can be titrated by the consti-
tutive levels of the Hairless antagonist (Bang et al. 1995).

SMC-specific enhancer
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Some perspectives

• Influence/utility of specific evolutionary moves (gene
duplication,... )?

• More cell features (compartments,...)?

• More “realistic” fitness functions?

• ...
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