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Weakly Computing with Petri Nets
Jérôme Leroux
Université de Bordeaux, France
Petri nets are a long established model of concurrency with extensive applications in modeling and analysis
of hardware, software and database systems, as well as chemical, biological and business processes. In this
presentation, I will present two ways Petri nets can be used for computing. First as weak computers for
weakly computing functions of the Grzegorczyk hierarchy, and second as population protocols for deciding
predicates of the Presburger arithmetics. I will also introduce the reachability problem, the central
algorithmic problem for Petri nets: whether from a given initial configuration there exists a sequence of valid
execution steps that reaches a given final configuration. The complexity of the problem has remained
unsettled since the 1960s, and it is one of the most prominent open questions in the theory of computation.

Bottom-up Construction of Cellular Functions using DNA Nanotechnology
Tom de Greef
Eindhoven University of Technology, The Netherlands
Living cells can be viewed as elaborate biological information processors controlled by massively parallel
operating molecular circuits that centralize signals, consolidate signal propagation and execute non-trivial
computational and decision-making functions with high spatial precision. Bottom-up synthetic biology
attempts to reverse engineer the complexity of cellular systems using well-characterized components. Such
simplified model systems composed of fewer species and with well-defined interactions could help isolate
key molecular parameters with the potential to uncover generalizable concepts. Recently, DNA
nanotechnology has emerged as a modular toolbox due to its unique capability to accomplish multiple
functions, including signal perception, downstream signal transduction, and spatial integration of signals.
In this talk I will illustrate how (dynamic) DNA nanotechnology can be used to recreate simple cellular
functions using two recent examples from the lab. In the first part of the talk I will show the development of a
simple protocellular communication device where protein-polymer microcapsules act as cell mimics and
molecular communication occurs through diffusive DNA signals. We prepare spatial distributions of sender
and receiver protocells using a microfluidic trapping array, and setup a signaling gradient from a single
sender protocell using light, which activates surrounding receivers via DNA strand displacement. Our
systematic analysis reveals how the effective signal range of a single sender is determined by various factors
including the density and permeability of receivers, extracellular signal degradation, signal consumption and
catalytic regeneration. In the second part of the talk I will show how DNA nanotechnology can be used to
construct higher-order signaling complexes. Specifically, we engineer a synthetic DNA origami-based version
of the apoptosome, a multiprotein complex that regulates apoptosis by colocalizing multiple caspase-9
monomers. Our in-vitro analysis reveals that caspase activity is induced by proximity-driven dimerization with
half-of-sites reactivity and, furthermore, reveals a multivalent activity enhancement in oligomers of three and
four caspases.

Probabilistic verification and synthesis for reliable molecular circuit designs
Marta Kwiatkowska
University of Oxford, UK
Markov chain modelling and Gillespie simulation are staple methodologies that aid our understanding of
biochemical reaction networks. However, the design of programmable molecular circuits is particularly
challenging, since they are required to function correctly and reliably. An alternative modelling and analysis
methodology deriving from computer science is automated probabilistic verification. Properties of circuit
behaviours can be succinctly expressed using temporal logic and probabilistic verification is then employed
to verify that these properties hold for a given circuit. This lecture will give an overview of the role that
probabilistic modelling and verification can play in designing molecular circuits, and will also discuss the
prospects of achieving correct-by-construction synthesis in this setting.

21 molecular algorithms using reprogrammable DNA self-assembly
Damien Woods
Maynooth University, Ireland
Wouldn't it be great to have a few DNA strands in the fridge that could run any computation you want?
In recent work [1] we designed a reprogrammable set of 355 DNA strands, or DNA tiles, capable of
implementing a wide variety of algorithms. These tiles undergo algorithmic self-assembly: a form of
molecular computation where molecules attach to a growing nanostructure and where each attachment
executes a logical instruction, or step, of the computation.
Writing a new DNA algorithm is easy: just choose a subset of our DNA tiles. We implemented a total of 21 6bit algorithms, including bit-copying, sorting, recognizing palindromes and multiples of 3, random walking,
obtaining an un-biased choice from a biased random source, electing a leader, simulating cellular automata,
generating deterministic and randomised patterns, and running a period-63 counter. The average per-tile
error rate over the 21 different programs was less than 1 in 3000.
Our reprogrammable architecture enabled programming while at the bench: we could come up with a new
algorithm in the morning and implement it on the same day. Ideas from theoretical computer science were
used to show what kinds of computations our system is capable of. The talk will showcase how the
development of such multipurpose molecular machines, reprogrammable without detailed knowledge of the
machine's physics, could establish a creative space where high- level molecular programmers can flourish.
[1]

Woods*, Doty*, Myhrvold, Hui, Zhou, Yin, Winfree. Diverse and robust molecular algorithms using
reprogrammable DNA self-assembly. *Joint lead co-authors. Nature. 567:366-372. 2019.
https://dna.hamilton.ie

Simplicity bias in self assembly and deep learning
Ard A Louis
University of Oxford, UK
By extending fundamental results from algorithmic information theory, we show that for many real-world
input-output maps, the a priori probability P(x) that randomly sampled inputs generate a particular output x
decays exponentially with the approximate Kolmogorov complexity 𝐾𝐾̃ (𝑥𝑥) of that output [1]. This simplicity
bias can explain the strong preference for symmetry observed in self-assembled protein quaternary structure
without the need to invoke natural selection. It also helps explain why deep neural networks generalise so
well in the over-parameterised regime, where classical learning theory predicts they should overfit [2].
[1]

Input–output maps are strongly biased towards simple outputs, K. Dingle, C. Q. Camargo and A. A.
Louis, Nature Comm. 9, 761 (2018); Generic predictions of output probability based on
complexities of inputs and outputs K. Dingle, G. Valle-Pérez, A. A. Louis Sci. Rep. 10, 4415 (2020).

[2]

Deep learning generalizes because the parameter-function map is biased towards simple
functions, G. Valle Pérez, C. Q. Camargo, A A. Louis, https://arxiv.org/abs/1805.08522 ; Is SGD a
Bayesian sampler? Well, almost, C. Mingard, G. Valle-Pérez, J. Skalse, A. A.

Louis, https://arxiv.org/abs/2006.15191
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A domain-level DNA strand displacement reaction enumerator allowing arbitrary non-pseudoknotted
secondary structures
Stefan Badelt1, Casey Grun2, Karthik V. Sarma3, Brian Wolfe1, Seung Woo Shin1, and Erik Winfree1
1

California Institute of Technology, USA 2Harvard University, USA 3 UCLA, USA

Information technologies enable programmers and engineers to design and synthesize systems of startling
complexity that nonetheless behave as intended. This mastery of complexity is made possible by a hierarchy
of formal abstractions that span from high-level programming languages down to low-level implementation
specifications, with rigorous connections between the levels. DNA nanotechnology presents us with a new
molecular information technology whose potential has not yet been fully unlocked in this way. Developing an
effective hierarchy of abstractions may be critical for increasing the complexity of programmable DNA
systems. Here, we build on prior practice to provide a new formalization of “domain-level” representations of
DNA strand displacement systems that has a natural connection to nucleic acid biophysics while still being
suitable for formal analysis. Enumeration of unimolecular and bimolecular reactions provides a semantics for
programmable molecular interactions, with kinetics given by an approximate biophysical model. Reaction
condensation provides a tractable simplification of the detailed reactions that respects overall kinetic
properties. The applicability and accuracy of the model is evaluated across a wide range of engineered DNA
strand displacement systems (e.g. see Figure 1). Thus, our work can serve as an interface between lowerlevel DNA models that operate at the nucleotide sequence level, and high-level chemical reaction network
models that operate at the level of interactions between abstract species.

Figure 1: Simulated condensed DNA systems in comparison with fluorescence measurements from
experimental data. The plot compares 50%-completion times for a variety of DNA reaction networks (6
publications, 15 systems, 58 data points).

Robust control of biochemical reaction networks via stochastic morphing
Tomislav Plesa, Guy-Bart Stan, Thomas E. Ouldridge, and Wooli Bae
Imperial College London, UK
Synthetic biology in general, and nucleic-acid-based synthetic biology in particular, have experienced
multiple breakthroughs in the past two decades, as novel cellular mechanisms are discovered and cuttingedge experimental methods are developed. One of the main objectives of synthetic biology is the
development of molecular controllers that can manipulate the dynamics of a given ambient biochemical
network. When integrated into smaller compartments, such as living or synthetic cells, controllers have to be
calibrated to factor in the intrinsic noise. In this context, biochemical controllers put forward in the literature
have focused on manipulating the mean (first moment) and reducing the variance (second moment) of the
target molecular species. However, many critical biochemical processes, such as cellular differentiation and
memory, quorum sensing and bacterial chemotaxis, are realized via higher-order moments, particularly the
number and configuration of the probability distribution modes (maxima). Such dynamically exotic and
biochemically important phenomena cannot be achieved using controllers that target only the mean and
variance.
To bridge the gap, we put forward the stochastic morpher controller that, under suitable time-scale
separations, morphs the probability distribution of the desired biochemical species into a predefined form.
The morphing can be performed at a lower-resolution, allowing one to achieve desired multimodality/multistability (see also Figure 1(a)), and at a higher-resolution, allowing one to achieve arbitrary
probability distributions. Properties of the controller, such as robustness and convergence, are rigorously
established using singular perturbation theory, and demonstrated on various examples. Furthermore, we also
propose a blueprint for an experimental implementation of the stochastic morpher using DNA stranddisplacement nanotechnology (see also Figure 1(b)-(c)).

Figure 1: Panel (a) displays in black the uni-modal stationary probability mass function (PMF) of the input
1
, which is gradually transformed into a desired bi-modal form under the action of a lowernetwork ø 1/15
resolution stochastic morpher, with an intermediate and the target PMFs shown in purple and as the cyan
histogram, respectively. Panels (b) and (c) display the proposed experimental scheme for the stochastic
morpher. In particular, panel (b) displays an implementation of the stochastic morpher via a DNA Holliday
junction molecule encapsulated in a vesicle, which switches between two distinct orientations Y1 and Y2, and
catalytically produces the target species X. Panel (c) displays in a greater detail the underlying stranddisplacement reactions, enclosed in the red rounded rectangle in panel (b). The single-stranded DNA
overhangs on the Holliday junction associate pairwise, forming a toehold and a branch-migration domain,
shown in grey/black and blue on Y1 and Y2, respectively. The toeholds bind to an auxiliary DNA species 𝑋𝑋�,
which initiates the release of X.

CRNs Exposed: A Method for the Systematic Exploration of Chemical Reaction Networks
Marko Vasic, David Soloveichik, and Sarfraz Khurshid
The University of Texas at Austin, USA
Formal methods have enabled breakthroughs in many fields, such as in hardware verification,
machine learning and biological systems. The key object of interest in systems biology, synthetic
biology, and molecular programming is chemical reaction networks (CRNs) which formalizes
coupled chemical reactions in a well-mixed solution. CRNs are pivotal for our understanding of
biological regulatory and metabolic networks, as well as for programming engineered molecular
behavior. Although it is clear that small CRNs are capable of complex dynamics and computational
behavior, it remains difficult to explore the space of CRNs in search for desired functionality. We use
Alloy, a tool for expressing structural constraints and behavior in software systems, to enumerate
CRNs with declaratively specified properties. We show how this framework can enumerate CRNs
with a variety of structural constraints including biologically motivated catalytic networks and
metabolic networks, and seesaw networks motivated by DNA nanotechnology. We also use the
framework to explore analog function computation in rate-independent CRNs. By computing the
desired output value with stoichiometry rather than with reaction rates (in the sense that X → Y +Y
computes multiplication by 2), such CRNs are completely robust to the choice of reaction rates or
rate law. We find the smallest CRNs computing the max, minmax, abs and ReLU (rectified linear
unit) functions in a natural subclass of rate-independent CRNs where rate-independence follows
from structural network properties.

Implementing Non-Equilibrium Networks with Active Circuits of Duplex Catalysts
Antti Lankinen, Ismael Mullor Ruiz, and Thomas E. Ouldridge
Imperial College London, UK
DNA strand displacement (DSD) reactions have been used to construct chemical reaction networks in which
species act catalytically at the level of the overall stoichiometry of reactions. These effective catalytic
reactions are typically realised through one or more of the following: many-stranded gate complexes to
coordinate the catalysis, indirect interaction between the catalyst and its substrate, and the recovery of a
distinct “catalyst” strand from the one that triggered the reaction. These facts make emulation of the out-ofequilibrium catalytic circuitry of living cells more difficult. Here, we propose a new framework for constructing
catalytic DSD networks: Active Circuits of Duplex Catalysts (ACDC). ACDC components are all doublestranded complexes, with reactions occurring through 4-way strand exchange. Catalysts directly bind to their
substrates, and the “identity” strand of the catalyst recovered at the end of a reaction is the same molecule
as the one that initiated it. We analyse the capability of the framework to implement catalytic circuits
analogous to phosphorylation networks in living cells. We also propose two methods of systematically
introducing mismatches within DNA strands to avoid leak reactions and introduce driving through net base
pair formation. We then combine these results into a compiler to automate the process of designing DNA
strands that realise any catalytic network allowed by our framework.

Algorithmic design of 3D wireframe RNA polyhedra
A. Elonen1, A. K. Natarajan1, I. Kawamata2, L. Oesinghaus3, A. Mohammed1,4, J. Seitsonen1, Y. Suzuki2,
F.C. Simmel3, A. Kuzyk1, and P. Orponen1
1
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We introduce a general algorithmic design process and software pipeline for rendering wireframe polyhedral
nanostructures in single-stranded RNA. To initiate the pipeline, the user creates a model of the desired
polyhedron using the open-source Blender 3D graphic design software. As its output, the pipeline produces
an RNA primary sequence which can then be transcribed from the corresponding DNA template and folded
in the laboratory. As case examples, we design and characterize experimentally three 3D RNA
nanostructures: a tetrahedron, a bipyramid and a prism. The design software is openly available, and also
provides an export of the targeted 3D structure into the oxDNA/oxRNA molecular dynamics simulator
framework for easy simulation and visualisation.
The design builds on the technique of kissing-loop connected RNA origami, introduced in the context of 2D
RNA tiles by Geary et al. [1], and recently advanced to more complex structures by Li et al. [2] and Liu et al.
[3]. A core component of the pipeline is an RNA secondary-structure design tool Sterna, which has been
implemented as a Python add-on module to the Blender suite. The secondary- structure design provided by
Sterna is then input to further modules in the pipeline which optimise the kissing-loop motifs used and
finally generate, utilising the NUPACK suite, the primary-structure sequence that can be taken into laboratory
synthesis.

Figure 1: Sterna designs for (a) tetrahedron, (b) bipyramid, (c) prism.

Figure 2: Cryo-EM characterisations of the (a) tetrahedron and (b) bipyramid designs.
[1]
[2]
[3]
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The Topology of Scaffold Routings on Non-Spherical Mesh Wireframes
Abdulmelik Mohammed, Nataša Jonoska, and Masahico Saito
University of South Florida, Tampa, FL, USA
The routing of a DNA-origami scaffold strand is often modelled as an Eulerian circuit of an Eulerian graph in
combinatorial models of DNA origami design. The knot type of the scaffold strand dictates the feasibility of
an Eulerian circuit to be used as the scaffold route in the design. Motivated by the topology of scaffold
routings in 3D DNA origami, we investigate the knottedness of Eulerian circuits on surface-embedded
graphs. We show that certain graph embeddings, checkerboard colorable, always admit unknotted Eulerian
circuits. On the other hand, we prove that if a graph admits an embedding in a torus that is not checkerboard
colorable, then it can be re-embedded so that all its non-intersecting Eulerian circuits are knotted. For
surfaces of genus greater than one, we present an infinite family of checkerboard-colorable graph
embeddings where there exist knotted Eulerian circuits.

New tools for online design, optimization, and simulation of large DNA, RNA and DNA-protein hybrid
nanostructures
Erik Poppleton1, Michael Matthies1, Joakim Bohlin2, Roger Romero1, Jonah Procyk1, and Petr Šulc1
1
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We present a new set of software tools and methods that have been developed to facilitate design of nucleic
acid and protein-DNA nanostructures through interactive online design and simulation. In particular, we
present oxView, a browser-based visualization, editing and simulation analysis tool for oxDNA, a popular
DNA/RNA nanotechnology simulations model. OxView can load nanostructure designs and edit them by
removing/adding single-stranded and double-stranded regions. We demonstrate how oxView can smoothly
visualize oxDNA simulations of nanostructures consisting of up to 1.2 million nucleotides. The oxView tool
can be used to launch a local oxDNA simulation, as well as to connect to a remote HPC server and visualize
simulation of a nanostructure in oxDNA in realtime in user’s browser. This way, any edits or merging of
multiple structures can be interactively simulated to obtain an equilibrium structure. Such editing
capabilities combined with simulation of a realistic model allow for construction of complex nanostructure
designs.
We further provide a set of tools that can be used for oxDNA simulation analysis. Besides visualization of
simulated structures and their conversion to videos, the provided tools can extract structural (mean structure,
centroid, flexibility calculation, principal component analysis of the structure motion) parameters of the
simulated system. Furthermore, we also provide more advanced tools such as detection of fraying and
broken base pairs, as well as automated clustering of distinct configurations sampled by the system. The
output of the analysis can be readily visualized in oxView.
We also introduce an extension of oxDNA/oxRNA models which represents proteins as an Anisotropic
Network Model. While the representation of the protein is simple and does not allow for explicitly predicting
protein-DNA binding or protein unfolding, it provides an efficient way to represent proteins in a coarsegrained DNA/RNA model, and we present its application to simulations of recently experimentally realized
DNA-protein hybrid nanostructures.
Finally, we will introduce a new public webserver, oxdna.org, that provides an easy-to-use interface to
simulate and analyze DNA or RNA nanostructures. The webserver integrates oxView with a GPU simulation
server, allowing for browser-based submission and structure analysis that does not require knowledge of
molecular simulation techniques and high performance computing tools, thus opening up the option to use
advanced modeling for nanostructure design to the wider nucleic acid nanotechnology community.
All tools are publicly available at github.com/sulcgroup

scadnano: A Browser-Based, Scriptable Tool for Designing DNA Nanostructures
David Doty1, Benjamin L Lee1, and Tristan Stérin2
1
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We introduce scadnano (short for “scriptable cadnano”), a computational tool for designing synthetic DNA
structures. Its design is based heavily on cadnano [24], the most widely-used software for designing DNA
origami [33], with three main differences:
1. scadnano runs entirely in the browser, with no software installation required.
2. scadnano designs, while they can be edited manually, can also be created and edited by awelldocumented Python scripting library, to help automate tedious tasks.
3. The scadnano file format is easily human-readable. This goal is closely aligned with the scripting
library, intended to be helpful when debugging scripts or interfacing with other software. The format
is also somewhat more expressive than that of cadnano, able to describe a broader range of DNA
structures than just DNA origami.

DNA-templated heptameric α-helical barrel
Juan Jin1, Emily G. Baker2, Jonathan Bath1, Erik Benson1, Derek N. Woolfson2, and Andrew J. Turberfield1
1
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In nature, co-assembly of polypeptides, nucleic acids and polysaccharides is used to create functional
supramolecular structures. We have shown that DNA nanostructures can be used to template interactions
between peptides and to enable the quantification of multivalent interactions that would otherwise not be
observable. Here, we extend the use of DNA nanostructures to template the assembly of an α-helical peptide
barrel. Our functional building blocks are DNA-peptide hybrids comprising de novo designed coiled-coil
peptides covalently linked to oligonucleotide tags. These hybrids are spatially organized through
hybridization of the oligonucleotide tags to single-stranded oligonucleotide handles equally spaced around
the periphery of a ring-shaped DNA nanostructure. AFM images indicate the formation of peptide complexes
in the centre of the ring, consistent with the assembly of the desired heptameric α-helical barrel. The
architectural control provided by self-assembled DNA nanostructure templates provides new opportunities
for the rational design and exploration of peptide assembly.

Turning Machines
Irina Kostitsyna1, Cai Wood2, and Damien Woods2
1
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Molecular robotics is challenging, so it seems best to keep it simple. We consider an abstract molecular
robotics model based on simple folding instructions that execute asynchronously. Turning Machines are a
simple 1D to 2D folding model, also easily generalisable to 2D to 3D folding. A Turning Machine starts out
as a line of connected monomers in the discrete plane, each with an associated turning number. A monomer
turns relative to its neighbours, executing a unit-distance translation that drags other monomers along with
it, and through collective motion the initial set of monomers eventually folds into a programmed shape. We
fully characterise the ability of Turning Machines to execute line rotations, and to do so efficiently: computing
an almost-full line rotation of 5π/3 radians is possible, yet a full 2π rotation is impossible. We show that
such line-rotations represent a fundamental primitive in the model, by using them to efficiently and
asynchronously fold arbitrarily large zig-zag-rastered squares and y-monotone shapes.

A biochemical DNA nanoscope that identifies and localizes over a hundred unique features with nanometer
accuracy
N. Gopalkrishnan, S. Punthambaker, T. E. Schaus, G. M. Church, and P. Yin
Harvard University, USA
Techniques that can both spatially map out molecular features and discriminate many targets would be
highly valued for their utility in studying fundamental nanoscale processes. In spite of decades of
development, no current technique can achieve both nanoscale resolution and discriminate hundreds of
targets. Here, we developed a DNA nanoscope that acquired a detailed class average image from a
homogenous collection of DNA origami by purely biochemical means. We successfully identified and
spatially localized over a hundred unique elements, some spaced just 6 nm apart, with an average spatial
localization accuracy (RMS deviation) of ~ 2 nm. The bottom-up, sequencing enabled mechanism of the
DNA nanoscope is fundamentally different from top-down imaging, and hence offers unique advantages in
precision, throughput and accessibility.

DNA nanoscope applied to various patterns A. DNA nanoscope workflow. B. Many different patterns
reconstructed with high accuracy. Each pattern is drawn to the same scale (scale bar = 5 nm). The numbers
below the pattern are the RMS deviation between the designed and reconstructed pattern. Points missing
from the reconstruction are indicated with red solid circles as opposed to gray solid circles. C. We encoded
‘color’ in auxiliary sequence tags that were then read out with the DNA nanoscope. D.Color wheel pattern
with 77 distinct colors. Each auxiliary tag is unique. D. Holiday tree with 21 distinct colors. Each separate
column of the pattern is a distinct auxiliary sequence, while points within the same column share the same
sequence. All 13 points that make up the trunk share the same auxiliary sequence. E. An aggregate view of
the accuracy of all the reconstructions from B and D. Each dot corresponds to the offset error vector
between the reconstructed and the designed point. Each offset vector is translated to the center of the
bulls-eye, whose each ring is 1 nm wide.

Supervised learning in a multi-layer, non-linear chemical neural network
David Arredondo and Matthew R. Lakin
University of New Mexico, USA
The development of programmable or trainable molecular circuits is an important goal in the field of molecular
programming. Multi-layer, non-linear, artificial neural networks are a powerful framework for implementing
such functionality in a molecular system, as they are provably universal function approximators. Here
we present a design for multi-layer chemical neural networks with a non-linear hyperbolic tangent
transfer function. We use a weight perturbation algorithm to train the neural network which uses a simple
construction to directly approximate the loss derivatives required for training. We demonstrate the training
of this system to learn all sixteen two-input binary functions from a common starting point. This work thus
introduces new capabilities in the field of adaptive and trainable chemical reaction network design. It also
opens the door to potential future experimental implementations, including with DNA strand
displacement reactions. This material is based upon work supported by the National Science Foundation
under grants 1935087, 1814906, 1525553, and 1518861.

Figure 1: (a) Overview of chemical reaction network architecture for training an artificial network via weight
perturbation. At each training round, the input signals Xi and the target value T are supplied to the system.
These species are duplicated into the shadow network, which also receives a small perturbation to one of its
weight values ΔWi. Both networks compute their loss independently, and these two loss values are then
α
subtracted and multiplied by ΔWi to produce the weight update value associated with the gradient of the
loss function with respect to the perturbed weight. The weight update is fed through a demultiplexer, which
uses a “selector” species SELECTWi to update the perturbed weight.
(b) Example heatmap showing the learned decision surface for X1 XOR X2. Weights were learned using the
CRN shown in (a). The heatmap was produced from the output of the system with inputs ranging from -1 to
1. In practice, binary inputs are only -1 or 1.

Coarse-grained simulation of DNA hydrogel structures
O. Henrich1, Y. A. G. Fosado 2,3, Z. Xing 4, M. Hudek1, and E. Eiser 4
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DNA hydrogels consist of multi-valent DNA building blocks that self-assemble fully reversibly from singlestranded DNA molecules into percolating 3D network structures. DNA hydrogels emerged as a distinct class
of DNA materials and attracted considerable attention due to their promising uses in controlled drug
delivery, tissue engineering, for 3D cell cultures, cell trans- plant therapy and other biomedical applications.
One of the challenges in the design of these materials is to select from the myriads of possible options a
sequence that produces the desired mechanical and thermodynamical overall proper- ties of the large scale
network. This requires modelling of tens of thousands of base pairs on very long time scales in the
millisecond range and beyond, making coarse-grained modelling with its computational and conceptual
advantages an indispensable tool.
I will present the first results of our collaboration on the modelling of a three-valent DNA hydrogel system at
the single nucleotide level [1]. We compare melting curves from simulations and experiments, analyse the
local morphology of the Y-shaped DNA molecules and suggest several alterations in the design. Adding inert
nucleotides to the central core region of the Y-DNA molecules has a very minor effect on their overall
geometry, whereas sequences in the sticky ends via which the individual Y-DNA molecules hybridise, have a
profound influence on their relative twisting and bending angles. These results provide further insights into
the general design principles of these complex materials. I will also introduce briefly into a new
implementation of the oxDNA2 coarse-grained model that is now available through the LAMMPS molecular
dynamics code [2], highlight its features and capabilities and outline the directions of future development.

Figure 1: Geometry (left) and free energy vs 2D collective variable of a fully hybridised (centre) and partially
denatured (right) three-valent DNA hydrogel structure.
[1]
[2]
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Characterising DNA T-motifs by Simulation and Experiment
B. Najafi, K. G. Young , J. Bath , A. A. Louis , J. P. K. Doye, and A. J. Turberfield
University of Oxford, UK
Advances in DNA nanotechnology have been driven by the discovery of novel design techniques and
structural motifs. The DNA T-motif [1] has recently been used to create a range of periodic and finite
structures [2, 3] and to perform computations in algorithmic self-assembly schemes [4]. It is formed
through the interaction of a bulge loop on one duplex and a sticky end of another, resulting in a 3-armed
junction in which a side-branch arm straddles a coaxiallystacked duplex in a planar, right-angled geometry
resembling the letter T. The thermodynamic and geometrical properties of the T-motif are highly dependent
the polarity of the sticky end, since different polarities create junctions spanning different grooves of the
coaxially-stacked duplex (see Figure 1). Structures incorporating T-motifs have only made use of the 50
variant and the reason for this choice is not clear. We investigate the stability and conformations of T-motifs
of both polarities experimentally and through a coarse-grained model, oxDNA [5, 6], for various bulge sizes.
If the duplex formed by hybridization of the sticky end to the bulge loop is compatible with the groove
width, we find that the junction is stabilised by coaxial stacking interactions and adopts a well-defined
geometry. Because junctions resulting from 50 sticky end insertions span the major groove, 50 T-motifs can
incorporate a larger number of base pairs and are stable over a wider range of bulge sizes. Our
experimentally-determined binding affinities show a remarkable agreement with oxDNA predictions; we
recommend using bulge loops of 4-8nt for 50 variants and 4-6nt for 30 variants when incorporating Tmotifs in DNA structures.

Figure 1: Gibbs free energies for the formation of 50 (left) and 30 (right) T-motifs with a range of bulge sizes
at 4◦C and molar concentration. Results are inferred from experimental measurements of dissociation
constants at 4◦C and from oxDNA simulations.
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ALCH: An Imperative Language for Chemical Reaction Network-Controlled Tile Assembly
Titus H. Klinge1, James I. Lathrop2, Sonia Moreno3, Hugh D. Potter2, Narun K. Raman3, Matthew R. Riley2
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In 2015 Schiefer and Winfree introduced the chemical reaction network-controlled tile assembly model
(CRN-TAM), a variant of the abstract tile assembly model (aTAM), where tile reactions are mediated via nonlocal chemical signals. In this paper, we introduce ALCH, an imperative programming language for specifying
CRN-TAM programs. ALCH contains common features like Boolean variables, conditionals, and loops. It also
supports CRN-TAM-specific features such as adding and removing tiles. A unique feature of the language is
the branch statement, a nondeterministic control structure that allows us to query the current state of tile
assemblies. We also developed a compiler that translates ALCH to the CRN-TAM, and a simulator that
simulates and visualizes the self-assembly of a CRN-TAM program. Using this language, we show that the
discrete Sierpinski triangle can be strictly self-assembled in the CRN-TAM. This solves an open problem that
the CRN-TAM is capable of self-assembling infinite shapes at scale one that the aTAM cannot. ALCH allows
us to present this construction at a high level, abstracting species and reactions into C-like code that is
simpler to understand. Our construction utilizes two new CRN-TAM techniques that allow us to tackle this
open problem. First, it employs the branching feature of ALCH to probe the previously placed tiles of the
assembly and detect the presence and absence of tiles. Second, it uses scaffolding tiles to precisely control
tile placement by occluding any undesired binding sites.

Robust heterochiral strand displacement using leakless translators
Tracy L. Mallette1, Milan N. Stojanovic2, Darko Stefanovic1, and Matthew R. Lakin1
1
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Molecular computing offers a powerful framework for in situ biosensing and signal processing at the
nanoscale. However, for in vivo applications, the use of conventional DNA components can lead to false
positive signals being generated due to degradation of circuit components by nuclease enzymes. [1] Our
solution is to use L-nucleic acids, the chiral mirror images of naturally occurring D-nucleic acids, as
alternative materials for constructing nucleic acid circuits. L-nucleic acids are not recognized by naturally
occurring nuclease enzymes, which have evolved to target D-nucleic acids only, [2] and therefore should
resist degradation in cells. Here, we use hybrid chiral molecules, consisting of both L- and D-nucleic acid
domains, to implement leakless signal translators that enable D-nucleic acid signals to be detected by
hybridization and then translated into a robust L-DNA signal for further analysis. We demonstrate the first
cross-chiral toehold mediated strand displacement, translating chiral signals from L- to D- and vice versa.
We show that our system is robust to false positive signals even if the D-DNA components are degraded by
nucleases, thanks to circuit-level robustness. This work thus broadens the scope and applicability of DNAbased molecular computers for practical, in vivo applications. [3]

Figure 1: Leakless heterochiral translator architecture and operation. (a) DNA chiral representation. (b) The
two-step translation process in which an input oligonu-cleotide (X) is converted to an output oligonucleotide
(Y) of the opposite chirality. [4] (c) Performance of translation systems in buffer where the chiral translations
are noted as “D” (right), “L” (left), and the direction as “>”. (d) Leak of full D-DNA system vs protected D- to
L- architecture chimeras in 10% Fetal Bovine Serum.
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Composable Computation in Leaderless, Discrete Chemical Reaction Networks
Hooman Hashemi1, Ben Chugg2, and Anne Condon1
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We classify the functions f : Nd → N that are stably computable by leaderless, output-oblivious discrete
(stochastic) Chemical Reaction Networks (CRNs). CRNs that compute such functions are systems of
reactions over species that include d designated input species, whose initial counts represent an input xε Nd,
and one output species whose eventual count represents f(x). Chen et al. showed that the class of functions
computable by CRNs is precisely the semilinear functions. In output-oblivious CRNs, the output species is
never a reactant. Output-oblivious CRNs are easily composable since a downstream CRN can consume the
output of an upstream CRN without affecting its correctness. Severson et al. showed that output-oblivious
CRNs compute exactly the subclass of semilinear functions that are eventually the minimum of quilt-affine
functions, i.e., affine functions with different intercepts in each of finitely many congruence classes. They call
such functions the output-oblivious functions. A leaderless CRN can compute only superadditive functions,
and so a leaderless output-oblivious CRN can compute only superadditive, output-oblivious functions. In this
work we show that a function f : Nd → N is stably computable by a leaderless, output-oblivious CRN if and
only if it is superadditive and output-oblivious.

Programming and Simulating Chemical Reaction Networks on a Surface
Samuel Clamons, Lulu Qian, and Erik Winfree
Institute of Technology, USA
Models of well-mixed chemical and biochemical reaction networks have provided a solid foundation for the
study of programmable molecular systems, but the importance of spatial organization in such systems has
increasingly been recognized. In this paper we explore an alternative chemical computing model introduced
by Qian & Winfree in 2014, the surface chemical reaction network (surface CRN), which uses molecules
attached to a surface such that each molecule only interacts with its immediate neighbors. Expanding on the
constructions in that work, we first demonstrate that surface CRNs can emulate asynchronous and
synchronous deterministic cellular automata and implement continuously-active Boolean logic circuits. We
introduce three new techniques for enforcing synchronization within local regions, each with a different tradeoff in spatial and chemical complexity. We also demonstrate that surface CRNs can manufacture complex
spatial patterns from simple initial conditions and implement interesting swarm robotic behaviors using
simple local rules. Throughout all example constructions of surface CRNs, we highlight the tradeoff between
the ability to precisely place molecules and the ability to precisely control molecular inter- actions. Finally,
we provide a Python simulator for surface CRNs with an easy-to-use web interface, so that readers may
follow along with our examples or create their own surface CRN designs.

Figure 1: Example surface CRN simulations illustrating a range of system behaviors. (a) Spiral dynamics
in an emulation of the Greenberg-Hastings synchronous cellular automaton model of excitable media. (b)
Conway’s Game of Life in 3 × 3 cells using the broadcast-swap-sum construction. (c) A 6-bit counter
implemented using a reaction set for continuously active recurrent logic circuits. (d) The manufacturing of
a uniquely-addressed ‘butterfly’ pattern from a single initial molecule. (e) Mound-building ‘ants’ as a
demonstration of molecular-scale swarm robotics.

DNA origami bricks: A programmable monomer for hierarchical assembly in 3D
Minh Tri Luu, Ali Abbas, and Shelley F. Wickham
University of Sydney, Australia
Hierarchical assembly of DNA origami monomers into larger structures provides a method for increasing the
size and complexity of DNA nanostructures while maintaining efficient use of unique DNA oligonucleotide
staple strands. This approach has been used to build extended 2D [1,2] and 3D [3] crystals of repeating
DNA origami monomers and gigadalton-sized discrete spherical and circular structures self-limited in size by
symmetry [4] . However, when monomers are repeated each unique staple strand ‘pixel’ occurs in multiple
locations across the structure and is no longer uniquely addressable. Multi-step assembly of monomers with
repeating core strands and unique connector strands or geometries has been used to build fully addressable
DNA origami multimers [5,6,7], including 64-mer 2D tile structures [6] , 10-mer linear 3D barrel structures
[8] , and 2D tile arrays that can be reconfigured [9] .
Here we develop a new 3D DNA origami monomer for programmable hierarchical assembly in all 3
dimensions. The DNA origami brick (DB) monomer consists of two linked DNA origami barrel cores, folded
from the same M13 scaffold, each with 8 external connector interfaces in lateral (6, x,y) and coaxial (2, z)
directions. The DB monomers are designed to assemble into arbitrary 3D shapes where each core staple
strand remains fully addressable. The modularity of the DB monomer design allows for switching between
monomer conformations (coaxial, lateral) by DNA strand displacement, and monomer pools that can
assemble into different multimer arrays (1D or 2D) depending on the sequence identity of connector strands
added. We envision these DB monomers as a robust building-block for exploring hierarchical assembly of
DNA origami nanostructures in 3D and for designing triggered functional and structural transitions across
higher-order DNA origami assemblies.

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Liu, W., Zhong, H., Wang, R. & Seeman, N. C. Angew. Chem. Int. Ed. 50, 264–267 (2011).
Woo, S. & Rothemund, P. W. K. Nat. Commun. 5, 4889 (2014).
Zhang, T. et al. Adv. Mater. 30, 1800273 (2018).
Wagenbauer, K. F., Sigl, C. & Dietz, H. Nature 552, 78–83 (2017).
Woo, S. & Rothemund, P. W. K. Nat. Chem. 3, 620–627 (2011).
Tikhomirov, G., Petersen, P. & Qian, L. Nature 552, 67–71 (2017).
Rajendran, A., Endo, M., Katsuda, Y., Hidaka, K. & Sugiyama, H. ACS Nano 5, 665–671 (2011)
Wickham, S.F. Min J, Ponnuswarmy, N. & WM Shih, DNA21 Conference, Boston, USA (2015)
Song, J., Li, Z., Wang, P., Meyer, T., Mao, C., & Ke, Y. Science 357 (6349), eaan3377 (2017).

Design Automation of Polyomino Set That Self-Assembles into a Desired Shape
Yuta Matsumura, Ibuki Kawamata, and Satoshi Murata
Tohoku University, Sendai, Japan
The problem of finding the smallest DNA tile set that self-assembles into a desired pattern or shape is a
research focus that has been investigated by many researchers. In this paper, we take a polyomino, which is
a non-square element composed of several connected square units, as an element of assembly and
consider the design problem of the minimal set of polyominoes that self-assembles into a desired shape. We
developed a self-assembly simulator of polyominoes based on the agent-based Monte Carlo method, in
which the potential energy among the polyominoes is evaluated and the simulation state is updated toward
the direction to decrease the total potential. Aggregated polyominoes are represented as an agent, which
can move, merge, and split during the simulation. In order to search the minimal set of polyominoes, twostep evaluation strategy is adopted, because of enormous search space including many parameters such as
the shape, the size, and the glue types attached to the polyominoes. The feasibility of the proposed method
is shown through three examples with different size and complexity.

Strategies for constructing and operating DNA origami linear actuators
Rafael Carrascosa Marzo, Erik Benson, Jonathan Bath, and Andrew J. Turberfield
University of Oxford, UK
Linear actuators are ubiquitous components at all scales of engineering. DNA nanotechnology offers a
unique ability for bottom-up assembly with high yield and nanoscale precision, with multiple strategies
available for constructing and operating devices. Here, we present a study of DNA origami linear actuators
based around a rail threading a topologically locked slider.
We explore two fabrication strategies, one- and two-pot assembly, where the two components (slider and
rail) are folded from one or two scaffolds respectively. Rails are over 200 nm in length and present between
3 and 5 possible positions for the slider to attach in a controlled fashion. We prototyped both architectures
using the coarse-grained DNA simulation package oxDNA and assessed the folding quality and assembly
efficiency via agarose gel electrophoresis and TEM. Using different purification approaches, magnetic bead
and gel extraction for the one-pot and two-pot strategies respectively, we achieved product yields of 61% for
one-pot and 44% for two-pot assembly.
In order to control the position of the slider on the rail we decorate the rail and the inside of the slider with
single-stranded oligonucleotides with distinct sequences. We use two strategies, based on diffusion and
capture or competitive release of signaling strands, to reversibly link the slider to determined positions on
the rail. In the first strategy, “non-interacting addresses”, oligos protruding from both slider and rail interact
indirectly in the presence of a bridge strand that binds to both. To allow repositioning of the slider at another
attachment point along the rail we use strand invasion to displace the bridge strands, returning the slider to
its original freely-diffusing state. In the second strategy, “interacting addresses”, the oligos on slider and rail
hybridize directly, without the need of a bridge strand to link them. Controlled repositioning of the slider is
achieved by selectively blocking and unblocking attachment points. Positioning yield and precision
achieved, including a full repositioning cycle, were assessed using DNA Paint and TEM. We obtain high yields
of controlled positioning in both architectures. Precision is limited by thermal fluctuations, consistent with
simulation results.
We also present preliminary results on two-dimensional positioning systems operating on the same
principles in which two actuators provide orthogonal control of position in either a polar or cartesian
coordinate system. We envision that these devices could be used for surface modification or sequential
nanoscale assembly applications.

Handhold-mediated strand displacement: a nucleic acid-based reaction to implement far-from-equilibrium
templating
Javier Cabello-Garcia, Wooli Bae, Guy-Bart V. Stan, and Thomas E. Ouldridge
Imperial College London, UK
Far-from-equilibrium templating (FFET) is ubiquitous in nature. For example, during protein translation,
amino acids polymerise thanks to transient interactions with an RNA template. Through this process, the
RNA template determines the assembled peptide sequence, rather than the interactions between amino
acids themselves. Thus, templating allows 20 standard amino acids to reliably assemble into thousands
of different protein products. The transient nature of template-product interactions means that the desired
product cannot be favoured in equilibrium. Accurate templating is thus necessarily far from equilibrium
[1]. Given the fundamental significance of FFET, it is desirable to implement similar functionality in
synthetic DNA nanotechnology. However, toehold-mediated strand displacement [2] heavily relies on the
interaction between the target (T) and invader (I) strands in equilibrium; the assembled complexes are
exclusively determined by strand interactions in the complex itself.
Here we introduce handhold-mediated strand displacement (HMSD), a method to modulate strand
displacement reaction rates that can achieve FFET. Handholds are toehold analogues, located in the
incumbent strand, that facilitate the binding between I and T. We measure and model the displacement
kinetics, demonstrating that handholds can accelerate the rate of formation of IT duplexes by up to five
orders of magnitude. Crucially, handholds of moderate length eventually detach, producing a transient
interaction. We use this insight to construct HMSD-based systems that produced specific complexes
through FFET.

Handhold mediated strand displacement mechanism (HMSD): An invader (I) can bind to the incumbent
strand (N) by the handhold (h) to increase the rate of N displacement from the target (T). For h below 9
nucleotides, N detaches completely. Plots: 3 reporters detected the production and detachment of 3
different iso-energetic IT complexes. The h sequence in N templated the formation of a specific IT complex,
out of 3 competing I equally complementary to T, but different h’ sequences. Shaded area: Standard
error of the mean fluorescence (n=4). Conditions: [TN]=10 nM, [I]=25 nM each. Buffer: 1M NaCl in 1x TAE
at 25°C.
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Engineering an active extracellular medium with DNA programs
Marc Van Der Hofstadt1, Jean-Christophe Galas2, and André Estevez-Torres3
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Synthetic biology controls cell behaviour by engineering chemical reaction networks inside the cell. Here, we
explore an alternative approach consisting in engineering reaction networks outside the cell that allow to
control the chemical composition inside the cell. We do so by devising an active and programmable
extracellular medium where human cells can grow and enzyme-based DNA molecular programs are
functional. In particular, we use The PEN DNA toolbox due to its ability to implement robust [1] nonequilibrium reaction networks with feedbacks[2]. We demonstrate that a DNA autocatalytic network and a
bistable switch remain active at 37⁰C in the presence of living cells, illustrating that DNA detection down to
100 pM is possible in this context. Finally, we construct an internalization program capable of controlling the
delivery of fluorescent DNA inside living cells, that is responsive for at least 6 h and functional for 48 h. We
foresee that active extracellular media could be advantageously applied to in vitro biomolecular tracking,
and further benefit tissue engineering or smart bandages.
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Urtel, G., Estevez-Torres, A. & Galas, J.-C. DNA-based long-lived reaction–diffusion patterning in a
host hydrogel. Soft Matter 15, 9343–9351 (2019).
Montagne, K., Plasson, R., Sakai, Y., Fujii, T. & Rondelez, Y. Programming an in vitro DNA oscillator
using a molecular networking strategy. Mol. Syst. Biol. 7, 466 (2011).

Reconstruction algorithms for DNA storage systems
Omer Sabary, Alexander Yucovich, Guy Shapira, and Eitan Yaakobi
Technion, Israel
The trace reconstruction problem was first proposed in [1]. Under this framework, a length-n string x, yields a
collection of noisy copies, called traces, y 1, . . . , y t where each y i is independently obtained from x by passing
through a deletion channel, which deletes every symbol with some fixed probability pd . Suppose the input string x
is arbitrary. In the trace reconstruction problem, the main goal is to determine the required minimum number of
i.i.d traces in order to reconstruct x with high probability. The trace reconstruction problem can be extended to
the model where each trace is a result of x passing through a deletion-insertion- substitution channel. Here, in
addition to deletions, each symbol can be switched with some substitution probability ps, and for each j , with
probability pi, a symbol is inserted before the j -th symbol of x.
Motivated by the storage channel of DNA [4], [5], [7], this work is focused on another variation of the trace
reconstruction problem, which is referred by the DNA reconstruction problem. The setup is similar to the trace
reconstruction problem. A length-n string x is transmitted t times over the deletion-insertion-substitution channel
and generates t traces y , . . . , y . A DNA reconstruction algorithm is a mapping R : (Σ ∗ )t → Σ ∗ which
1

q

t

q

receives the t traces y 1 , . . . , y t as an input and produces x̂, an estimation of x. The goal in the DNA reconstruction
problem is to minimize de (x, x̂ ), i.e., the edit distance between the original string and the algorithm’s
estimation. When the channel of the problem is the deletion DNA reconstruction problem and the goal is to
minimize the Levenshtein distance dL(x, x̂ ).

In this work, we present several new algorithms for the DNA reconstruction problem and for the deletion DNA
reconstruction problem. While most of the previous algorithms look locally on each symbol and use a symbol-wise
majority technique, our algorithms look globally on the entire sequence of the traces and use dynamic
programming algorithms in order to estimate the original sequence. This global approach builds upon the
algorithms to find the shortest common super sequence and the longest common subsequence of a set of given
sequences. Our algorithms also differ from previous results by introducing less limitations on the input. More
specifically, while most of previous algorithms were limited to small error probabilities or required some
dependencies between the error rates in order to perform well on a given data, our algorithms do not require any
limitations on the input and the number of traces, and more than that, they perform well even for error probabilities
as high as 0.27.
Lastly, we tested our algorithms on simulated data and on data from previous DNA experiments [2], [5]. We
compared the edit error rates of our algorithms with the edit error rates of previous algorithms [1], [3], [6]. In all
of the tested data sets, our algorithms introduced smaller error rates, as can be seen in Figure 1.

(a)

Erlich and Zielinski [2].

(b) Organick et al. [5].

(c) Simulated data.

Figure 1: Edit error rate by the reconstruction algorithm, for data from DNA storage experiments [2], [5]
and simulated data.
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Verification and Computation in Restricted Tile Automata
David Caballero, Timothy Gomez, Robert Schweller, and Tim Wylie
University of Texas, USA
Many models of self-assembly have been shown to be capable of performing computation. Tile Automata
was recently introduced combining features of both Celluar Automata and the 2-Handed Model of selfassembly both capable of universal computation. In this work we study the complexity of Tile Automata
utilizing features inherited from the two models mentioned above. We first present a construction for
simulating Turing Machines that performs both covert and fuel efficient computation. We then explore the
capabilities of limited Tile Automata systems such as 1-Dimensional systems (all assemblies are of height 1)
and freezing Systems (tiles may not repeat states). Using these results we provide a connection between the
problem of finding the largest uniquely producible assembly using n states and the busy beaver problem for
non-freezing systems and provide a freezing system capable of uniquely assembling an assembly whose
length is exponential in the number of states of the system. We finish by exploring the complexity of the
Unique Assembly Verification problem in Tile Automata with different limitations such as freezing and
systems without the power of detachment.

Population-Induced Phase Transitions and the Verification of Chemical Reaction Networks
James I. Lathrop, Jack H. Lutz, Robyn R. Lutz, Hugh D. Potter, and Matthew R. Riley
Iowa State University, USA
We show that very simple molecular systems, modeled as chemical reaction networks, can have behaviors
that exhibit dramatic phase transitions at certain population thresholds. Moreover, the magnitudes of these
thresholds can thwart attempts to use simulation, model checking, or approximation by differential
equations to formally verify the behaviors of such systems at realistic populations. We show how formal
theorem provers can successfully verify some such systems at populations where other verification methods
fail.

Biomimetic transmembrane signal transducing DNA nanosensors for intact membrane enclosed biomarker
detection
Swarup Deya1, Alonzo Beatty V1, Fei Zhang2, Rizal F. Hariadi1, Yan Liu1, and Hao Yan1
1

Arizona State University, USA,2 Rutgers University, USA

Signal transduction across phospholipid bilayer allows cells to respond to their external environment
and communicate with neighboring cells. De novo engineering of the aspects of the cellular signal
transduction machinery, such as G-protein coupled receptors (GPCR’s) with artiﬁcially designed
molecular devices has enormous opportunity in synthetic biology for potential application in artiﬁcial
tissue signaling, biosensing, and controlled drug delivery.
In principle, GPCR’s consist of a dynamically-reconﬁgurable hydrophilic–hydrophobic–hydrophilic (Hi–
Ho–Hi) molecular structure where the hydrophobic part is buried in the lipid bilayer while the two
hydrophilic ends remain on the two sides of the bilayer. Membrane spanning DNA nanostructures have
been demonstrated previously that mimic several type of membrane proteins such as ion channels,
membrane sculpting proteins or lipid ﬂippase. Here, we demonstrate Transmembrane signal
transduction by a Transmembrane Nano Sensor (TraNS) DNA nanodevice. Four interwoven DA strands
are self-assembled to form the scissor-shaped nanostructure of the TraNS device.
Hydrophobic cholesterol anchors are covalently conjugated to each nanostructure to create a
hydrophobic belt around it, similar to the Hi–Ho–Hi molecular signature of GPCR’s. Our TraNS device
inserts through lipid membrane and dynamically reconﬁgures upon sensing a membrane-enclosed DNA
or RNA target, thereby transducing biomolecular information across lipid membrane. Gel
electrophoresis, ﬂuorescence spectra and confocal microscopy conﬁrms the formation and
conﬁgurational switch of the TraNS device. Current eﬀorts are focused on employing the TraNS device
for biosensing application by detecting the presence of non-small cell lung cancer speciﬁc micro-RNA –
miR-21-5p in exosomes.

Figure 1: Transmembrane Signal Transduction by TraNS nanodevice.
(A) Schematic representation of conﬁgurational switch of TraNS. Opening of the closed TraNS
can be visualized by the (B) Fluorescence spectra where furthering of the donor dye from
quencher the open structure leads to an increase of ﬂuorescence as and (C) PAGE gel where the
open structure being less compact than the closed structure, moves slower than the closed
structure in the gel. (D) Target speciﬁc transmembrane signalling of TraNS, represented by

corresponding change of ﬂuorescence of the donor dye. Cholesterol modiﬁed TraNS inserts
through the membrane but non-cholesterol TraNS does not insert. Presence of correct target
DNA molecule inside the membrane leads to opening of the inserted TraNS. This phenomenon is
supported by (E) Confocal images of insertion of TraNS- chol in cell sized GUVs.Scale bar 20µm
(F) Non-small cell lung cancer (NSCLC) speciﬁc micro-RNA miR21-5p sensing by miR21-5p
speciﬁc TraNS in exosomes. NSCLC cell derived exosomes show increase in ﬂuorescence
compared to negative controls with healthy human donor serum derived exosomes.

Simplifying Chemical Reaction Network Implementations with Two-Stranded DNA Building Blocks
Robert F. Johnson and Lulu Qian
California Institute of Technology, USA
In molecular programming, the Chemical Reaction Network model is often used to describe real or
hypothetical systems. Often, an interesting computational task can be done with a known hypothetical
Chemical Reaction Network, but often such networks have no known physical implementation. One of the
important breakthroughs in the field was that any Chemical Reaction Network can be physically
implemented, approximately, using DNA strand displacement mechanisms. This allows us to treat the
Chemical Reaction Network model as a programming language and the implementation schemes as its
compiler. This also suggests that it would be useful to optimize the result of such acompilation, and in
general to find effective ways to design better DNA strand displacement systems.
We discuss DNA strand displacement systems in terms of “motifs”, short sequences of elementary DNA
strand displacement reactions. We argue that describing such motifs in terms of their inputs and outputs,
then building larger systems out of the abstracted motifs, can be an efficient way of designing DNA strand
displacement systems. We discuss four previously studied motifs in this abstracted way, and present a new
motif based on cooperative 4-way strand exchange. We then show how Chemical Reaction Network
implementations can be built out of abstracted motifs, discussing existing implementations as well as
presenting two new implementations based on 4-way strand exchange, one of which uses the new
cooperative motif. The new implementations both have two desirable properties not found in existing
implementations, namely both use only at most 2-stranded DNA complexes for signal and fuel complexes
and both are physically reversible. There are reasons to believe that those properties may make them more
robust and energy-efficient, but at the expense of using more fuel complexes than existing implementation
schemes.
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P01 - A Rule-based Simulation Tool for DNA Strand Displacement Systems
Vinay Gautam, Shiting Long, and Pekka Orponen
Aalto University, Finland
DNA Strand Displacement (DSD) systems, based on the reaction of toehold-mediated strand
displacement [1], have emerged as an expedient design toolbox for dynamic DNA nanotechnology.
Because designing the requisite systems of DNA strands directly at the nucleotide level is complex and
tedious, a coarse-grained representation at the binding domain level has often been used. Over the
years, several software tools for supporting the design of DSD systems have been developed, most
prominently VisualDSD [2], LogicDSD [3] and most recently the ‘peppercorn’ enumerator [4], each with
somewhat different characteristics. These tools automatically enumerate the full state space of molecular
complexes reachable by strand-displacement reactions from a given initial set of DNA species at the
domain-level, and provide the possibility for simulation and validation of the overall dynamic
behaviour of the system prior to the detailed sequence design of the constituent strands.
In general, the automated modelling of DSD systems faces two main technical problems. First, the
potentially large number of induced DNA species and the reactions between them can make the full
enumeration of a system’s state space computationally challenging. Second, as the complexity of
DSD systems continues to increase, DNA species with increasingly complicated topologies are used
in the designs. New tool implementations, e.g. LogicDSD [3] and ‘peppercorn’ enumerator [4] have
begun to address these issues.
In a parallel development in the field of biochemical modelling, rule-based approaches (e.g., BioNetGen
[5] and Kappa [6]), where molecules are represented as undirected graphs and chemical reactions
as graph rewriting rules, have successfully been used for efficient modelling and simulation of large
biochemical systems. We presented in [7] a rule-based scheme ‘RuleDSD’ for the modelling of DSD
systems, following the graph formalism of Petersen et al. [8]. This scheme has now been implemented
as a fully automated software pipeline (Fig. 1), available as an open source Python package ‘DSDPy’. The
pipeline first generates a reaction network of a given DSD system, converts the network into a BioNetGen
model by canonically translating the full list of enumerated DNA species, and finally exports the model
into the PySB framework [9] for deterministic or stochastic simulation and further analysis. Altogether,
DSDPy provides a customisable front-end for rule-based modelling and simulation of DSD systems, and its
integration with the PySB framework and BioNetGen model can also serve as a bridge between the two
modelling communities. The package is available for download at github.com/ashleylst/DSDPy, along
with source code, instructions, and additional documentation.

Figure 1: The underlying software pipeline of the DSDPy tool.
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P02 - Algorithmic Design of 3D Wireframe RNA Polyhedra
A. Elonen1, A. K. Natarajan1, I. Kawamata2, L. Oesinghaus3, A. Mohammed1,4, J. Seitsonen1, Y. Suzuki5, F.C.
Simmel3, A. Kuzyk1, and P. Orponen1*
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We introduce a general algorithmic design process and software pipeline for rendering wireframe polyhedral
nanostructures in single-stranded RNA. To initiate the pipeline, the user creates a model of the desired
polyhedron using the open-source Blender 3D graphic design software. As its output, the pipeline produces
an RNA primary sequence which can then be transcribed from the corresponding DNA template and folded
in the laboratory. As case examples, we design and characterize experimentally three 3D RNA
nanostructures: a tetrahedron, a bipyramid and a prism. The design software is openly available, and also
provides an export of the targeted 3D structure into the oxDNA/oxRNA molecular dynamics simulator
framework for easy simulation and visualisation.
The design builds on the technique of kissing-loop connected RNA origami, introduced in the context of 2D
RNA tiles by Geary et al. [1], and recently advanced to more complex structures by Li et al. [2] and Liu et al.
[3]. A core component of the pipeline is an RNA secondary-structure design tool Sterna, which has been
implemented as a Python add-on module to the Blender suite. The secondary- structure design provided by
Sterna is then input to further modules in the pipeline which optimise the kissing-loop motifs used and
finally generate, utilising the NUPACK suite, the primary-structure sequence that can be taken into laboratory
synthesis.

(a)

(b)

(c)

Figure 1: Sterna designs for (a) tetrahedron, (b) bipyramid, (c) prism.

Figure 2: Cryo-EM characterisations of the (a) tetrahedron and (b) bipyramid designs.
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P03 - Countering Additional Base Stacking Effect from Fluorophore-Tagged Oligonucleotides
Yan Shan Ang and Lin-Yue Lanry Yung
National University of Singapore, Singapore
Experimental implementation of DNA circuits often involves gel electrophoresis to visually evaluate the
feasibility of design while fluorescence measurements are used to quantify target concentrations or
monitor reaction kinetics. Oligonucleotides need to be modified with fluorophores and/or quenchers to
generate fluorescence signals. Such modifications can directly impact the DNA hybridization
thermodynamics and kinetics by introducing additional base stacking effect. The variation may be
significant depending on the specific configuration of modification made but often go unnoticed in
typical experimental designs. For example, feasibility tests are typically performed at high DNA
concentrations and most studies tend to transit directly into using fluorophore-quencher or FRET
readout at lower DNA concentrations, with an inherent assumption that the two systems, i.e.
unmodified and modified oligos, are roughly equivalent. Here, we demonstrate that there exists nonnegligible, and sometimes multi-fold, differences as a result of the fluorophore modification. We hope to
encourage researchers to be mindful that such modification could impact the performance of their
circuit designs, and introduce a strategy for countering the additional base stacking effect.
We systematically introduced different configurations of site-specific
fluorophore / quencher modifications as shown in Scheme 1. They include
the commonly used duplex and hairpin structures, modified with different
fluorophores (different molecular structures) at different site positions.
Within this setup, hairpin structures with end modifications depressed the
equilibrium signal generated via toehold-mediated strand displacement to
the greatest extent. Such configuration induced maximum stability to the
reporter molecule, i.e. favouring the closed hairpin state. This can be
understood from the additional “base stacking” effect contributed by the
fluorophore / quencher at the ends which can be thought of as the
equivalent of adding nucleotide(s). We propose to counter this
undesirable effect by introducing an external hairpin loop structure at the
toehold end of the invading trigger strand. This “primes” an initial base
stacking effect on the invader and energetically favours the forward
strand displacement reaction. As a result, the equilibrium fluorescence
signal was effectively boosted by two- to 50-fold without affecting any of
the existing domains and can be implemented generally across different
types of trigger designs, including linear, remote and associative toehold.

P04 - Cascaded Pattern Formation in Hydrogel using Reaction-Diffusion System
Keita Abe1, Ibuki Kawamata1,2 Shin-ichiro M. Nomura1, and Satoshi Murata1
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Researches on new manufacturing methods using programmed reaction-diffusion have been attracting much
attention. Such artificial reaction-diffusion system can be implemented by using DNA reactions [1]. For
example, we showed that programmability in both reaction and diffusion terms in a reaction-diffusion system
can be realized by controlling interactions between DNA and polymers. We utilized this to build a system that
forms weighted Voronoi patterns [2]. However, the obtained pattern was blur and appeared on only one
bisector at the same time.
Here, we propose a new method to produce a sharp pattern utilizing DNA polymerization. To realize this, we
use two types of DNA that hybridize each other to form a DNA polymer. When the polymer is formed, it is
immobilized in the hydrogel matrix and thus diffusion is strongly suppressed (Fig. 1). When the DNAs diffuse
from two sources, the polymer is formed and immobilized on a bisector between the sources. Additionally,
we are able to tune the diffusion coefficient of each DNA using adjuster DNA. By using a pair of DNA with
orthogonal sequences with adjusted diffusion coefficients, we can make two stripes in between the sources.
Moreover, the produced concentration in the pattern was high enough to drive a cascaded reaction (Fig.2).
Programming pattern formation by DNA enables us to bridge nanoscale molecular interaction and fabrication
process in mm or larger scale. Especially, cascaded pattern formation has a potential to realize artificial
systems for various applications such as artificial organs.

Figure 1: DNA polymerization
[1]
[2]

Figure 2: Cascaded pattern formation
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P05 - Accelerating finite-element method for reaction-diffusion simulations on GPU with CUDA
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Inspired by morphogenesis, DNA nanotechnologists have been exploring the programming of reactiondiffusion systems with DNA to sculpt patterns at the macroscale[1],[2],[3]. Simulating
reaction-diffusion PDE is a crucial instrument in their toolbox. Since these PDEs are highly sensitive to
boundary conditions, geometrical discretization such as the Finite Elements Method is required to properly
account for the effect of a reactor’s shape on its reactions. However the FEM method is computationally
intensive. When the shape of the reactor is tortuous, or the chemical reactions highly nonlinear, then the
discretization has to be very precise in order to avoid numerical artifacts.
Here we explore the solving of reaction-diffusion PDEs on GPU. Since solving reaction-diffusion is a
massively parallel problem, we reasoned that GPUs could provide an appreciable speed up over
CPUs[4],[5],[6]. To that end, we first discretized and formulated the problem as a matrix ordinary differential
equation, which we solve with the Euler implicit method. At each time step, we first apply the chemical
function, then we account for diffusion by solving a linear system with the conjugate gradient. We simulate
reaction-diffusion in a reactor with a tortuous geometry (a maze)[7] and with a nonlinear chemistry
(predator-prey oscillations)[8]. Running the same algorithm on CPUs and GPUs, we find that the latter
outperform the former by a factor exceeding 100 (movie available here ).
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P06 - Automated exploration of DNA-structures-building CRNs
Leo Cazenille1, Alexandre Baccouche2, and Nathanael Aubert-Kato1
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In recent years, a multitude of tools and models have been proposed for the rational design of specific DNA
structures [1]. In particular, families of structures can be created by chemical reaction networks (CRNs)
using only a few different strands [2].
However, it is difficult to predict what particular set of strands leads to a CRN generating DNA structures
exhibiting specific properties. Here, we tackle this problem through an au- tomatic exploration of the range of
possible DNA structures across a number of user-defined features of interests. This problem is challenging as
it is ill-defined and highly dimensional, making exhaustive or random search inadequate.
We use the MAP-Elites algorithm [3] to explore sets of initial strands: for each tested set of strands, we
generate a CRN comprised of DNA structures and reaction paths among them with PepperCorn, an
enumerator for DNA strand displacement reactions developed by Badelt et al. [4]. Promising results are
complemented with NUPACK [5] analyses to identify which structures would be more prevalent for each
tested CRN. Our approach is able to automatically find CRNs that can generate structures with specific
properties, such as specific length and type of structures or their frequency of occurrence.

Graph of reactions

Figure 1: Top Left: space of possible CRNs as found by MAP-Elites [3] based on the results of PepperCorn
[4] (k: number of initial structures). Features are computed on the resulting CRNs (mean struct. size, nr. of
struct. and nr. of reactions). Bottom left: Concentrations at equilibrium of prevalent structures in selected
CRN according to Nupack [5]. Right: CRN: edges represent reactions; blue nodes and white nodes
correspond respectively to the initial structures and structures found by Nupack; small nodes (dots)
correspond to structures not found by Nupack.
This work was supported by JSPS KAKENHI Grant Number JP17K00399 and by Grant-in-Aid for JSPS Fellows
JP19F19722.
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P07 - Programmable Self-assembly of a Flexible DNA Ring Motif
Shiyun Liu1, Ibuki Kawamata1,2, andSatoshi Murata1
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Module-based self-assembly is a method to build large-scale nanostructures from a small number of
molecular motifs. Representative motifs like DNA tiles and DNA origami are designed to have a specific
connectivity to other motifs, which enables to build a structure in a programmable way. In module-based
self-assembly, the connectivity among the motifs can be programmed by the complementarity of the sticky
ends or the stacking of the blunt-ends, however the topology of the motif is fixed as a specific shape.
In this work, we propose a novel flexible motif for self-assembly. Using DNA origami technique, we designed
a flexible ring motif with seven hinges, which is possessed of programmable connectivity. The shape of the
motif can be controlled by fixing the flexible hinges, and 13 self- complementary DNA strands symmetrically
arranged on each segment allow us to program its connectivity (Fig. 1 a, b).
Atomic force microscopy (AFM) imaging demonstrated successful formation of a dimer and two types of
triangles (Fig. 1c). In the dimer formation, the connectivity of one segment was enabled with complementary
sequences, while others were disabled with poly-T sequences. In the triangle formation, four of the seven
hinges in specific locations were chosen to be fixed at straight position. By adjusting the numbers and
locations of the flexible hinges and connectable segments, the DNA ring motif provides different variation of
self-assembly formation (Fig. 1d). We anticipate that the proposed ring motif can provide a novel possibility
to create nanostructures of high complexity and high flexibility useful for various applications.

Figure 1: (a) Schematic of the deformation caused by the flexible hinges of the DNA ring motif. The motif can
take different shape by fixing the flexible hinges in different positions; (b)Schematic of the hybridization of
the connectors on the segments of the DNA ring motif. The motifs can assemble with each other by the
hybridization of the connectors. (c) AFM images of triangular deformation and dimer formation, which
demonstrated the flexibility and joinabilty of DNA ring motif. (d) Adjustment of the numbers and locations of
flexible hinges and joinable segments resulted in various self-assembly of the DNA ring motif.

P08 - Towards Spiral Self-assembly of DNA Origami Structure
Yi Jin1, Ibuki Kawamata1,2, Yuki Suzuki1, Nomura M. Shin-ichiro1, and Satoshi Murata1
1
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DNA origami [1] is an approach to construct arbitrary 2D or 3D DNA nanostructures by folding singlestranded DNA molecules. Self-assembly of DNA origami [2] is a method to use DNA origami structure as a
unit to assemble larger structures. By programming the connectivity of each DNA origami, we can realize a
type of molecular computing called algorithmic self-assembly.
In this study we propose a theoretical model of hexagonal structures (hopefully be implemented as DNA
origami) that can self-assemble in a spiral pattern. The spiral growth requires specific designs of several
types of non-symmetric units (Fig.1. (A)). Based on the Abstract Tile Assembly Model (aTAM) [3], the selfassembly process of the hexagonal DNA origami is simulated on a hexagonal lattice space using an agentbased simulation software “NetLogo” (Fig.1. (B)). Type specific strengths are assigned to the six edges of an
agent (hexagonal DNA origami), and energetic parameters are assigned to each strength so that the rate of
diffusion and rotation of each unit, as well as the rate of attachment and detachment between the units can
be evaluated. Detailed design of DNA origami geometry and some preliminary experimental results will be
presented at the conference (Fig.1. (C)). The proposed method is useful to control the temporal growth of
molecular self-assembly, which can be potentially useful for sustained release of drug.
(A)

(B)

(C)

Figure 1: (A). Three types of agents: I-type, V-type, seed type (left to right), with strength 1, 2, 3 assigned to
each edge. (B). Agent behavior simulation result on a hexagonal lattice space, with temperature parameter
(strength 5) necessary in keeping the connection. (C). AFM observation results of connections between the
structures, labelled with some triangles that make up the hexagon (white part). Left: connections between Itype structures; Right: connections between V-type structures.
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P09 - On the Control of R Systems
Ryutaro Yako and Satoshi Kobayashi
University of Electro-Communications, Japan
Recent progress of the technique for controlling DNA hybridization using photo-irradiation or
temperature change makes it possible to devise an interesting DNA computing device with improved
functionality or eﬃciency([3][4], etc). Inspired from these works, we developed a framework of a formal grammar with unknown behavior (FGUB, for short) and its control system, for mathematically
modeling DNA nano-scale structure generation controlled by external signals (photo irradiation, temperature change, etc.) at the abstract level, in which we studied on the control problem of FGUBs
([2]). In this poster presentation, we will explore yet another framework for mathematically modeling
the control of chemical reactions by external signals, inspired from reaction systems (called also as R
systems) proposed by Ehrenfeucht and Rozenberg([1]).
Let S be a finite set of molecules. A reaction over S is a triple a = (Ra, Ia, Pa), where Ra, Ia, and Pa,
are finite subsets of S such that R ∩ I = Ø holds. Elements of Ra, Ia, and Pa are called reactants,
inhibitors, and products, respectively. For a set W with W ⊆ S , we define resa(W) = Pa if Ra ⊆ W and
W ∩ Ia = ∅, and resa (W ) = ∅, otherwise. For a set A of reactions, we define resA (W ) =
∪a∈A resa (W ). Let A be a finite set of reactions over S . Then, an R system is defined as a pair A =
(S, A). The set resA(W) is the result of applying the set A of reactions to W.

A control system C for an R system A = (S, A) is defined as triple C = (Γ, φ, T). where Γ is a finite set of
control symbols, φ is a function from Γ to 2A, called a control function, and T is a subset of Γ+. C is said
to be monotone if the set {φ(t) | t ∈ Γ} is a totally ordered set with respect to the set inclusion relation
⊆. The monotoneity of C is often required by the physical property of a control device. For a set W and
𝐴𝐴,𝐶𝐶
a control sequence τ ∈ T, we will define the result RES 𝑇𝑇 (W) of applying T to Win the presentation. We
will show the following theorem as one of main results:
Theorem 1 For any R system A = (S, A) and any control system C over Γ for A, there exist an R system
Â, a monotone control system Ĉ over Γ̂ with |Γ̂| = 2 for Â and a function h from Γ to Γ̂+such that any

t ∈ Γ and any W with W ⊆ S, Res

𝐴𝐴,𝐶𝐶
𝑡𝑡

Â,Ĉ

(W) = Resℎ(𝑡𝑡)(W) holds.

Therefore, any controlled computation by an R-system can be implemented by a monotone control
system whose control alphabet has only two control symbols. This result helps to reduce the
heavy workload of chemists to devise a new variety of control devices.
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P10 -The Comparison of DNA/RNA Sequences: A New Computational Method
Dorota Bielińska-Wąż, and Piotr Wąż
Medical University of Gdańsk, Poland
The new method of similarity/dissimilarity analysis of DNA/RNA sequences belongs to the class of
approaches in bioinformatics known in the literature as Graphical Representations of Biological Sequences
designed to perform both graphical and numerical comparison of the sequences. In the construction of these
methods ideas from different areas of science are implemented. The presented method is called by us ”2DDynamic Representations of DNA/RNA Sequences” [1]. This specific representation is called ”dynamic”
because the numerical quantities characterizing diagrams representing the biological sequences
(descriptors) are analogous to the quantities met in the Newtonian dynamics [2]. By now, there exist many
Graphical Representation methods. Each of them reveals different aspects of similarity of the sequences.
Therefore, the potential applications of the methods are broad. Recently, we applied the algorithm to
characterize the Zika virus genome [3] and, coupled with the supervised machine learning, to predict the
influenza A virus subtypes [4].
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P11 - De novo design of synthetic RNA thermometers based on associative strand displacement
Jaeseung Hahn and Tal Danino
Columbia University, USA
RNA elements with sensory and regulatory functions are present in all kingdoms of life. RNA thermometers
regulate gene expression through conformational change in response to temperature. Most natural RNA
thermometers function by heat-induced unfolding of a hairpin structure that sequesters ribosome-binding
site at 5′ untranslated region of mRNA, thereby controlling translation. De novo design of RNA thermometers
has mainly focused on sequence of this hairpin structure that determines melting temperature and
sequestered regulatory RNA elements. Here, we propose an alternative strategy based on temperaturedependent associative strand displacement (TAD) to implement synthetic RNA thermometers. We have
designed TAD-based RNA thermometers that could function as high-pass, low-pass, band-pass, and bandstop filter for temperature. TAD-based RNA thermometers may extend our ability to regulate gene expression
in response to temperature.

P12 - Efficient and accurate prediction of DNA secondary structures using Machine Learning
Swathi Manda and Ashwin Gopinath
Massachusetts Institute of Technology, USA
DNA is an apt engineering substrate for biochemical circuits and high throughput systems because its
molecular interactions can be rationally designed using simple Watson-Crick base pairing rules. Yet, with an
increase in the sequence length, the design space grows dramatically rich and complex due to a massive
increase in number of possible interactions. Experimentally demonstrated systems have involved hundreds
of synthesized molecules with thousands of potential interactions. Design of such systems is
computationally demanding as the sequence and length of every DNA strand must be carefully chosen to
tune the rate of each reaction, as well as to avoid interactions between system components that should be
orthogonal. Widely used dynamic programming algorithms such as M-fold[1], V-fold[2], NUPACK[3], DRNA
Analyzer[4] and others, which optimize base pairing probabilities over the entire combinatorial space to find
the minimum free energy configuration, are impractical for scaling as they escalate in O(n3) the computing
time[3] and design cost with increase in sequence length and have proved challenging to concurrently
design against crosstalk. Therefore, a more efficient approach to DNA structure identification and design
holds great promise for experiments involving parallel processing of samples in biological, pharmaceutical
and computational fields due to the benefit of performing multiple operations in a time and cost-effective
manner.
We introduce a new tool to facilitate faster and accurate secondary structure prediction for design of DNA
complexes – a Machine Learning algorithm that learns without the knowledge of the base pairing or
evolutionary information. Secondary structure or conformation of the hybridized complex, which describes
how a sequence of connected DNA strands are bound to each other, is a meaningful indicator of strength of
interaction and stability. Using supervised Neural Network machine learning framework without any prior
constraints, we successfully showed that the algorithm, after training, could accurately predict the secondary
structure of DNA sequences with an improvement of 3 orders of magnitude in computing time compared to
NUPACK for samples comprising sequences of lengths 20, 30 and 40 bases and for G-C contents of 50%,
60% and 70%. While NUPACK source code took an average of 18 ms to predict the secondary structure of a
single 30 base long DNA sequence, the learned machine-learning model took an average of 0.36 ms to
predict the same, showing about 50 times improvement in prediction time. Additionally, while NUPACK took
order of minutes of predict the secondary structures for 5000 different sequences, the learned machine
learning model was able to predict them in 1.8 seconds. The trained models scaled in O(n) time with a
structural accuracy greater than 99.6% compared to the secondary structures predicted by NUPACK.
These promising results foreshadow an exciting approach to discover the hidden rules of molecular
interactions by relying on deep learning to discover the unique dependencies, and then deduce them into
physical terms by feeding the network with selective sequences and their empirical physical structures. We
also envision a cyclic Generator Adversarial Network, where the computationally predicted structured from
algorithm such as NUPACK can be verified empirically through automated experiments, the results could be
fed to the deep learning algorithm and the model can cyclically learn to accurately predict physical
interactions beyond those predicted by computations.
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P13 - SIMD||DNA: Experimental validation and high-throughput readout
Boya Wang, Siyuan Wang, Cameron Chalk, Andrew Ellington, and David Soloveichik
University of Texas at Austin, USA
DNA is a promising data storage medium due to its high density, stability, and longevity [1]. Storing data
and performing in-memory computation on DNA has been a great challenge. Recently, the SIMD||DNA
(Single Instruction, Multiple Data Computation with DNA Strand Displacement Cascades) model has been
proposed to achieve massive parallel in-memory computation on information stored in DNA [2]. In the
SIMD-DNA data storage paradigm, a multi-stranded DNA complex acts as a single register storing a binary
string. Information is encoded in the strand compositions. To manipulate information, an instruction (a set of
DNA strands) is applied to registers. The strand composition of a register updates if the applied instruction
strands trigger the strand displacement mechanism within that register. We experimentally investigate a
SIMD||DNA program: binary counting on 4-bit registers.
In order to scale up SIMD||DNA for high-throughput computation, an equally high-throughput method of
readout is required. We have introduced mismatches to the SIMD||DNA design to encode information in the
sequence rather than in the strand composition, making it compatible with sequence- based readout. Rather
than rely on fluorescence from chemically modified oligonucleotide components to monitor output, we have
connected SIMD to NGS readout by ligation, amplification, and barcoding of computation products, followed
with sequencing. Experimental results on the 4-bit register show the correctness of computation. Our work
presents a step towards highly parallel, high-throughput in-memory DNA computation capable of scaling
with advancements in sequencing technologies.
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P14 - StableGen: an online tool to compute stable configurations of Thermodynamic Binding Networks
Benson Huang, Varun Prabhu, Hasan Saleemi, Anthony Vento, Steven Wang, Kyle Zhou, Keenan Breik, and
David Soloveichik
The University of Texas at Austin, USA
The Thermodynamic Binding Networks (TBN) model [1] formalizes the thermodynamically-driven behavior
to form the most bonds while simultaneously maximizing the number of separate complexes. In DNA
systems, bonds correspond to complementary DNA domains, and forming additional bonds is driven by
free-energy of Watson-Crick base-pairing. The driving force to maximize the number of separate
complexes is due to the additional configurational entropy in the independent position of each separate
complex. Although in real systems the minimum free-energy configuration and thermodynamic
equilibrium are determined by a large variety of additional structural, geometric, and combinatorial
factors, focusing on just the two TBN driving forces gives the clarity of thought to understand and
program certain desired behaviors (such as leakless strand displacement [2], programmable energy
barrier catalysis [3]) and distinguish the different sources of computational power in chemistry.
Our user-friendly online tool called StableGen
allows the user to specify a TBN and generate the
desired number of most thermodynamically
favorable configurations. Additionally, the user
can place combinatorial constraints such as
forcing a certain pair of strands (monomers) to be
bound together, or a certain domain to be
unbound. Since the problem of finding the
thermodynamically favorable configuration in
the TBN model is NP-complete and hard to
approximate [4], behind the scenes the tool
implements a non-trivial reduction to the Boolean satisfiability problem, passing the problem to a stateof-the-art SAT solver (based on the reduction developed in [4]).
A command line program capturing the full capability of the online StableGen tool is available for local
installation when larger computational resources are required.
The online tool is available to use at: http://stablegen.net/
Command-line tool repo: https://github.com/BensonKHuang/StableConfigs
Front-end repo: https://github.com/stevenwang5689/stable-gen
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P15 - Molecular machines from topological linkages
Keenan Breik, Tosan Omabegho, and David Soloveichik
The University of Texas at Austin, USA
Life is built upon amazingly sophisticated molecular machines whose behavior combines mechanical and
chemical action. Engineering of similarly complex nanoscale devices from first principles remains an as yet
unrealized goal of bioengineering. In this work we formalize a simple model of mechanical motion
(mechanical linkages) combined with chemical bonding. The model has a natural implementation using DNA
with double-stranded rigid links, and single-stranded flexible joints and binding sites.
Surprisingly, we show that much of the complex behavior is preserved in an idealized topological model
which considers solely the graph connectivity of the linkages. We show a number of artifacts including
catalysts, a fueled motor, and chemo-mechanical coupling, all of which can be understood and reasoned
about in the topological model. Figure 1 shows a simple example.
The variety of achieved behaviors supports the use of topological chemical linkages in understanding and
engineering complex molecular behaviors.

Figure 1: Two chemical linkage systems. Lines represent rigid rods. Nodes represent rotary joints. Joints can
bind (overlap) if they have the same domain type (a or c) and are complements (circle and dot). (Top) A
system with two states, left and right, that can’t reach each other. Two conformations of each state are
shown. The small red linkage can’t get close enough to the opposite joint to displace onto it. (Bottom) But
the small blue linkage can be added to mediate the state change. It displaces the center bond, which allows
the small red linkage to displace onto the opposite joint. The small blue linkage acts effectively as a catalyst.

P16 - New Insights on Real-Time CRN-Computable Numbers
Willem Fletcher1, Titus H. Klinge2, James I. Lathrop3, and Matthew Rayman3
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Computing real numbers has been at the root of computer science since its conception, when Turing framed
his groundbreaking 1936 paper in terms of computing real numbers. In the 1960s, Yamada investigated
numbers that are computable in real time, which are numbers that can be enumerated by a Turing machine
and successive bits are produced in constant time. A few years later, Hartmanis and Stearns conjectured that if
a real number α is computable in real time by a Turing machine, then it must be either rational or
transcendental. Their conjecture is still unresolved and is connected to many important problems and
theorems such as lower bounds to integer multiplication and the relationship of deterministic and
nondeterministic time complexity. Inspired by Yamada’s notion, Huang, Klinge, Lathrop, Li, and Lutz
defined the class RRTCRN of real time computable real numbers by chemical reaction networks (CRNs).
A number α is in RRTCRN if there exists a deterministic CRN with a species X that converges to α
exponentially quickly and maintains that all concentrations are bounded when initialized with all zeros. Since
after t seconds the concentration of X is accurate to approximately t bits, RRTCRN is analogous to Yamada’s
notion of real time but instead for analog models of computation.
In this poster, we investigate two open problems stated by Huang et al. concerning RRTCRN . The first
problem is the question: if α ∈ RRTCRN , can we produce the successive bits of α using a sequence of binary
pulses ? We sought to answer this question by implementing a chemical analog to digital converter that inputs a
real number α and outputs a sequence of pulses that approximates its binary expansion. Our CRN
construction is driven by a five-phase clock and extracts a bit from α using approximate majority, and
then shifts the concentration of α appropriately to prepare to extract the next bit. The accuracy of the
output can also be tuned by changing the initial concentration of a catalyst. Surprisingly, we also prove
that it is impossible for a single CRN to, for all real inputs α, produce the infinite binary sequence of α as a
sequence of pulses. However, our chemical analog to digital converter appears to work on a large subset of
the real numbers but fails on inputs that coincide with the unstable equilibrium of approximate majority.
These results give insights into the analog variant of the Hartmanis-Stearns conjecture and illustrate the
challenges of performing analog to digital conversion with CRNs. Another challenge to overcome is the real
time aspect of the analog to digital conversion, since our construction violates the boundedness condition of
RRTCRN and therefore runs in super-linear time. However, we believe that future optimizations may lead to
emitting the binary expansion of √2 as a sequence of real time pulses and resolve the Hartmanis-Stearns
conjecture for analog models of computation.

The second problem we explore concerns real numbers that can be computed robustly. In particular, we
explore the subfield RLCRN ⊆ RRTCRN of Lyapunov CRN-computable real numbers. These numbers are
computed via an exponentially stable equilibrium point and are therefore robust to various perturbations of
species concentrations. Huang et al. proved that Alg ⊆ RLCRN where ⊆ RRTCRN where Alg is the set of
algebraic real numbers. We prove that CRNs with a single species can only compute the algebraic
numbers. We also prove that if α ∈ RLCRN is computed with a two-species CRN, then α is algebraic. These
results give evidence that Alg =n RLCRN, which means that no transcendental number is computable in this
robust sense.
This research was supported in part by NSF grants #1900716 and #1545028

P17 - A Software Testing Framework for Stochastic Chemical Reaction Network Programs
Myra B. Cohen1, Michael C. Gerten1, Titus H. Klinge2, and James I. Lathrop1
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Non-traditional computing paradigms have made many advancements over the past few years. In natural
computing, chemical reaction networks (CRNs) are used to program matter via species and reactions to form
complex interactions. These programs are then often translated into DNA for implementation, and as more of
these programs are realized with often expensive physical systems, it is important to ensure they work
correctly.
In practice, these programs are first written and simulated in environments such as Matlab. Current methods
of validating CRNs include model checking and theorem proving, but these are limited in scalability. In
traditional programs, when formal verification does not scale, software testing is used to sample program
inputs guided by coverage criteria that includes a representative set of behaviors. To date, there is no
systematic method for testing CRNs in this manner.
In this work we present a software testing framework for stochastic CRNs which can be embedded in
common simulation environments. Its scale is limited only by the scale of simulation. We built an exemplar
of our approach using MatLab’s Simbiology environment and demonstrate that we can test CRNs with 100s
of molecules and find a range of faults seeded in several CRNs. Our testing framework begins by defining the
input and output species, and formalizes test specifications using program specifications written in a linear
temporal logic like language. From the test specifications we generate abstract test cases that can be
parameterized by concrete inputs. We utilize both functional and mathematical relations to define tests. We
then concretize our tests for a range of values. Last, we run the concrete test cases and evaluate them at
different points in simulation time. Tests are determined to pass or fail only at the specified point in time of
the simulation.
We performed a large case study using common CRNs and a set of faulty versions for each, where faults are
added as random removal, changes or additions of a species and/or reaction. We find 96% of the faults and
demonstrate scalability beyond model checking. The faults that went undetected were determined to be
functionally equivalent to the correct CRN. To account for the stochastic and probabilistic nature of the
CRNs, we run all tests multiple times. We observe different results (some failing and some passing) on most
faults suggesting the need for test repetition in order to draw correct conclusions about system behavior. This
non-determinism was seen on both stable and probabilistic CRNs, showing that the stochastic nature of
CRNs needs to be accounted for when building a testing framework.
∗This research was supported in part by the National Science Foundation grants #1909688, #1545028,
#1900716

P18 - MENDEL: an automated design tool for DNA nanotechnology
Jorge Guerrero and Reza Zadegan
North Carolina A&T State University, USA
Structural DNA nanotechnology is a promising tool for bottom-up self-assembly. Scientists’ imagination and
ability to design sophisticated and larger structures inform the applications of the technology. In response to
the need for the advanced design strategies, the community has developed a number of software to ease
DNA nanostructures design process. Majority of the available software require manual manipulation and
detailed visual inspection of the model, which decrease the success of making complex and large structures
and increase the user error. To address these concerns, we developed an open-source software coined
MENDEL that automates the process of designing nanostructures. MENDEL uses a sequence of commands
that accurately and parametrically build the DNA nanostructure’s geometry, size, and shape. Additionally,
the commands are modular and therefore the construct can grow indefinitely from one repeated layer with a
single instruction; hence MENDEL reduces the time, error, and computational cost of DNA nanostructures
designing process. Also, when run as a module of Blender, MENDEL generates visual representation of the
model. For convenience, MENDEL enables automatic generation of caDNAno and CanDo compatible files.
We aim to keep MENDEL open source to allow community collaboration and the software’s accessibility to a
broader range of scientists.

Figure 1: We used the MENDEL library to design a complex triple-layered origami consisting of
25,330 base pairs, in under 22 seconds. Blue and colored ribbons represent the scaffold and staples,
respectively.

P19 - A new bioinformatics method
Piotr Wąż, and Dorota Bielińska-Wąż
Medical University of Gdańsk, Poland
This work is concerned with the developing of new approaches aiming at similarity/dis- similarity analysis of
DNA/RNA sequences. In the presented method, the biological sequence is represented by the “3D-Dynamic
Graph” - a set of “material points” in the 3D space [1,2]. The new method, called by us “3D-Dynamic
Representation of DNA/RNA Sequences”, has been obtained as a generalization of our 2D approach [3].
The graphs, constructed as rigid bodies, are intuitive tool for a graphical comparison of the objects. As
numerical characteristics of the graphs we have proposed numerous quantities used in the classical
dynamics, as the coordinates of the center of mass or moments of inertia of the graphs. Using this nonstandard approach we have achieved high accuracy: a difference between two sequences in a single
nucleotide base can be recognized. One can also identify the kind of this base and its approximate location
in the sequence. Recently, we applied this algorithm to the characterization of more than 2700 sequences of
the dengue virus genome. We have shown that specific descriptors tend to distribute in the same manner as
the known antigenic relationships between serotypes of the virus [4].
[1]
[2]
[3]
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P. Wąż, D. Bielińska-Wąż, 3D-dynamic Representation of DNA Sequences, Journal of Molecular
Modeling 20 (2014) art. ID 2141
P. Wąż, D. Bielińska-Wąż, Non-standard similarity/dissimilarity analysis of DNA se- quences,
Genomics 104 (2014) 464-471
D. Bielińska-Wąż, P. Wąż, T. Clark, Similarity Studies of DNA Sequences Using Genetic Methods,
Chemical Physics Letters 445 (2007) 68-73
D. Bielińska-Wąż, D. Panas, P. Wąż, Dynamic Representations of Biological Sequences, MATCH
Communications in Mathematical and in Computer Chemistry 82 (2019) 205-218

P21 - Handhold-mediated strand displacement: a nucleic acid-based reaction to implement far-fromequilibrium templating
Javier Cabello-Garcia, Wooli Bae, Guy-Bart V. Stan, and Thomas E. Ouldridge
Imperial College London, UK
Far-from-equilibrium templating (FFET) is ubiquitous in nature. For example, during protein translation,
amino acids polymerise thanks to transient interactions with an RNA template. Through this process, the
RNA template determines the assembled peptide sequence, rather than the interactions between amino
acids themselves. Thus, templating allows 20 standard amino acids to reliably assemble into thousands
of different protein products. The transient nature of template-product interactions means that the desired
product cannot be favoured in equilibrium. Accurate templating is thus necessarily far from equilibrium
[1]. Given the fundamental significance of FFET, it is desirable to implement similar functionality in
synthetic DNA nanotechnology. However, toehold-mediated strand displacement [2] heavily relies on the
interaction between the target (T) and invader (I) strands in equilibrium; the assembled complexes are
exclusively determined by strand interactions in the complex itself.
Here we introduce handhold-mediated strand displacement (HMSD), a method to modulate strand
displacement reaction rates that can achieve FFET. Handholds are toehold analogues, located in the
incumbent strand, that facilitate the binding between I and T. We measure and model the displacement
kinetics, demonstrating that handholds can accelerate the rate of formation of IT duplexes by up to five
orders of magnitude. Crucially, handholds of moderate length eventually detach, producing a transient
interaction. We use this insight to construct HMSD-based systems that produced specific complexes
through FFET.

Figure 1: Handhold mediated strand displacement mechanism (HMSD): An invader (I) can bind to the
incumbent strand (N) by the handhold (h) to increase the rate of N displacement from the target (T). For h
below 9 nucleotides, N detaches completely. Plots: 3 reporters detected the production and detachment of
3 different iso-energetic IT complexes. The h sequence in N templated the formation of a specific IT
complex, out of 3 competing I equally complementary to T, but different h’ sequences. Shaded area:
Standard error of the mean fluorescence (n=4). Conditions: [TN]=10 nM, [I]=25 nM each. Buffer: 1M NaCl
in 1x TAE at 25°C.
[1]
[2]

Ouldridge, T. E, Rein Ten Wolde, P. ( 2017) Fundamental Costs in the Production and
Destruction of Persistent Polymer Copies. Phys. Rev. Lett. 118:158103
Yurke, B., Turberfield, A.J., Mills, A.P., Simmel, F.C., Neumann, J.L. (2000) A DNAfuelled molecular machine made of DNA. Nature. 406:605-608

P22 - Coarse-grained simulation of DNA hydrogel structures
O. Henrich1, Y. A. G. Fosado 2,3, Z. Xing 4, M. Hudek1, and E. Eiser 4
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DNA hydrogels consist of multi-valent DNA building blocks that self-assemble fully reversibly from singlestranded DNA molecules into percolating 3D network structures. DNA hydrogels emerged as a distinct class
of DNA materials and attracted considerable attention due to their promising uses in controlled drug
delivery, tissue engineering, for 3D cell cultures, cell trans- plant therapy and other biomedical applications.
One of the challenges in the design of these materials is to select from the myriads of possible options a
sequence that produces the desired mechanical and thermodynamical overall proper- ties of the large scale
network. This requires modelling of tens of thousands of base pairs on very long time scales in the
millisecond range and beyond, making coarse-grained modelling with its computational and conceptual
advantages an indispensable tool.
I will present the first results of our collaboration on the modelling of a three-valent DNA hydrogel system at
the single nucleotide level [1]. We compare melting curves from simulations and experiments, analyse the
local morphology of the Y-shaped DNA molecules and suggest several alterations in the design. Adding inert
nucleotides to the central core region of the Y-DNA molecules has a very minor effect on their overall
geometry, whereas sequences in the sticky ends via which the individual Y-DNA molecules hybridise, have a
profound influence on their relative twisting and bending angles. These results provide further insights into
the general design principles of these complex materials. I will also introduce briefly into a new
implementation of the oxDNA2 coarse-grained model that is now available through the LAMMPS molecular
dynamics code [2], highlight its features and capabilities and outline the directions of future development.

Figure 1: Geometry (left) and free energy vs 2D collective variable of a fully hybridised (centre) and partially
denatured (right) three-valent DNA hydrogel structure.
[1]
[2]

Y. A. Gutierrez-Fosado, Z. Xing, E. Eiser, M. Hudek, O. Henrich, ”A Numerical Study of ThreeArmed DNA Hydrogel Structures”, arXiv:1903.04186
O. Henrich, Y. A. Guti`errez Fosado, T. Curk, T.E. Ouldridge, ”Coarse-Grained Simulation of DNA using
LAMMPS”, Eur. Phys. J. E 41 , 57 (2018)

P23 - REVNANO: An algorithm to reverse engineer scaffolded DNA/RNA origami designs from sequence
information only
Ben Shirt-Ediss1, Juan Elezgaray2, Jordan Connolly1, Emanuela Torelli1, Jaume Bacardit1, and Natalio
Krasnogor1
1
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Designs for scaffolded nucleic acid origami nanostructures have no standardised data exchange format, and
are often minimally communicated in supporting material as the list of DNA/RNA staple sequences used.
When origami staple sequences are not accompanied by a detailed design schematic or electronic CAD file,
how the staples crossover and route through the origami design is left unspecified.
In this contribution we provide an algorithm, REVNANO, which is able to reverse engineer (to a quantifiable
degree of error) the base positions at which staples hybridise to an origami scaffold, given just staple and
scaffold sequences. The algorithm uses staple routing trees, iterative constraint propagation and weak
assumptions to arrive at a final non-overlapping staple routing. We tested an alpha version of the algorithm
on 10 different 2D origami designs and found that, in most cases, all staples could be routed. Worse case
performance in the current version was 4 (of 231) staples unrouted. Additionally, we developed a method to
display approximate reverse engineered schematics for 2D origamis, using the NEATO layout engine.
To our knowledge, an approach to the “sequences-to-design” reverse problem has not been implemented
before for nucleic acid origami. Efforts so far have been concentrated on building various CAD tools that
perform the forward “design-to-sequences” mapping (e.g. [1, 2, 3]), with the reverse problem effectively
solved via the physical self-assembly process of origami. Nevertheless, solving the reverse design problem
computationally has several useful applications. Firstly, it allows experimentally characterised designs that
are only published as staple sequences to have their connection topology inferred. With a suitable layout
engine, this topology can be transformed into a detailed origami schematic that can be investigated,
tweaked and even re-purposed. Secondly, the reverse process can be used as a validation step to ensure
that published staple sequences are free from errors and typos before they are ordered. Thirdly, the reverse
process automatically constructs a domain-level graph for any origami – from just sequences – which can
serve as input to domain- level origami folding models. Finally, the reverse process yields approximate
information about the addressability of individual staples.
[1]
[3]

S. M. Douglas, A. H. Marblestone, S. Teerapittayanon, A. Vazquez, G. M. Church, W. M. Shih,
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P24 - A 4-component modular ‘plug and play’ approach to detection and amplification of single nucleotide
variant nucleic acids
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The detection of Single Nucleotide Variant (SNV) nucleic acid strands is a daunting task due to requiring a
technique that operates at a sensitivity capable of detecting small picomolar concentrations against a
background of significantly more abundant wild type (WT) strands while also being able to differentiate
between the change of a singular nucleotide in a sequence of +100 nucleotides. This is made all the more
difficult by requiring the entire process to be capable of completion in realistic time frames if the process is
to produce data in a short time frame.
To solve these issues this poster presents and details the workings of a 4-component circuit design that
operates using a modular functionality allowing for a unique ‘plug and play’ approach to facilitate efficient
research into the different factors involved. Each of the four components is comprised entirely of
single/double stranded nucleic acids that interact via toehold mediated strand displacement and toehold
exchange reactions, isothermally, and without the necessity of enzymes. They work in sequence with the
output of one being the input to the next and are labelled in order as decoy, translator, amplifier, and
reporter respectively. Each component has a specialised role; The decoy removes all SNVs and WTs from any
further downstream reactions while slowly releasing SNVs back into solution. The translator removes the
reliance on the naturally occurring nucleotide sequence by replacing each SNV with a strand with a synthetic
sequence. The amplifier outputs multiple strands for each input strand to which the reporter responds by
emitting a fluorescent signal.
Initial investigations for the amplification component have been performed in VisualDSD testing
stoichiometric, catalytic, and autocatalytic approaches all with results showing concentration increases of
several orders of magnitude in time frames of less than one hour. Work into the decoy component is at a
very early stage, however, simulations in Multistrand and Nupack have shown promise at differentiation of
SNV from WT even at concentration ratios 1 : 100000 respectively.
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Dingle et al. 2018. Input-output maps are strongly biased towards simple outputs. Nature
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Dingle et al. 2020. Generic predictions of output probability based on complexities of inputs and
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P25 - Probability of complex output in a simple self-assembly model of polycubes
Joakim Bohlin, Andrew J. Turberfield, and Ard. A. Louis
University of Oxford, UK
In an effort to quantify why some shapes self-assemble more easily than others, recent theoretical studies
[1, 2] have predicted the number of assembly rules that lead to a particular shape to scale exponentially
with the Kolmogorov complexity of the simplest rule needed to make such a shape. Here we study this very
general prediction using a simple model of 3D polycube structures.
The model, which is a generalisation of the 2D polyomino model [3, 4], stochastically assembles a set of
cubic building blocks on a lattice to form an output polycube. Each cube has an oriented and coloured patch
on each face: allowed cube-cube interactions are between faces with matching colours and orientations. See
Fig: 1, where the building blocks (genotype) assembles into a polycube (phenotype).
As can be seen in Fig: 1, there is a clear log-linear relationship between the probability of finding a rule that
assembles into a particular structure, and the information needed to specify the structure, as predicted in [1,
2].
Furthermore, we comment on how these rules apply to the design of large-scale self- assembled
nanostructures. For example, it is much easier to design modular or symmetric structures than asymmetric
structures, and the former may be much more robust to errors than the latter.
Finally, an online tool for designing self-assembling polycubes is presented available at
https://akodiat.github.io/polycubes/.

Fig 1
Figure 1: Starting with the first input cube in the
genotype, additional cubes are attached wherever
colours and orientations match. The output
phenotype is assembled when no more cubes can
be added.
[1]
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[3]
[4]

Fig 2
Figure 2: Phenotype frequency, found through a
uniform sampling of genotypes, plotted against a
measure of the smallest input required to assemble
the phenotype (a proxy for Kolmogorov complexity).
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P26 - Strategies of actin filament multiplication towards upscaled device for parallel network-based
biocomputation
Venukumar Vemula and Alf Månsson
Linnaeus University, Sweden
In network based biocomputers, myosin propelled actin filaments solve mathematical problems by exploring
nanofabricated networks encoding the problem. Filament dilution during progression through the network is
a challenge to upscaling but would be resolved by actin filament multiplication. This process should ideally
preserve constant filament length and a filament polarity that allows motor driven transportation only in
appropriate directions as defined by network geometry. For the latter reason, newly nucleated filaments
would be problematic due to random orientation. Here, we hypothesized that effective filament multiplication
is achievable by splitting due to motor induced forces during motility at low ionic strength (with weak bonds
between actin subunits) followed by actin polymerization at high [KCl] and [MgCl2]. The motor induced
splitting was effective, increasing the number of actin filaments up to 4-fold in 30 s. Further, >80 % of the
actin filaments, immobilized on either heavy meromyosin (HMM) or N-ethylmaleimide (NEM) treated, nonpropulsive HMM, approximately doubled in length 2 min after adding G-actin monomers (~1 µM). With use
of NEM-HMM, an appreciable number of newly nucleated filaments (> 44 % of all) was observed, whereas,
importantly, only few such filaments (< 5 %) were seen with HMM and simultaneous motility. Overall, our
results are promising for filament multiplication in upscaled network- based biocomputers.
Funding: H2020 Bio4Comp, GA No: 732482

P27 - Algorithm and design for solving EXACT COVER problem using network-based biocomputation
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Computational problems of a combinatorial nature require exponential time to explore the solution space,
making traditional serial computation intractable, and parallel computation a necessity. Network-based
Biocomputation (NBC) was recently demonstrated to solve the subset sum problem (SSP) [1], by encoding
it into a two-dimensional graphical network of channels in a nanofabricated device, which was then explored
by molecular motor protein filaments to find all possible solutions. This approach of NBC could speed up the
computation and also be potentially used to solve other problems by scaling in an energy efficient manner
compared to that of the conventional computer. This poster will describe our approach to using NBC for
solving another problem, namely Exact Cover (ExCov). For an ExCov problem with a collection of subsets for a
set X, an exact cover is a sub-collection S* of subsets such that each element in X is contained in exactly
one subset in S*. We can encode this problem into a SSP network by first translating each subset into a
binary number by assigning 1 to the elements existing in the sets and 0 for others which are then converted
to decimal numbers. The exact cover of the problem has 1 in all the bit locations and thus sum
corresponding to this is the required solution. Thus in the network, we only need to look at the exit
corresponding to the solution and if the channel guided filaments exit at this network exit, then the set of
sets contains an exact cover. This work demonstrates that a given NBC approach can be used for more than
one combinatorial problem, because NP-complete problems can be converted into one another.
[1]

Nicolau, Dan V., et al. "Parallel computation with molecular-motor-propelled agents in
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When using myosin propelled actin filaments in biocomputation, the filaments explore nanostructured
networks in solving combinatorial problems. In such applications, it is of interest to temporarily switch on/off
motile function in parts of the network to enable programming of the network. Here, we lay the grounds for
such developments by immobilization of engineered, light-switchable Myosin XI with maintained actin
propelling function in dedicated nanoscale channels with simultaneous inhibition of function on surrounding
areas. After excluding the feasibility of immobilization strategies using silanized tracks surrounded by resist
polymers, previously employed for Myosin II based biocomputation, we tested alternative approaches. First,
we investigated nanostructured gold surfaces with SiO2 surroundings. In such devices, myosin propelled
actin motility was observed on both the Au and the SiO2 areas. Importantly, however, after PEG silane
derivatization we observed selective motility only on the Au areas with complete inhibition of actin filament
binding to surrounding SiO2 areas. These results lay a critical foundation for optically controlled on/off
switching and programming of motility in biocomputation networks. We next aim to optimize the motility
quality and to implement actual control of the actin filament movement by optical switching of the myosin
motors.
Funding: H2020 Bio4Comp, GA No: 732482; Carl Trygger and Helge Axson Johnson foundations.

P29 - Reconstruction algorithms for DNA storage systems
Omer Sabary, Alexander Yucovich, Guy Shapira, and Eitan Yaakobi
Technion, Israel
The trace reconstruction problem was first proposed in [1]. Under this framework, a length-n string x, yields a
collection of noisy copies, called traces, y 1, . . . , y t where each y i is independently obtained from x by passing
through a deletion channel, which deletes every symbol with some fixed probability pd . Suppose the input string x is
arbitrary. In the trace reconstruction problem, the main goal is to determine the required minimum number of i.i.d
traces in order to reconstruct x with high probability. The trace reconstruction problem can be extended to the
model where each trace is a result of x passing through a deletion-insertion- substitution channel. Here, in addition
to deletions, each symbol can be switched with some substitution probability ps , and for each j, with probability
pi, a symbol is inserted before the j -th symbol of x.
Motivated by the storage channel of DNA [4], [5], [7], this work is focused on another variation of the trace
reconstruction problem, which is referred by the DNA reconstruction problem. The setup is similar to the trace
reconstruction problem. A length-n string x is transmitted t times over the deletion-insertion-substitution channel and
∗
∗
generates t traces y1….,y t . A DNA reconstruction algorithm is a mapping R : ( Σ ) t →Σ which received the t
𝑞𝑞

𝑞𝑞

traces y 1 , . . . , y t as an input and produces x̂, an estimation of x. The goal in the DNA reconstruction problem is to
minimize de (x, x̂ ), i.e., the edit distance between the original string and the algorithm’s estimation. When the
channel of the problem is the deletion DNA reconstruction problem and the goal is to minimize the Levenshtein
distance dL(x, x̂ ).

In this work, we present several new algorithms for the DNA reconstruction problem and for the deletion DNA
reconstruction problem. While most of the previous algorithms look locally on each symbol and use a symbol-wise
majority technique, our algorithms look globally on the entire sequence of the traces and use dynamic
programming algorithms in order to estimate the original sequence. This global approach builds upon the
algorithms to find the shortest common super sequence and the longest common subsequence of a set of given
sequences. Our algorithms also differ from previous results by introducing less limitations on the input. More
specifically, while most of previous algorithms were limited to small error probabilities or required some
dependencies between the error rates in order to perform well on a given data, our algorithms do not require any
limitations on the input and the number of traces, and more than that, they perform well even for error probabilities
as high as 0.27.
Lastly, we tested our algorithms on simulated data and on data from previous DNA experiments [2], [5]. We
compared the edit error rates of our algorithms with the edit error rates of previous algorithms [1], [3], [6]. In all
of the tested data sets, our algorithms introduced smaller error rates, as can be seen in Figure 1.

(a)

Erlich and Zielinski [2].

(b) Organick et al. [5].

(c) Simulated data.

Figure 1: Edit error rate by the reconstruction algorithm, for data from DNA storage experiments [2], [5]
and simulated data.
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Building a molecular motor that is small enough to move within the cell requires an understanding of microorganisms motility in low Reynolds number. This regime of fluid flow where viscosity dominates inertia relies
on different physical principles than large-scale objects in high Reynolds number. An example of this in a
biological system is found in bacteria flagella that allow non- reciprocal motion by a rotating motion along its
center-line axis. These physical principles have been tested by de novo engineering of artificial flagella by
subjecting helical microstructures magnetic bead chimeras in a magnetic field. [1,2] Despite the observed
flagella-like, the presence of the relatively-large magnetic bead is expected to perturb the fluid flow near the
helical microstructures. Here, we report a fluid mechanics study of helical SST DNA nanotubes under the
influence of the uniform electric field. The electrophoresis-based setup eliminates the need for the magnetic
bead and yields a simpler hydrodynamic flow near the helical microstructures.
The helical microswimmers are based on the SST DNA nanotubes design from Maier et al. [3] Briefly, the
nanotubes have the dimensions of ∼10 µm long with diameter ∼1 µm with a typical length and diameter of
8 µm and 1 µm, respectively. The helical nanotube structures 13HTs-4s are composed of 13 unique singlestranded DNA, with 3 of which tagged with Cy3B dye for light microscopy imaging. The helical SST
nanotubes are prepared by annealing in 12.5 mM MgCl2. The helical nanotubes were then placed inside a
1.5 cm × 0.5 cm flow chamber with a thickness of 50 µm subjected to a 30 V potential to drive the
nanotubes by electrophoresis. The motility was then recorded with an epi-fluorescence microscope. We
measured translation and rotation speed of the helical motif by performing image analysis from the twodimensional microscopy images. The average translation and rotation speeds are at 21.2 µm/s and 7.5
rad/s, respectively. We found a non-linear relationship between the translation and rotation speeds
suggesting non-trivial mechanical interactions. Demonstration of flagella motility without the necessity of
attaching a relatively-large magnetic bead could lead to a more accurate study of the interactions between
helical motif and fluid flows in low Reynolds number regime. This, in turn, serves as a physical model of
molecular motor independent of the cargo it may carry later depending on the application.
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Strand displacement is a key process in active DNA and RNA nanotechnology. With proper design and
kinetic control, strand displacement is used to trigger the conformational change of larger nanostructures,
initiate cascaded reactions or even for in vivo diagnostics. It is also likely involved in multiple biological
processes [1]. While systematic experimental studies have been carried out to probe the kinetics of DNA
strand displacement [2], systematic kinetic measurements for RNA and RNA-DNA hybrid strand
displacement have not been done yet. In this work, we hence study how toehold length and its location (3'
vs 5' end) and position of different mismatches influence the strand displacement kinetics of RNA invading
RNA duplex. We observed reaction acceleration with increasing toehold length and placement of toehold at
5' end of the substrate. Mismatch close to the interface of toehold and branch migration range slows down
the reaction more than remote mismatches. We further study hybrid systems, where DNA invades RNA
duplex or RNA invades DNA duplex. We observed DNA invading RNA to be the slowest. For long toehold
lengths, DNA invading DNA and RNA invading DNA appears to be faster than RNA invading RNA, while for
shorter toeholds, RNA strand displacement is faster. We compare the measured data with theoretical model
of strand displacement [3].

Figure 1: Demonstration of the experimental design a) In two steps the invader displaces the incumbent
strand which further displace the reporter to switch the quenched fluorescence on b) In this experiment
we focus on 4 aspects, namely the toehold length, toehold locations (5' or 3'), mismatches and the
species (RNA/DNA)
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P32 - Supervised learning in a multi-layer, non-linear chemical neural network
David Arredondo and Matthew R. Lakin
University of New Mexico, USA
The development of programmable or trainable molecular circuits is an important goal in the field of molecular
programming. Multi-layer, non-linear, artificial neural networks are a powerful framework for implementing
such functionality in a molecular system, as they are provably universal function approximators. Here
we present a design for multi-layer chemical neural networks with a non-linear hyperbolic tangent
transfer function. We use a weight perturbation algorithm to train the neural network which uses a simple
construction to directly approximate the loss derivatives required for training. We demonstrate the training
of this system to learn all sixteen two-input binary functions from a common starting point. This work thus
introduces new capabilities in the field of adaptive and trainable chemical reaction network design. It also
opens the door to potential future experimental implementations, including with DNA strand
displacement reactions. This material is based upon work supported by the National Science Foundation
under grants 1935087, 1814906, 1525553, and 1518861.
Keywords: Artificial neural networks, chemical reaction networks, supervised learning, Molecular
computing

(a) Overview of chemical reaction network architecture for training an artificial network via weight
perturbation. At each training round, the input signals Xi and the target value T are supplied to the system.
These species are duplicated into the shadow network, which also receives a small perturbation to one of its
weight values ΔWi. Both networks compute their loss independently, and these two loss values are then
α
subtracted and multiplied by
to produce the weight update value associated with the gradient of the
ΔWi
loss function with respect to the perturbed weight. The weight update is fed through a demultiplexer, which
uses a “selector” species SELECTWi to update the perturbed weight.
(b) Example heatmap showing the learned decision surface for X1 XOR X2. Weights were learned using the
CRN shown in (a). The heatmap was produced from the output of the system with inputs ranging from -1 to
1. In practice, binary inputs are only -1 or 1.

P33 - Availability-driven design of hairpin fuels and small interfering strands for leakage reduction in
autocatalytic networks
Drew Lysne, Kailee Jones, Alma Stosius, Timothy Hachigian, Jeunghoon Lee, and Elton Graugnard
Boise State University, USA
Leakage, producing an output in the absence of an input, limits the utility of DNA-based circuits and
computational tools for biomedical and technological applications [1]. Strategies that have been explored to
suppress or eliminate leakage include DNA clamps [2], mismatching [3], locked nucleic acids (LNA) [4],
availability and mutual availability [5], domain level redundancy [6], rigorously purified strands [7], multiarm junctions [8], and shadow circuits [9]. As a new tool for leakage reduction, this study utilizes availability
to reduce leakage in an entropy-driven autocatalytic DNA reaction network [10]. Here, we report the direct
tailoring of fuel strand availability through two novel approaches: (1) the concatenation of interfering
domains to fuel strands, and (2) the introduction of separate small interfering strands. In each case, these
approaches were designed to reduce the availability for key domains within fuel strands. The strands were
designed against available regions of the substrate complex analyzed by NUPACK availability calculations.
The modified fuels showed decreased leakage but also decreased catalytic activity. Successful fuel designs
resulted in increased performance ratios, defined as (t1/2 leak EF/ t1/2 leak OF)*(t1/2 0.1x catalyst OF/t1/2 0.1x catalyst EF) (t1/2
refers to time to half completion while OF and EF correspond to original and experimental fuels respectively)
of up to 22%. Employing the small interfering strand (7-12 nucleotides) improved the performance ratios by
up to 21%. Furthermore, the stability of the network using both leakage reduction methods were highly
predictable using computed availability, which accounts for the availabilities of both the fuel and substrate
backbone (Fig 1). Computed availability and experimental results show a Pearson’s correlation coefficient of
-0.84 for modified fuel strands and -0.92 for fuel and interfering strand combinations. The results of this
study support the use of leakage, but more work is needed to mitigate against the resulting catalytic losses.
Thus, availability analysis can provide insight into regions of network vulnerability, which may be addressed
through network design, domain, and sequence engineering.

Figure 1: Availability (red) compared to stability ratio (black) for interfering strands. Availability was
28
calculated using the formula: [1/ ∑24 (P(𝑖𝑖)𝑃𝑃𝐵𝐵(𝑖𝑖∗))], where P𝐹𝐹(𝑖𝑖) and 𝑃𝑃𝐵𝐵(𝑖𝑖∗) are the availabilities of bases 𝑖𝑖 and
𝑖𝑖∗ of the fuel and the substrate backbone respectively, and then normalised. The stability ratio was
calculated: t1/2 leak fuel + interfering strand /t1/2 leak original fuel.
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P34 - Improving DNA origami through scaffold optimization
Sarah E. Kobernat, George D. Dickinson, William Clay, Luca Piantanida, Chad Watson, Tim Andersen, Wan
Kuang, and William L. Hughes, and Eric J. Hayden
Boise State University, USA
Advancements in DNA origami have set the stage for the creation of numerous nanotechnology applications
built from self-assembling DNA nanostructures. Currently, development is limited by a lack of control of the
nucleotide sequences of the ssDNA scaffolds used to form DNA origami. While several custom scaffolds
have been developed, it remains challenging to identify precise locations in DNA origami structures that
perform poorly and might benefit from redesign. Defect analysis remains complex and limited by the spatial
resolution of the techniques used. Here we propose a two-tiered approach to detecting unwanted defects at
the nucleotide-sequence level in DNA origami. First, high resolution atomic force microscopy (AFM) will be
used to locate areas (5-10 nm2) within an origami where structure differs from design. Second, a
nucleotide-sequence level analysis will be performed using DNA- PAINT technique to confirm the sections of
scaffold demonstrating defects. These sections will then be redesigned to improve scaffold performance.
DNA-PAINT analysis will also be used to verify correct structure sequences, with the goal to create a
searchable library of reliable scaffolds with a range of useful characteristics. Preliminary AFM and DNAPAINT data indicates that the edges of DNA origami structures are not as reliable as the interior regions,
suggesting that these areas could be redesigned to be more stable.

P35 - Bio-Inspired Energy Distribution for Programmable Matter
Joshua J. Daymude, Andrea W. Richa, and Jamison W. Weber
Arizona State University, USA
In systems of active programmable matter, individual modules require a constant supply of energy to
participate in the system’s collective behavior. These systems are often powered by an external energy
source accessible by at least one module and rely on module-to-module power transfer to distribute energy
throughout the system. While much effort has gone into addressing challenging aspects of power
management in programmable matter hardware, algorithmic theory for programmable matter has largely
ignored the impact of energy usage and distribution on algorithm feasibility and efficiency. In this work, we
present an algorithm for energy distribution in the amoebot model that is loosely inspired by the growth
behavior of Bacillus subtilis bacterial biofilms. These bacteria use chemical signaling to communicate their
metabolic states and regulate nutrient consumption throughout the biofilm, ensuring that all bacteria receive
the nutrients they need. Our algorithm similarly uses communication to inhibit energy usage when there are
starving modules, enabling all modules to receive sufficient energy to meet their demands. As a supporting
but independent result, we extend the amoebot model’s well-established spanning forest primitive so that it
self-stabilizes in the presence of crash failures. We conclude by showing how this self-stabilizing primitive
can be leveraged to compose our energy distribution algorithm with existing amoebot model algorithms,
effectively generalizing previous work to also consider energy constraints.

(a) t = 0 async. rounds

(b) t = 500

(c) t = 1000

(d) t = 2000

Figure 1: A simulation of our energy distribution algorithm supplying energy for a system executing basic
shape formation with energy costs for each action.
A full version of this paper can be found at https://arxiv.org/abs/2007.04377. Videos of all
simulations can be found at https://sops.engineering.asu.edu/sops/energy-distribution/.
The authors gratefully acknowledge their support from the National Science Foundation under awards
CCF-1637393 and CCF-1733680 and from the Army Research Office under MURI award #W911NF-191-0233.

P36 - Batch processing and renewal of DNA seesaw logic circuits by orthogonally photocontrolled toehold
exchange
Germán Velasco1,2, Israel Martínez-Pérez1, and Alejandro Huerta-Saquero2
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of Mexico, Mexico
In the field of DNA programmable chemical reaction networks there is a growing number of publications
presenting novel designs and potential applications. Most of these reaction networks and their architectures
are engineered without a reusability mechanism or as single-use devices. In recent works focusing on DNA
computing, several strategies for achieving renewable and reusable systems have been proposed,
nevertheless, there is room for improvement in regards to waste accumulation, scalability and efficiency. In
this work we propose and evaluate in silico a design for renewable DNA seesaw logic circuits. The design
allows said logic circuits to perform through multiple processing-renewal cycles and adds a batch processing
feature. In order to restore the concentration of functional gate components, we selectively functionalized
toeholds with a couple of orthogonal photoswitches from the azobenzene family. We are able to exploit the
different isomeric states of the photoswitches to modulate the rate constants of Toehold Exchange reactions.
In addition, exchanging the location of the orthogonal photoswitches between alternating network segments,
or discrete gates, inverts the cascade direction of said segments. The previous mechanism, in conjunction
with a novel gate component called relay gate, isolates said network segments from neighbouring inverted
segments, allowing simultaneous renewal and processing cascades. Our design based on orthogonal
photocontrol, represents a feasible and waste free renewal mechanism for seesaw logic circuits.
Furthermore, the novel batch processing feature may offer an antecedent mechanism for efficient iteration in
DNA computing.
Keywords: renewable, seesaw logic circuit, DNA computing, photoregulation
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P37 - Biomimetic transmembrane signal transducing DNA nanosensors for intact membrane enclosed biomarker
detection
Swarup Deya1, Alonzo Beatty V1, Fei Zhang2, Rizal F. Hariadi1, Yan Liu1, and Hao Yan1
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Signal transduction across phospholipid bilayer allows cells to respond to their external environment
and communicate with neighboring cells. De novo engineering of the aspects of the cellular signal
transduction machinery, such as G-protein coupled receptors (GPCR’s) with artiﬁcially designed
molecular devices has enormous opportunity in synthetic biology for potential application in artiﬁcial
tissue signaling, biosensing, and controlled drug delivery.
In principle, GPCR’s consist of a dynamically-reconﬁgurable hydrophilic–hydrophobic–hydrophilic (Hi–
Ho–Hi) molecular structure where the hydrophobic part is buried in the lipid bilayer while the two
hydrophilic ends remain on the two sides of the bilayer. Membrane spanning DNA nanostructures have
been demonstrated previously that mimic several type of membrane proteins such as ion channels,
membrane sculpting proteins or lipid ﬂippase. Here, we demonstrate Transmembrane signal
transduction by a Transmembrane Nano Sensor (TraNS) DNA nanodevice. Four interwoven DA strands
are self-assembled to form the scissor-shaped nanostructure of the TraNS device.
Hydrophobic cholesterol anchors are covalently conjugated to each nanostructure to create a
hydrophobic belt around it, similar to the Hi–Ho–Hi molecular signature of GPCR’s. Our TraNS device
inserts through lipid membrane and dynamically reconﬁgures upon sensing a membrane-enclosed DNA
or RNA target, thereby transducing biomolecular information across lipid membrane. Gel
electrophoresis, ﬂuorescence spectra and confocal microscopy conﬁrms the formation and
conﬁgurational switch of the TraNS device. Current eﬀorts are focused on employing the TraNS device
for biosensing application by detecting the presence of non-small cell lung cancer speciﬁc micro-RNA –
miR-21-5p in exosomes.

Figure 1: Transmembrane Signal Transduction by TraNS nanodevice.
(A) Schematic representation of conﬁgurational switch of TraNS. Opening of the closed TraNS
can be visualized by the (B) Fluorescence spectra where furthering of the donor dye from
quencher the open structure leads to an increase of ﬂuorescence as and (C) PAGE gel where the
open structure being less compact than the closed structure, moves slower than the closed
structure in the gel. (D) Target speciﬁc transmembrane signalling of TraNS, represented by

corresponding change of ﬂuorescence of the donor dye. Cholesterol modiﬁed TraNS inserts
through the membrane but non-cholesterol TraNS does not insert. Presence of correct target
DNA molecule inside the membrane leads to opening of the inserted TraNS. This phenomenon is
supported by (E) Confocal images of insertion of TraNS- chol in cell sized GUVs.Scale bar 20µm
(F) Non-small cell lung cancer (NSCLC) speciﬁc micro-RNA miR21-5p sensing by miR21-5p
speciﬁc TraNS in exosomes. NSCLC cell derived exosomes show increase in ﬂuorescence
compared to negative controls with healthy human donor serum derived exosomes.

P38 - Iterative Kinetic Proofreading for High-Specificity DNA Sequence Discrimination
Chandler Petersen, Alexander Johnson-Buck, and Nils G. Walter
University of Michigan, USA
Genomic single-nucleotide variants (SNVs) can result in significant functional consequences to an
organism and can give rise to diseases such as cancer. As a result, the ability to detect rare DNA
mutations in biofluids is a crucial diagnostic tool for the early detection of disease. We outline a strategy for
detecting SNVs in DNA sequences against a large background of similar sequences using the principles of
kinetic proofreading.
Kinetic proofreading is a natural mechanism by which an incorrect substrate is selectively removed
from a chemical reaction pathway through one or more irreversible “exit” reactions, thereby achieving
a multiplicative increase in molecular specificity with each additional proofreading (selective exit)
step[1]. We propose an autonomous kinetic proofreading system that uses repeated toehold-mediated DNA
strand displacement (DSD) to enable the detection of SNVs in DNA sequence with extremely high specificity
[2] [3].
Kinetic proofreading with DSD works via competitive hybridization of DNA probes to SNV- containing
target sequences followed by selective liberation of the target toehold for additional rounds of
competitive DSD [2],[3]. This process can be performed iteratively, where the target is captured by
mutant-selective probes during each round and wildtype sequences are ejected from the reaction pathway
via irreversible hybridization with wildtype-selective probes [1] [2]. The target is freed after each round
through re-exposure of the target toehold, essentially resetting the system before the next round.
While the discrimination of each round of proofreading is finite, it can be repeated multiple times on the
same pool of molecules, reducing the rate of false positives each time, and permitting theoretically
unlimited selectivity as the number of rounds increases [1]. This contrasts to the strictly finite
selectivity of conventional hybridization assays, such as quantitative polymerase chain reaction (qPCR).
However, it should be noted that as the number of proofreading rounds and ratio of true positives to false
positives increases, leak reactions become more probable and may ultimately impose an upper limit on
the maximum selectivity achievable, as wildtype sequences begin to enter and exit the biochemical
pathway at the same rate.
Early investigations suggest that using mutant-selective DNA:RNA chimeric duplex probes and RNase H
enzyme is a reliable method for freeing the target toehold between rounds of proofreading. Additionally,
using ultraviolet (UV) light and mutant-selective DNA probes with photocleavable spacers separating
the toehold domain from the rest of the probe is another promising approach to enable multiple
proofreading iterations.
This work will represent a fundamentally new capability for molecular recognition, which we predict
will bypass the thermodynamic limits of molecular discrimination of DNA hybridization at equilibrium and
may achieve virtually unlimited selectivity [1].
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P39 - Cells, diffusion and geometry: programming patterns with leader election and signal comparison
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Populations of cells can create sophisticated patterns by following programs that control cell state based
on chemical signaling. The developmental programs of multi-celled organisms demonstrate the power of
such algorithms to create astounding complexity of shape and function. Although a variety of models
exist that try to capture low-level cell signaling and computation, here we seek to abstract a class of shape
forming algorithms via idealized high level primitives. Specifically, we idealize a population of cells
performing two types of operations: leader election and state change based on thresholding and
comparing of chemical signals emitted by the leaders. We show that programs stated in this language are
naturally connected to classical results on straightedge and compass constructions, thus giving a
systematic basis for shape programming. We provide an online simulator to experiment with such leader
election and signal comparison programs (available at: https://biological-patternformation.now.sh/). While the idealized model assumes infinitely small cells, the simulator exposes
issues related to spatial discretization. We believe leader election and signal comparison programs could
be plausibly implemented in synthetic biology as they could be operated asynchronously and require
only the most basic computation on signal concentrations.
Figure 1: Idealized filled-in square
pattern formation program.
“Leader_elect” statements choose one
cell in a population to emit a unique
signal. “Select” statements choose a
sub-population of cells based on
comparing and thresholding signal
amounts received from previously
elected leaders.
Figure 2: Filled-in square
pattern formation in the
online simulator tool.
Compared with the
idealized program in
figure 1, additional logical
constraints are added to
accommodate issues
arising from discretization.
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