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Tipping points in the genetic composition of populations induced by environmental stochasticity

Jacobo Aguirre1,2, Susanna Manrubia1,2
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Nature  has  been  exposed  during  Earth's  history  to  a  wide  variety  of  gradual  changes  in 
environmental and climate conditions. Recent studies hypothesize that these smooth alterations might be  
responsible for some of the drastic state shifts that have been reported in our planet’s biosphere [1,2]. The 
question that ultimate faces this new line of research is whether the local impact of humans could provoke a  
planetary-scale tipping point in the nearby future.

Our work [3] deals with the possibility of observing such drastic changes in the composition of  
populations at  the genotypic  level,  e.g.  RNA populations.  In  our study,  a  graph represents the space of 
genotypic sequences of length N, where every locus (or nucleotide in the case of RNA) is a state taken from  
a genetic alphabet of A letters: each node stands for a different sequence and two nodes are connected by an 
undirected link if they differ in the state of only one locus [4]. We use a modification of the widely known 
NK model to map a rugged fitness landscape to such sequences. Finally, we model the evolution of the  
environment with time via perturbations in the fitness landscape.

Our  work  shows  analytically  and  numerically  that  not  only gradual  and  monotonic  changes  in 
environmental conditions, but also totally random fluctuations of very small amplitude, generically give rise 
to critical transitions in the genetic composition of populations for a wide range of situations. In summary, 
our results extend the studies on planetary tipping points to the genotypic scale, where it had not been studied 
to the date. 

[1] Approaching a state shift in Earth’s biosphere, A.D. Barnosky, E.A. Hadly, J. Bascompte et al., Nature 
486, 52-58 (2012).
[2] Does the terrestrial biosphere have planetary tipping points?, B.W. Brook, E.C. Ellis, M.P. Perring et al., 
Trends in Ecology & Evolution 7, 396-401 (2013).
[3]  Early warning signals and hysteresis in epochal evolution induced by environmental stochasticity,  J. 
Aguirre and S. Manrubia, submitted (2014).
[4]  Evolutionary dynamics on networks of selectively neutral genotypes: Effects of topology and sequence  
stability, J. Aguirre, J. M. Buldú, and Susanna C. Manrubia, Physical Review E 80, 066112 (2009).



Pattern formation at cellular membranes by phosphorylation and dephosphorylation of proteins

Sergio Alonso
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Kinases and phosphatases are enzymes which, respectively, add and remove a phosphate group to 
proteins.  These  two  processes,  i.e.  phosphorylation  and  dephosphorylation  of  proteins,  are  common 
mechanisms of activation and deactivation which regulate many cellular processes. Both mechanisms have 
been usually described in well mixed environments by the Goldbeter-Koshland kinetics. Such mechanisms is  
based in two coupled Michaelis-Menten processes, and produces a biochemical switch. If the medium is not  
well mixed, both reactions may occur in different regions of the cell (e.g. membrane and cytoplasm), and the 
spatial  aspects  of  the  processes  may modify significantly the  properties  of  the  biochemical  switch  and 
produce the formation of patterns inside the cell.

MARCKS is a protein which binds to the membrane by electrostatic interaction. It is translocated  
from the membrane and phosphorylated by Protein Kinase C when this enzyme is activated by calcium. Back 
in the cytoplasm the translocated MARCKS proteins are dephosphorylated by the enzyme phosphatase and 
can reattach to the membrane. These three processes give rise to a cyclic dynamics known as the myristoyl-
electrostatic  switch.  A simple  model  of  binding,  phosphorylation and desphosphorylation for  MARCKS 
protein fits known experimental results in living cells and predicts the spontaneous appearance of domains of  
high concentration of membrane proteins.



Homochiral oligopeptides by amplification: interpretation of experimental data with a 
copolymerization model

C. Blanco and D. Hochberg
Centro de Astrobiología (CSIC-INTA)
blancodtc@cab.inta-csic.es

Since biological homochirality of living systems involves large macromolecules, we have designed a  
differential  rate equation model  of chiral  polymerization based on a simple copolymerization scheme in 
which the enantiomers are added one at a time (stepwise growth) to the growing homochiral or heterochiral 
chains. Our model is set up for closed systems and takes into account reversible reactions subject to the 
appropriate thermodynamic constraints[1] while obeying a constant mass constraint. In its simplest form the 
model depends on just two independent rate constants and the maximum chain length N, together with the  
appropriate  initial  concentrations.  We  have  fit  the  model  to  the  experimental  data  from Meir  Lahav’s  
group[2] on chiral amplification of oligopeptides and find the minimal model provides rather good fits to the 
measured relative abundances of the oligopetides as a function of the number of repeat units[3]. 

[1] C. Blanco and D. Hochberg, Phys.Chem.Chem.Phys., 2011, 13, 839.
[2] I. Weissbuch, H. Zepik, G. Bolbach, E. Shavit, M. Tang, T.R. Jensen, K. Kjaer, L. Leiserowitz and M. 
Lahav, Chem. Eur. J. 2003, 9, 1782.
[3] C. Blanco and D. Hochberg, Phys. Chem. Chem. Phys., 2012, 14, 2301.



Influence of the temperature in the RDGC model

J. Bragard, A. Collet and P.C. Dauby
University of Navarra, Pamplona, Spain
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The RDGC model (reaction diffusion with global coupling) has been derived by Alvarez-Lacalle & 
Echebarria in 2009. This model is used for studying electro–mechanical cardiac dynamics. The interplay 
between the electrical  activation and the mechanical  response of the heart  is  very complex.  Therefore a  
simplified description allows to get a better intuition in the essential ingredients that one must take into  
account. For some parameter values, the RDGC model shows permanent self–sustained oscillatory regime.  
In  this  paper,  we  have  studied  the  effect  of  temperature  variation  on  the  oscillatory  regimes  that  are  
sometimes observed in the RDGC model. We have also varied other parameters as the system size (L) and 
the importance of the stretched-activated currents (G). One striking feature that comes from our numerical 
simulations is that an increase of the temperature induces an increase in the area (in the parameter space L 
and G) where one observes self–sustained oscillation solutions. We have also studied theoretically (with the 
help of a Floquet analysis) the stability of observed periodic solutions.



Dynamics of the saline oscillator

Diandian Chen
Georgia Institute of Technology
dchen87@gatech.edu

A leading cause of death is heart disease and is the cause of much study. However, one difficulty 
when examining the heart is the fact that it is a very complicated system with many parameters to consider.  
In essence, it is a nonlinear system, and we can observe phenomenon such as period doubling and chaos.  
Therefore,  we  use  another  simpler  and  inexpensive  nonlinear  system to  study  the  period  doubling  of 
nonlinear signals.  Our method is  to use a device called the density oscillator.  The oscillator produces a  
voltage signal that can be quite similar to those of the heart. Like the heart, the voltage signal can have a 
certain period and amplitude. Depending on the density of the fluids, the size of the containers, and the width 
of the orifice, the oscillator will have a natural oscillation period. More importantly, the voltage signal can be 
paced,  just  like the heart.  When paced with a specific period,  the density oscillator can produce period  
doubling and chaos. 



Species-differential regulation of cyclooxygenase 2 by a NFκB-dependent logic AND gate

Lan K. Nguyen1, Miguel A. S. Cavadas1, Boris N. Kholodenko1, Till D. Frank2 and Alex Cheong1, 3 

1Systems Biology Ireland, University College Dublin, Dublin 4, Ireland.
2Center for the Ecological Study of Perception and Action, University of Connecticut, Storrs, CT 06269, USA.

3School of Life and Health Sciences, Aston University, Birmingham, B4 7ET, UK.
a.cheong@aston.ac.uk

Cyclooxygenase 2 (COX2), a key regulatory enzyme of the prostaglandin/eicosanoid pathway, is an 
important target for anti-inflammatory therapy.  It is highly induced by pro-inflammatory cytokines in an 
NFκB-dependent  manner.  However  the  mechanisms  determining  the  amplitude  and  dynamics  of  this 
important pro-inflammatory event are poorly understood. Here we report the presence of a molecular logic  
AND gate composed of two NFκB response elements (NREs) which control the expression of human COX2 
in a switch-like manner. Combining quantitative kinetic modeling and thermostatistical analysis followed by 
experimental validation in iterative cycles, we show that the COX2 expression machinery regulated by NFκB 
displays  features  of  a  logic  AND gate  which provides  a  digital,  noise-filtering mechanism for a tighter  
control of expression in response to the inflammatory stimulus TNFα, such that a threshold level of NFκB 
activation is required before the promoter becomes active and initiates transcription. The NFκB-regulated 
AND gate is absent in the mouse COX2 promoter, most likely contributing to its differential graded response 
in promoter activity and protein expression to TNFα. This species difference in COX2 regulation by TNFα 
may contribute to the reported discordance observed between human and mouse models of inflammatory 
diseases. Our data suggests that the NFκB-regulated AND gate acts as a novel mechanism for controlling the  
expression of human COX2 to TNFα, and its absence in the mouse COX2 provides the foundation for further 
studies on understanding species-specific differential gene regulation.



A Mathematical Model for Chimeric Ligand Design In Selective Drug Treatments

Victoria Doldán
Universidad Autónoma de Madrid, Madrid, Spain
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Chimeric drugs with selective potential toward specific cell types constitute one of the most 
promising  forefronts  of  modern  Pharmacology.  We  present  a  mathematical  model  to  test  and 
optimize these synthetic constructs, as an alternative to conventional empirical design. We take as a 
case study a chimeric construct composed of epidermal growth factor (EGF) linked to different 
mutants  of  interferon  (IFN).  Our  model  quantitatively  reproduces  all  the  experimental  results, 
illustrating how chimeras using mutants of IFN with reduced affinity exhibit enhanced selectivity 
against  cell  overexpressing  EGF receptor.  We also investigate  how chimeric  selectivity  can  be 
improved  based  on  the  balance  between  affinity  rates,  receptor  abundance,  activity  of  ligand 
subunits, and linker length between subunits. The simplicity and generality of the model facilitate a 
straightforward application to other chimeric constructs, providing a quantitative systematic design 
and optimization of these selective drugs against certain cell-based diseases, such as Alzheimer’s and 
cancer.



Mechanisms underlying electro-mechanical cardiac alternans

Blas Echebarría
Universitat Politècnica de Catalunya, Barcelona, Spain

blas.echebarria@upc.edu

Electro-mechanical  cardiac  alternans  consists  in  beat-to-beat  changes  in  the  strength  of  cardiac  
contraction.  Despite  its  important  role  in  cardiac  arrhythmogenesis,  its  molecular  origin  is  not  well  
understood. Its appearance has often been associated to fluctuations in the sarcoplasmic reticulum (SR) Ca  
loading. However, calcium alternans observed without concurrent oscillations in the SR Ca content suggests 
an alternative mechanism related to a dysfunction in the dynamics of the ryanodine receptor (RyR2). In this  
talk I review recent results regarding the relative role of SR Ca content fluctuations and SR refractoriness for 
the appearance of alternans in both ventricular and atrial cells.



Stereotypical behavior of amoeba during chemotaxis

Robert Endres
Imperial College, London

r.endres@imperial.ac.uk

Stereotyped behaviors are repetitive actions with little variability in coordinated bodily movements. 
These behaviors are useful for classifying the dynamics of individuals, groups and species without reference 
to  the  details  of  their  underlying  processes.  Stereotypes  can  easily  be  identified  in  animals  due  to  
physiological constraints such as the number and relative positions of limbs, however finding them in single-
celled organisms is a significant challenge as they lack such physiological features to use as landmarks for  
measuring shape.  Here we use the variational  maximum caliber  approach to  build a  minimal  model  of  
behavior in the soil-dwelling amoeba Dictyostelium discoideum. Without reference to biochemical details,  
we are able to make behavioral predictions over timescales of minutes using only changes in cell shape over  
timescales of seconds. Using drug-treated cells, we further demonstrate that these correlations are a signature
of  complex,  healthy behavior.  Our  findings  thus  indicate  applications  for  maximum caliber  methods  in 
disease screening for aberrant behavioral modes such as those seen in metastasis. 



Excitability in the morphodynamics of motil cells

Martin Falcke
Max Delbrück Center for Molecular Medicine, Berlin, Germany

martin.falcke@mdc-berlin.de

Cell motility driven by actin polymerization is pivotal to the development and survival of organisms 
and individual cells. Motile cells plated on at substrates form membrane protrusions called lamellipodia. The 
protrusions repeatedly appear and disappear in all directions. If a lamellipodium is stabilized and lasts for 
some time, it can take over the lead and determine the direction of cell motion. Protrusions traveling along 
the cell perimeter have also been observed. Their initiation is in some situations the effect of the dynamics of  
the pathway linking plasma membrane receptors to actin filament nucleation, e.g. in chemotaxis. However,  
lamellipodia are also formed in many cells incessantly during motion with a constant state of the signaling 
pathways  upstream from nucleation  promoting  factors  (NPFs),  or  spontaneously in  resting  cells.  These  
observations strongly suggest protrusion formation can also be a consequence of the dynamics downstream 
from  NPFs,  with  signaling  setting  the  dynamic  regime  but  not  initiating  the  formation  of  individual  
protrusions. A quantitative mechanism for this kind of lamellipodium dynamics has not been suggested yet.  
Here, we present a model exhibiting excitable actin network dynamics. Individual lamellipodia form due to  
random supercritical filament nucleation events amplified by autocatalytic branching. They last from about  
10 seconds to many minutes and are terminated by filament bundling, severing and capping. We show the 
relevance of the model mechanism for experimentally observed protrusion dynamics by reproducing in very 
good approximation the repetitive  protrusion formation measured by Burnette  et  al.  with respect  to  the  
velocities of leading edge protrusion and retrograde flow, oscillation amplitudes, periods and shape, as well  
as  the  phase  relation  between  protrusion  and  retrograde  flow.  Our  modeling  results  agree  with  the 
mechanism of  actin  bundle  formation  during lamellipodium retraction  suggested  by Burnette  et  al.  and 
Koestler et al.. 



Pattern Formations as a mechanism for arrhythmias in the heart

Flavio Fenton
Georgia Institute of Technology, Atlanta, U.S.
flavio.fenton@physics.gatech.edu

The heart contracts in response to electrical waves that propagate through cardiac muscle. Normally,  
the  electrical  waves  propagate  smoothly to  effect  a  coordinated  and effective  contraction.  However,  in 
pathologic states or during very fast pacing a period doubling bifurcation can appear and promote large 
changes in action potential duration (the time a cardiac is in an excited state) and generate complex spatio-
temporal patterns. These patterns affect the normal propagation of the electrical waves and often lead to  
conduction blocks and initiation of spiral  waves that  then drive the heart  to faster  and chaotic rhythms  
(arrhythmias). In this talk we will describe theoretically some mechanisms that generate the complicated  
dynamics of these patterns and show quantitative examples of experimental optical mapping recordings from 
the epicardial and endocardial surfaces of the heart.



Pulling back the curtain on the Adenylate Kinase functional mechanism

Elena Formoso, Michele Parrinello
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Cellular  homeostasis  is  preserved through many finely regulated molecular  mechanisms.  Among 
these  operate  the  metabolic  monitors  which  are  macromolecules  that  control  cellular  energy state  and 
counteract  to  imbalances  by  generating  and  delivering  signaling  molecules  to  molecular  sensors  thus  
producing a regulatory response. These signals regulate many vital functions throughout the human body.

Adenylate kinase enzyme (AK) catalyzes the nucleotide phosphoryl exchange reaction
M g·AT P +AM P  M g·ADP +ADP. AK operates the only known reaction in biology linking AMP with⇋  
ADP/ATP equilibrium concentration of the cell.[1] Thus, it is recognized as a primary player in metabolic 
monitoring, translating small changes in the balance between ATP and ADP into relatively large changes in  
AMP  concentration.[2]  In  fact,  AK  integrates  different  signaling  pathways  to  ensure  cellular  energy 
homeostasis and an adequate response to a broad range of functional, environmental and stress challenges.  
This is a pivotal role played inside the cell, in fact there are evidences showing the direct involvement of AK 
in many human diseases, such as heart failure, metabolic disorders, cancer and neurodegenerative diseases.
[3][4]

Understanding  how a  given  protein  can  transmit  signals  entails  a  full  elaboration  of  its  energy 
landscape and how this landscape is modulated by interactions with other proteins or ligands.  We have 
studied the functional mechanism of AK, sampling the conformational motion of the enzyme in its apo and  
differently ligated forms by means of all-atom advanced sampling methods, well-tempered metadynamics  
with path collective variables.[5] Thus we can derive information on the energetics and dynamics of large  
conformational motions in adenylate kinase, and the effect that each real substrate produces on the enzyme.  
A comprehensive quantitative and qualitative description of the events can be obtained.

[1] P. Dzeja and A. Terzic, Int. J. Mol. Sci. 10, 1729 (2009).
[2] P. Dzeja, S. Chung, and A. Terzic, Integration of Adenylate Kinase and Glycolytic and Glycogenolytic  
Circuits  in Cellular  Energetics,  in  Molecular System Bioenergetics:  Energy for Life,  edited by V.  Saks,  
chapter 8, pages 265–301, Wiley-VCH Verlag GmbH & Co. KGaA, 2007.
[3] J. Corrons et al., Blood 102, 353 (2003).
[4] P. Dzeja, P. Bast, D. Pucar, B. Wieringa, and A. Terzic, J. Biol. Chem. 282, 31366 (2007).
[5] M. Parrinello, Physical Biology: From Atoms to Medicine, chapter 11- Eppur si muove, pages 247–265,  
Imperial College Press, 2009.



Coordination of chromosome replication and cell division in E. coli at the
single-cell level

Leticia Galera and Jordi Garcia-Ojalvo
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The  complete  bacterial  cell  cycle  requires  the  replication  and  segregation  of  the  chromosome,  
followed by cell  division.  The synchronization of these processes is  controlled by regulatory circuits  to 
ensure the viability of daughter cells. Our goal is to quantify the coupling between chromosome replication 
and cell division dynamics at the single cell level, and eventually determine how far we can modify the‐  
synchronicity between these two oscillators with external and/or internal factors.   

Recent studies suggest that in bacteria, chromosome replication’s initiation depends on the ratio of  
DnaA- ATP to DnaA-‐ ADP. This  AAA+ ATPase allows the assembly of  the  replisome in the  origin of‐  
replication, OriC. One of the questions addressed in this study is whether overexpressing the initiator of  
DNA replication, DnaA, and the RIDA system (Regulatory Inactivation of DnaA, composed by Hda and 
DnaN) we can modify the coupling of the two oscillators. The study is conducted with Escherichia coli at  
single  cell  level,  via  time- lapse fluorescence microscopy.  We have generated fluorescent  protein fusion‐  
reporters  (DnaA- mCherry  and  Hda-‐ dnaN-‐ mCherry)  under  the  regulation  of  an  inducible  promoter.‐  
Furthermore,  tagging  wild- type  SeqA (a  protein  that  binds  recently replicated  DNA)  with  a  spectrally‐  
orthogonal fluorescent protein allows us to monitor the replication dynamics in real time. Using cell length in 
phase images as a proxy for cell cycle progression, we correlate cell division and chromosome replication  
events, which allows us to quantify the synchronization between the two cyclical processes. 



Pulsatile regulation in genetic circuits

Jordi Garcia-Ojalvo
Universitat Pompeu Fabra, Barcelona, Spain

jordi.g.ojalvo@upf.edu

Mounting evidence at the single-cell level reveals that many cellular processes are neither steady nor 
periodically  oscillating.  Instead,  in  many cases  cells  are  regulated  by stochastically  occurring  transient
pulses of activity of various factors involved in the genetic regulation of cellular behavior. In this talk I will  
review  some  examples  of  this  phenomenology,  discussing  the  molecular  mechanisms  that  cells  use  to
generate these dynamics,  the  functional  roles  of  pulsing,  and the coordination among different  pulsatile  
factors inside a cell. 



Molecular Dynamics Simulations. Going high-throughput.

Josep Ll. Gelpí
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Molecular  dynamics  simulation  is  nowadays  the  eligible  theoretical  technique  to  account  for 

macromolecular flexibility.  Molecular simulations,  from ab-initio to coarse-grained representation levels,  
allow having a direct visualization of macromolecular dynamic behaviour and its influence in molecular  
recognition. In the post-genomic era, where most bioinformatics studies should be performed genome-wide, 
molecular simulations should not be an exception. However, moving molecular dynamics simulations to the 
high-throughput regime is not a trivial issue. HPC systems and new data storage strategies, allow performing 
large and complex simulations at a significantly reduced time. However, system preparation, and trajectory 
analysis are still performed almost manually and become highly limited by the need of human intervention.  
A number of projects like MoDEL (http://mmb.irbbarcelona.org/MoDEL) have addressed the issue of high-
throughput MD. Such initiatives have released tools (http://mmb.irbbarcelona.org/FlexPortal) that introduced 
significant  progress  in  the  field,  by  automating  system preparation  and  providing  a  series  of  analysis  
strategies. An almost fully automatic MD, from system preparation, to simulation and analysis is making  
now possible to move MD to the high-throughput regime, and allowing to match the genomics world.



Computational aspects and challenges in the spatial propagation of cardiac action potentials

Luca Gerardo-Giorda
Bassque Center for Appled Mathematics (BCAM)
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The electrical activation of the heart is the biological process that generates the contraction of the  

cardiac muscle, pumping blood to the whole body. In physiological conditions, the pacemaker cells of the  
sinoatrial node generate an action potential, a sudden variation of the cell transmembrane potential which,  
following preferential conduction pathways, propagates throughout the heart walls and causes the contraction 
of the heart chambers.

The action potential propagation can be mathematically described by coupling a model for the ionic 
currents,  flowing through the membrane of a single cell,  with a macroscopical  model that  describes the  
propagation of the electrical signal in the cardiac tissue. The most accurate model available in the literature  
for  the  description  of  the  macroscopic  propagation in  the  muscle  is  the  Bidomain  model,  a  degenerate 
parabolic  system  composed  of  two  non-linear  partial  differential  equations  for  the  intracellular  and 
extracellular  potential.  Due  to  the  degenerate  nature  of  the  problem,  its  discretization  leads  to  a  ill-
conditioned linear system and, as a consequence, its numerical solution is very expensive.

In this talk, I will principally focus on the computational aspects of the problem, and present some 
results from joint works with L. Mirabella (Georgia Tech), M. Perego (Sandia Nat.Lab), and A. Veneziani  
(Emory).



Experimentally-based modified cable equation that reproduces alternans measured in cardiac tissue

Yanyan Ji
Georgia Institute of Technology, Atlanta, U.S.
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Background: Simulations of action potential (AP) propagation based on the cable equation cannot 

reproduce variations  of AP shapes at  short  distances  unless  tissue properties  are  modified to  unrealistic 
values. Also, the minimum length required to produce discordant alternans (DA) in simulations is ~10cm for 
ventricular and ~20cm for Purkinje models, while experimentally DA can be observed in tissue sizes an 
order of magnitude smaller.

Methods: We incorporate a data-based model to regulate gap junction conductance by transjunction 
potentials  into  the  cable  equation.  This  modification  results  in  a  dynamic  decrease  of  gap  junction 
conductance during the AP plateau, which lowers coupling at high membrane potentials without altering AP 
restitution dynamics and conduction velocities (CVs).

Results:  Simulations of  ionic  cell  models in  tissue using the modified cable  equation reproduce 
experimental results not possible with the standard cable model. A cell model for canine Purkinje fibers with 
a maximum CV of 300 cm/s requires cables 20 cm long to develop DA, but the modified cable equation  
permits alternans in 2 cm-long cables, as in experiments. Simulations with other ventricular models produce  
DA in small tissue sizes similar to those in rabbit and guinea pig experiments.

Conclusions: Inclusion of a voltage-dependent gap-junction conductance in the cable equation allows 
spatial alternans to develop in realistic tissue sizes without altering other predictions from the cable equation. 
Our approach will allow more accurate studies of alternans mechanisms and control..



Lateral inhibition mediated by Notch signalling in Drosophila intestinal stem cells: analysis of a 
mathematical model
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Garcia Ojalvo1
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Adult stem cells sustain the turnover of tissues throughout the life of an organism. In order to study 
stem cell regulation and tissue homeostasis maintenance, the Drosophila posterior midgut has emerged as a 
simple research model. Drosophila intestinal stem cells (ISCs) self-renew and generate enteroblasts (EB),  
which differentiate. Experimental data suggests that ISC division is symmetric and cell fate is determined  
shortly afterwards by Delta-Notch signalling, resulting into either an ISC-ISC, EB-EB or ISC-EB pair: high 
Notch activity determines EB fate, whereas stem cell maintenance requires inactivity of the Notch pathway.  
In other systems, it is well known that Delta-Notch signalling between adjacent cells results in a mechanism 
known as lateral inhibition, in which Delta in one cell activates Notch in the adjacent cell, resulting in Delta  
repression in this second cell. We analyse a standard mathematical model of Delta-Notch signalling between 
a  pair  of  cells  in  a  biologically  plausible  parameter  space  and  show that  the  Delta-Notch  feedback  is  
sufficient to determine both symmetric and asymmetric outcomes upon ISC division. This depends on the 
parameter values, which reflect biological factors like mutual activation or repression efficiency of the Delta-
Notch system.



Smad2 and Smad3 cooperate and antagonize simultaneously in vertebrate neurogenesis

David G. Míguez
Universidad Autónoma de Madrid, Madrid, Spain

david.gomez.miguez@uam.es

The transforming growth factor beta (TGF-β) pathway plays key roles in development and cancer. 
TGF-β signaling converges into the effectors Smad2 and Smad3, which can either cooperate or antagonize to  
regulate  their  transcriptional  targets.  Here,  we  perform  in  vivo  experiments  by  electroporation  in  the 
developing chick neural tube, to show how this simultaneous cooperativity and antagonism are functional in 
neurogenesis. A mathematical model of the TGF-β pathway fits the experimental results and predicts that the  
formation of the three different hetero-trimeric complexes dictates the transcriptional responses of the R-
Smads.  Our  results  show  how  the  interaction  between  the  R-Smads  modulates  the  role  of  TGF-β  in  
vertebrate neurogenesis. Since we have modeled the Smad responses into arbitrary genes, we propose that  
this mechanism might be extended to additional TGF-β activities in development and disease.
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Serum transferrin  (Tf)  transports  iron  in  serum and  internalizes  in  cells  via  receptor  mediated  
endocytosis. Additionally, this protein is able to bind other metals, such as aluminum. Indeed, Tf has been 
identified as the predominant aluminum carrier in serum. A number of important issues remain still unclear,  
such as the exact mechanism for the metal intake and release or weather the aluminum and iron show the 
same binding mode during the entire process. 

We  carried  out  several  molecular  dynamics  simulations,  combined  with  other  computational  
techniques in order to study the complexes formed by Al(III) and Fe(III) ions with Tf. These calculations 
allow to characterize the system at an atomistic level of theory, providing valuable information difficult to  
obtain otherwise. The results demonstrate for the first time that the protonation of Tyr188 is required for the 
leaving of the metal and provides relevant information about the metal release process in sTf.
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The electrical activity of the heart is a complex system, whose nonlinear dynamics characterizes its  
healthy  or  arrhythmic  regimes.  Nonlinear  signal-processing  methods  are  needed  in  order  to  accurately 
characterize  these  signals  and  improve  understanding  of  cardiac  arrhythmias.  Recent  developments  on 
reconstructible  signals  and multiscale  information  content  show that  an  analysis  in  terms  of  singularity 
exponents provides compact and meaningful descriptors of the structure and dynamics of the system. Such 
approach gives a compact representation atrial arrhythmic dynamics, which can sharply highlight regime  
transitions and arrhythmogenic areas.

Multiscale nonlinear analysis provides appropriate tools to characterize cardiac dynamics. This is the  
case  both  for  electric  potential  time  series  (body  surface  and  endocavitary)  as  well  as  for 
electrocardiographic images mapped on the surface of the heart. In this paper, we have presented how this  
type  of  signal  analysis  can  be  exploited  to  provide  meaningful  complexity  measures  with  minimal 
assumptions on the underlying dynamics.

To that extent, independently of the signal type, singularity analysis allows a canonical decoupling of  
a complexly structured slow dynamics from a transitional fast dynamics that is modulated by the former. The 
fast dynamics reduces to a three-state Markov process whose eigenvalues indicate atrial arrhythmic regimes. 
The slow dynamics is  stochastically more complex and it  describes a Radon-Nikodym derivative of the 
actual  signal  from  what  can  be  inferred  by  the  fast  dynamics  alone.  The  slow  dynamics  has  small  
fluctuations  and  abrupt  changes  that  indicate  dynamical  transitions  in  time  and  space,  highlighting 
arrhythmogenic areas.

The robustness of the approach can be corroborated by comparing it with an independent analysis  
method. In that sense, we have performed phase-space reconstructions of the chaotic signals by means of the 
embedding theorem. We observe a correspondence of time lag fluctuations of such reconstructions with atrial  
fibrillation episodes in the same way as with the dynamical changes coming from singularity exponents. 
These results  open the way for improved model-independent  complexity descriptors to be used as non-
invasive diagnosis support or operation guide in cases of cardiac arrhythmias, particularly atrial fibrillation.

Figure: average singularity exponent from epicardial electrocardiographic mapping, for a case of persistent  
atrial fibrillation. Anterior (left) and posterior (right) views of the atria evidence how our method sharply 
highlights the arrhythmogenic foci, whose ablation stopped the fibrillation.
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Sequence conservation patterns can be used to assess the functional importance of a genomic locus,  
e.g. a binding site of a regulatory factor. If one locus is functionally coupled with another, they do not evolve 
independently and their conservation patterns are correlated. We use evolutionary correlations to study the 
vertebrate  microRNA regulatory  network,  which  is  densely  connected  and  shows  rapid  evolutionary 
rewiring. Using a Bayesian framework, we identify topological features of this network that are under weak  
but  significant  selection,  such  as  cooperative  regulation  of  one  gene  by  multiple  microRNAs,  or  the 
coordinated  targeting  of  protein  complexes  and  signaling  pathways.  Further,  we  extend  our  method  to  
distinguish  direct  from  indirect  correlations  between  loci  while  accounting  for  spurious  background 
correlations between samples due to a shared evolutionary history.  
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The maximum entropy principle applies to any thermodynamic system, including biological systems. 
It has been widely explored in the framework of ecology,  where Shannon entropy is used as a diversity 
index, and it is maximized in order to find maximum entropy distributions between or within species. There 
is wide agreement between theoretical deductions of such distributions and real data of ecosystems.  

Microbial systems are also supposed to satisfy the maximum entropy principle. In particular, cell 
differentiation  can  be  studied  in  terms  of  diversity,  and  Shannon  index  may  be  used  to  quantify  and  
maximize such diversity. Cell differentiation is here considered in a wide sense, and three different examples 
where theory, experiments and simulations converge on accomplishing Maxent are shown. 

First, a simple bacterial batch culture, were biomass distribution between cells (gamma distribution) 
fits the maximum diversity principle with two constraints related with energetic requirements and diversity 
in cell division. Then, a more sophisticated system where malaria infected red blood cells in in vitro culture  
are studied from their infection state; in this case, the maximization of entropy requires only one constraint  
regarding energetic requirements, which results on an exponential distribution of infection states. Finally, and 
at an upper scale, a cell differentiation case in terms of spatial distribution and aggregation; this is the case of  
tuberculosis lesions in lungs, which also fit  the exponential distribution. In all cases a transient phase is  
initially seen, followed by a thermodynamically stationary phase where distributions remain approximately 
constant and similar to those theoretically deduced with Maxent. 

The importance of considering diversity and its evolution in dynamic microbial systems is shown. 
Differentiation  of  cells  according  to  individual  properties  or  functionalities  as  well  as  their  spatial 
organization in upper structures seem to occur according to the maximum diversity principle. In addition, 
microbial individual-based ecology (µIBE), that combines individual-based modelling and experimentation, 
is shown as an appropriate strategy to study dynamic emergent behaviours related with diversity.
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Deregulation of the AKT signaling pathway has a central role in human pathologies related to aging,  
such as cancer and diabetes. Chemical based inhibitors have shown significant potential as treatment for  
these diseases. However, the presence of positive and negative feedback loops in the regulation of the AKT 
pathway promote the emergence of non-linear responses during drug treatment. Our experimental data show 
a bistable dose-response to reversible inhibitors in the AKT-pathway. Through mathematical analysis, we 
predict possible interactions that lead those kind of responses and we design a combinatorial treatment that  
suppresses bistability and improves drug efficacy. Besides the biochemical properties, we demonstrate that  
the topology of the pathway strongly affects the efficiency of inhibitors, and hence the characterization of the 
interaction network is a key aspect to design more effective treatments.
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Synchronization is an important phenomenon that occurs in many biological systems, including the 
heart. Therefore, understanding how to better control and induce synchronization may be vital in the area of 
cardiac  dynamics.  For  this  project,  we  seek  to  study  spatially  extended  synchronization  through  a  
mechanical-induced coupling of Mexican jumping beans. The frequency of their jumps, set by temperature 
gradients,  display a  bursting  behavior  with  periods  of  jumping  and periods  of  rest.  We  experimentally 
characterize their ability to synchronize after inducing nearest neighbor coupling through the attachment of 
string. We compare the resulting jumping behavior ti a simulation of oscillators undergoing a similar bursting 
pattern whose time evolution is governed by an adaptation of the Kuramoto model. We also use Arduino 
electronics for visual representations of these simulations for outreach and education.
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In the past few years there have been a lot of interest in constructing pools of nucleic acids with the  
purpose  of  studying  their  evolution  under  specific  selection  processes,  allowing  us  to  understand  why 
specific RNA/DNA molecules are selected by evolution to play a certain biological role. The construction 
and quantitative study of those pools is however more complicated than what researchers working in the 
field have been assuming until very recently. Both the stochasticity of the chemical processes, the different  
reactivities with which nucleotides interact with each other, and the non bias-free experimental protocols 
used to 'observe'  those pools have been often overlooked,  leading in many cases to significantly biased 
conclusions.  Here,  we  propose  some  preliminary,  stochastic  models  to  1)  quantitatively understand the 
formation of those pools and 2) to assess the bias of the experimental protocols. That will allow us to design 
starting  pools  with  the  desired  initial  probability distribution  and introduce  formulas  and algorithms  to  
correct for the experimental protocol biases.
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