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1 Description 
 

  
  
  
It is increasingly recognized that the cytoplasm of many cell types is not a homogeneous fluid 
environment. Experiments have revealed compositionally-distinct droplets within the cell’s 
cytoplasm (Hyman and Brangwynne, 2011, Weber and Brangwynne, 2015; Courchaine et al., 
2016). Such droplets include the nucleolus, centrosomes, stress granules and RNA particles, 
and provide the cell with a powerful mechanism to spatially organize biochemical reactions 
(Banani et al., 2017). This class of condensed phases has recently been extended to include 
the post-synaptic density (PSD) in neuronal synapses that are important for synaptic plasticity 
(Zeng et al., 2016), and it has been suggested that vesicle clusters form a distinct phase inside 
the active zone of the pre-synaptic neuron (Milovanovic and De Camilli, 2017). Recent 
experiments have reconstituted condensed phase droplets in vitro (Lin et al., 2015; Feric et 
al., 2016) providing opportunities for detailed modelling that is not possible in vivo. These 
condensed phase droplets lack a bounding membrane, and rapidly exchange molecules with 
the surrounding cytoplasm.  
The formation of condensed droplets in the cytoplasm is an example of a liquid-liquid phase 
separation (LLPS) that drives the formation of regions enriched in RNA and selected protein 
species surrounded by the remaining species-poor cytoplasm (Berry et al., 2015; Brangwynne 
et al., 2015). Within these domains proteins may exhibit distinct phases of matter. This is 
reminiscent of the liquid-ordered phase in the lipid membranes (Ipsen et al., 1987), and may 
reflect a functional need (Bagatolli et al., 2010; Jacobs and Frenkel 2017). In the three-
dimensional realm of the cytoplasm, membrane-less fluid droplets exhibit complex dynamics. 
Water in the cytoplasm responds to oscillatory cellular metabolic processes (Thoke et al., 
2015). The combination of metabolic coupling in the cytoplasm and active enhancement of 
biochemical processing in droplets form an exciting starting point for exploring how cells 
control their internal state.  
The structure, function and modelling of condensed phase droplets are the subjects of this 
workshop. Expected outcomes include an improved understanding of these phases and novel 
methods for manipulating droplets for therapeutic purposes (Aguzzi and Altmeyer, 2016) 
using optogenetics (Shin et al. 2017) and microfluidic control (Taylor et al., 2016).  
The purpose of this workshop is to bring together scientists with complementary skills 
(experimentalists, simulators and theorists) to discuss new results in the field of liquid-liquid 
phase transitions in the cellular cytoplasm. Since a similar workshop in 2014, there has been 
a surge of new exciting experimental results on coarsening kinetics of droplets and 
observations of multiple co-existing liquid phases (Berry 2015, Brangwynne 2015, Feric 2016) 
along with the development of mean-field continuum models awaiting quantitative testing 
(Berry 2015, Shin 2017, Jacobs and Frenkel, 2017). The increasing power of computer 
hardware makes it possible to study simplified models of LLPS using coarse-grained 
simulations. The discussion will be focussed on the challenges in developing simplified 
theoretical models of the relevant multicomponent experimental systems, and identifying 
applicable simulation techniques, as well as surveying the wide range of experiments being 
conducted in vivo and in vitro. Relevant questions are: 
1) What can be learned from minimal experimental systems?  
The cellular cytoplasm is a highly-crowded, multicomponent fluid and in order to untangle the 
features relevant to LLPS, simplified experimental systems are required. A range of in vitro 
systems that recapitulate the formation of condensed liquid droplets have been developed 
and form the basis for simulations assessing the importance of crowding, fluid structure, and 
entropic forces on droplet formation and dynamics. Light microscopy and optogenetics 
provide powerful tools for probing and controlling these minimal systems.  
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2) Can computer simulations suggest routes for experimental manipulations using these 
techniques?  
Membraneless liquid droplets have sizes on micron length scales, which is on the border of 
system sizes that can be simulated using coarse-grained, particle-based simulation 
techniques such as dissipative particle dynamics. Parallel coarse-grained simulation tools can 
simulate large numbers of molecules, but how much detail is needed to accurately reproduce 
experimental behaviour? Are simplified force fields sufficient to capture experimental systems 
that involve highly-charged polyampholytes?  
3) Can theoretical models identify the relevant thermodynamic forces crucial for droplet 
formation and sustained existence?  
Proteins that form condensed liquid droplets typically have many low complexity regions, are 
multiply-charged, and lack secondary structure. A combination of many weak forces is 
involved in their interactions. Polymers are also subject to strong entropic forces that are 
sensitive to the state of their aqueous environment, including salt concentration, pH, crowding, 
etc. Theory suggests that a multi-component interacting system may demix or remain 
dispersed depending on the variance of a random assignment of interaction strengths 
between the molecule types, and that this behavior requires only small changes in 
composition and interaction strength (Jacobs and Frenkel, 2017). How do we go beyond 
existing mean field theories to predict more complex droplet dynamics?  
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2 Program 
 

 
 Day 1 - Wednesday May 23, 2018 
 
Wednesday 

•   8:30 to 8:45 - Welcome and Introduction 
 

•   8:45 to 9:30 - Presentation - Joel Berry 
 Optimized regulation of order and function in living cells:  thermodynamics-based 

analysis and modeling of intracellular condensation 
 

•   9:30 to 10:15 - Presentation - Stephanie Weber 
 No membrane, no problem: condensing bacterial organelles 

 
•   10:15 to 11:00 - Coffee Break 

 
•   11:00 to 11:45 - Presentation - Reinhard Lipowsky 

 Interactions of water-in-water droplets and membrane-less organelles with 
membranes 
 

•   11:45 to 12:30 - Presentation - Seraphine Wegner 
 Photoswitchable adhesion and social sorting in synthetic cells 

 
•   12:30 to 14:00 - Lunch 

 
•   14:00 to 14:45 - Presentation - Lars Folke Olsen 

 Coupling of glycolytic oscillations to the dynamics of intracellular water 
 

•   14:45 to 15:30 - Presentation - Selman Sakar 
 Wirelessly powered microactuators for biomedical research 

 
•   15:30 to 16:00 - Coffee Break 

 
•   16:00 to 16:20 - Presentation - Peter Crowley 

 Protein assembly on a flexible supramolecular scaffold 
 

•   16:20 to 16:40 - Presentation - Melissa Gammons 
 Wnt signalosome assembly by Dishevelled: a paradigm for phase transitions in 

cell signalling 
 

•   16:40 to 17:00 - Presentation - Marc Joyeux 
 In vivo compaction dynamics of bacterial DNA: a fingerprint of DNA/RNA 

demixing? 
 

•   17:00 to 18:00 - Discussion 
 

•   18:00 to 20:00 - Poster Session with cold buffet sandwiches 
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 Day 2 - Thursday May 24, 2018 
 
Thursday 

•   8:30 to 8:45 - Welcome and Introduction 
 

•   8:45 to 9:30 - Presentation - Suliana Manley 
 Granules in bugs 

 
•   9:30 to 10:15 - Presentation - Sofia Zaganelli 

 Mitochondrial RNA granules: 'droplet organelles' in the organelle? 
 

•   10:15 to 11:00 - Coffee Break 
 

•   11:00 to 11:45 - Presentation - William Jacobs 
 Physical constraints on phase separation in multicomponent systems 

 
•   11:45 to 12:30 - Presentation - Alessandro Barducci 

 Investigating cellular interactions of disordered proteins with minimalistic 
molecular models 
 

•   12:30 to 14:00 - Lunch 
 

•   14:00 to 14:45 - Presentation - Sheng Mao 
 Modeling multicomponent phase behavior inspired by membranelles’ 

compartmentalization in cells 
 

•   14:45 to 15:05 - Presentation - Andrew Brown 
 Event-driven computing 

 
•   15:05 to 15:25 - Presentation - Bartosz Rozycki 

 Conformational ensembles of multi-domain carbohydrate-active enzymes: small-
angle x-ray scattering and coarse-grained simulations 
 

•   15:25 to 15:45 - Presentation - Stefano Vanni 
 Towards a molecular view of lipid droplet biogenesis 

 
•   15:45 to 16:15 - Coffee Break 

 
•   16:15 to 17:15 - Discussion 

 
•   17:15 to 18:30 - Poster Session - Aperitive  

 
•   20:00 to 23:00 - Social Dinner 
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 Day 3 - Friday May 25, 2018 
 
Friday 

•   9:00 to 9:15 - Welcome and Introduction 
 

•   9:15 to 10:00 - Presentation - Chase Broedersz 
 Broken detailed balance in living systems 

 
•   10:00 to 10:45 - Presentation - Richard Sear 

 Phoresis in cells: getting from A to B in a mixture of thousands of components 
 

•   10:45 to 11:15 - Coffee Break 
 

•   11:15 to 12:00 - Presentation - Markus Zweckstetter 
 Liquid-liquid phase separation of the microtubule-binding repeats of the 

Alzheimer-related protein Tau 
 

•   12:00 to 13:00 - Discussion 
 

•   13:00 to 13:15 - Closing Word 
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3 Abstracts 
 

 
Optimized regulation of order and function in living cells:  Thermodynamics-
based analysis and modeling of intracellular condensation 
Joel Berry 
[1]University of Pennsylvania, USA 
 
Global self-organization processes such as liquid-liquid phase separation (LLPS) are now known to 
play important roles in dynamically regulating the structure and function of many membranelles’ 
intracellular bodies.  When self-organization operates in tandem with more traditionally recognized 
regulation processes (e.g., local biochemical activity or intricate signaling pathways), intracellular 
machinery is freed from the need to construct and maintain complex mechanisms from scratch.  This 
partnership equips the cell with a far more efficient and adaptable regulatory system than one based 
on localized activity alone.  Current evidence indicates that although LLPS in living cells is often 
intimately tied to nonequilibrium biological activity, theories of classical LLPS can provide a well-
founded basis for identifying the thermodynamic conditions that trigger condensation as well as the 
physical mechanisms that mediate droplet nucleation and growth [1].  I will discuss some insights into 
intracellular self-organization that have resulted from analysis and modeling of the phase behavior and 
kinetics of various condensates beginning from the perspective of classical LLPS [1,2,3].  In extending 
this perspective to include active processes, the balance between global passive and local active 
driving forces can be viewed as a parameter that the cell may optimize with respect to particular 
functionalities and risks, between passive and active extremes.  Active processes may dominate in 
some cases, may be reserved for spatiotemporal manipulation and fine-tuning of self-organizing 
mechanisms in others, or may play little to no direct role in yet others.  Describing the thermodynamics 
and kinetics of such a regulatory system is a challenging problem, but many interesting fundamental 
results appear to be embedded within its solution.  I will discuss in particular some issues that arise in 
the treatment of chemical reactions within thermodynamic descriptions of passive and active 
inhomogeneous fluids, and resulting implications for intracellular regulation systems.   
[1] J. Berry, C. P. Brangwynne, and M. P. Haataja. “Physical Principles of Intracellular Organization via Active 
and Passive Phase Transitions”, Rep. Prog. Phys. 81, 046601 (2018).   
[2] Y. Shin, J. Berry, N. Palucci, M. P. Haataja, J. E. Toettcher, and C. P. Brangwynne. “Spatiotemporal Control 
of Intracellular Phase Transitions Using Light-Activated optoDroplets”, Cell 168, 1-13 (2017).   
[3] J. Berry, S. C. Weber, N. Vaidya, M. P. Haataja, and C. P. Brangwynne. “RNA Transcription Modulates 
Phase Transition-Driven Nuclear Body Assembly”, PNAS 112 (38), E5237-E5245 (2015).  
 
No membrane, no problem: Condensing bacterial organelles 
Stephanie Weber, Anne-Marie Ladouceur, Graydon Tope 
[1]McGill University, Canada 
 
Living cells are divided into functional compartments called organelles. In eukaryotes, lipid membranes 
create a diffusion barrier between organelles and the cytoplasm, such that each compartment 
maintains a distinct biochemical composition that is tailored to its function. In contrast, prokaryotes 
typically lack internal membranes and instead must use other mechanisms to spatially organize the 
cell. One possible alternative is phase separation, which drives the assembly of various condensates 
in eukaryotic cells. For example, the nucleolus is governed by a concentration-dependent phase 
transition in which soluble components condense from the nucleoplasm to form dynamic droplets 
around ribosomal DNA. We hypothesize that a similar process occurs in bacteria to regulate 
transcription of ribosomal RNA (rRNA) in response to growth conditions. Indeed, RNA polymerase 
(RNAP) is approximately uniformly distributed throughout the nucleoid in slow-growing E. coli cells. 
However, at fast growth rates, RNAP concentrates into distinct clusters that colocalize with rRNA 
genes. We are currently testing whether these RNAP clusters represent structural and/or functional 
homologs of the eukaryotic nucleolus. If so, then phase separation could serve as a universal 
organizing principle that extends across the entire tree of life. 
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Interactions of water-in-water droplets and membrane-less organelles with 
membranes 
Reinhard Lipowsky 
[1]MPI Colloids and Interfaces, Germany, Germany 
 
Aqueous two-phase systems, water-in-water emulsions, and membraneless organelles have attracted 
much recent interest. The interactions of these systems with biomembranes and  giant unilamellar 
vesicles (GUVs) lead to several wetting morphologies.  On the micrometer scale, the capillary forces 
arising from the water-water interfaces deform the membranes into spherical caps with an apparent 
kink along the contact line. These shapes can be analyzed using a new computational method recently 
introduced in [1].  The method is quite general and is currently applied to the experimentally-observed 
wetting morphologies of GUVs in contact with membraneless FUS-rich organelles.  [2]   Another 
ongoing study addresses the morphology of aqueous nanodroplets interacting with membranes. [3]  
  
[1] R. Lipowsky; J. Chem. Phys. B 122, 3572-3586 (2018)  
[2] R. Knorr, T. Franzmann, A. Hyman, R. Dimova, and R. Lipowsky;   
in preparation.   
[3] V. Satarifard, A. Grafmuller, and R. Lipowsky; in preparation  
 
Photoswitchable adhesion and social sorting in synthetic cells 
Seraphine Wegner 
[1]Max Planck Institute for Polymer Research, Germany 
 
Towards the bottom-up assembly of synthetic cells from molecular building blocks it is an ongoing 
challenge to assemble compartments that host different processes into precise multicompartmental 
assemblies. The difficulty lies in controlling interactions between these compartments dynamically both 
in space and time, as these interactions determine how they organize with respect to each other and 
how they work together. We seek to control the self-assembly and social self-sorting of different types 
of colloidal cell-mimics into separate families with visible light and control dynamic processes between 
them. For this purpose, we used photoswitchable protein pairs that both reversibly heterodimerize upon 
blue light exposure and dissociate from each other in the dark. These photoswitchable proteins provide 
non-invasive, dynamic and reversible remote control under biocompatible conditions over the self-
assembly process with unprecedented spatial and temporal precision. This approach will ultimately 
pave the way for the bottom-up assembly of multicompartment synthetic cells of a higher complexity, 
enabling us to control precisely and dynamically the organization of different compartments in space 
and time. 
 
 
Coupling of glycolytic oscillations to the dynamics of intracellular water 
Lars Folke Olsen[1], Henrik S. Thoke [1,2], Roberto P. Stock[1], Luis A. Bagatolli[1,3] 
[1]University of Southern Denmark, Denmark 
[1] Center for Biomembrane Physics (MEMPHYS) and [2]Institute for Biochemistry and 
Molecular Biology, University of Southern Denmark, Campusvej 55, DK5230 Odense M, 
Denmark.  
[3] Instituto de Investigación Médica Mercedes y Martín Ferreyra (INIMEC-CONICET-
Universidad Nacional de Córdoba), Friuli 2434, 5016- Córdoba, Argentina 
 
We have explored the coupling of dynamics of intracellular water with metabolism in cells of the yeast 
Saccharomyces cerevisiae. Using the polarity sensitive probe 6-acetyl-2-dimethylaminonaphthalene 
(ACDAN) we show that glycolytic oscillations in the S. cerevisiae BY4743 wild type strain are coupled 
to the Generalized Polarization (GP) function of ACDAN, which measures the ability of intracellular 
water to reorient in response to the excited state dipole of the probe. We analyzed the oscillatory 
dynamics in the wild type and 24 mutant strains with mutations in glycolytic, mitochondrial and vacuolar 
enzymes/ATPases, as well as proteins involved in actin polymerization and microtubule formation. 
Using fluorescence spectroscopy, we measured the amplitude and frequency of the metabolic 
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oscillations and linked them to the ACDAN GP in the resting state of all 25 strains. The results show 
that there exist a lower and an upper threshold of ACDAN GP beyond which oscillations do not occur. 
The transition from steady state behavior to oscillation could be described by two supercritical Hopf 
bifurcations. This critical GP range is also phenomenologically linked to the occurrence of oscillations 
when cells are grown at different temperatures. Furthermore, the link between glycolytic oscillations 
and the ACDAN GP value also holds when ATP synthesis or the integrity of the cell cytoskeleton (actin 
polymerization) is perturbed. Our results represent the first demonstration that the dynamic behavior of 
a metabolic process can be, directly or indirectly constrained by a cell-wide physical property: the 
dynamic state of intracellular water, which represents an emergent property of the cytosol. We 
hypothesize that our results may be explained using the Association-Induction (AI) hypothesis 
developed by G.N. Ling. According to this hypothesis the association of some central metabolites (e.g. 
ATP) with fibrillary proteins causes conformational changes, which, in turn, modulate the binding affinity 
of particular ions for proteins and hence also affect the patterns of hydrogen bonding of water. Using 
the AI hypothesis, we have developed a minimal mathematical model that can explain and simulate 
our experimental data. This model employs the observation that the enzyme phosphofructokinase 
(PFK) plays an important role in the mechanism responsible for the oscillations. Simulations of the 
model show good correspondence with the experimental data. 
 
Wirelessly powered microactuators for biomedical research 
Selman Sakar 
[1]EPFL, Switzerland 
 
Plasmonic photothermal effect of gold nanoparticles can efficiently transduce near infrared light into 
localized heat that drives rapid and powerful polymer collapse at the nanoscale. We developed a series 
of manufacturing techniques for hierarchical assembly of arbitrarily shaped microactuators from 
nanoscale building blocks. Structured illumination generates multiple degrees of freedom deformation 
patterns that are systematically converted into mechanical work using rationally designed compliant 
mechanisms. The presented soft devices can be utilized for applications that require precise and 
dexterous manipulation in biologically relevant environments. 
Protein assembly on a flexible supramolecular scaffold 
Peter Crowley 
[1]NUI Galway, Ireland 
 
Protein assembly triggered by supramolecular building blocks offers fascinating routes to bio-inspired 
materials. We are using anionic calixarenes as “molecular glues” to mediate protein assembly. A 
combined approach of NMR spectroscopy, X-ray crystallography and SEC-MALS has provided 
convincing evidence that sulfonato-calix[n]arenes are versatile ligands for protein surface recognition, 
coacervation and oligomerization. [1-4] The implications for intracellular protein assemblies will be 
discussed. 
[1] McGovern, Fernandes, Khan, Power, Crowley, Nature Chem. 2012, 4, 527.  
[2] McGovern, McCarthy, Crowley, Chem. Commun. 2014, 50, 10412.  
[3] Rennie, Doolan, Raston, Crowley, Angew. Chem. Int. Ed. 2017, 56, 5517.  
[4] Doolan, Rennie, Crowley, Chem. Eur. J. 2018, 24, 984.  
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Wnt signalosome assembly by Dishevelled: a paradigm for phase transitions 
in cell signalling 
Melissa Gammons[1], Marc Fiedler[1], Dolf Weijers[2], Mariann Bienz[1] 
[1]Laboratory of Molecular Biology, United Kingdom 
[1] MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge, UK [2] 
Wageningen University & Research Laboratory of Biochemistry, Stippeneng 4, 6708 WE 
Wageningen, the Netherlands 
 
Extracellular signals are often transduced by dynamic signaling complexes (‘signalosomes’) assembled 
by oligomerizing hub proteins following their recruitment to agonist-bound transmembrane receptors. 
Here I will discuss the spatio-temporal formation of the Wnt signalosome whose assembly is catalysed 
by phase transition of the cytoplasmic hub protein Dishevelled. Dishevelled oligomerization is 
dependent on reversible head-to-tail polymerization by its DIX domain [1], providing high avidity for 
weak affinity effectors [2]. This process is initiated by Wnt-induced clustering of the receptor complex 
triggering a conformational switch of the Dishevelled DEP domain undergoing dimerization by domain 
swapping, which serves to cross-link the DIX polymers [3]. This mechanism of signalosome assembly 
by head-to-tail polymerization followed by cross-linking of polymers by dimerization is conserved in the 
Wnt signalling pathway from the most primitive animals to humans and, interestingly, also appears to 
be wide-spread in plants and the SAR group of ancient eukaryotes. It constitutes an elegant device for 
the dynamic on-off switching of cell signalling.  
[1] M.Fiedler, C.Mendoza-Topaz, J.Mieszczanek, and M.Bienz. Proc Natl Acad Sci USA (2011)  
[2] M.Bienz. Trends Biochem Sci  (2014)  
[3] M.V.Gammons, M.Renko, C.M.Johnson, T.J.Rutherford, and M.Bienz. Mol Cell (2016)  
 
 
 
In vivo compaction dynamics of bacterial DNA: A fingerprint of DNA/RNA 
demixing? 
Marc Joyeux 
[1] Grenoble Alpes University, France 
 
The volume occupied by unconstrained bacterial DNA in physiological saline solutions exceeds 1000 
times the volume of prokaryotic cells. Still, the DNA is confined to a small region of the cell called the 
nucleoid. This is puzzling because bacterial DNA is not delimited by a membrane, in contrast with 
eukaryotic cells. There is still no general agreement on the mechanisms leading to the compaction of 
the DNA inside the nucleoid. However, advances in in vivo sub-wavelength resolution microscopy have 
recently allowed very detailed observations, which indicate that the size of the nucleoid varies greatly 
with several factors. I will argue that these observations provide converging indications in favor of a 
model that describes the cytosol as an aqueous electrolyte solution containing several macromolecular 
species, where demixing and segregative phase separation occur between DNA and RNA. I will also 
point out that crowding may play a crucial role by constraining macromolecules to feel electrostatic 
interactions in spite of the strong screening exerted by electrolyte species. This synergy ultimately 
favors stronger DNA/RNA demixing and nucleoid compaction. 
 
Granules in bugs 
Suliana Manley 
[1] EPFL, Switzerland 
 
Most laboratory studies on bacteria are performed on cells grown in an abundance of nutrients. In 
contrast, bacteria in their natural environment often face a shortage of essential nutrients and exist in 
a stationary growth phase where the rate of cell division is balanced by the rate of cell death, and a 
large fraction of cells are dormant. This state is prevalent in bacterial colonies living on hosts or 
environmental niches and plays a central role in promoting antibiotic resistance. A common response 
of bacteria to starvation is the formation of storage granules, which sequester nutrients such as 
polyphosphate (polyP). Ability to produce polyP increases survival in starvation conditions and 
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virulence. Nevertheless, the physical mechanism of granule formation and positioning is little explored 
in bacteria.  
Nearly all of our own cells contain mitochondria, organelles that synthesize the bulk of cellular ATP and 
regulate the cell's metabolism. Mitochondria share many structural and genetic features with bacteria, 
which contributes to the commonly held view that they derive from an ancestral endosymbiotic bacteria. 
Condensed phases also exist in mitochondria, in the form of mitochondrial RNA granules (MRGs), and 
we are working to understand their properties. 
 
Mitochondrial RNA granules: 'droplet organelles' in the organelle? 
Sofia Zaganelli[1], Dimitri Moreau [2], Jean-Claude Martinou [1] 
[1] Department of Cell Biology, University of Geneva, Switzerland  [2] ACCESS Geneva, 
University of Geneva, Switzerland 
 
Mitochondrial gene expression is essential for mitochondrial respiration, and in humans is entirely 
dependent on imported nuclear-encoded proteins. The mitochondrial genome itself encodes 13 key 
subunits of the oxidative phosphorylation system as well as the full complement of tRNAs and ribosomal 
RNAs required for their translation within the mitochondrion. Most, if not all the steps of mitochondrial 
gene expression appear to be spatially organized into two distinct but interacting structures: the 
nucleoids, which contain the mitochondrial DNA (mt-DNA); and the more recently described 
mitochondrial RNA granules (MRGs), which contain newly synthesized RNAs and several proteins. 
From our growing knowledge of specific proteins associated with MRGs, several functions can be 
ascribed to these structures including RNA processing, RNA maturation, and ribosome assembly. 
However, in order to advance our understanding of the relevance of MRGs in mitochondrial gene 
expression, it is essential to understand the as yet unknown mechanisms underlying MRG assembly 
and regulation, and the interplay between mitochondrial and nuclear gene expression. This is the goal 
of the present study. We present an automated microscopy-based RNAi screen to identify proteins 
participating both in the assembly and regulation of MRGs. Applying a multi-parameter phenotypic 
analysis, we identified a subset of about 60 different nuclear-encoded genes involved in controlling the 
number, morphology and spatial distribution of MRGs within the mitochondrial network. From these 
candidate genes, we have focused our attention mainly on genes encoding RNA-binding proteins with 
currently uncharacterized mitochondrial function. Our data are providing fresh insight into the regulation 
and spatial organization of mitochondrial gene expression. 
 
Physical constraints on phase separation in multicomponent systems 
William Jacobs 
[1] University of Cambridge, United Kingdom 
 
Liquid--liquid phase separation is widely believed to play a functional role in cells by spatially organizing 
biomolecules, either within the cytosol or within membrane-bound organelles. However, any biologically 
useful phase transition involving a specific subset of interacting species must occur in the presence of 
a vast number of other biomolecules, which may themselves have the capacity to phase separate.  If 
we wish to understand the limitations of intracellular phase separation as a mechanism for spatial 
organization, it is important to examine the physical constraints imposed by the behavior of 
heterogeneous collections of interacting biomolecules.  I shall discuss some insights into this question 
based on coarse-grained simulations and theoretical modeling. In particular, simulations suggest that, 
under quite general conditions, the phase behavior of multicomponent mixtures is easily tuned, 
meaning that only a few parameters need to be altered to toggle between distinct phase-separated 
states. These insights point the way toward a firmer understanding of the physical limitations governing 
biologically functional phase separation. 
 
 
 
 
 
 



 

Page 16 of 27. 

 
Investigating cellular interactions of disordered proteins with minimalistic 
molecular models 
Alessandro Barducci 
[1]Centre de Biochimie Structurale , France 
 
Proteins are social molecules that mostly accomplish their cellular function by forming intricate networks 
of transient and/or stable biomolecular interactions (PPIs). As a consequence, the inter-relationships 
between molecules, rather than the individual components, ultimately determine the behavior of a 
biological system. Unfortunately, an exhaustive characterization of collective interactions among 
several large-sized biomolecules is currently beyond the capabilities of molecular dynamics simulations 
based on accurate yet computationally demanding all-atom descriptions. Nevertheless, spatio-
temporal limitations can be circumvented by combining well-instructed coarse grained (CG) models, 
which provide a good compromise between accuracy and computational efficiency, and enhanced 
sampling methods, such as metadynamics [1]. Here we focus on recent results we obtained with CG 
models designed for investigating both the conformational dynamics and the interactions of highly 
flexible proteins and based on a one-bead-per-residue resolution. Particularly, we showed how this 
approach can optimally complement single-molecule FRET experiments for investigating the expansion 
of client proteins induced by Hsp70 chaperones and cochaperones [2]. This molecular characterization 
can be further complemented with analytical rate models to completely unveil the role of non-equilibrium 
thermodynamics in the cellular function of molecular chaperones [3,4]. Presently, we are taking 
advantage of this computational strategy to explore the coacervates formed by the disordered fragment 
of the nuage ddx4 protein, building on recent NMR results [5]. Our preliminary results provide an insight 
into the intra- and inter-molecular organization of disordered chains in the liquid condensed phase and 
into the free-energy landscape associated to the early steps of the assembly process.  
[1] Barducci A, Bussi G, Parrinello M. Phys Rev Lett. 100:020603 (2008)  
[2] Kellner R, Hofmann H, Barducci A, Wunderlich B, Nettels D, Schuler B. Proc Natl Acad Sci USA. 111:13355 
(2014)  
[3] De Los Rios P, Barducci A. eLife. 3:e02218 (2014)   
[4] Goloubinoff P, Sassi AS, Fauvet B, Barducci A, De Los Rios P. Nat Chem Biol. 14:388-395 (2018)  
[5] Brady JP, Farber PJ, Sekhar A, Lin YH, Huang R, Bah A, Nott TJ, Chan HS, Baldwin AJ, Forman-Kay JD, 
Kay LE. Proc Natl Acad Sci USA. 114:E8194-E8203 (2017);  
 
 
Modeling multicomponent phase behavior inspired by membraneless 
compartmentalization in cells 
Sheng Mao[1], Mikko Haataja, Andrej Kosmrlj 
[1]Princeton University, USA 
 
Recent evidence shows that intracellular phase separation can drive the formation of membraneless 
liquid-like droplets composed of protein RNA and other biomolecules. Gibbs rule suggests that the 
number of possible coexisting phases scales linearly with the number of components, which is on the 
order of hundreds in cells. However, in typical biological systems only a small number of phases are 
observed and they are often assembled in highly organized structures. To resolve this puzzle, we first 
employ Flory-Huggins theory to examine the global phase structure of many components, whose 
interaction energies are randomly drawn from a Gaussian distribution. We find that the typical number 
of coexisting phases is primarily determined by the composition and the mean strength of interaction. 
However, the enhanced variance of interaction increases the range of parameters, where small number 
of coexisting phases are observed. In order to see, how different phases evolve in time and arrange in 
space, we used the Cahn-Hilliard formalism. We investigate the nucleation and growth of domains as 
well as their relative packing for 3, 4, 5 and more components. 
[1] Y. Shin, C. P. Brangwynne, Science 357, 1253, 2017.  
[2] M. Feric, N. Vaidya, et. al., Cell 16, 1686-1697, 2016.  
[3] M. L. Huggins, J. Chem. Phys. 9, 440, 1941.  
[4] P. J. Flory, J. Chem. Phys. 10, 51, 1942.  
[5] W. M. Jacobs , D. Frenkel, Biophys. J. 112, 683-691, 2017.  
[6] J. W. Cahn, J. E. Hilliard, J. Chem. Phys. 28, 258, 1958. 
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Event-Driven computing 
Andrew Brown 
[1]University of Southampton, United Kingdom 
 
The history of advances in modern computing has revolved around making the Von Neumann 
sequential instruction execution model go faster, mainly through making transistors smaller, faster, and 
more energy-efficient. This approach has delivered spectacular progress for over 50 years but has hit 
a brick wall – the power wall. Since then largely illusory (marketing) advances in performance have 
been delivered through multi-core and then many-core parallelism – putting a modest number of 
sequential execution engines on the same chip whose potential performance is rarely realized due to 
the difficulty making sequential programs work in parallel. The time has come to abandon sequential 
instruction execution as the only model of computation. Alternatives are all around us, including the 
massively parallel computing resource on a modern FPGA, and the vast complex of biological neurons 
inside our brains. The only minor difficulty is that we do not yet have any general theory of computing 
on such huge, distributed, networked resources. It’s time that changed. Sequential computing is not 
natural, it's not efficient and, in fact, the only thing it has going for it is that it's easy.  We suggest an 
alternative way of approaching real-world computing problems - particularly simulations. This 
alternative approach is event-based computation - in the context of molecular and mesoscale 
simulations, this can provide massive parallelism available at a fraction of the conventional compute 
cost. It is not a general-purpose technique - it is applicable only to certain classes of problems with 
specific dataflow properties - but computational chemistry and coarse-grained techniques like 
Dissipative Particle Dynamics simulations seem ideally suited to attack by this technology. Here we 
discuss the technique, and why we think it is relevant to this application domain.  
 
Conformational ensembles of multi-domain carbohydrate-active enzymes: 
small-angle X-ray scattering and coarse-grained simulations 
Bartosz Rozycki 
[1]Institute of Physics, Polish Accademy of Sciences, Poland 
 
Many biological functions are carried out by large and dynamic protein complexes, which comprise 
multiple protein domains and intrinsically disordered regions [1]. Examples range from cell signaling to 
protein sorting and trafficking. Despite their biological importance, there is currently no single method 
which can provide information on the overall structure of such protein complexes: They are not directly 
accessible to X-ray crystallography due to the presence of the intrinsically disordered regions (although 
the individual, folded domains can be crystallized individually). They are also not accessible to NMR 
techniques due to their large molecular weights. In addition, their inherent flexibility makes them 
practically inaccessible to cryoEM [1]. Notable examples, with great potential applications in biofuel 
production, are cellulosomes [2,3]. They are complex multi-enzyme machineries which efficiently 
degrade plant cell-wall polysaccharides down to simple sugars. While many of their individual domains 
have been characterized structurally by X-ray crystallography and NMR methods, the overall 
conformations of cellulosomal components have been studied by low-resolution methods, including 
small angle X-ray scattering (SAXS). A number of SAXS experiments exploring the solution structures 
of the cellulosomal proteins have evidenced that the intrinsically disordered regions, or linkers, provide 
conformational flexibility that gives rise to the spatial liberty of the individual domains. But the static X-
ray scattering methods only indirectly give access to information about conformational flexibility. We 
combine molecular simulations with SAXS experiments to extract additional, dynamic properties of 
these proteins [2]. Using this approach, we gain information not only about shapes and dimensions of 
these proteins, but also about such quantities as the probabilities of inter-domain contacts and the end-
to-end distance distributions for the disordered linkers. Our results thus provide detailed pictures of the 
conformational ensembles of the cellulosomal proteins [2].  
Numerous SAXS studies have indicated that the multi-domain cellulosomal subunits are highly flexible 
and dynamic in solution. Flexibility seems thus to be a common feature among different cellulosomal 
protein components. It is probably needed for the simultaneous binding of the multiple enzymatic units 
to the plant cell wall polysaccharides. The role of the disordered linkers is thus to provide the required 
degree of flexibility while maintaining the integrity of the cellulosomes. Our simulation results indicate, 
however, that the disordered segments in cellulosomal proteins serve not only as passive linkers 
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connecting the adjacent domains but also as active modulators of the catalytic activity of the enzymatic 
domains [3]. 
[1] B. Rozycki and E. Boura, J. Phys.: Condens. Matter 26 463103 (2014).  
[2] B. Rozycki, M. Cieplak and M. Czjzek, J. Struct. Biol. 191 68-75 (2015).  
[3] B. Rozycki and M. Cieplak, Mol. BioSys. 12 3589-3599 (2016). 
 
 
Towards a molecular view of lipid droplet biogenesis 
Stefano Vanni 
[1] University of Fribourg, Switzerland 
 
Intracellular lipid droplets (LDs) are the main cellular site of metabolic energy storage and they are thus 
crucially involved in lipid metabolism. Besides their metabolic functions, however, LDs also play a 
central role in numerous processes, including lipotoxicity, cancer development, endoplasmic reticulum 
(ER) stress, viral attack or metabolic disorders, and they serve as platforms for protein and lipid 
transport. Despite the multiple functions of LDs in the cell, a basic understanding of their molecular 
properties is still missing, mostly because of their unique structure: a core of esterified fatty acids and 
sterols surrounded by a single monolayer of phospholipids (with sizes typically around 100 nm-mm), 
that makes them, in essence, intracellular oil emulsions stabilized by naturally-occurring phospholipids 
as surfactants. Here we present recent results on the molecular mechanism of LD biogenesis using 
both existing and newly-developed methodologies based on molecular dynamics (MD) simulations. 
Using these approaches, we could identify the relevant parameters driving the spontaneous phase 
separation between triglycerides and phospholipids, leading to the formation of oil lenses in the ER 
bilayer and their subsequent budding via a dewetting mechanism. 
 
Broken detailed balance in living systems 
Chase Broedersz 
[1] Ludwig-Maximilians-Universität München, Germany 
 
Measuring and quantifying non-equilibrium dynamics is a major challenge in living systems, due to their 
many-body nature and the limited number of variables accessible in an experiment. We present a 
method to identify non-equilibrium dynamics based on broken detailed balance. Using this approach, 
we study active dynamics in flagella, primary cilia, and cytoskeletal networks. What information 
concerning the system’s non-equilibrium state can be extracted from detecting broken detailed 
balance? To answer this question, we develop a general, yet simple model of soft elastic networks with 
a heterogeneous distribution of activities, representing internal enzymatic force generation. With this 
model, we determine the scaling behavior of non-equilibrium dynamics, including the entropy 
production rate. Our results provide insight into how internal driving by enzymatic activity generates 
non-equilibrium dynamics on different length scales in biological assemblies. 
 
Phoresis in Cells: Getting from A to B in a mixture of thousands of 
components 
Richard Sear 
[1] University of Surrey, United Kingdom 
 
I plan to talk about both interfacial effects, and phoretic motion. Many of the interesting phenomena 
liquids exhibit are due to interfacial, not bulk, effects. For example, interfacial tensions control phase 
separation dynamics, wetting, uptake into porous media, etc. Cells are both far from equilibrium and 
far from uniform, in particular there are gradients in ion concentrations, protein concentrations, ATP, 
etc., Liquids are known to move in response to gradients, this motion is often called phoretic motion. I 
aim to talk about simple models, what we can learn from work in other fields, and possible applications 
to cells. 
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Liquid-liquid phase separation of the microtubule-binding repeats of the 
Alzheimer-related protein Tau 
Susmitha Ambadipudi[1],Jacek Biernat[2],  Dietmar Riedel[3], Eckhard 
Mandelkow[2], Markus Zweckstetter [1,3] 
  
[1]Deutsches Zentrum für Neurodegenerative Erkrankungen, Göttingen, Germany  
[2] Deutsches Zentrum für Neurodegenerative Erkrankungen, Bonn, Germany,  
[3] Max Planck Institute for Biophysical Chemistry, Göttingen, Germany 
 
The protein Tau aggregates into tangles in the brain of patients with Alzheimer's disease. In solution, 
however, Tau is intrinsically disordered, highly soluble, and binds to microtubules. It is still unclear what 
initiates the conversion from an innocuous phase of high solubility and functionality to solid-like 
neurotoxic deposits. Here, we show that the microtubule-binding repeats of Tau, which are lysine-rich, 
undergo liquid-liquid phase separation in solution. Liquid-liquid demixing causes molecular crowding of 
amyloid-promoting elements of Tau and drives electrostatic coacervation. Furthermore, we 
demonstrate that three-repeat and four-repeat isoforms of Tau differ in their ability for demixing. 
Alternative splicing of Tau can thus regulate the formation of Tau-containing membrane-less 
compartments. In addition, phosphorylation of Tau repeats promotes liquid-liquid phase separation at 
cellular protein conditions. The combined data propose a mechanism in which liquid droplets formed 
by the positively charged microtubule-binding domain of Tau undergo coacervation with negatively 
charged molecules to promote amyloid formation. Tau forms aggregates in the brains of Alzheimer 
patients. Here, the authors identify conditions, where the microtubule-binding repeats of Tau undergo 
a phosphorylation-dependent liquid-liquid phase separation, leading to molecular crowding in the 
formed Tau liquid droplets and characterize them by NMR and other biophysical methods. 
 





 

Page 21 of 27. 

4 Posters 
 

 
Polymer-nanoparticle micro-phase separation 
Tine Curk 
[1] University of Cambridge, United Kingdom 
 
The organization of nanoparticles inside grafted polymer layers is governed by the interplay of polymer-
induced entropic interactions and the action of externally applied fields. The competition between the 
tendency for macro-phase separation of colloids and polymers and the elastic-like penalty for deforming 
the grafted layer results in the micro-phase separation, i.e. finite colloidal clusters characterized by a 
well-defined length scale. Depending on the conditions, these clusters are isolated or laterally 
percolating.  We report Monte Carlo and molecular dynamics simulations that demonstrate that ordered 
structures can be achieved by compressing a “sandwich” of two grafted polymer layers. We show that 
the pattern formation can be efficiently controlled by the applied pressure, while the characteristic 
length-scale, that is, the typical width of the patterns, is sensitive to the length of the polymers. Based 
on the results of the simulations, we derive an approximate equation of state for nanosandwiches. 
 
Spontaneous curvature of bilayer membranes from molecular dynamics 
simulations 
Bartosz Rozycki [1], Reinhard Lipowsky [2], 
[1] Institute of Physics, Polish Accademy of Sciences, Poland 
[2] Max Planck Institute of Colloids and Interfaces, Potsdam, Germany 
 
Biomimetic and biological membranes consist of molecular bilayers with two leaflets which are typically 
exposed to different aqueous environments and may differ in their molecular density or composition. 
Because of these asymmetries, the membranes prefer to curve in a certain manner as quantitatively 
described by their spontaneous curvature. We study such asymmetric membranes using coarse-
grained molecular dynamics simulations. We consider three mechanisms for the generation of 
spontaneous curvature: (i) asymmetry of lipid packing in the two leaflets of the bilayer membrane [1], 
(ii) asymmetry of adsorption layers of small molecules or ions on the two leaflets [1], and (iii) asymmetry 
of depletion layers of small molecules or ions on the two leaflets [2]. We focus on membranes that 
experience no mechanical tension and describe two methods to compute the spontaneous curvature. 
The first method is based on the detailed structure of the bilayer stress profile, which can hardly be 
measured experimentally. The other method starts from the intuitive view that the bilayer represents a 
thin fluid film bounded by two interfaces and reduces the complexity of the stress profile to a few 
membrane parameters that can be estimated experimentally. For the cases of asymmetric adsorption 
and depletion, we introduce a simulation protocol based on two bilayers separated by two aqueous 
compartments. Our computational approach is quite general: it can be applied to any molecular model 
of bilayer membranes and can be extended to other mechanisms for the generation of spontaneous 
curvatures as provided, e.g., by asymmetric lipid composition. 
[1] B. Rozycki and R. Lipowsky, J. Chem. Phys. 142 054101 (2015).  
[2] B. Rozycki and R. Lipowsky, J. Chem. Phys. 145 074117 (2016). 
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A coarse-grained molecular dynamics approach to aqueous polypeptide 
coacervates 
Maria Tsanai[1], P.W.J.M. Frederix, P.C.T. Souza, S.J. Marrink 
[1]University of Groningen, The Netherlands 
University of Groningen, Groningen, The Netherlands 
 
Coacervation is a unique type of electrostatically-driven liquid-liquid phase separation, resulting from 
association of oppositely charged macro-ions typically in aqueous solution with a high concentration of 
salt (0.1–4 M). [1] In this project, we use coarse-grained molecular dynamics (CGMD) simulations to 
establish coacervate phase diagrams in order to understand the fundamental driving forces of 
coacervate formation. We focus on canonical systems composed of oppositely charged peptides (e.g., 
polylysine, polyglutamate) for which experimental phase diagrams are available. [2] To this end, we will 
make use of the forthcoming Martini 3.0 model [3], which is an example of a CG force field that has 
been widely applied to study a large variety of biomolecular processes. 
[1] C. E. Sing, Development of the modern theory of polymeric complex coacervation, Adv. Colloid Interface Sci. 
2017, 239, 2-16.  
[2] D. Priftis M. Tirrell, Phase behaviour and complex coacervations of aqueous polypeptide solutions, Soft 
Matter, 2012, 8, 9396-9405.  
[3] S.J. Marrink, H.J. Risselada, S. Yefimov, D.P Tieleman, A.H. de Vries, The MARTINI forcefield: coarse 
grained model for biomolecular simulations, J. Phys. Chem. B, 2007, 111(27), 7812-7824.  
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