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Scenarios for efficient intracellular bidirectional transport
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Transport by molecular motors has been successfully modeled by cellular automata models, as
far as uni-directional transport is concerned (cf in vitro experiments [1]). However, within cells,
transport is bi-directional and there is no clear picture yet how nature regulates the motion of
motors in order to have efficient transport. Simple extensions of cellular automata models to bi-
directional transport exhibit strong cluster formation [2] — a phenomenon that cannot be
expected to be realistic.

Here, we explore several scenarios that could play a role in the organization of neuronal bi-
directional transport. In particular, we shall consider

the possibility of lane formation under motor-motor interactions [3,4];

the role of the dynamics of the underlying lattice [5,6].

We shall show that different factors could act cooperatively to promote efficient transport [3].

1.K Nishinari, Y Okada, A Schadschneider, and D Chowdhury; Intracellular transport of
single-headed molecular motors KIFla; Phys. Rev. Lett. (2005) 95:118101.

2.M. Ebbinghaus and L. Santen; A model for bidirectional traffic of cytoskeletal motors; J.
Stat. Mech. (2009) P03030.

3.M Ebbinghaus, C Appert-Rolland and L Santen; Particle interactions and lattice dynamics:
Scenarios for efficient bidirectional stochastic transport?; submitted to J. Stat. Mech.
(2011), arXiv

4.S. Klumpp and R. Lipowsky; Phase transitions in systems with two species of molecular
motors; Europhys. Letters (2004) 66:90—96

5.M. Ebbinghaus, C. Appert-Rolland, and L. Santen; Bidirectional transport on a dynamic
lattice; Phys. Rev. E (2010) 82:040901(R).

6.M. Ebbinghaus, C. Appert-Rolland, and L. Santen; Bidirectional traffic on microtubules; To
appear in Lecture Notes in Computer Science (2011), Springer (Proceedings of the
ACRI2010 conference, 21-24 Sept. 2010).



Abstract No. 2

Bringing the gap between ecophysiology and molecular system
biology: The « Fruit Integrative Modeling » project
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Understanding and predicting how phenotypic changes emerge from genetic and molecular
basis is a topic of primary importance both in plant biology and agronomy. Indeed, recent years
have witnessed an increased use of molecular techniques in fundamental research but also in
plant breeding: omics data are currently used to screen a large population of plants selecting
for specific traits, over a range of environmental conditions. To date, however, it is still difficult to
link changes at the molecular level to the actual plant behaviour.

Ecophysiology historically aims at understanding the mechanisms that control the plants
adaptation to environment factors. Classical ecophysiological models make use of a process-
based description of plant growth and development. Each of the processes involved in plant
growth is quantified in relation to environmental and developmental factors and the results
summarized in the form of mathematical functions. Different processes are then combined
together. The main limit of this approach relies in the empirical description of the single
processes: mathematical expressions used to fit the experimental data are often simple (linear if
possible) and the action of the different environmental factors is usually represented as additive
or multiplicative terms, even in absence of a real biological foundation. As a consequence,
changes in parameters values cannot be easily interpreted, and the predictive power of the
model is significantly reduced as soon as the experimental conditions depart from the ones
used for calibration.

In the last years many authors have claimed for an improved description of the underlying
biological mechanisms, taking advantage of available omics data [1,3]. The ambition of the so-
called "crop system biology" is to overcome the gap between ecophysiology and molecular
system biology, providing a biological basis to current crop systems [2]. The interest is twofold.
From an ecophysiological perspective, the integration of cellular and molecular levels can help
to refine plant models, shading light into the complex interplay between different spatial and
temporal scales in the emerging system response. From the point of view of molecular biology,
the existence of a multi-level ecophysiological model could offer an useful framework in which
interpreting omics data, in relation to environmental factors and agricultural practices.

Started in June 2010, the Fruit Integrative Modelling (FRIM) project (EraNet EraSysBio+
funding, E.U. 7FP) represents a concrete step in this direction. Focusing on tomato, the project
will collect information on architecture and metabolism at the cellular, organ and plant scale
under a variety of environmental situations. This information will be integrated in a multi-scale
model, generated by the coupling of an ecophysiological model of the plant-fruit growth to a
cellular kinetic model of metabolism.

The aim of the ecophysiological model is to describe the growth of a tomato plant (and fruits)
over a whole season, under the control of available resources (water, carbon etc) and
environmental factors (temperature, light). The model take the form of an ODE system where
physical laws or empirical functions, based on experimental data, are used to describe source-
sink relationships, flux exchanges and thermodynamic constraints behind the main processes of
plant functioning (e.g. photosynthesis, sugar and acid accumulation etc).

Cell volume and metabolite concentrations computed by the fruit module provide the boundary



conditions of the cellular model. Here the aim is to accurately describe the carbon and energy
metabolism of a typical pericarp cell, taking into account enzymes properties and transport
between internal compartments. Modelling strategy will rely on the use of simplified kinetic
functions and on the use of metabolic control coefficients to prioritize enzymes and reactions
having the largest influence on key metabolite concentrations [4].

The integration between the cellular and the ecophysiological level will be performed using an
appropriate reduction strategy, based on time-scales approximation (quasi-steady state) and
simplification of cellular network topology, based on the results of the above sensitivity analysis.

At term, the FRIM integrative model will improve the understanding of fruit metabolism, by
pinpointing crucial steps as related to sometimes complex but realistic environmental inputs. In
particular, it will allow to analyse the consequences of variations in enzymes and/or membrane
transporters on fruit functioning and quality.,
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J Exp Bot, 2010, 61, 955-967
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Randomization of metabolic networks: a measure of evolutionary
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Complex networks have been successfully employed to represent different levels of biological
systems, ranging from control of gene expression and protein-protein interactions to signal
transduction and metabolism. The aim of network research in biology is to develop system
representations capable of explaining diverse functional behavior. Network-based research has
mainly focused on identifying unifying structural properties, such as small average path length,
large clustering coefficient, heavy-tail degree distribution, and hierarchical organization, viewed
as requirements for efficient and robust system architectures. However, for biological networks,
it is unclear to what extent these properties reflect the evolutionary history, and, consequently,
the diverse functions of the represented systems. Here, we show that salient structural
properties of metabolic networks encode biologically relevant information by employing a new
method for network randomization under mass balance constraints. We investigate the
metabolic networks of six model organisms from all kingdoms of life, and determine the network
properties which are inherently related to the evolution and functional organization of
metabolism. Contrary to the results from the common switch randomization, our findings
demonstrate the evolutionary importance of the small-world hypothesis as a fundamental design
principle of complex networks. Our approach allows the extraction of biologically meaningful
properties which result from evolutionary pressure imposed on metabolism, such as the impact
of reaction knockouts on the viability of organisms.
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Dynamical membrane curvature instability controlled by
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Far from being static, the shape of a cell membrane undergoes constant remodeling during the
life of a cell, for instance in processes such as vesicle budding or cell division. Giant unilamellar
vesicles (GUVs) are model membranes constituted of lipid molecules that self-assemble into
closed bilayers in water. We have carried out experiments in which a GUV is submitted to a
local pH increase created by microinjecting a basic solution close to the membrane. This local
pH increase causes a local deformation of the membrane, which grows and relaxes in a few
seconds when the injection is stopped [1].

The local pH increase induces a chemical modification of the head groups of some lipids
in the external monolayer of the membrane, which results in a change of the plane-shape
equilibrium density and of the spontaneous curvature of the external monolayer. We have
shown that both of these effects produce a destabilizing normal force density in the membrane,
so they both lead to a shape instability [1].

We have developed a theoretical description of the dynamics of this instability [1, 2]. In
our dynamical equations, we have taken into account the elastic force densities in each
monolayer. These elastic force densities have been obtained from the monolayer free-energy
densities through the virtual work priniciple [3]. Solving these dynamical equations, written at
first order and in a one-mode approximation, gives the time evolution of the height of the
membrane deformation, which features two timescales. The longest one (about 3 s) involves the
slow relative sliding between the two monolayers: the instability is controlled by intermonolayer
friction.

The change of the plane-shape equilibrium density and the change of the spontaneous
curvature induced by the chemical modification yield different dynamics. Therefore, the
dynamical study of the instability should allow for distinguishing these two types of modifications
of the membrane properties. In contrast, when a global modification of the environment of a
vesicle is considered, studying the change of its equilibrium shape does not allow to distinguish
these two effects.

We have compared our experimental results and our theoretical predictions by fitting the
time evolution of the height of the membrane deformation to the solution of our dynamical
equations. We have obtained a good agreement between theory and experiment. We have
extracted estimates of the intermonolayer friction coefficient b from these fits, with values b = 2
- 8 10% J.s/m* [1]. These values are consistent with previous measurements carried out using
different methods.

1.A.-F. Bitbol, J.-B. Fournier, M. I. Angelova, and N. Puff, Dynamical membrane curvature
instability controlled by intermonolayer friction; accepted for publication in J. Phys.: Condens.
Matter (2011)

2.J.-B. Fournier, N. Khalifat, N. Puff, and M. |. Angelova; Chemically triggered ejection of
membrane tubules controlled by intermonolayer friction; Phys. Rev. Lett. (2009) 102, 018102.
3.A.-F. Bitbol, L. Peliti, and J.-B. Fournier; Membrane stress tensor in the presence of lipid
density and composition inhomogeneities; accepted for publication in Eur. Phys. J. E (2011)
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Gene autoregulation via intronic microRNAs and its functions
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While many microRNAs are transcribed from their own genes, nearly half map within introns of
"host" protein-coding genes. Eventually these intronic microRNAs may regulate the expression
of their host genes forming a microRNA-mediated self-loop. Recent analysis of this
phenomenon suggest that autoregulation mediated by intronic microRNAs may be under
positive selective pressure but the functions of this regulatory circuit are currently unknown.
Using a stochastic and a deterministic analysis of the circuit validated via simulations, we
suggest that microRNA-mediated self-regulation, despite its simple topology, can perform
different regulative tasks. Firstly it can alter the response time of gene expression to upstream
signals, secondly it can implement fold-change detection and finally it can confer robustness to
noise. We compare the features of this circuit with the analogous transcriptional self-regulation,
which is an ubiquitous network motif in different species, to highlight in what situations a post-
transcriptional self-regulation can be advantageous for the cell.
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Diauxic shift in single cells
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Growth of Escherichia coli cells in a mixture of two carbon sources is often diauxic [1]. A
classical example is growth of E. coli on glucose and lactose. In this case, growth consists of
two distinct exponential phases separated by a lag phase (diauxic lag, during which growth
stops). These two growth phases reflect the sequential consumption of the two sugars. Despite
numerous studies on gene regulation and dynamics during diauxic shift [2-4], little is known on
growth dynamics. For instance, questions relative to delays and variability in growth rate
changes upon shift have remained uninvestigated.

Here, we monitored both growth and expression of the lac genes over time for each cell
in a colony. We find that the diauxic lag also happens at the single cell level for the majority of
the cells and can last up to three generations after the shift. However, for a small fraction of the
population there seems to be no lag at all. The same variability is observed for time delays in
gene expression and we show that these delays correlate with the delays in growth rate. In
addition, this variability can be well explained by a stochastic model of the lac operon induction

[5].

—
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4. AZaslaver, et al.; A comprehensive library of fluorescent transcriptional reporters for
Escherichia coli Nat Methods (2006) 3:623-628.

5. PJ Choi, L Cai, K Frieda, XS Xie; A stochastic single-molecule event triggers

phenotype switching of a bacterial cell; Science (2008) 322:442-446
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Modulation of HIV-1 pleomorphism by the presence of PSI-RNA: an
Atomic Force Microscopy study
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We are interested in the physical characterization of HIV-1 Virus-Like Particles (VLP) and
purified capsid cores towards a better understanding of HIV-1 assembly. Here we focus on the
modulation of their pleomorphic properties, i.e. the various global shapes of VLP or cores
observed within common environmental and biological conditions. Using an original combination
of biochemical approach, Atomic Force Microscopy (AFM) imaging and sophisticated image
analysis, we quantitatively characterized the pleomorphism observed for HIV-1 VLP, as well as
for purified viral cores. Analyzing three-dimensional high resolution AFM images of un-fixed VLP
and viral cores, we conducted a complete morphological characterization of mature and
immature particles at statistic levels. In addition, we revealed that the presence of the HIV-1 Psi-
RNA inside viral cores is decisive for HIV-1 morphology.
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Theoretical aspects of mRNA degradation
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In the process of gene expression, one important determinant of the protein level is the stability
of messenger RNA. Most theoretical models of gene expression consider mRNA degradation by
assigning a constant decay rate.

Experimentally, the stability can be analyzed by the decay of the mRNA level over time after the
inhibition of further mMRNA synthesis. However, numerous cases exist where the decrease of the
mRNA level does not follow an exponential decay. This implies that a constant degradation rate
does not suffice to fully describe the degradation process. Furthermore, a variety of putative
mechanisms and responsible enzymes for degradation have been revealed in the different
organisms. It was found that for effective degradation typically several modifications have to be
performed to the mRNA. This can be viewed as an aging of the mRNA.

In this contribution, we establish the relation between the decaying mRNA level and the
messages’ lifetime distribution. The theoretical framework is general as we do not restrict to a
particular degradation process. We introduce a general model based on a continuous-time
Markov chain. Here, modifications of the mRNA are recognized as transitions which can alter
the degradation efficiency. In addition, we show how the aging of the mRNA chains becomes
manifest in a non-stationary age distribution and also in the change of capacity to synthesize
proteins.

As a result, the presented approach allows to extract information about the underlying
degradation mechanisms from the experimentally observed decay patterns. For example, it
allows to distinguish between exo- and endonucleolytic degradation pathways. Moreover, our
method is suitable to improve the analysis of mMRNA lifetime experiments and provides
additional aspects for models of gene expression.
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Double strand break repair in single Escherichia coli cells
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It has been shown in recent years that even genetically identical cells behave differently
because many central processes involve molecules present in small numbers. The inherent
randomness of chemical reactions then generates spontaneous fluctuations that can enslave all
dependent processes. Such ‘noise’ has been shown to randomize developmental pathways,
disrupt cell cycle control, or even be exploited when heterogeneity is advantageous — allowing
populations of cells to “hedge their bets”.

Double Strand Breaks are one of the most deleterious types of DNA damage because they lead
to loss of genetic information and eventually death if not repaired. In Escherichia coli, the main
repair pathway involves the multifunctional RecBCD enzyme which salvages broken
chromosomes by catalyzing the first step of homologous recombination. RecBCD is a
heterotrimeric complex that is reportedly present in very low numbers in bacterial cells. This
should lead to spontaneous fluctuations in RecBCD levels and non genetic heterogeneity in the
population. Qualitative studies based on population averages show that bacterial cells that do
not express RecBCD are barely viable, while over-expression of the RecBCD protein leads to
less efficient DNA repair. This suggests that the level of RecBCD expression needs to be tightly
controlled, and raises the question of how bacterial cells cope with potentially large cell-to-cell
fluctuations in this complex. We have quantified cell to cell variability of RecBCD expression
using chromosomal transcriptional fusions and observed significant fluctuations that are
consistent with very low levels of transcription. As previously reported in the literature, we do
not observe induction after DNA damage suggesting that RecBCD remains at very low levels
even after SOS induction. Quantification of the RecD and recC subunit using translational
fusions to GFP indicates that they are present in very low numbers. We are currently trying to
quantify the level of RecB subunit in order to build a stochastic model of the RecBCD complex
formation. This should allow us to better understand the impact of stochastic complex formation
on double strand break repair in E. coli.
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Engineering reaction networks outside the cell:
reactions and reactors
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Reaction networks with well-defined dynamics and topology are fundamental elements in
the emergence of complex biological behaviors. With the tools of synthetic biology we start to
understand how to engineer those networks inside the cell. We know, however, very little about
how to implement them outside the cell.

We carry out a long-term effort towards the engineering of such networks in vitro. Our
poster first attempts to give a chemist's point of view of the network description used in systems
biology. Second, it introduces the toolboxes that we think we need for engineering reaction
networks with interesting functions outside the cell. Namely, a controllable set of reactions and a
tunable reactor. Finally, we show recent results on a nanoliter-scale continuous reactor for
studying oscillatory reactions.
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The Two Regime Method for optimizing stochastic reaction-diffusion
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The computer simulation of stochastic reaction-diffusion processes in biology is often done
using either compartment-based (spatially discretized) simulations or molecular- based
(Brownian dynamics) approaches. Compartment-based approaches can yield quick and
accurate mesoscopic results but lack the level of detail that is characteristic of the more
computationally intensive molecular-based models. Often microscopic detail is only required in a
small region but currently the best way to achieve this detail is to use a resource intensive
model over the whole domain. We introduce the Two Regime Method (TRM) in which a
molecular-based algorithm is used in part of the computational domain and a compartment-
based approach is used elsewhere in the computational domain. We apply the TRM to two test
problems including a model from developmental biology. We thereby show that the TRM is
accurate and subsequently may be used to inspect both mesoscopic and microscopic detail of
reaction-diffusion simulations according to the demands of the modeller.
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We present a dynamical model for non-specific DNA protein interactions, which is based on a
previously developed “bead-spring” model for DNA with elastic, bending and Debye-Hiickel
electrostatic interactions [1] and where the protein interacts with DNA through electrostatic and
excluded-volume forces. We studied the properties of this model using a Brownian dynamics
algorithm that takes hydrodynamic interactions into account and obtained results that essentially
agree with experiments and most predictions of kinetic models. For example, we showed that
the protein samples DNA by a combination of 3D diffusion in the buffer and 1D sliding along the
DNA chain. This model evidences the presence, in a certain range of values of the effective
protein charge, of facilitated diffusion, i.e. a combination of the two types of diffusion that leads
to faster-than-3D-diffusion sampling of DNA [2,3]. Moreover, analysis of single sliding events
showed that the number of base pairs visited during sliding is comparable to that deduced from
single molecule experiments. This model furthermore enabled us to discuss to what extent the
combination of 1D and 3D diffusion can lead to faster DNA sampling than pure 3D diffusion of
the protein. In contrast to some kinetic models, which predict that the maximum acceleration of
DNA sampling due to facilitated diffusion may be as large as one hundred, our model suggests
that this rate is in fact much smaller, of the order of two or even less. This is in agreement with
recent reconsideration of experimental results, which concludes that observed large DNA
protein reaction rates are not due to facilitated diffusion but rather to the very low salt
concentration in the corresponding experiments[4].

1.H. Jian, A.V. Vologodskii, T. Schlick; Combined wormlikechain and bead model for dynamic
simulations of long linear DNA, J. Comput. Phys.(1999) 136:168-179.

2.A. M. Florescu and M. Joyeux, Description of nonspecific protein-DNA interactions and
facilitated diffusion with a dynamical model, J. Chem. Phys.(2009) 130: 015103.

3.A. M. Florescu and M. Joyeux, Dynamical model for DNA-protein interactions: effect of protein
charge distribution and mechanical properties, J. Chem. Phys.(2009) 131: 105102.

4.A. M. Florescu and M. Joyeux, Comparison of kinetic and dynamical models of DNA-protein
interaction and facilitated diffusion J. Phys. Chem A (2010) 114: 9662-9672.
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A first principles calculation of oxygen consumption in strong
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Introduction: The pulmonary acinus is the gas exchange unit in the human lung. Several
mechanisms occur in the oxygen transfer: the convective and diffusive transport into the acinar
tree, the diffusive transfer across the alveolar membrane to the blood, the binding by
hemoglobin and the equilibration between air and blood pressure. We present here a numerical
calculation of the oxygen flux and alveolar pressure in a “machine acinus” for strong exercise
conditions. What we call “machine acinus” is a system in which the blood is supposed to flow so
rapidly that no hemoglobin equilibration occurs. Otherwise, this machine acinus has the same
geometry and motion during the respiratory cycle as the real acinus. In this “machine” the so-
called capillary pressure keeps constant and equal to the venous pressure. The gas exchange
at the alveolar blood interface is described by a phenomenological quantity that we call the
“integrative membrane permeability”. This is a top-down approach which restrict the values of
this “integrative membrane permeability” to a narrow range of values compatible with the
experimental values of VO2 and PAO2 in measured in strong exercise conditions.

Materials and Methods: The oxygen flux and partial pressure are computed as a function of
time and space along the respiratory cycle by solving numerically the convection-diffusion
equations in the acinar space for arbitrary values of the integrative membrane permeability. In
our approach the entries are the oxygen partial pressure in air, the average veinous oxygen
pressure, the acinus geometry and the duration of the respiratory cycle. For each value of this
permeability, the global oxygen consumption VO2 and the average oxygen alveolar pressure
PAO2 are obtained by integration in space and time. One then search for the values of
permeability compatible with physiological data.

Results and Discussion:

First, the solutions of the convection-diffusion equations along the respiratory cycle indicate that
both the oxygen partial pressure and flux across the membrane are distributed in space and
varies with time.

Second, the machine acinus functioning is entirely governed by the integrative membrane
permeability.

Third and significative: both VO2max and PAO2 depend in a non-linear manner of the
membrane permeability. The fact that, even in this simplified machine acinus, the oxygen
consumption VO2 is not proportional to the membrane permeability is important to stress
because it shows that in no way the acinus works like is a simple gas exchanger. The non-
linearity is due to the complex dynamics during the respiratory cycle of the screening effects due
to diffusion limitations in the acinar space. Due to this screening effect, part of the alveolar
surface is not fully used for gas exchange depending on space and time.

Fourth: A strong non-linearity is also found for the dependence of PAO2 on the permeability.
Finally, the “integrative permeability” value that we determine, encompass the fact that
in reality hemoglobin equilibration occurs. We propose a scheme to relate that value to
the real permeability of the membrane. Following this scheme, we find for the real
permeability a value significantly smaller than that usually admitted in the literature but
compatible with the experimental value of DLNO.
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Investigation of the ciliary beat frequency (CBF) and wave
propagation on wildtype cells and RNAi-mediated striatine 6 mutants
of Paramecium tetraurelia using microfluidics
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Cilia are subcellular organelles which are present in many eukaryotic cells. In vertebrates they
play an important role in the fluid transport of the reproductive system, the respiratory tract or
the brain, in the mechanical and biochemical signal transduction in the kidneys and eyes as well
as in the embryonic left-right asymmetry and intercellular communication’. Genetic disorders in
the cilia or the basal body are known to be at the root of several diseases, such as the Meckler-
Gruber syndrome, the Bardet-Biedl syndrome or primary ciliary dyskinesia (PCD)**. Moreover,
there is a strong interest in understanding the role of cilia beating for locomotion of
microswimmers or for fluid transport in the human body. The structure of cilia is preserved
across species, which makes Paramecium tetraurelia a useful model for several genetic human
pathologies.

We used RNA interference (RNAI) for the inhibition of gene expression and generated specific
knockdown mutants with a suppression of the striatine 6 protein. This protein family is seen to
play an important role in assembling and positioning the basal body®.

In this study, we applied microfluidic and high-speed microscopy techniques for the analysis of
the cilia activity around a swimming cell, in the case of wildtype cells and knockdown mutants
(Fig 1). These images provide access to the cell velocity, the ciliary beating frequency (CBF),
and the spatio-temporal organization of the ciliary beating.

For the knockdown mutants we found a reduced swimming velocity compared to the wildtype.
However the dominant beating frequency was found to be similar for the two cell types, and did
not correlate with the swimming velocity.

Measurements of the CBF showed the presences of different frequencies along different
regions of a single cell. The strongest difference that was observed between the two cell types
was in the propagation of waves in the beating pattern. Wild-type cells display long-range wave
propagation which are difficult to identify on the Striatine 6 mutants. This suggest that the spatio-
temporal organization of the beating patterns plays a role in defining the swimming velocity.

With the developed method, combining the advantages of RNAI- and microfluidic techniques
as well as a simple model organism, we expect to gain a tool to investigate and characterize
local CBF as well as temporarily and spatial wave propagation to study ciliary diseases.



Fig 1: Forward swimming wildtype cell of Paramecium tetraurelia within a microchannel.
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The bistable frustrated unit (bfu) consists of a self activating loop which triggers the production
of a repressor that provides negative feedback control on the self activating loop. The self
activating loop produces proteins which can exist in two stable states with high or low
concentrations. The presence of the negative feedback loop makes this bistable system
frustrated [1]. In its deterministic realization the system is excitable in two regimes which are
separated by Hopf bifurcations from an intermediate oscillatory regime with limit cycles [2]. In
this work we study a stochastic realization of this unit, since the protein numbers in biological
realizations of this model are not high, so that the stochastic effects may be pronounced. We
both numerically integrate the corresponding master equation and simulate the system with the
Gillespie algorithm. It is found that the stochastic fluctuations not only extend the oscillatory
regime as compared to the deterministic case; they can even lead to oscillatory behavior in the
space of protein concentrations for parameters, which are deeply in the fixed point regime in the
deterministic version. In this case, however, the oscillations come as some kind of rare events.
We locate the transition points via the change in the decay of the autocorrelation function. The
large-volume limit is treated within the van Kampen expansion. Due to the possible coexistence
of cyclic and deterministic behavior for one and the same set of parameters, the stochastic
realization appears even more flexible than the deterministic one.

1. S Krishna, S Semsey and M H Jensen; Frustrated bistability as a means to engineer
oscillations in biological systems; Phys. Biol. (2009) 6: 036009.

2. P Kaluza and H Meyer-Ortmanns; On the role of frustration in excitable systems; Chaos
(2010) 20:043111, selected for the Virtual Journal of Biological Physics Research --
November 15, 20 (10) (2010).



Abstract No. 16
A model to move a low-grade glioma back in time
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Low-grade glioma is a slowly evolving tumour of the brain which always evolves into an
aggressive tumour. Definitive surgical treatment is hindered by the cells infiltration into healthy
tissue where they are invisible by the classical imaging techniques.

A recent clinical study showed that the growth of low grade glioma appears linear [1]. Is it
possible to assume that it is always true ? Using this property, can we extrapolate the date of
birth of the tumour ?

To answer these questions, we use a diffusion-proliferation model, employed with success for
high-grade gliomas [2, 3].It is a simple model (few parameters) that can explain the constant
velocity at large times of the front visible on MRI examinations.

The model predicts the existence of a "silent period": the tumour is growing, but remains under
the detection threshold and thus it is not visible. A consequence of this phase is that the
extrapolation always underestimates the age of the tumour predicted by the diffusion-
proliferation model.

We apply this model to a series of non-treated patients and we deduce the median age of the
birth of the glioma and the median age of the “clinical birth” (when the glioma becomes visible
with MRI).

1. E. Mandonnet, J-Y Delattre, M-L Tanguy, ; Continuous Growth of Mean Tumor Diameter
in a Subset of Grade Il Gliomas ; Ann Neurol (2003) 53:524-528

2. J. D. Murray; Mathematical biology. Il: Spatial models and biomedical applications;
Springer- Verlag (2002) , Berlin, 3rd edition

3. P. Tracqui, G. C. Cruywagen, D. E. Woodward, G. T. Bartoo, J. D. Murray, and E. C.
Alvord; A mathematical model of glioma growth: the effect of chemotherapy on spatio-
temporal growth; Cell Prolif. (1995) 28:17-31
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Gene regulatory networks in development and evolution of the mammalian
neocortex
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The evolutionary enlargement of the mammalian cerebral cortex is thought to provide the substrate for much of
our higher cognitive functions, social abilities, and ultimately language development. The cellular architecture of
the cerebral neocortex is organized into six layers and especially neurons in upper layers appear to have
contributed disproportionally to the enlargement in the primate lineage. During embryogenesis cortical neurons
arise sequentially from intermediate progenitor cells (IPCs), early born neurons are destined for lower layers and
later borns for upper ones. We intend exploring gene regulatory networks (GRN) specifically involved in upper
layer neurogenesis. To this end we use comprehensive functional genomics approaches on in-vivo isolated IPCs
and IPC specific transcription factors at developmental time points of lower and upper layer neurogenesis.
Mathematical approaches should enable to parse these intricate GRNs into relevant functions.
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Genes are regulated because their expression involves a fitness cost to the organism. In
bacteria, the production of proteins is a well-known cost factor, but their activity can also reduce
growth. We map the fitness costs of a key metabolic network, the lactose utilization pathway in
Escherichia coli. We measure the growth of several regulatory lac operon mutants in different
environments inducing expression of the lac genes. We find a strikingly nonlinear fitness
landscape, which depends on the production rate and on the activity rate of the lac proteins. A
simple fithess model of the lac pathway, based on elementary biophysical processes, predicts
the growth rate of all observed strains. The nonlinearity of fitness is explained by a feedback
loop: production and activity of the lac proteins reduce growth, but growth also affects the
density of these molecules. This nonlinearity generates a cliff in the fitness landscape, beyond
which populations cannot maintain growth, as well as multistability. Furthermore, it determines
how genotype and environment interact. Such feedback and nonlinearities are expected to be
generic features shaping the evolution of metabolic pathways.
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Stochastic analysis of a miRNA-protein toggle switch
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Complex cellular responses, an area of growing interest for system biology studies, are often
modeled as switching between phenotype states and, despite the large body of deterministic
studies some aspects still remain unclear, in particular the effect of the intrinsic and extrinsic
noise, due to the low copy numbers of important cellular components. This give rise to
noticeable stochasticity in gene expression and protein synthesis, and it is a fundamental aspect
to be taken into account for studying such biochemical models.

To address this issue we are going to use the chemical master equation (CME) approach, with
it's numerical counterpart, the Stochastic simulation algorithm (SSA), usually called the Gillespie
method. The CME describe the evolution in time of the probability of occupancy of each state of
the system, and it's associated with a continuous time Markov chain (CTMC) evolution. Similarly
to the deterministic case, only simple systems are analytically tractable in the stochastic
approach, i.e. the full probability distribution for the state of the biological system over time can
be calculated explicitly, becoming computationally infeasible for systems with distinct processes
operating on different timescales.

In this paper we consider the stochastic properties of a toggle switch, involving a protein
compound and a miRNA cluster, known to control the eukaryotic cell cycle and possibly involved
in oncogenesis, recently proposed in the literature within a deterministic framework.

Due to the inherent stochasticity of biochemical processes and the small number of molecules
involved, the stochastic approach should be more correct in describing the real system: we
study the agreement between the two approaches by exploring the system parameter space.
We address the problem by proposing a simplified version of the model that allows analytical
treatment, and by performing numerical simulations via a modified SSA method for the full
model. We observed optimal agreement between the stochastic and the deterministic
description of the circuit in a large range of parameters, but some substantial differences arise in
at least two cases: 1) when the deterministic system is in the proximity of a transition from a
monostable to a bistable configuration, and 2) when bistability (in the deterministic system) is
"masked" in the stochastic system by the distribution tails. The approach provides interesting
estimates of the optimal number of molecules involved in the toggle. Our discussion of the
points of strengths, potentiality and weakness of the chemical master equation in systems
biology and the differences with respect to deterministic modeling are leveraged in order to
provide useful advice for both the bioinformatician practitioner and the theoretical scientist.
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The replication of DNA in eukaryotic cells initiates at multiple chromosomal positions, called
"replication origins" according to a spatiotemporal program, which depends on the tissue and/or
the developmental stage. Despite the great importance of these replication origins, mechanisms
that control their locations and their activation times are still poorly understood.

Since about ten years, experimental breakthroughs have allowed measurements of the
replication state of the chromatin: it is then possible to follow the replication kinetics of a given
DNA sequence over a cell population. So far, analysis of these experimental data was based on
an equilibrium hypothesis: in average, the dynamics of replication of all chromosomal loci was
assumed to be the same, and fluctuations were considered as negligible compared to the
average behavior. Here, on the contrary, we demonstrate that DNA replication is an out of
equilibrium process by using an analogy between the temporal evolution of DNA replication in
Saccharomyces cerevisiae and the equation of motion of an overdamped particle in a quadratic
potential. We extract from experimental data the distribution of replication time, the mean
replication time and the rate of entropy production for every chromosomal position. We calculate
an analytical form of the replication of a chromosomal position over the time using two
parameters: the rate of entropy production and the genome-wide chromatin structure. We show
that the chromatin structure extracted from replication timing profiles is in good accordance with
experimentally measured chromatin structure. This finding allows us to establish a predictive
and quantifiable relation between the structure of the chromatin and the mechanisms that
control the locations and activation times of replication origins.
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Mechanical studies of morphogenesis at cellular and tissue levels
validate a description of an epithelium as a continuous medium
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Tissue morphogenesis is fundamental to the formation of functional organs. To understand how
a tissue acquires its shape, we use live imaging of a fly back during its metamorphosis
(Drosophila pupal dorsal thorax epithelium). We non-invasively observe a monolayer of cells
over large length scales (10* cells) and long time scales (>24 hr). Our time (5 min / frame) and
space (200 pixels / cell) resolutions are adapted to the details of cell shape and dynamics:
displacement, growth, and division.

We obtain detailed, multi-scale information on several mechanical quantities, which
describe the tissue: deformation, speed, and velocity gradient. We determine full space-time
measurements of their magnitude, direction and anisotropy. As controls, we compare two sides
of each fly and observe a good symmetry of these quantities; we compare different flies and
observe a good reproducibility. Their variations in time and space are smooth: this is a first step
towards the mechanical description of the tissue as a continuous medium.

To look for causes of these morphogenetic movements, we perform laser ablations. A
disk-shaped domain, of the size of ~10? cells, is severed from the surrounding epithelium and
observed during its relaxation. We thus accurately measure the stress and strain in the tissue
prior to ablation: this is a second step towards the mechanical description of the tissue as a
continuous medium.

We fit to the relaxation data a model of an active, viscoelastic, anisotropic solid subject
to external friction. We find that on the length scales considered the internal viscosity dominates
the external friction. Finally, we obtain an estimate of the viscoelastic time scale of the
epithelium. This third step validates the description of this epithelium as a linear, continuous
medium.
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In many examples of intracellular transport, cargoes transported by molecular motors
display a motion that is bidirectional rather than unidirectional [1]. This type of motion, also
observed in acto-myosin systems, typically appears in the presence of two groups of motors
with opposite polarity, and enables an object to move efficiently in two directions. Bidirectional
motion can be seen as a consequence of the collective behavior of molecular motors. We
propose an analytic theory for the calculation of the reversal time. We consider the bidirectional
motion as a first exit problem in a non-equilibrium system. We identify the noise strength by
doing an expansion of a master equation and apply the Wentzell-Freidlin theory to define an
effective nonequilibrium potential and provide analytical estimates of the reversal time [2]. Our
results match very well with the results of stochastic simulations. With high probability, a
reversal event takes place along an "most probable exit trajectory" in the space of
configurations.

We also discuss another collective effect (an oscillatory instability) appearing in the
same model and compare our results to a recent experiment indicating that the acto-myosin
system can become self-oscillatory when subjected to an elastic load [3]. Instabilities due to
molecular motors might be relevant for describing mechanical oscillations in a variety of
biological systems, including muscles, sensory hair-cell bundles of the inner ear, and flagella.

1.M A Welte; Bidirectional Transport along Microtubules; Current Biology (2004), 14:R525-
R537.

2.T Guérin, J Prost, J-F Joanny; Motion Reversal of Molecular Motor Assemblies due to Weak
Noise; Phys Rev Lett (2011) 106:068101.
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Minimal Actomyaosin System under Elastic Loading; Phys Rev Lett (2009) 103:158102.
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Learning in networks of binary synapses is known to be an NP-complete problem. A smart
combined stochastic local search strategy in the synaptic weight space is constructed to further
improve the learning performance of a single random walker. In practice, we apply two
communicating random walkers guided by their Hamming distance and associated energy costs
to learn a same large set of patterns. Each walker first learns a small part of the whole pattern
set (partially different for both walkers but with the same constraint density) and then explores
its weight space to find a solution to classify the whole pattern set correctly. The desired solution
locates at one of the common parts of weight spaces explored by these two walkers. The
efficiency of this smart strategy is supported by our extensive numerical simulations and the
typical Hamming distance as well as energy cost is predicted by an annealed computation.

1. W Krauth, M Mezard; Storage capacity of memory networks with binary couplings; J. Phys.
(France) (1989) 50:3057-3066.
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Biological responses often obey Weber’'s law, according to which the magnitude of the
response depends only on the fold change in the external input. In this study, we demonstrate
that a system involving a simple autocatalytic reaction shows such response when a chemical is
slowly synthesized by the reaction from a faster influx process. We also show that an
autocatalytic reaction process occurring in series or in parallel can obey Weber’s law with an
oscillatory adaptive response. Considering the simplicity and ubiquity of the autocatalytic
process, our proposed mechanism is thought to be commonly observed in biological reactions.
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The expression level of any gene is unavoidably coupled to the physiological state of the cell,
which for bacteria during exponential growth is first and foremost characterized by the growth
rate. Parameters that affect gene expression such as the availability of RNA polymerases and
ribosomes, and the gene copy number are known to be growth-rate dependent. Therefore the
expression level of a gene depends not only on its regulation, but also on the growth conditions,
and a quantitative understanding of gene expression also requires an understanding of the
global effects due to growth. We studied these effects for various genetic circuits involving
positive and negative control as well as feedback using a model for gene expression and
synthetic genetic circuits in E. coli grown in various media.

We show that the growth-rate dependence of constitutive expression can be explained by the
growth-rate dependence of several cellular parameters. Our model predicts and our
experiments confirm that this dependence, a reduction of the protein concentration at fast
growth, is enhanced for genes under positive control and vanishes for genes controlled by a
negative autoregulator.

If the growth rate depends on the concentration of a particular protein, e.g. a ‘bottleneck
enzyme’ or a ‘toxin’, the growth-rate dependence of its expression results in feedback mediated
by growth. For positive feedback this may lead to growth bistability, i.e. to a mixed population
with one fraction of cells growing faster than the others. We hypothesize that this type of
feedback plays a role in metabolic control and tolerance to antibiotics.

Furthermore, the growth rate dependence of cellular parameters and parameters of plasmid
replication is used to obtain information about the control system for plasmid replication and to
deduce the form of the control function, supporting exponential control over hyperbolic control

[2].

1. S Klumpp, Z. Zhang, T Hwa; Growth-rate dependent global effects on gene
expression in bacteria; Cell (2009) 139:1366-1375.

2. S Klumpp; Growth-rate dependence reveals design principles of plasmid copy
number control; PLoS One (2011) in press.
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It is a general rule that as a system gets smaller its fluctuations increase. As a consequence, in
small systems, like a molecular motor, thermodynamic quantities like work or heat are only
defined in a statistical sense. Exact relations exist between
the statistical distributions of thermodynamic quantities which are known as fluctuations
relations [1].

Within the linear regime, these fluctuations relations lead to a modified fluctuation dissipation
theorem valid for systems close to non-equilibrium steady-states and obeying a markovian
dynamics. We present here a compact derivation of this result which we apply to a model of
molecular motors [2].

1. A.W. C. Lau, D. Lacoste and K. Mallick; Non-equilibrium fluctuations and
mechanochemical couplings of a molecular motor; Phys. Rev. Lett. (2007) 99:
158102.

2. G Verley, K Mallick, and D Lacoste; Modified fluctuation-dissipation theorem for non-
equilibrium steady states and applications to molecular motors; Europhys. Lett.
(2011) 93:10002.
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During the asymmetric division of the one-cell stage embryo of the nematode C. elegans, germ
line granules (P-granules) segregate and localize in the posterior half of the cell in order to be
unequally distributed to the two daughter cells. Segregation occurs via a spatial gradient of
supersaturation of P-granule components which nucleate in droplets on in the posterior side and
dissolve in the anterior side. This supersaturation gradient is generated by a concentration
gradient of the protein Mex-5. Using a combined experimental and theoretical approach, we
show that the Mex-5 gradient is established by a modulation of the diffusivity of Mex-5 via
reactions that occur at the cell cortex and within the cytoplasm. We propose that Mex-5 may
control P-granule phase separation via its competitive RNA binding activity, by which the local
Mex-5 concentration influences the saturation point of the phase transition that triggers P-
granule formation.
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Double-stranded DNA bacteriophage genomes are densely packaged into capsids until the
ejection is triggered upon interaction of the tail with the bacterial receptor. Using cryo-electron
microscopy, we describe the organization of the genome in the full capsid of T5, and explore its
conformational changes as a function of the ionic and aqueous environment as well as the
length of molecule. In the full capsid, monodomains of hexagonally crystallized DNA segments
initially form a 3D lattice of defects. Upon progressive ejection, the genome undergoes a series
of phase transitions, turning liquid crystalline and finally isotropic. The addition of a DNA
condensing agent (either multivalent cations that diffuse through the capsid wall or polymers
such as PEG that does not permeate the capsid) provokes the condensation of the DNA chain
into toroidal globules. We show that the nature and the concentration of the condensing agent
tune both the DNA-DNA interactions between segments of the chain and the interactions
between the capsid proteins and the DNA molecule, leading to a variety of shapes and
compactness. We’'ll discuss these results with respects to the different forms that may be
assumed by a DNA molecule inside the capsid at different stages of the infectious cycle of the
phage (ejection, packaging).
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Image gallery of DNA conformations inside the TS bacteriophage capside. {a) Full capsid. (b) Capsid after partial ejection {40%) of the
genome showing a cholesteric organisation. {c, d) Partially filled capsid after DNA condensation by spermine, showing toroidal conformations
in top and side views. Scale bar 20 nm.
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We study the electrostatics of a partially formed, charged spherical shell in a salt solution. We
investigate the problem in two different limits, the weak [1] and strong coupling regimes [2]. The
former is described by the Poisson-Boltzmann (PB) theory (and its linearised Debye-Hickel
(DH) version) [2], based on the mean-field approximation, and is applicable for low ion
valencies, small charge densities, high medium dielectric constant, or high temperatures. The
limitations of the PB approximation become practically important only in highly charged systems
(especially ones with high ion valencies), where ion-ion correlation effects begin to affect the
electrostatic properties of the system. There, one has to give up the idea of a mean-field
description altogether, taking recourse in a fundamentally different reformulation of the
electrostatic theory, based on the concept of strong coupling [3]. Since our system in this regime
includes both monovalent salt and polyvalent counterions, we describe it by using the strong
coupling dressed counterions theory. Thus, the monovalent salt is treated in the DH limit, giving
rise to a strong coupling description of dressed polyvalent counterions interacting via a
screened DH pair potential.

For each of the two cases described above we numerically calculate the dependence of
the free energy on the parameters of the system, and derive analytical approximations to clarify
its behaviour. From the results on the energetics of partially formed shells we then examine the
stability of tethered (crystalline) and fluid shells towards rupture. We delineate different regimes
of stability, where, for fluid shells, we also include the effects of the bending elasticity of the
shells. We then show how these results apply to the stability of both viruses and vesicles,
drawing out phase diagrams for the rupture of spherical capsids and the poration of vesicles.
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The identification of groups of co-expressed genes is a key step in gene expression analysis.
Clustering is used widely to infer putative functional relationships between genes, with gene
expression clusters arising for instance through common biological pathways or shared modes
of regulation.

But could such clusters have arisen simply by chance, without an underlying biological
mechanism? Even unrelated objects can form cluster-like structures simply due to density
fluctuations. To distinguish such random clusters from biological signals, we compute the cluster
score p-value: the probability that a random data set contains a cluster with similarity score
equal or higher than a given score S. We develop a probabilistic model for high dimensional
gene expression data, which incorporates possible dependencies between experimental
conditions. Using methods from statistical mechanics, we obtain an analytical solution to the
cluster significance problem. Based on our model, we develop a new clustering method, which
finds clusters with significant scores only and optimizes the number of clusters.

We apply significance-based clustering to genome-wide expression data in yeast with
samples corresponding to various environmental stress conditions. Tracking the dependence of
co-expression clusters on cluster scoring parameters and cluster sizes, we find a striking
correspondence between cluster p-value and the biological significance of a cluster (quantified
by enrichment in Gene Ontology terms).
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Sensing extracellular changes is the first stage in the process of cellular decision making, but
why different biochemical networks use different sensing mechanisms is not yet clear. To gain a
better insight into this question we studied one of the simplest sensors, common in both
eukaryotes and prokaryotes: allosteric transcription factors. Such proteins directly transduce
information about sensed changes in the environment to changes in gene expression. Our
purpose is to understand the ‘design’ of allosteric sensors. Using the Monod-Wyman-Changeux
(MWC) model [1] and following on the approach initiated by Detwiler et al. [2], we defined and
calculated a set of six sensing characteristics — the dynamic range, the Hill number, the static
gain, the response time, and, by analytically solving the stochastic version [3] of the MWC
model, the intrinsic noise and the information transmission capacity [4] — as a function of the
biochemical parameters of individual sensors and of the number of sensors.

We found that optimizing one characteristic strongly constrains the performance of the
system with regards to other characteristics. For example, a high Hill number implies both a
high dynamic range and a high capacity, the static gain and the Hill number are anti-correlated
and reducing the intrinsic noise also reduces the dynamic range and the Hill number. We can
also calculate the probability distributions of the numbers of input molecules and active sensors
that maximize information transmission and, thus, show that a population of one hundred
allosteric sensors can a priori distinguish between four bands of input concentrations. Finally,
and perhaps surprisingly, we found that most of the space of characteristics is inaccessible
given plausible biochemical parameters.

These results suggest that allosteric sensors are unlikely to be selected for high
performance in one sensing characteristic but for a compromise in the performance of many.
Our approach provides both quantitative and qualitative insights about the function and
robustness of allosteric sensors and is therefore useful to both the study of endogenous
systems and the design of circuits in synthetic biology.

1. J Monod, J Wyman, JP Changeux; On the nature of allosteric transitions: a plausible
model; J Mol Biol (1965) 12:88-118.

2. PB Detwiler, S Ramanathan, A Sengupta, Bl Shraiman; Engineering aspects of
enzymatic signal transduction: photoreceptors in the retina; Biophys J (2000)
79:2801-2817.

3. NG van Kampen; Stochastic processes in chemistry and physics (1992); North
Holland Publishing Co., Amsterdam.

4. G Tkacik, CG Callan Jr, W Bialek; Information capacity of genetic regulatory
elements; Phys Rev E (2008) 78:011910.
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Short Abstract — We study how the structure of a gene network gives rise to
evolutionary constraints. Focusing on signalling cascades, we show theoretically that
functional relations between network components generate interactions between
mutations (epistasis) and classify the different epistatic scenarios according to cascade
structure. We show the existence of situations in which there is a preferential order of
mutations, and situations in which two components require mutual adequacy leading to
separate optima. We test our predictions on a synthetic cascade in Escherichia Coli by
mutating separate components of our network and measuring the performance of
combinatorial mutants.

[. MOTIVATION

VOLUTIONARY constraints have recently been analyzed in detail at the level of physical
Einteractions between molecular components [1,2], revealing the presence of epistatic
interactions restricting evolution to a only a few possible paths [3]. On the other hand, studies of
mutational effects in gene networks report synergistic or antagonistic interactions in a statistical
sense [4,5] and are thought to be related to network topology [6,7]. We propose here to study
mechanistically the interactions between mutations generated by functional relations within
gene networks, focusing on the case of signalling cascades and show how such interactions
can constraint gene networks evolutionary pathways [8].

II. THEORETICAL ANALYSIS

We consider linear cascades made of successive down or up-regulating steps. We evaluate
the performance of a network based on the range of the output provided at steady-state in
response to a given input signal. Epistatic interactions between mutations can be predicted
based on maps of metwork performance as a function of network parameters. More precisely,
mutations affecting two genes which are functionally but not physically related represent
orthogonal paths on the performance map, which correspond to local paths in the genotype to
fitness landscape.

We show that the dependence of the optimum of one parameter on the value of another
generates evolutionary constraints. For example in the case of two successive repressors, there
is a domain in the space of binding constants for which all paths to maximum performance
exhibit sign epistasis, implying a preferential order of mutations. When these two repressors are
downstream another repressor, all paths relating two optima exhibit reciprocal sign epistasis.
This requirement for mutual adequacy potentially results in the existence of local fithess optima.
More generally, we classify epistatic scenarios for cascades of arbitrary length and composition.

[ll. EXPERIMENTAL EVOLUTION

We test the relevance of our simplified model on a synthetic signaling cascade in E. Coli. This
cascade is made of an input control system based on arabinose and two successive repressor
proteins (TetR and Lacl) with a fluorescence reporting system for each step. We mutate
individually each repressor proteins and create a librairy of all combinations of mutants between
the two genes. We first observe that mutants diversity is well described by considering the
parameter space of binding constants. Measuring the performance of combinatorial cascades,



we explore exhaustively two steps mutational paths and show that they follow the predicted
epistatic patterns.

I[V. CONCLUSION

Functional relations between gene network components lead to predictible epistatic
interactions between mutations based on the knowledge of network structure. These epistasic
properties arise from phenotypic functional dependence between mutated components and
provide insights into accessible evolutionary paths.
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After the polymerization of actin monomers into filaments, the actin-bound ATP is hydrolyzed
into ADP, a process that was believed to decrease the filament stability. Recent experiments
suggest the opposite behavior, however, namely that the actin filaments become increasingly
stable with time [1]. Several mechanisms for this stabilization have been proposed, ranging from
structural transitions of the whole filament helix to surface attachment of the filament ends.

We performed novel fluorescence microscopy experiments on single filaments and found that
filaments do indeed cease to depolymerize in an abrupt manner. We also calculated the
distributions of a easily accessible observable for many possible stabilization mechanisms. A
comparison of theory and experiment reveals that the sudden truncation of the shrinkage
process does neither arise from blocking of the ends nor from a collective transition of the whole
filament. Instead, we predict a local transition process occurring at random sites within the
filament.

1.HY Kueh, WM Brieher, TJ Mitchison; Dynamic stabilization of actin flaments; PNAS 105
(2008):16531.
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E. coli's 6S RNA is a type of noncoding, small RNA that is ubiquitously expressed in the cell and
is the key component in a unique global RNA polymerase (RNAP) - mediated regulation
mechanism [1]. 6S RNA was shown to differentially inhibit 0-70 dependent promoters during
stationary phase by binding and forming a stable complex with the housekeeping form of RNAP,
blocking the ability of RNAP to bind to promoter DNA. Surprisingly, when stationary phase cells
are exposed to high enough levels of nucleotide-triphosphate (NTP), they enter outgrowth
phase at which time 6S RNA is used as a template for product RNA (pRNA) synthesis. 6S RNA
interactions with RNAP are destabilized during the pRNA synthesis reaction, leading to the
dissociation of the 6S RNA-RNAP complexes. The released 6S RNA becomes highly unstable
and the released RNAP enables increased transcription of genes. Many of the dynamic
properties and the promoter specificity which characterize this regulation mechanism are still
unclear.

Using a mathematical model of this biological system we study the dynamics of the
system components and specifically mRNAs transcribed by 0-70 dependent promoters (during
exponential phase, stationary phase and outgrowth) [2]. We find that this global regulation
mechanism exhibits unique properties; RNAP level returns to steady state subsequent to its
inhibition, and stored inactive RNAPs bound by 6S RNA accumulate over late stationary phase
and can return to their active form rapidly upon the introduction of newly available nutrients. We
show that a gene's sensitivity to 6S RNA regulation varies according to its inherent effective
promoter parameters- affinity to RNAP and clearance rate. We also compare 6S RNA regulation
to other global RNAP-mediated regulation mechanisms and deduce several of its properties,
including its energetic efficiency, its robustness to noise, and the competitive edge of cells
carrying it at the transition to a new environment.

1. KM Wassarman and RM Saecker; Synthesis-Mediated Release of a Small RNA
Inhibitor of RNA Polymerase; Science (2006) 314:1601-3.

2. M Nitzan, KM Wassarman, O Biham, and H Margalit; Regulation of gene expression
by 6S RNA: a quantitative view; in preparation.
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Bacterial cells rely on a strong link between transcription program, chromosome physical
organization and growth conditions. Growth rate is coupled to cellular macromolecular
composition, and thus to the main global parameters of gene expression (such as ribosome and
RNA polymerase abundance). While locally it relies on specific transcription-factor binding,
transcription depends globally on the state of the mesoscopic protein/genome complex called
nucleoid; the main proteins shaping the nucleoid have growth-dependent expression. Finally,
nucleoid organization and growth are also linked by the process of replication. Our work, in
direct collaboration with experiments, focuses on the characterization of these links at different
levels using data analysis and models. This poster presents the intermediate results of different
subprojects.

1.Integrating several data sources (microarrays, ChIP-on-chip) we identified clusters of
genes sensitive to nucleoid-perturbation that correlate with large structured regions along the
chromosome that typically demix in the cell (macrodomains). In particular, we found indications
that the switch between the motile and biofilm lifestyle might depend on nucleoid-mediated
regulation in two large regions containing the flagella regulons.

2.More generally, we considered how gene functions and transcriptional interactions are
influenced by chromosomal coordinate. We found that essential genes preferentially cluster in
specific chromosome domains and, analyzing the transcriptional regulatory network, we found
significant correlation between link topology and chromosome organization.

3.Finally, we are investigating how global physiological parameters such as growth rate and
nucleoid organization can contribute to the cell-to-cell variability of gene expression. Starting
from quantitative estimates of the cellular macromolecular composition, we find a non-trivial
scaling of expression fluctuations with growth rate.
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The daily life of most living organisms is orchestrated by an endogeneous biological clock, the
so-called circadian clock, which provides them with information about the time of day. Loss of
synchronization between the circadian clock and the day/night cycle is known as "jet lag".
Circadian clocks are built with networks of genes and proteins which interact so as to generate
biochemical oscillations with a period close to 24 hours. Perfect synchronization with the
day/night cycle is achieved through parametric forcing, by having one or more properties of the
clock depend on light intensity. For example, a clock protein may be strongly degraded at night
and stabilized by light. However, daylight intensity can display strong fluctuations from day to
day, which could potentially reset the clock erratically.

The analysis of time series of the activity of two recently identified clock genes of a small
microscopic alga, Ostreococcus tauri, has shed light on this paradox. Remarkably, no signature
of coupling to light can be detected in time series in condition of stable entrainment [1,2]. This
indicates that when the clock is on time, coupling to light is scheduled at the precise time when
it has no effect on the core circadian oscillator, just as when one experiences zero resistance
when pushing a swing [1]. As a consequence, fluctuations in daylight are completely absorbed.
Proper synchronization is however ensured by the fact that if the clock is not on time, coupling
to light affects the clock at a time where it is responsive and thus can be reset [1].

Moreover, what makes a clock robust to daylight fluctuations can be analyzed in terms of its
phase response curve, which characterizes how it reacts to a light perturbation at different times
of the day. Depending on characteristic properties of this curve, such as curvature, a clock will
be robust or not, and this can be quantified by analytical criteria [3]. Remarkably, phase
response curves measured in a number of real organisms satisfy these criteria supporting the
idea that robustness to daylight fluctuations is an evolutionary imperative for suitable clock
functioning [3].

[1] Q. Thommen, B. Pfeuty, P.-E. Morant, F. Corellou, F.-Y. Bouget, and M. Lefranc, Robustness
of circadian clocks to daylight fluctuations: hints from the picoeucaryote Ostreococcus tauri,
PloS Comput Biol 6(11): €1000990. doi:10.1371/journal.pcbi.1000990 (2010)

[2] P.-E. Morant, Q. Thommen, B. Pfeuty, C. Vandermoere, F. Corellou, F.-Y. Bouget and M.
Lefranc, A robust two-gene oscillator at the core of Ostreococcus tauri circadian clock, Chaos 20,
045108 (2010).

[3] B. Pfeuty, Q. Thommen, and M. Lefranc, Robust entrainment of circadian oscillators requires
specific phase response curves, Biophysical Journal, in press.
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In yeast mating, two haploid cells of opposing mating type fuse to form a diploid cell. Cells first
polarize and orient their nuclei, so that their microtubule organizing centers (SPB) face each
other. After fusion of the plasma membrane the two nuclei congress and fuse. Although it is
known that nuclear movement is mediated by cytoplasmic microtubules the exact mechanism of
karyogamy remained so far unresolved. Two mechanisms have been proposed in the literature,
microtubule plus-end coordinated depolymerization [1] and sliding of opposed microtubules [2].
We will show that a third way, where MT are captured by motors located on the partner SPB,
may occur instead. Using mathematical modeling the efficiency of the different proposed
mechanisms is compared and the role of motors on the plus-tip of microtubules is investigated.

1. JN Molk, ED Salmon, K Bloom; Nuclear congression is driven by cytoplasmic microtubule
plus end interactions in S. cerevisiae. J Cell Biol (2006) 172:27-39

2. MD Rose; Nuclear fusion in the yeast Saccharomyces cerevisiae. Annu Rev Cell Dev
Biol (1996) 12:663-95
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Collagen fibrils, cable-like assemblies of long biological molecules, are dominant components of
connective tissues. Their determinant morphological and functional roles motivated a large
number of studies concerning their formation and structure. However, these two points are still
open questions and, particularly, that of their organization which is certainly dense but not
strictly that of a crystal. We examine here how the algorithm of phyllotaxy could contribute to the
analysis of the structure of collagen fibrils. Such an algorithm indeed leads to organizations
giving to each element of the assembly the most homogeneous and isotropic dense
environment in a situation of cylindrical symmetry. The scattered intensity expected from a
phyllotactic distribution of triple helices in collagen fibrils well agrees with the major features
observed along the equatorial direction of their X ray patterns. Following this approach, the
aggregation of triple helices in fibrils should be considered within the frame of soft condensed
matter studies rather than that of molecular crystal studies.
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Biological functions are determined by phenotype, which is expressed through a dynamical
process governed by genotypes. The genotypes that can achieve phenotypes with higher
fitness are selected through the evolution. The expression dynamics of the phenotype is
generally stochastic due to thermal noise, and the phenotypes of isogenetic organisms are not
necessarily identical. To maintain the biological functions under the noisy environment, the
phenotype should be insensitive to the noise. The evolution of the robustness considering the
phenotypic fluctuation is an interesting subject.

We study the evolutionary process by introducing a statistical-mechanical model of spin-glass
system. In our model, the configuration of spin variables S and their interaction variables J
represent a phenotype and genotype, respectively. Time scales associated with J is extremely
slow in comparison to that associated with S, and it is considered that the interactions are fixed
during the time evolution of the spins. Therefore, the equilibrium distribution of the spins is given
by temperature Ts and Hamiltonian under a given J. The interactions evolve to increase their
fitness, which is given by the probability that specific spin configurations (target configurations)
appear. We assume that the equilibrium state of the interactions given by temperature T, and
fithess is achieved after a long time evolution.

By following the replica method, the equilibrium property of the model is analyzed. It is found
that the adaptation phase, in which target configurations appear, is obtained at Ts < Ts"S. In
particular, the replica symmetric adaptation phase appears in the intermediate Ts region, TsRB<
Ts < T<FS, when T; < 1 [1]. The evolved interactions in this phase are less frustrated compared
with the randomly constituted one. The results are consistent with our previous study with Monte
Carlo simulation, in which the evolution of less-frustrated genotypes that provide a smooth
expression of phenotype is implied [2].

The model at an intermediate temperature Ts describes the situation that the phenotype is not
determined uniquely from the genotype. Our result implies the evolutional significance of the
fluctuation in the phenotype expression. We will make a presentation about the detailed analysis
of the model and the evolutional meanings of the replica symmetry in the intermediate
temperature region.

1. A. Sakata, K. Hukushima and K. Kaneko; in preparation.

2. A. Sakata, K. Hukushima and K. Kaneko; Funnel landscape and mutational
robustness as a result of evolution under thermal noise, Phys. Rev. Lett. (2009),
148101.
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The ability to detect, quantify and subsequently understand molecular interactions is
essential for drug profiling, diagnostics, treatment and many major medical applications. Over
recent years there has been an emergence of ever more compact, sensitive and fast biosensors
[1, 2, 3, 4]. Our project is part of this trend, and has as its principal goal the development of a
new biosensor based on optical microresonators. In collaboration with a research group in
physics (LPQM — ENS Cachan) working on components and materials for photonics we are
developing the optical detector/biological material interface.

Preliminary tests carried out on optical devices have confirmed that we have a sensitive
signal in response to the presence of molecules on the microresonator surface. Our objective
now is to functionalise these surfaces with appropriate detecting molecules, to ensure accurate
and specific detection. A surface chemistry based on silane monolayers has been developed in
our laboratory and will be adapted to the microresonator material for that purpose.

The developed biosensor is designed for a range of diverse applications, from the study
of DNA-protein interactions —which constitutes a main interest in our research team — to other
kinds of interactions, such as peptide-proteins, antigen-antibody, amongst others.

We aim to offer an efficient new tool, with a reduced time response for monitoring
interaction process in real-time, together with the possibility to providing hitherto inaccessible
information about conformational changes thanks to the use of the polarization properties of
light that allow analysis of phase changes at a surface.

1. J Comley; Label-free detection; Drug Discovery (2008) pp. 77.

2. AL Washburn, L Cary Gunn, and RC Bailey; Label-Free Quantitation of a Cancer
Biomarker in Complex Media Using Silicon Photonic Microring Resonators;
Analytical Chemistry (2009) vol. 81 (22) pp. 9499-9506.

3. LM Lechuga, K Zinoviev, OEH Alonso, C Dominguez, J Elizalde; Biosensing
microsystems: fast, label-free, real-time clinical testing; SPIE Newsroom (2008)
DOI: 10.1117/2.1200812.1377.

4. MA Cooper; Optical biosensors: where next and how soon? Drug discovery today
(2006) 11(23-24):1061-7.



Abstract No. 41

Environmental versatility promotes modularity in genome-scale
metabolic networks

1,2,*
|4

Areejit Samal’®’, Andreas Wagner® and Olivier C. Martin'*

! Laboratoire de Physique Théorique et Modéles Statistiques, CNRS and Univ Paris-Sud, UMR
8626, F-91405 Orsay Cedex, France
2 Max Planck Institute for Mathematics in the Sciences, Inselstr. 22, 04103 Leipzig, Germany
® Institute of Evolutionary Biology and Environmental Studies, University of Zurich,
Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
* INRA, UMR 0320/UMR 8120 Génétique Végétale, Univ Paris-Sud, F-91190 Gif-sur-Yvette,
France
* samal@mis.mpg.de

The ubiquity of modules in biological networks may result from an evolutionary benefit of a
modular organization. For instance, modularity may increase the rate of adaptive evolution,
because modules can be easily combined into new arrangements that may benefit their carrier.
Conversely, modularity may emerge as a by-product of some trait. We here ask whether this last
scenario may play a role in genome-scale metabolic networks that need to sustain life in one or
more chemical environments. We call a metabolic network viable in a given chemical
environment, if it can synthesize all of an organism’s biomass compounds from nutrients in this
environment. An organism’s metabolism is highly versatile if it can sustain life in many different
chemical environments. We here ask whether versatility affects the modularity of metabolic
networks.

Using recently developed techniques [1] to randomly sample large numbers of viable metabolic
networks from a vast space of metabolic networks, we use flux balance analysis to study in
silico metabolic networks that differ in their versatility. We find that highly versatile networks are
also highly modular [2]. They contain more modules and more reactions that are organized into
modules. Most or all reactions in a module are associated with the same biochemical pathways.
Modules that arise in highly versatile networks generally involve reactions that process nutrients
or closely related chemicals. We also observe that the metabolism of E. coli is significantly more
modular than even our most versatile networks.

Our work shows that modularity in metabolic networks can be a by-product of functional
constraints, e.g., the need to sustain life in multiple environments. This organizational principle
is insensitive to the environments we consider and to the number of reactions in a metabolic
network. Because we observe this principle not just in one or few biological networks, but in
large random samples of networks, we propose that it is a generic principle of metabolic
network organization.

1. Samal A, Rodrigues JFM, Jost J, Martin OC, Wagner A: Genotype networks in
metabolic reaction spaces. BMC Systems Biology (2010), 4:30.

2. Samal A, Wagner A, Martin OC: Environmental versatility promotes modularity in
genome-scale metabolic networks. Submitted.
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The mechanical properties of cell membranes arise from their remarkable structural
organisation. In order to better understand the origins of membrane elasticity, we study protein-
lipid interactions in simple model lipid bilayer systems (giant vesicles). We investigate protein-
lipid interactions and the effect of proteins on the membrane (micro)domain organisation of giant
vesicles consisting of several lipid species. We use a label-free imaging technique, Coherent
Anti-Stokes Raman Scattering (CARS), to image the lipid species, and Two-Photon
Fluorescence (TPF) to visualise autofluorescent proteins. Protein adsorption onto the lipid
membrane can thus be studied and 3D reconstruction allows the protein distribution around the
vesicles to be investigated. The effects of proteins on the lateral lipid microdomain structure can
also be studied.

CARS is a four-wave mixing process that uses vibrational signatures of atomic groupings [1]. To
differentiate between different lipid species we use deuterated lipids whose carbon atoms have
been replaced by deuterium atoms. This substitution does not change the chemical properties
of the molecule but allows distinguishing between two fatty acid chains containing CH; and CD,,
respectively, because their vibrational modes are differents [2]. The model lipid membranes
used are composed of lipid mixtures (DOPC, DPPC(d62) and cholesterol in varying amounts)
and are phase-separated into microdomains of different composition.

The protein studied in this work is a-elastin. Elastin is a protein of the extra-cellular matrix and
forms elastic fibres found in different tissues [3]. Lipid-elastin interactions are poorly understood
but are important for the processes of secretion of tropoelastin and the early stages of fibril
formation. In a more general context, understanding the interactions between proteins and
bilayer lipid membranes is important for better appreciation of membrane mechanical properties
[4].

1. ThucT. Le, S. Y., Ji-Xin Cheng (2010). “Shedding New light on Lipid Biology with CARS
Microscopy” . Journal of Lipid research.

2. Sfd Nan, X.,W. Yang, et al. (2004). "CARS microscopy lights up lipids in living cells."
Biophotonics International 11(8): 44-47

3. Urry DW. Physicochemical Properties of Elastin and Constituent Peptides. In: Ladislas
R, Hornebeck W, editors. Elastin and Elastases. Florida: CRC Press Inc; 1989. p. 141-74.
4. Steven R. Goodman, K. E. K., Carol F Whitfield, Beat M Riederer, lan S Zagon. (1988).
"Spectrin and related molecules." Volume 23(Issue 2): 171-219
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Neutral networks (NNs) are sets of genotypes encoding the same phenotype which are
connected by point mutations[1]. They provide the space that evolving populations can explore
through neutral drift [2]. Many studies have highlighted the importance of these networks for
evolutionary dynamics, linking them for example to robustness [3], evolvability [4] and speciation
[5]. Central to their role in shaping fitness landscapes is their connectivity. Here we study a
genotype-phenotype map in which the fragmentation of NNs is evident, namely RNA secondary
structures. Compensatory mutations, an instance of reciprocal sign epistasis [6], lead to the
existence of many neutral components (NCs). We argue that this fragmentation leads to
contingency in evolution by demonstrating two facts: First, neither energy (fithess) nor entropy
(abundance in genotype space) favours one NC over all others in an NN. Second, the potential
for future innovations depends critically on the particular NC from which an population recruits
its genotypes. Taken together, this implies that the course of evolution is contingent on random
events (and initial conditions) which drive populations to specific areas of genotype space.

1. P Schuster, W Fontana, IL Hofackker; From sequences to shapes and back: a case
study in RNA secondary structures; Proc R Soc B(1994) 255: 279-284.

2. M Kimura; The neutral theory of molecular evolution; 1999 Cambridge University
Press, Cambridge, UK.

3. E van Nimwegen, JP Crutchfield, MA Huynen; Neutral evolution of mutational
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4. A Wagner; Robustness and evolvability — a paradox resolved; Proc R Soc B (2008)
275:91-100.

5. S Gavrilets; Fitness landscapes and the origin of species; 2004 Princeton University
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6. DM Weinreich, RA Watson, L Chao; Perspective: Sign epistasis and genetic
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RNA polymerase Il (Pol Il) transcribes DNA nucleotide sequence information into RNA
sequence information called messenger RNA (mMRNA). In order to dissociate from the DNA the
polymerase needs to receive a signal. This signal is not well defined in the fission yeast
Schizosaccharomyces pombe. Previous studies have shown that the cohesin (the protein
responsible for binding the sister-chromatids) concentrates between convergent genes (genes
facing each other) of the fission yeast [1]. The aggregation of cohesin forces the polymerase to
terminate. However, the role of cohesin in Pol Il kinetics remains poorly understood. It has been
hypothesized that the cohesin can be pushed by RNA polymerase Il along the chromosomes.
We present a preliminary kinetic model for the interaction between cohesin and Pol I, which are
written in terms of systems of differential equations or stochastic simulations [2]. We are
currently evaluating how cohesin influences the transcription rate in time. The Gillespie
Stochastic Simulation Algorithm can be used to study the effect of experimental noise on the
model and indicate ways to optimise the experiments [3]. Experiments such as ChIP-on-chip,
nuclear run-on assays and plasmid transformations are being used to parametrise the
developed model.

1.M Gullerova, NJ Proudfoot; Cohesin complex promotes transcriptional termination
between convergent genes in S. pombe, Cell (2008) 132:983-995.

2.X Darzacq, Y Shac-Tal, V de Turris, Y Brody, SM Shenoy, RD Phair, RH Singer; In vivo
dynamics of RNA polymerase Il transcription, Nature. Struct. Mol. Biol. (2007) 9:796-806.
3.D Gillespie; Exact stochastic simulation of coupled chemical reactions, J. Phys. Chem.
(1977) 25, 2340-2362.
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Cells are able to make vital decisions by sophisticated processing of molecular inputs. In some
cellular processes the implementation of arithmetic operations on two molecular inputs can be
required, e.g., to eventually produce a molecule at a concentration that is proportional to the
sum or the product of the concentrations of two different molecular inputs. An important question
to address concerns what mechanisms can lead to the implementation of the desired arithmetic
operation.

Recent work [1] has shown that arithmetic division plays a fundamental role in the normal
growth of the model plant Arabidopsis thaliana. In order to support its growth during the night,
the plant relies on starch reserves that have been accumulated throughout the day: the starch is
then linearly degraded during the night, at a rate that ensures the exhaustion of starch reserves
at the time of expected dawn, when photosynthesis begins again. Remarkably, the plant adjusts
the degradation rate in response to an unexpected early or late night: the degradation rate d, is
set on the basis of the amount of starch stored, S, and the time to next dawn, t, such that d=S/t.
How is the plant able to perform such arithmetic division?

We present different general mechanisms that the cell can exploit to implement arithmetic
division between two molecular inputs, both at transcriptional and post-translational levels.
Experiments to assess the specific mechanism that is working in vivo are discussed, with a
focus on the case of Arabidopsis.

1. A Graf, A Schlereth, M Stitt, AM Smith; Circadian control of carbohydrate availability
for growth in Arabidopsis plants at night; PNAS (2010) 107:9458-9463.
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In Escherichia coli overlapping rounds of DNA replication allow the bacteria to achieve
doubling times that are faster than the time required to copy the genome. The precise timing of
initiation of DNA replication is determined by a regulatory circuit that depends on the binding of
a critical number of DnaA-ATP proteins at the origin of replication resulting in the melting of the
DNA and the assembly of the replication complex. The synthesis of DnaA in the cell is controlled
by a growth-rate dependent, negatively autoregulated gene found near the origin of replication.
The activity of the protein depends on its nucleotide bound state and its availability compared to
the number of nonspecific binding sites on the genome, both of which are dependent on the rate
of DNA replication.

In order to obtain an improved understanding of the contribution of the different
regulatory processes in the timing of initiation of DNA replication as a function of growth rate we
formulate a minimal quantitative model of the initiator circuit that includes the key ingredients
known to regulate the activity of the DnaA protein. This model can describe the oscillations in
DnaA-ATP/DNA as a function of the cell cycle, achieving the same maximum value at the time
of initiation independently of the growth rate by a continuous change in the value of the
parameters controlling the rate of DnaA synthesis. We compare different possible scenarios to
characterize the roles of DnaA autoregulation and of the DnaA-bound ATP-hydrolysis regulatory
process under different growth conditions.

A continuous increase in the rate of DnaA gene expression dependent on the growth
rate of the cell can account for the timing of initiation of DNA replication at different cell doubling
times. Auto-repression of the DnaA gene is not required for this model to work and the rate of
RIDA can be varied 10 fold without significantly affecting the outcome. Both RIDA and auto-
repression however can contribute to dampen the amplitude of the oscillations of DnaA-
ATP/DNA during the cell cycle and result in a smaller range in the change of the average
amount of DnaA-ATP per genome equivalent as a function of growth rate. This is required if
DnaA's activity as both the initiator of DNA replication and as a transcription factor is to reflect
the status of the DNA replication process in response to perturbations of the replication forks
independently of the growth rate.
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Gene duplication and subsequent diversification are believed to play a major role in
evolution. The continuous process of duplication-divergence has made it possible to
create complex organisms like vertebrates from relatively simple unicellular organisms
[1]. Among one of the most striking events in the evolutionary history of an organism are
whole genome duplication (WGD) events, which have now been firmly established in all
major eukaryote kingdoms. WGDs are rare but dramatic genome doubling transitions
leading to two fold genetic redundancy. It has now been established by comparative
genomic studies that the common ancestor of vertebrates also underwent two WGDs
some 500 MY ago. These WGDs have shaped vertebrate genomes and bio-molecular
networks. More generally, duplication and deletion processes at various genomic scales
have restricted, by construction, the emergent properties of biomolecular networks at a
broad systemic level [2-5].

In the present work[6], we explore the evidence supporting the role of non-adaptive
functional auto-inhibition constraints on the evolution of signaling pathways implicated in
cancer development and progression. We have analyzed the consequences of
oncogenic mutations on the evolutionary fates of gene duplicates arising from two
WGDs. Our preliminary results, suggest that signaling pathways implicated in cancer
have been largely shaped by these two WGDs with significant retention of ohnologs.
Furthermore, oncogenes in these pathways with functional auto-inhibitory constraints
appear to have retained more ohnologs than the ones without such constraints
suggesting that the expansion and the emergent properties of these signaling pathways
have been largely shaped by non-adaptive constraints.
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Each cell in multicellular organisms constantly responds to external signals by modifying it's
internal state and environment. For example, during development, cellular differentiation and
intra-cellular signaling are essential for the coordinated development of the organism. The
spatio-temporal dynamics of these complex interaction networks is one of the most challenging
problems in biology. An era of developmental biology has revealed a repertoire of molecules
playing crucial roles during development. However, advancing the quantitative assessment of
their interactions (affinities, rate constants, strength of non linearities etc.) and the rules
governing them, require not only visualization of these proteins at the single cell level in the
living organism through various stages of development but also the means to control or interfere
spatially and temporally with the activity of these proteins.

In this poster, | will describe a multidisciplinary non-invasive optical strategy to control protein
activity and gene expression in live zebrafish embryos as well as cells in culture with the spatial
resolution down to single cell.

Our method constitutes of three components: 1) the dependence of biological activity of a
protein fused to estrogen receptor on the binding state of the estrogen to its chaperone, 2) the
chemical inertness and the permeability of the cell membrane to non-endogeneous caged
inducers and 3) the selective optical uncaging of inducers in zebrafish embryos with up to single
cell resolution using two photon microscopy.

We demonstrate the use of this technique to control protein activity in two different contexts: 1)
the activation of the nuclear translocation of two different fluorescent proteins in zebra fish
embryo and cell cultures, and 2) the activation of the Cre recombinase activity in an appropriate
transgenic animal to genetically label a single cell of the embryo.

We believe that the ability of our method to change the protein activity or genetic map of
selective cells in embryos could be applied more widely to investigate physiological processes
(in embryogenesis, organ regeneration and carcinogenesis) with high spatio-temporal
resolution.
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Ewing sarcoma is the second most frequent pediatric bone tumor. It is shown that most of Ewing
tumors share the same genetic abnormality: a chromosomal translocation inducing the
expression a chimeric transcription factor, EWS-FLI1. In addition, EWS-FLI1 alone appears to
be able to induce tumorigenesis in cellular models.

In this context, a signaling network downstream of EWS-FLI1 has been constructed [1]. It
describes EWS-FLI1 effects on proliferation and apoptosis. It has been build using selection of
genes from experiments on inducible cellular systems. Qualitative connections between genes
were introduced by mining biological literature and the network was further refined by applying
reverse engineering methods to data on systematic knock-down perturbations of the network.
The resulting influence network is available in the form of a Cytoscape file.

The size of the network (107 nodes) precludes from applying the traditional mathematical
modeling approaches (ODEs, Boolean models, etc.). Because of this, a simple method for
confronting biological data with an influence network has been developed: Path Influence
Quantification (PIQuant).

This method is implemented as a part of BiNoM Cytoscape plugin [2]. Briefly, it sums up
influences along all possible paths in the network. Path influence is defined from the activity
value of its source node, path length and path sign.

PIQuant was applied in the context of Ewing sarcoma, using the influence network (and its
refined version), gene expression data from inducible cell-lines and from tumor biopsies. It
produced:

- Coherence tests between influence network (and refined version) and cell-lines data
- Coherence tests between refined influence network and tumor biopsies

- Extraction of sub-network for further mathematical modeling

- Potential therapeutic targets

1. G Stoll, A Zinovyev, E Barillot, F Tirode, K Laud, D Surdez, O Delattre; Ewing
sarcoma network model through EWS-FLI1 signaling; poster presented at 11th
International Conference on Systems Biology, 2010/10/10-15, Edinburgh.

2. A Zinovyev, E Viara, L Calzone, E Barillot; BINoM: a Cytoscape plugin for
manipulating and analyzing biological networks; Bioinformatics (2008); 24: 876-7.
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Nonlinear interaction of membrane proteins with cytoskeleton and membrane leads to non-
Gaussian structure of their displacement probability distribution. We propose a statistical
analysis technique for learning the characteristics of the nonlinear potential from the cumulants
of the displacement distribution. The efficiency of the approach is demonstrated on the analysis
of kurtosis of the displacement distribution of the particle traveling on a membrane in a cage-
type potential. Results of numerical simulations are supported by analytical predictions. We
show that the approach allows robust identification of the potential for the much lower temporal
resolution compared with the mean square displacement analysis.

1.Pavel M. Lushnikov, Petr Sulc, Konstantin S. Turitsyn: Learning the nonlinear interactions from
particle trajectories; arXiv:1102.2290v1
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Waves propagating in “excitable media” is a reliable way to transmit signals in space. A
fascinating example where living cells comprise such a medium is Dictyostelium D. which
propagates waves of chemoattractant to attract distant cells. While neutrophils chemotax in a
similar fashion as Dictyostelium D., it is unclear if chemoattractant waves exist in mammalian
tissues and what mechanisms could propagate them.

We propose that chemoattractant cytokine waves may naturally develop as a result of NF-kB
response. Using a heuristic mathematical model of NF-kB-like circuits coupled in space we
show that the known characteristics of NF-kB response favor cytokine waves.

While the propagating wave of cytokines is generally beneficial for inflammation resolution, our
model predicts that there exist special conditions that can cause chronic inflammation and re-
occurrence of acute inflammatory response.
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We developed and implemented a new statistical algorithm for quantitative determination
of the binding free energy of two heteropolymer sequences under the supposition that each
sequence can form a hierarchical cactus—like secondary structure, typical for RNA molecules.
We offered a constructive way to build a "cost function" characterizing the matching of two
RNAs with arbitrary primary sequences. The substantial difference of this procedure from the
convenient sequence comparison is that in RNA case we not only align the sequences of
nucleotides which constitute pairs between two RNAs, but also take into account the secondary
structure of the parts of RNA between the aligned nucleotides. The proposed algorithm is based
on two facts: i) the standard alignment problem can be reformulated as a zero—temperature limit
of more general statistical problem of binding of two associating heteropolymer chains; ii) the
last problem can be straightforwardly generalized onto the sequences with hierarchical cactus—
like structures (i.e. of RNA-type). Taking zero—temperature limit at the very end we arrive at the
desired ground state free energy with account for entropy of side cactus—like loops [1].

Using this algorithm we studied different statistical properties of random RNA sequences
such as average free energy, fluctuation and loop distribution for both linear and cactus—like
structures formed by two interacting RNA. We received that without limitation on the minimal
loop length cactus-like structures are characterized by the very high possibility of binding of
about 0.92. For explanation this effect a new hierarchical model for determination average free
energy of two interacting random RNA was proposed. The model showed a good agreement
with the numerical experiments for cactus-like structures and allowed us to suppose a critical
behavior for approaching the possibility of binding in alphabetic sequences to 1. We found that if
number of different letters in alphabetic sequences "c" is more than the critical value of 4,
average free energy will be always less than 1. The interesting effect is observed for the critical
"c"; for finite sequence length the possibility of binding in cactus-like structures is always less
than 1, but it equals 1 at infinity.

Fluctuation for both linear and cactus-like structures belongs to the KPZ universality class. It
allowed us to firstly detect phase transition for random RNA by temperature behavior of
fluctuation.

1. S. K. Nechaev, M.V. Tamm and O.V. Valba; Statistics of noncoding RNAs: allignment
and secondary structure prediction, J. Thys. A: Math. Theor. 44 (2011)



